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This study developed and validated an instrument to investigate senior school students’ understanding of
electrostatics and provide a cognitive diagnostic assessment of their strengths and weaknesses on the
related concepts (e.g., electric charge). The instrument included 20 four-tier multiple-choice items and the
development process is organized around two activities: the development of the instrument and its
validation. The development step defined the secondary concepts and designed the items using the
misconceptions related to them. In the validation step, the instrument was applied to 1850 senior high
school students from nine schools in two provinces in China, and the collected data were analyzed using the
CDM package in R language. This step ensures that the diagnostic reports represent students’ conceptual
understanding reliably and validly by selecting the best model, analyzing item quality, overall test
reliability, and the instrument’s structure. The instrument can provide the percentage of students in the test
population who possess certain combinations of concepts, the percentage of students in the test population
possessing individual concepts, and the fine-grained size of concept proficiency information, which can be
integrated as one completed report to issue to students, teachers, and parents to demonstrate students’ status
of conceptual understanding related to electrostatics. In addition, the construct induced from the diagnostic
results can also be aggregated to the classroom, schools for instruction planning or low-stakes decision
making, or infer a learning sequence.
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I. INTRODUCTION

Electrostatics played an important role in transforming
research scales in physics laboratories and presenting
science to the public [1]. Learning about electrostatics
can help people explain daily phenomena related to it, such
as static cling, pollination, photocopying, lightning, and
sparks [2].

As for students though electrostatics is only a small
part of electromagnetism, its role in science education
is important, as it is a prerequisite to studying electroki-
netics [3,4]. In addition, understanding the concepts
and principles of electrostatics is a prerequisite for con-
ceptual reasoning in solving electrostatics problems [5,6].
Therefore, students must attain a conceptual understand-
ing of electrostatics.
Studies have demonstrated that students have above-

average difficulties with electrostatics due to its complexity
and a high degree of abstraction [7,8], often lack knowl-
edge regarding the meaning of terms related, or even have
many misconceptions and learning difficulties on electro-
statics topics (e.g., electric charge or electric field) [9,10].
Grasping these misconceptions and difficulties can des-
cribe students’ understanding before and after instruc-
tion, providing relevant information on the effectiveness
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of teaching [11–13]. Furthermore, teachers can utilize the
information about students’ misconceptions of classroom
events (preparing students to overcome these misconcep-
tions), while curriculum developers can incorporate the
information about students’ misconceptions of teaching
materials [14,15]. Therefore, to improve instruction on
electrostatics in senior schools, it is necessary to develop an
instrument to diagnose students’ conceptual understanding.
In contrast to other physics topics, there have been

few instruments for diagnosing students’ conceptual
understanding related to electrostatics [16]. A handful
of instruments developed to assess student learning of
electromagnetism have shortcomings in diagnosing stu-
dents’ performance on conceptual understanding due to
the underlying theory and suitability. Therefore, this study
intends to develop a conceptual test instrument with
qualitative methods to diagnose students’ conceptual
understanding of electrostatics and perform statistical
analyses on the quantitative student data to validate this
test instrument.

II. BACKGROUND

A. Theoretical background: Electrostatics

Matter can have a physical property called electrical
charge [17,18]. Electrostatics concerns static charges
and the forces they exert on one another [19].
Coulomb’s law enables the calculation of force that electric
charge exerts [20,21]. A region where an electric charge
experiences an electric force acting upon it is defined as an
electric field [22]. The electric field is assumed to be the
“agent” by which the force is manifested on charged

particles, and it provides a convenient “mechanism” for
dealing with electrical phenomena. Electric potential and
electric potential energy use scalar quantities rather than
through the vector nature of the electric field to describe the
electric field, and this is more useful for many problems
than force [17]. Capacitors play an important role in storing
charge (and hence electrical energy) and could be used to
do work or examine the electric field, and capacitance
provides a “figure of merit” for how effective any type of
capacitor is at holding charge [17].

B. Students’ misconceptions

As mentioned above, students should be proficient in
electric charge, electric field, Coulomb’s law, electrical
potential energy, electric potential, and capacitance to grasp
electrostatics. Although few papers have been published on
the topic, some researchers have investigated students’
misconceptions (or difficulties) of the above concepts in
electrostatics in detail. For example, students conceive that
the force of attraction or repulsion of a small charged object
exerted on a large one is smaller than that of a large one
exerted on a small one when a small and a large charge are
separated by a distance [19]. These misconceptions provide
the basis for the design of incorrect (though tempting)
distractors of items in the instrument [23], and Table I
summarizes the misconceptions or difficulties of students
when learning the concepts mentioned above.

C. Previously developed test instruments

Several instruments have been developed to measure
students’ conceptual understanding of electricity and

TABLE I. Students’ misconceptions or difficulties when learning electrostatics concepts.

Concept Misconceptions or difficulties References Item

1. Electric charge 1.1 No free charge, so no electrical current means no
electrical field inside the insulators

Bilal and Erol [9] and Viennot
and Rainson [24]

14

1.2 Electrostatic objects cannot attract neutral objects Hermita et al. [25] 10
1.3 Students believe that there would be no electric field
in the absence of electric charge

Taşkın and Yavaş [10] 6

1.4 Charged objects have only one type of charge rather
than consisting of an imbalance of opposite charges

Otero [26], Siegel and Lee [27] 10

1.5 Students believe that charges do not transfer between
conductors with charges of the same sign

Guruswamy et al. [16] 2

1.6 Students think that there would be a transfer between
oppositely charged conductors until one of the
conductors became neutral

Guruswamy et al. [16] 3

1.7 Students do not know electric charges have quantum
properties

Yildiz [28] 14

1.8 The charges on the two metal objects remain the same
after touching regardless of the signs of the initial
charges

Guruswamy et al. [16] 4

1.9 A neutral object has no charge Hermita et al. [25] 10
1.10 Friction is the (only) cause of static electricity Siegel and Lee [27] 1

(Table continued)
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TABLE I. (Continued)

Concept Misconceptions or difficulties References Item

2. Electric field 2.1 Electric field lines are found to be confused with the
line of trajectory

Maloney et al. [29] 7

2.2 Students perceived electric field lines as real entities;
they believe that the electric field had volume, force, or
density

Taşkın and Yavaş [30],
Pocoví [31], Törnkvist et al. [10]

12

2.3 An interpretation of formulae as if the quantities at the
right of the equal sign were the cause of the quantities
to the left (E ¼ F=q)

Tembani [32] 9,11

2.4 Students do not establish a clear difference between
the concepts of field intensity and electric force

Taşkın and Yavaş [10], Furió and
Guisasola [33], Chang [34]

3,18

2.5 Charged particles in a uniform electric field move
with a constant velocity

Bilal and Erol [9], Taşkın and
Yavaş [10], Aidoo et al. [35]

7

2.6 Any charged particle independent of the charge
polarity moves in the direction of the electric field

Bilal and Erol [9], Taşkın and
Yavaş [10], Aidoo et al. [35]

7

2.7 Particles moving in the opposite direction of the field
always slow down

Bilal and Erol [9], Taşkın and
Yavaş [10], Aidoo et al. [35]

13

2.8 Only charged particles on the electric field line are
affected by electric fields (there is no force acting on
the charge because there is no line passing through it)

Bilal and Erol [9], Taşkın and
Yavaş [10], Aidoo et al. [35]

5,13,17

2.9 There are no electric fields in the gaps between
electric field lines

Taşkın and Yavaş [10] 5

2.10 Students tend to believe that the electric field does
not change when a new positive charge is added to the
system, while the field would decrease when a negative
charge is added

Viennot and Rainson [36] 11

2.11 Students think electric field lines can cross each
other and form sharp boundaries

Törnkvist et al. [31] 12

2.12 Field lines can begin and end anywhere, and there
are a finite number of field lines

Maloney et al. [29],
Rainson et al. [37]

12

2.13 Electric forces act at a distance with no necessary
medium

Furió and Guisasola [33]
and Galili [38]

20

2.14 Students cannot discuss electric force and field
superposition in terms of vector component additions

Furió and Guisasola [33],
Cao and Brizuela [39]

3,6

2.15 Students cannot predict the behavior of charged
particles under the influence of an electric field

Galili [39] 7,13

2.16 Students fail to reflect the density of field lines to the
magnitude of electric force

Maloney et al. [29],
Törnkvist et al. [31]

5

2.17 Confusion about the vector/scalar properties of
electric fields

Chang [34] 3

3. Coulomb’s law 3.1 Students believe larger “objects” (in charge
magnitude) exert larger forces than smaller “objects.”

Bilal and Erol [9],
Muthiraparampil [19],
Maloney et al. [29],

4

3.2 Confusion on both the effect of the magnitude of the
charges and the distance of separation

Hermita et al. [25],
Maloney et al. [29]

2,6,14

4. Electrical
potential energy

4.1 The larger the path on the equipotential surface, the
larger the work needed

Bilal and Erol [9], Maloney et al.
[29], Lindsey [40]

8

4.2 Students fail to identify and explain instances of
positive, negative, and zero work

Doughty et al. [41] 8

4.3 Students fail to identify work based on electric field
line diagrams

Doughty et al. [41] 17

4.4 Students fail to grasp the relationship between electric
potential and energy

Chang [34] 16

(Table continued)
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magnetism, and some items in these instruments can
diagnose students’ conceptual understanding of electro-
statics. The Brief Electricity and Magnetism Assessment
(BEMA) developed by Chabay and Sherwood [47] was
designed to assess student understanding of basic electric-
ity and magnetism concepts (circuits, electrostatics, mag-
netic, and forces) covered in college-level calculus-based
introductory physics courses. It is validated using classical
test theory (CTT) by Ding et al. [48]. The Conceptual
Survey of Electricity and Magnetism (CSEM) is developed
to assess general physics (algebra and calculus-based
physics) students’ understanding of topics in electricity
and magnetism (e.g., electrical content, particularly on
static electricity [49]) [29]. Like BEMA and CSEM, the
Colorado Upper-Division Electrostatics (CUE) assessment
[50] and the Electricity and Magnetism Conceptual
Assessment (EMCA) [51] are also developed to assess
algebra and calculus-based physics students’ understanding
of topics in electricity and magnetism. However, the topics
covered in these two assessments might differ slightly
between BEMA and CSEM. Additionally, the CSEM,
CUE, and EMCA are also validated using CTT.
Studies have demonstrated that all existing instruments

are developed to assess undergraduate students’ under-
standing of electrostatics rather than senior high school
students. At the same time, electrostatics is only one of the
physics topics covered in these instruments. Additionally,
these instruments are validated using CTT. Finally, all these
instruments provide a total score for each student, and then

students’ performances on conceptual understanding are
measured through the pre-post score change or the nor-
malized gain [52].
However, the topics and content depth of electrostatics

courses at the senior high school level lack depth and
breadth compared to the undergraduate level. For example,
in senior high school, students will not learn about the
“electric field strength due to surface and volume charge
distributions” and “Gauss’ law.” Therefore, selecting items
related to electrostatics in the above instruments to design
an instrument directly might be inappropriate for senior
high school students due to the topics and content depth. In
addition, linking subcomponents from different instru-
ments directly might lead to serious issues about reliability
and validity [53].
CTT is “a measurement theory which consists of a set of

assumptions about the relationships between actual or
observed test scores and the factors that affect these scores,
which are generally referred to as error” [54]. Under CTT,
item difficulty and item discrimination indices are group
dependent, meaning the values of these indices depend on
the group of examinees in which they have been obtained
[55]. Another shortcoming is that observed and true test
scores are test dependent, and this means observed and true
scores rise and fall with changes in test difficulty [56].
Given that, the instruments which CTT validates might
suffer from these theoretical shortcomings.
Unlike CTT, item response theory (IRT) is a system

of models that defines one way of establishing the

TABLE I. (Continued)

Concept Misconceptions or difficulties References Item

5. Electric potential 5.1 Students cannot deduce the direction of the electric
field from a change in potential

Maloney et al. [29]
and Hammer [42]

9

5.2 Associate relatively high and low potential to
positively and negatively charged particles,
respectively

Hazelton et al. [43] 16

5.3 Most students cannot derive either energy differences
or electric fields from the distribution of equipotential
lines

Maloney et al. [29] 17,18

5.4 Students confuse representations of equipotential
lines and electric field lines

Chang [34] 13

5.5 Students omit the idea of difference (Δ) which delays
the adoption of the formula (E ¼ ΔV=ΔX ≠ V=x)

Chang [34] 9

5.6 Confusion about the vector/scalar properties of
electric potential

Chang [34] 16

6. Capacitance 6.1 The capacitance concept has no meaning for
uncharged bodies

Guisasola et al. [44,45] 15

6.2 Students are not aware of what goes on during the
process of charging a body

Guisasola et al. [46] 19

6.3 Inserting an insulator between two conductor parallel
plates reduces the capacitance of the system due to
preventing charge transfer from one plate to another,
preventing the electrical current

Bilal and Erol [9] 15
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correspondence between latent variables and their mani-
festations [57]. In IRT, persons and items are located on the
same continuum [58] and thus can ensure the item difficulty
and discrimination indices are independent of examinees. It
can also obtain a set of personal ability estimates inde-
pendently of the items used in an instrument [59].
Therefore, to address the shortcomings of CTT, some
studies used IRT to validate the above instruments. For
example, Ding [60] reanalyzed the construct of the Brief
Electricity and Magnetism Assessment (BEMA) through
the unidimensionality, invariance of the Rasch analysis (the
simplest IRT model, see von Davier [61]) and found that
several items may need further revision. In addition, the
CSEM and BEMA were also reanalyzed using multidi-
mensional item response theory [62,63].
In science education, students are expected to experience

several processes of overcoming misconceptions related to
specific concepts (e.g.,work and electric fields; seeFurió and
Guisasola [33]). Then, theymay form a scientific conception
about a specific topic in physics (e.g., electrostatics). In
other words, to establish a scientific conception of a specific
topic in physics, students must grasp several secondary
concepts related to this topic (e.g., work and electric fields vs
electrostatics). Compared to an analysis of an overview of
students’ conceptual understanding related to a physics
topic using a total score, teachers prefer to analyze con-
ceptual learning related to a specific physics topic (e.g.,
electrostatics and circuits) by identifying proficiency (or
grasping) states and constructs (links between concepts) of
concepts related to this topic precisely [64–66].Additionally,
the analytic results can be used for classification-based
decisionmaking (e.g., to determine the best exercise strategy
for the student, see McDermott and Shaffer [67]; for
curriculum development, see McDermott and Shaffer [68]).
Though IRT can overcome some shortcomings of CTT

to a certain extent, these models cannot provide more
specific diagnostic and constructed information relevant to
students’ conceptual understanding of electrostatics by
providing single overall scores [69]. Some researchers
have used interviews, observations, and analyses of the
protocols of learners’ performance to obtain specific
diagnostic information (difficulties or misconceptions)
about students’ conceptual understanding. However, these
methods also suffer from shortcomings, such as the
inability to investigate the construction between secondary
concepts [70] and slow speed [71].

D. Cognitive diagnosis assessment

Cognitive diagnosis assessments (CDA) estimate the
possession of attributes underlying a global ability using
a class of discrete latent variable models [72,73]. In this
context, the global ability can be viewed as the mathemati-
cal abilities of students of a given age; then, a CDA can be
used to estimate proficiency in basic mathematical oper-
ations (such as converting a whole number to a fraction or

separating a whole number from a fraction) of students
underlying their mathematical abilities [72,74]. Global
ability can also be viewed as the science competency
proficiency of students of a given age, and a CDA can
provide information about the possession of diagnostic
attributes (such as basic science knowledge, using models,
or reasoning), which are parts of science competency
proficiency [75]. Based on the literature, if proficiency in
a global ability (mathematical abilities or science compe-
tency proficiency) requires students to become more pro-
ficient in basic elements (such as converting awhole number
to a fraction, separating a whole number from a fraction,
basic science knowledge, usingmodels, or reasoning) of this
global ability, then a CDA can provide information about the
proficiency in these fundamental elements. However, noth-
ing is inherent in formulating a CDA that prevents the
meaning of the general ability from being broadened to
include other constructs, such as a specific topic in physics
[76]. Therefore, when the general ability is taken as a given
topic in physics (e.g., electrostatics) [77,78], a CDA can
provide information on which secondary concepts have
been grasped [69]. Furthermore, a CDA can provide the
secondary concepts’ correlations and hierarchies [79], and
recently some researchers have also used it to monitor
student’s progress toward learning goals [80].
Currently, there is a lack of instruments to diagnose

students’ conceptual understanding of electrostatics built
from a CDA [69]. Some researchers attempted to fit a model
for cognitive diagnosis to test data from assessments origi-
nally designed under a different measurement (e.g., CTT or
IRT) framework, and this process is termed “retrofitting”
[79]. For example, Mirzaei et al. retrofitted the reading
section of the International English Language Testing
System (IELTS) with CDAs [81]. Because of the original
intended use of these instruments (e.g., BEAM and CUE),
retrofitting cannot be expected to provide sufficient diag-
nostic information, at least not in its entirety. The glaring
disparity between the theories used in designing and analyz-
ing an instrument casts doubts on the diagnostic value of
cognitively based analysis of CTT-based or IRT-based
data [69].
Therefore, this study aims to determine the extent to

which the diagnostic information estimated by a CDA
provides a discriminant, accurate, and reliable method for
determining senior high school students’ conceptual under-
standing or whether the developed instrument based on
CDAs is valid for use in diagnosing students’ conceptual
learning of electrostatics.

III. INSTRUMENT DEVELOPMENT, CONTENT,
AND FORMAT

A. Instrument development

The instrument development usually involves several
steps, starting with the educational and didactic experts

DEVELOPMENT AND VALIDATION OF A … PHYS. REV. PHYS. EDUC. RES. 19, 010114 (2023)

010114-5



defining the secondary concepts (e.g., work and electric
fields) related to electrostatics [82]. As mentioned in
Sec. II A, if students have strengths in electric charge,
electric field, Coulomb’s law, electrical potential energy,
electric potential, and capacitance, then they might be
proficient in electrostatics.
The performance of students becoming aware of scien-

tific conceptions is to overcome misconceptions [83];
therefore, if a student can identify and abandon tempting
distractors arising from misconceptions about an item, they
might grasp concepts. As demonstrated in Table I, students
might hold several misconceptions about a concept (e.g.,
electric charge and electric field); in addition, the relations
among concepts in electrostatics are also not independent
but closely related [34]. Such circumstances allow us to
simultaneously assess more than one concept or miscon-
ception in a single item, and in CDAs, these relations are
stored in a Q matrix.
A Q matrix is an item-by-concept matrix that specifies

the concepts required to answer each item correctly in the
instrument [72,84]. Ideally, the Q matrix presents con-
ditions that guarantee the identifiability or local identifi-
ability of the conjunctive CDAs, such as having items
requiring only a single concept, concepts measured by at
least two or three items, and two items with identical
concept requirements for every concept defined in the Q
matrix [85].
The second step in the instrument development includes

preparing a Q matrix and item design, which are two
simultaneous processes. The detailed process is described
as follows:

1. We collaborated with a focus group consisting of a
high school physics teacher and a science education
researcher to develop questions for the instrument.
The relationships between concepts are defined
based on the physics equation in textbooks [86].
For example, the magnitude of the electric field at a
point is defined using the ratio of a charge q
experiencing a force F at this point to the q, and
Coulomb’s law enables the calculation of forces;
therefore, the groups thought there ought to be
relationships between either pair of these three
concepts. Then the focus group distributes the
misconceptions in Table I to the relationships
defined in the previous step. For example, there is
a relation between electric charge and Coulomb’s
law, and the misconceptions about these two con-
cepts are assigned to the relations between these two
concepts. Third, the focus group designs an item that
assesses the misconceptions about electric charge
and Coulomb’s law. Considering the number of
misconceptions (more than ten about electric fields),
one relation might be assessed by more than one
item, though these items might assess different
misconceptions. In addition, a concept must be

measured by at least two items [85]. In addition,
the instrument length might affect students’ co-
operation rates, and the longer the length, the fewer
respondents started and completed the questionnaire
[87]. Therefore, considering the above two aspects,
to minimize the instrument length, in the fourth step,
the focus group assesses as many relations and
misconceptions in an item as possible.

2. Once the items have been designed, the focus group
then designs distractors arising from misconceptions
about each item. Generally speaking, the focus
group assumes that if a misconception is held by
students, what kind of answer would students give to
an item through their response process based on the
misconception. Then this answer will be set as a
distractor for this item (see example item in
Sec. III C). To reduce the possibility of students
selecting a correct choice based on guessing, the
focus group provides as many distractors as possible
for an item (in some items, there are more than ten
choices).

3. After developing the test items, the test items and
Table I were submitted to a high school physics
teacher (who did not belong to the focus group) who
marked whether the test items required students to
overcome the misconceptions that the focus group
thought. The consistency coefficient between these
two tables is calculated, which was 0.85. Then the
focus group and physics teacher discussed the
inconsistencies between the two tables until they
agreed on whether the misconceptions were exam-
ined in a test item.

4. If an item assesses a misconception (e.g., miscon-
ception 1.1, 1.2 in Table I) about a concept (e.g.,
electric charge) in electrostatics, then this item is
thought to assess this concept. The focus group
specified which concepts were required to obtain a
positive response in each test item, using a Q matrix
according to the item designed, and the information
was provided in the fourth column of Table I [72].
For example, the sample item (see Sec. III C)
involves misconceptions 1.8 and 3.1, which means
that this item examined electric charge and Cou-
lomb’s law. The row and column (corresponding to
this item and these two concepts) are marked by 1
(see Table II, row 5, column 1; row 5, column 3).
The focus group assumed students’ response process
to the items, and students might provide an incorrect
(or correct) choice using misconceptions (or correct
concepts) that are inconsistent with the focus group’s
assumed choice. Therefore, though there is a con-
sensus between the focus group and the physics
teacher, the Q matrix might not represent the
students’ real response to the items. Therefore,
the Q matrix will be validated by the reasons for
the selection of a choice provided by the students
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(for the validated process, see Sec. V for details).
Table II presents the final Q matrix after validation.

5. Theoretically, the instrument consisting of items can
be delivered to students to diagnose their conceptual
understanding of electrostatics using students’ re-
sponse data. The diagnostic results outputted by
CDAs might not be consistent with students’ con-
ceptual understanding (e.g., correct answers due to
correct reasoning or due to incorrect reasoning, see
Caleon and Subramaniam [88]); therefore, the focus
group introduces a reason tier (R tier), which
includes a multiple-choice set of reasons for the
answer in the items, to each item [89,90]. Addition-
ally, students’ response data to the R tier can be used
to validate the instrument in this study.

6. To avoid the omission of misconceptions, in the
multiple-choice content questions and its R tier, the
focus group adds two fill-in-the-blanks choices that
ask students for an answer in case all answers
provided cannot represent the students’ answers
and provides a reason for the answer in case all
reasons provided in R tier cannot represent the
students’ reasons [91].

7. The R tier can measure the reason behind students’
choices, which can be used to validate the instru-
ment, but it cannot determine whether students’
incorrect answers arise from a lack of knowledge
of electrostatics [92]. Additionally, the students who
lack knowledge may be inappropriate for the instru-
ment. In this study, to identify such students, the
confidence ratings for the answers to the items and R
tier are introduced as additional tiers [88].

B. Content

The instrument developed in this study is a 20-question
conceptual test that assesses six concepts with 42 mis-
conceptions in Table I. A brief description of all the
questions is given in Table III along with concepts related
to that question. One sample question from the instrument
is demonstrated in Sec. III C, and the full instrument is
given in the Appendix.
As mentioned above, if an item involves a miscon-

ception about a concept in electrostatics, then this item is
thought to assess this concept. Table III illustrates that
the misconceptions involved in items do not correspond
exactly to the concepts assessed in an item. For example,
item 5 involves misconceptions 2.8, 2.9, and 2.16 (see
Table I), which means this item assesses only the electric
field, but Table III demonstrates that this item also
assesses Coulomb’s law. In this study, the focus group
assumes the misconceptions involved in an item, mean-
ing that students might respond to the item using a
different process with different misconceptions. The
concepts assessed in an item illustrated in Table III
represent the concepts assessed by items exactly after
validation using reasons for the selection of a choice
provided by the students (see Sec. V), and this agrees
with the Q matrix in Table II.

C. Format

Twenty multiple-choice questions are designed by focus
groups in the previous subsection (see Sec. III A), and the
questions in the instrument are organized in the form of a
four-tier multiple-choice (4TMC) test, which includes an

TABLE II. The Q matrix for the electrostatics test.

Item Electric charge Electric field Coulomb’s law Electrical potential energy Electric potential Capacitance

1 1 1 1 0 0 0
2 1 0 1 0 0 0
3 1 1 1 0 0 0
4 1 0 1 0 0 0
5 0 1 1 0 0 0
6 1 1 1 0 0 0
7 0 1 0 0 1 0
8 0 1 0 1 1 0
9 0 1 0 0 1 0
10 1 1 0 0 0 0
11 1 1 0 0 0 0
12 1 1 0 0 0 0
13 0 1 1 0 1 0
14 1 0 1 0 0 0
15 0 0 0 0 0 1
16 0 1 0 1 1 0
17 0 1 0 1 1 0
18 0 1 0 0 1 0
19 0 0 0 0 0 1
20 0 1 0 0 0 0
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answer tier (multiple-choice questions, termed as the A
tier), R tiers with additional tiers requiring students to
specify confidence ratings separately for their choice of
answers in the A and R tiers [88].
We illustrate a sample item (item 4, the diagram for it,

see Fig. 1) demonstrating that the A tier lists all the possible
choices based on misconceptions 1.8 and 3.1 (see Table I),
and students can select one choice, or provide an answer in
the fill-in-the-blanks choice when they think there is no

correct choice from the existing options. The R tier lists the
possible reasons for the students’ selections in the A tier,
and the blank space is provided for the students to write
their reason in case they cannot find a suitable explanation
for their answer among the choices in the R tier. Two six-
point confidence scales (based on McKelvie [93]) were
added below the A tier and R tier of each item in the
instrument, with “1” and “6” corresponding to “Just
Guessing” and “Absolutely Confident,” respectively. All

TABLE III. The brief description of all questions along with concepts related to that question.

Q no. Description Assess concepts
Involve misconceptions

(see Table I)

1 Charging a conductor by induction Electric charge, electric field,
Coulomb’s law

1.10

2 The calculation of the magnitude of electric force after
two same signs of charges touching

Electric charge, Coulomb’s law 1.5, 3.2

3 The calculation of the magnitude of electric force after
two opposite signs of charges touching

Electric charge, electric field,
Coulomb’s law

1.6, 2.4, 2.14, 2.17

4 Keep the distance between two same signs of charge, then
calculate the magnitude of electric force after one of
them touches with another same sign of charge

Electric charge, Coulomb’s law 1.8, 3.1

5 The relationship between the magnitude of electric force
with electric field lines

Electric field, Coulomb’s law 2.8, 2.9, 2.16

6 Electric field at a point due to several point charges Electric charge, electric field,
Coulomb’s law

1.3, 2.14, 3.2

7 Direction of motion of a point charge in two uniform
electric field

Electric field, electric potential 2.1, 2.5, 2.6, 2.15

8 The work done of electric force in an electric field
generated by two-point charges with the same signs

Electric field, electric potential
energy, electric potential

4.1, 4.2

9 Calculate the magnitude of the electric field from the
equipotential lines

Electric field, electric potential 2.3, 5.1, 5.5

10 Predict the motion due to the induction Electric charge, electric field 1.2. 1.4, 1.9
11 Test charges effects on electric field Electric charge, electric field 2.3, 2.10
12 The visual representation of the electric field using

electric field lines
Electric charge, electric field 2.2, 2.11, 2.12

13 Predict the motion of a point charge in the field which is
generated by a positive charge

Electric field, Coulomb’s law,
electric potential

2.7, 2.8, 2.15, 5.4

14 The calculation of the magnitude of the electric field
generated by a point charge

Electric charge, Coulomb’s law 1.1, 1.7, 3.2

15 The influencing factors of the capacitance of a capacitor Capacitance 6.1, 6.3
16 The relationship between electric potential, electric

potential energy, and the electric field generated by two
point charges with opposite signs

Electric field, electric potential
energy, electric potential

4.4, 5.2, 5.6

17 The work done of electric force, and the change of electric
potential energy with the motion of a charge, in an
electric field generated by a negative point charge

Electric field, electric potential
energy, electric potential

2.8, 4.3, 5.3

18 To induce the magnitude of the electric field and the
electric potential energy, from the equipotential lines

Electric field, electric potential 2.4, 5.3

19 The change of voltage at the terminals of the capacitor,
and the change of the current flowing through the
capacitor

Capacitance 6.2

20 the long-range nature of electric interactions. Electric field 2.13
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questions (question 1, the diagram for it see Fig. 5; question
2, the diagram for it see Fig. 6; question 3, the diagram for it
see Fig. 7; question 4, the diagram for it see Fig. 8; question
5, the diagram for it see Fig. 9; question 6, the diagram for it
see Fig. 10; question 7, the diagram for it see Fig. 11;
question 8, the diagram for it see Fig. 12; question 9, the
diagram for it see Fig. 13; question 10, the diagram for it
see Fig. 14; question 12, the diagram for it see Fig. 15;
question 13, the diagram for it see Fig. 16; question 14, the
diagram for it see Fig. 17; question 15, the diagram for it
see Fig. 18; question 16, the diagram for it see Fig. 19;
question 17, the diagram for it see Fig. 20; question 18, the
diagram for it see Fig. 21; question 19, the diagram for it
see Fig. 22; question 20, the diagram for it see Fig. 23) of
the instrument are given in the Appendix.
Example Question 4
Two small metal objects (I and II), each with a net

charge of þQ, exert a force of magnitude F on each other.
The right-hand object (II) is now made to touch another
metal object whose net charge is þ5Q and then brought it
(II) back to the same distance apart from I. Then, what is
the magnitude of the force on the metal objects I and II (the
III is withdrawn)?
(A) F, F
(B) 3F, F
(C) F, 3F
(D) 3F, 3F
(E) Your answer: ______

Q4.A Confidence Rating for Q4
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q4.B Scientific reasons for my answer for Q4
(A) The charges on the two metal objects remain the

same after touching; therefore, the I and II haveþQ
charge, and the magnitude of the force exerted on
each other are also equal to F.

(B) Larger “objects” (in charge magnitude) exert larger
forces than smaller “objects,” therefore, II exerts 3F
on I, and I exert F on II.

(C) Your reason: _______

Q4.C Confidence Rating for Q4.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
As students respond to the items, they might first select a

choice from four options in A tier, and their answer might be
signed as “0” or “1” for incorrect or correct responses,
respectively. Then the reasons for the answer in the A tier
might be selected or provided by students to validate the
instrument. Finally, the A-tier and R-tier confidence ratings
might also be provided to distinguish students who are not
appropriate for the instrument, and these students might be
removed as participants.
The instrument is typically given to students after learning

about electrostatics and requires approximately 90 min.

IV. METHODS

A. Sample

We selected the participating students using convenience
sampling. The students were from nine senior high schools
in Shandong province, Beijing, and 2563 students partici-
pated in this study.
Some students specified the confidence ratings of

all items as just guessing in the A or R tiers. The data of
these students were regarded as invalid data and were
removed. Finally, the data from 1850 eleventh graders
remained. These students were aged from 16 to 18
(Mage ¼ 16.86; SDage ¼ 0.65), 65% were boys, and 35%
were girls.

B. Test administration

Before the instrument was delivered to the students,
they all had completed sessions related to electrostatics
while following the physics textbooks. Additionally, before
the test, they were told it was a diagnostic test, not an
achievement test. Further, they were informed that the test
results would not affect their school grades but would be
used by their teachers in planning their remedial lessons.
This reassurance is essential, so students do not provide
socially desirable responses for the confidence ratings.
Then students read a guidance material developed to tell

students some information about the instrument. In this
material, students will understand the number of items in
this instrument, the number of correct answers for each
item (only one), the answer behavior allowed in each tier
of items, and the maximum answer time (90 min). In this
material, students will naturally know that they can
provide additional answers in the A tier, and reasons in
the R tier, if they think there is no correct answer or no
reasons that can represent their reason. After students read
the above material, we tested the students using the online

FIG. 1. Figure for Q4.
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data collection tool Wenjuanxing (see [94]). The test
lasted approximately 90 min.

C. Cognitive diagnosis assessment models

CDA can provide information on which concepts (e.g.,
electric charge, electric field) have been grasped. To
provide diagnostic information, statistical techniques,
often referred to as CDA models or cognitive diagnostic
models (CDM) in the measurement literature, have been
devised [73,95–99].
To illustrate the difference between the CDA models, the

notations used in the models are defined. Let Xij be the
response of student i to item j (i ¼ 1;…; I, j ¼ 1;…; J,
I ¼ 1885, J ¼ 20 in this study), where 1 (or 0) on the ith
row and jth column, denotes student i response item j
correctly (or incorrectly). Additionally, let αi ¼ fαikg be
the students’ binary concept vector (k ¼ 1;…; K; K ¼ 6 in
this study), where a 1 on the kth element denotes profi-
ciency of concept k and 0 denotes nonproficiency of the
concept. In addition, CDA models also require a cognitive
design matrix that explicitly identifies each item’s cognitive
specification, termed as Q matrix (see Sec. III A).
In the DINA (deterministic inputs, noisy “and” gate)

model, a student’s concept vector and theQmatrix produce
a latent response vector ηi ¼ fηijg, where ηij ¼

P
K
k¼1 α

qjk
ik .

The equation assumes a value of 1 if student i possesses all
the skills required for item j and a value of 0 if the student
lacks at least one of the required concepts. The “and” gate
component of the DINA model refers to the conjunctive
process in determining ηij in that a correct response to an
item requires the presence of all the prescribed concepts for
the item [73].
Compared to theDINAmodel, in theDINO (deterministic

input; noisy “or” gate) model, students should be proficient
in at least one of the prescribed concepts for the item; from
which they might provide a correct response to an item [99].
A model requiring that each concept is present to

produce a correct response is termed a noncompensatory
model, while a model allowing a deficit in one concept can
be compensated for by a surplus in another concept is
termed a compensatory model [100]. Therefore, the DINA
is a noncompensatory model, while the DINO is a
compensatory model.
If students’ response process is completely deterministic

(i.e., error free or nonstochastic), the latent response vector
is identical to the manifest or observed response vector.
However, because the underlying process is inherently
stochastic, the latent response vector represents only an
ideal response pattern. The DINA and DINO models
thought that the noise in the process is due to slips and
guessing parameters; that is, students who possess all the
required concepts for an item can slip and miss the item,
and students who lack at least one of the required concepts
can guess and still answer the item correctly with typically
nonzero probabilities [73,99].

The HO-DINA (higher order DINA) model links a latent
(continuous) trait with several latent (binary) concepts in a
hierarchical framework using the DINA model so that both
types of information are available simultaneously [96,101].
Compared to the DINAmodel, this model also assumes that
a higher level of trait produces the proficiency status of
concepts.
In the rRUM model, the probability of a student i

responding correctly to an item j is decidedby the probability
of a correct response for individuals with all requisite
attributes (π�j ), and a penalty parameter formissing a required
concept kðr�jkÞ [98,102]. Additionally, the π�j and the
(rjk�) also can be calculated by slip and guessing param-
eters [103]. The rRUM is a refinement of the DINA model
where the required concepts that are lacking influence the
probability of a correct response [104].
Given the numerous CDA models that have been

devised, De La Torre [97] proposed a framework for
relating several CDA models, the G-DINA (generalized
deterministic inputs, noisy “and” gate) model. In this
model, the probability of student i with the concepts vector
αi answering j correctly can be decomposed into the sum of
the effects due to the presence of specific concepts and their
interactions (see details in De La Torre [97]), and the other
CDA models can be obtained through setting some
parameters to zero. For example, by setting all the inter-
action effects to zero, we obtain a model that will be
denoted as the additive CDM (A-CDM). In the A-CDM
model, becoming proficient in any concept increases the
probability of success on an item, and its contribution is
independent of the contribution of the other concept [97].
In summary, there are differences in the characteristics of

CDA models. For example, the interaction of the concepts
(noncompensatory or compensatory) [100], the different
attributions about students’ responses correctly [73,98], and
the constructs between concepts [96]. It is difficult to select
an appropriate CDA model with no information about the
relationships between concepts related to electrostatics, but
specific CDA models have more straightforward interpre-
tations, are more stable, and can provide more accurate
diagnostics information when used correctly [105].
In general, the most appropriate CDA model is selected

from several alternative CDA models by evaluating the fit
parameters [79,106]. Therefore, in this study, the best model
selected from the following six options based on the input
data, which includes theQmatrix (see Table II) and students’
response data to each item (especially A tier, see Sec. III A)
[107]: the DINA model [73]; the DINO model [99]; the A-
CDMmodel [97]; the rRUMmodel [98,102]; the HO-DINA
model [96]; and the G-DINA model [97].

V. VALIDATION

As mentioned above, selecting appropriate CDA models
is the prerequisite to providing more accurate diagno-
stics information. Therefore, the first step to validate the
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instrument is to select an appropriate CDA model based on
model fit, item fit, and person fit.
Once the CDA model is selected, the instrument is

validated from three aspects, respectively, students’ overall
understanding of all concepts identified, students’ under-
standing of specific concepts, and their propensity for
misconceptions [108]. The analytic process adapts the
analytic framework provided by Jorion et al. [108] to the
instrument.
At first, the item quality and test properties are inves-

tigated, which can identify the problematic items and
measurements. Because CDA models are designed for
diagnostic purposes (not specifically designed for measuring
students’ success rates in a test), they use different measures
for defining an item as good or bad [109]. Additionally, CDA
models examine item quality by determining item discrimi-
nation [110]. In addition, the reliability measures for the
estimates obtained from theCDAmodelsmostly agree on the
estimated and true skill (termed classification accuracy) or
between estimated skills from parallel assessments (termed
classification consistency) [111]. Therefore, their measures
are taken to indicate the reliability of the instrument [95,112].
This study also analyzed the item difficulty, discrimination,
and test reliability fromCTTand IRT to illustrate the itemand
test properties clearly [79,113].
Next, the structure of the instrument is evaluated. In CDA

models, the relationships between items and concepts are
specified in theQmatrix; therefore, theQmatrix is calibrated
carefully based on the reasons students provided in R tier.
Last but not least, students’ degree of proficiency in

individual concepts is identified, including students’ con-
cept profiles and ability estimates [114]. These diagnostic
output results are also confirmed by the reasons students
provided in the R tier.
In this study, all the statistical analyses are conducted

using the CDM package [115] in R language.

A. Selection of an appropriate cognitive diagnosis
assessment model

Model fit, also termed test-level fit, is used to analyze
whether the selected model fits the data entirely [116]. It
includes absolute and relative model fits. Absolute fit
evaluations determine whether the model at hand adequately
fits the data [117], and relative fit evaluation selects the

best-fitting model among a set of competing models when
more than one model can adequately fit the data [117].
Regarding the absolute fit evaluation, the standardized

root mean squared residual (SRMSR) [118] and the root
mean square error of approximation (RMSEA) [119] were
used. As for the relative fit evaluation, the −2 log-like-
lihood (LL), Akaike’s information criterion (AIC), and
Bayesian information criterion (BIC) [117,118] were used.
The item-level appropriate measures indicate whether the

model fits individual items carried up [116]. Item-level fit
measures include the RMSEA, which compares observed
and predicted responses for different latent classes [120].
The person fit measures refer to the correspondence

between an examinee’s observed response pattern and their
expected response pattern, given that their estimated skill
profile is finally carried [79]. For the person fit, measures
include the likelihood ratio test, which can identify aber-
rance from normal behavior in cognitive diagnosis models
(one can assume the model used should be reconsidered if
person fit analyses result in too many rejections; see [121]).

1. Results of absolute fit and relative fit evaluation

The SRMSR and the RMSEA of the squared residual
indices were estimated to determine absolute fit (see
Table IV). Optimal fit is reached when RMSEA and/or
SRMSR are below 0.05 [114,122,123].
As illustrated in Table IV, the G-DINA, A-CDM, and

DINO models have the best absolute fit. The G-DINA
model has the best fit in terms of SRMSR and RMSEA
among the models.
The CDA models were compared using the fit metrics of

LL, AIC, and BIC. The results for the model relative fit
indices are presented in Table IV. For each of these three
statistics, the fittedmodelwith the smallest valuewas selected
among the competing models [117]. In terms of the LL,
AIC, and BIC, the best fit was achieved by the G-DINA
model, followed by the A-CDM and DINO models.

2. Results of item fit and person fit

Item fit was determined using the item level RMSEA
index. In Table V, the G-DINA model tended to have
the best item-level fit, with 15 items with RMSEA values
below 0.05. The DINO and rRUM models have 13 items

TABLE IV. Absolute fit and relative fit indices.

Absolute fit Relative fit

Model name SRMSR RMSEA AIC BIC LL

G-DINA 0.039 0.038 38923.127 39607.971 −19337.563
DINA 0.082 0.051 41447.964 41790.386 −20661.982
DINO 0.082 0.043 41475.607 41818.029 −20675.803
A-CDM 0.048 0.058 39400.123 39875.096 −19614.062
rRUM 0.056 0.068 39858.629 40333.602 −19843.315
HO-DINA 0.053 0.067 39661.119 40290.734 −19716.559
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below the fit threshold. The A-CDM and DINAmodels had
items below the fit threshold, respectively, nine and eight.
The HO-DINA model had the worst item-level fit of all the
models, with seven items below the fit threshold.
Person fit was assessed using the likelihood ratio test for

aberrant behavior [121]. Table VI summarizes the propor-
tion of students with misfits due to spuriously high and low
scores, given their estimated skill profile. The G-DINA
presented the lowest proportion of students with a misfit,
whereas the DINA and DINO models had the highest.
The evidence from the absolute and relative fit indices

favored the G-DINA model, followed by the A-CDM and
DINO models. The item fit favored the G-DINA model,
which had the most items with RMSEAvalues below 0.05,
and the person fit results confirmed a better fit to the data
for the G-DINA model than the other models. To empha-
size the most parsimonious CDA model with a good fit to
the data to provide more accurate diagnostics information,

the results presented in the following subsection focus only
on item and examinee estimates produced by the G-
DINA model.

B. Overall test and individual item properties

1. The results of item quality

The mean observed score on the instrument was 8.47 out
of 20 (SD ¼ 4.9) or 42.4% correct. Table VII illustrates the
item difficulty, item discrimination indices from the CDA
model, CTT, and IRT.
With respect to the item discrimination index (IDI) from

the CDA model, Table VII presents the IDI of each item
estimated by the G-DINAmodel. The values of the IDI vary
between 0.29 and 1, with an average of 0.81. As Robert
Ebel [124] suggested, in terms of IDI, 0.40 and greater is
very good, 0.30 to 0.39 is reasonably good, 0.20 to 0.29 is
marginal, and below 0.19 is considered poor. Therefore, the
IDI of the items has acceptable values except item 7, which
means all items are accepted.
As for the item difficulties from CTT, the value ranged

from 0.20 to 0.60, except for item Q7, which had a difficulty
of 0.19. A lower difficulty value indicates a harder item; the
values for all items but Q7 fell within the generally accepted
range of item difficulties of 0.20 to 0.80. The range of item
difficulties suggests that the instrument has a mix of easy,
medium, and hard items thatwould be appropriate for a range
of students who vary in proficiency regarding the knowledge
domain of electrostatics. The item discrimination measure
ranged from 0.28 to 0.64. Q7 and Q12 were again an
exception, with item discrimination values of 0.11 and
0.05, which was outside the recommended range [125].
Apart from Q7 and Q12, the item discrimination values
constitute reasonable evidence that each item’s score is
positively related to the overall proficiency represented by
total performance on the instrument.
As for IRT, the reason for selecting the 2PL model is that

the guessing parameter (i.e., the 3PLmodel) did not improve
the model fit, and this result suggests that guessing was not a
necessary modeling addition for the instrument, which
means that it might be difficult for the students to choose
the correct choice just based on guessing. The item is said to
be good if the difficulty index is more than −2.00 and less
than 2.00 [126]. Table VII illustrates that the difficulty index
of items is in the range −0.56 < difficulty < 1.46, which
means that the difficulty level of the developed items hasmet
the difficulty index value category, so it can be said that all the
items are good. As for item discrimination, the measure
ranged from 0.60 to 2.34. Q7, Q11, and Q12 were an
exception, with item discrimination values of 0.28, 0.06, and
0.60, respectively, which was outside the recommended
range (less than 0.64 indicates low discrimination, see
Baker [127]). Apart from Q7, Q11, and Q12, the item
discrimination values constitute reasonable evidence that
an item can differentiate between students having abilities

TABLE V. RMSEA item fit indices.

Item G-DINA DINA DINO A-CDM rRUM HO-DINA

1 0.018 0.035 0.027 0.038 0.034 0.029
2 0.021 0.031 0.015 0.116 0.060 0.082
3 0.024 0.061 0.024 0.054 0.029 0.041
4 0.043 0.072 0.044 0.069 0.056 0.108
5 0.109 0.013 0.059 0.034 0.047 0.036
6 0.023 0.023 0.026 0.040 0.023 0.041
7 0.065 0.066 0.055 0.061 0.035 0.054
8 0.019 0.067 0.067 0.019 0.027 0.030
9 0.014 0.062 0.054 0.069 0.049 0.078
10 0.039 0.063 0.033 0.086 0.049 0.057
11 0.063 0.079 0.094 0.119 0.163 0.163
12 0.018 0.061 0.023 0.052 0.267 0.058
13 0.035 0.053 0.020 0.033 0.044 0.022
14 0.065 0.093 0.105 0.049 0.149 0.114
15 0.042 0.016 0.013 0.014 0.019 0.069
16 0.015 0.041 0.028 0.012 0.023 0.064
17 0.004 0.057 0.036 0.103 0.051 0.044
18 0.028 0.059 0.045 0.059 0.162 0.080
19 0.032 0.024 0.031 0.040 0.029 0.076
20 0.089 0.046 0.064 0.102 0.045 0.093

TABLE VI. Proportion of examinees with aberrant scores.

Model
Proportion of examinees
with aberrant high scores

Proportion of examinees
with aberrant low scores

G-DINA 0.08 0.12
DINA 0.14 0.14
DINO 0.14 0.14
A-CDM 0.12 0.13
rRUM 0.12 0.14
HO-DINA 0.12 0.14
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below the item location and those having abilities above the
item location.
As noted above, item Q7 was identified as a problematic

item by the CDA models, CTT, and IRT, and Q11 and Q12
were identified by CTT or IRT. As the purpose of the
instrument was to determine the strengths and weaknesses
of proficiency in concepts related to electrostatics and did
not aim to measure students’ academic achievement, no
high- or low-level outliers were deleted at the item
difficulty and discrimination from CTT and IRT [109].
Therefore, Q12 and Q11 are preserved. Item Q7 is also
preserved after reviewing the reasons students provided to
answer this question (see Sec. VI).

2. Reliability of test

Table VIII summarizes the agreement (classification
accuracy and classification consistency) at the attribute
pattern level and the attribute level [111]. Table VIII
illustrates that the estimated pattern-level accuracy
and consistencymeasureswere 0.85 and 0.78, respectively.

All the attribute-level accuracy measures were larger than
0.90, and the consistency measures were larger than 0.85.
As Johnson and Sinharay [128] suggest, in terms of

agreement, 0.90 and greater refers to excellent reliability,
0.80–0.90 refers to very good reliability, 0.65–0.80 refers
to good reliability, 0.50–0.65 refers to fair reliability, 0.25–
0.50 refers to poor reliability, and < 0.25 refers to no
reliability. This suggests very good or good reliability of
the posteriormodes for this assessment. Thismeans that the
instrument developed in this study can provide accurate
skill and reliable proficiency classification, which means it
can distinguish proficient from nonproficient students.
CTT provides Cronbach’s alpha as an index of the total

score reliability, where reliability means that a student’s
total score would be nearly the same if one could administer
the test multiple times to the same student. The alpha value
for the instrument was 0.85, which indicates good reliabil-
ity for an assessment used for low-stakes purposes [108].
The EAP reliability index (based on expected a posteriori

parameter estimates) from IRT can be viewed as the amount

TABLE VII. The item quality indices from the CDA model, CTT, and IRT. Note that an analysis of students’
response data to the instrument was performed using the one- (1PL), two- (2PL), and three-parameter logistic (3PL)
models. The model-data fits of the three models were compared using the Akaike information criterion (AIC) fit
statistic; the 2PL model had the best fit (1PL, AIC ¼ 42297.64; 2PL, AIC ¼ 41308.7, 3PL, AIC ¼ 41310.4).

Item
Item discrimination

(CDA model)
Item difficulty

(CTT)
Item discrimination

(CTT)
Item difficulty

(2PL)
Item

discrimination (2PL)

Q1 0.96 0.54 0.41 −0.26 1.12
Q2 0.71 0.53 0.52 −0.31 1.76
Q3 0.93 0.33 0.48 0.89 1.43
Q4 0.89 0.39 0.52 0.57 1.63
Q5 0.59 0.55 0.48 −0.33 1.48
Q6 1.00 0.46 0.55 0.15 1.78
Q7 0.29 0.19 0.11 1.46 0.28
Q8 1.00 0.29 0.59 1.36 2.02
Q9 0.82 0.40 0.35 0.48 0.96
Q10 0.95 0.43 0.39 0.33 1.11
Q11 0.73 0.45 0.28 0.20 0.60
Q12 0.92 0.20 0.05 1.41 0.06
Q13 1.00 0.50 0.55 −0.15 1.90
Q14 0.92 0.36 0.64 0.81 2.34
Q15 0.59 0.59 0.45 −0.56 1.47
Q16 0.96 0.31 0.56 1.19 1.96
Q17 1.00 0.52 0.51 −0.22 1.64
Q18 0.93 0.24 0.36 1.30 0.89
Q19 0.58 0.59 0.47 −0.57 1.51
Q20 0.48 0.60 0.40 −0.54 1.17

TABLE VIII. Reliability at test and attribute levels.

Pattern
level

Electric
charge

Electric
field

Coulomb’s
law

Electrical potential
energy

Electric
potential Capacitance

Classification accuracy 0.85 0.91 0.99 0.99 0.93 0.91 0.96
Classification consistency 0.78 0.85 0.99 0.98 0.90 0.86 0.94
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by which the measurement process has reduced the uncer-
tainty in the latent ability of the student [129], and thevalue of
it was 0.85, which can be regarded as fairly satisfying.
All reliability indices provided by CDA models, CTT,

and IRT indicate that the instrument developed in this study
might provide reliable results about students’ conceptual
understanding of electrostatics.

C. Evaluation of the structure of the instrument

In this study, the experts modeled the physics tasks as
functions of proficiency and nonproficiency of one or more
concepts [130], and the relationships between tasks and
concepts are specified in the Q matrix (see Table II).
Students’ response processes for the items were assumed
by the experts, which means that they might not represent
their real responses. For example, the fourth row in the Q
matrix (see Table II) means that the experts assumed that the
students should be proficient in electric charge and
Coulomb’s law first if they provide the correct answer to
item 4 (see Sec. III C). However, the students might give a
correct response to item 4 without being proficient in
the above concepts, which means the theoretical response
processes do not fit the realistic response processes of the
students. Therefore, as mentioned above (see Sec. III A), the
Q matrix defined by the experts was amended by
the reasons provided by the students in the R tier of the
instrument. The following examples demonstrate the amend-
ment process.
Table I illustrates that the experts assume that students

should be proficient in electric charge (misconception 1.6)
and electric field (misconception 2.4, 2.14, and 2.17) if they
give the correct answer to item 3. Many students also used
Coulomb’s law to calculate the forces between two metal
spheres and said “the field is generated by a point electric
charge, which Coulomb’s law can calculate; then the total
field at point D can be calculated using the superposition of
an electric field.” Therefore, if a student provides a correct
answer to this item, they might also be proficient in
Coulomb’s law and the third row of theQmatrix is amended
as (1,1,1,0,0,0).
The other items 1, 5, 7, 8, 10, 11, 12, 13, and 16 are also

amended through the above process, and the Q matrix
illustrated in Table II is the amended Q matrix. This
amendment process ensures that the instrument’s construct
fits the detailed nature of the responses by the students.

D. Confirmation of students’ understanding
of electrostatics

Students’ concept profiles and ability estimates are the
diagnostic output results of the instrument [114], including
students’ overall understanding of all concepts and stu-
dents’ understanding of specific concepts. This subsection
details the interpretation of reports that emerged from the
instrument and confirms them.

1. Examinee skill profile and ability estimates

Figure 2 aggregates the proficiency status across 1850
students. It demonstrates the estimated skill distributions
produced by the G-DINA model, which indicates that
each concept has been grasped by less than half of the
examinees in the sample (e.g., electric charge and
Coulomb’s law). This result is consistent with the existing
studies that students have above-average difficulties with
electrostatics [8].
The G-DINA model estimates 64 possible skill

arrangements. Because of the large number of skill
profiles, Fig. 3 reports only the estimated skill profiles
that account for at least 1% (19 participants) of the
sample of students. As illustrated in Fig. 3, most students
were classified with nonproficiency in each concept
(f0; 0; 0; 0; 0; 0g, 42%), and some students were classified
as being proficient in several (one, two, or more)
concepts. For example, around 21% of the students were
classified as mastering electric charge and electric poten-
tial (i.e., f1; 0; 0; 0; 1; 0g). This result again emphasizes
that students have above-average difficulties with electro-
statics [8].
Figure 2 illustrates the concept proficiency distribution,

and Fig. 3 illustrates the concept profile among the
participants. Admittedly, these two results demonstrate
concept proficiency across a large cohort of students and
the students classified into different profiles, respectively.
These two results are formed by the students’ concept
profiles, demonstrating that a student grasps the concepts.
Simultaneously, the student’s concept profile can provide
more specific diagnostic information relevant to classroom
instruction and student learning, expressed in terms of a
user-friendly diagnostic report.
The instrument’s primary outcome is the student concept

profiles, which can demonstrate students’ conceptual state
in learning electrostatics. As mentioned in Sec. II A, six
concepts are specified when the instrument is developed to
diagnose students’ conceptual understanding of electro-
statics: electric charge, electric field, Coulomb’s law,
electrical potential energy, electric potential, and capaci-
tance. A case analysis was conducted to demonstrate the
value of students’ concept profiles, and four individual
diagnostic reports (students A, B, C, and D) are presented
in Fig. 4.
In this example, four students received the same

overall score (i.e., they gave 12 correct answers to all
20 items) with different concept proficiency decisions and
a different proficiency probability for each concept. As
mentioned in Templin et al. [67], statistically, students
with a greater than or equal to a 0.6 probability of
proficiency in a concept are classified as proficient in that
concept and less than 0.4 as nonproficiency. Students
between 0.4 and 0.6 may be classified as “undecided”
because the assessment does not provide enough infor-
mation about them [67,98].
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Figure 4 demonstrates that students with the same
observed scores did not necessarily have the same concept
profiles; for example, though all students obtained 12
points, student A is proficient in electric charge and
electrical potential, but not electric field, Coulomb’s law,
electric potential energy, and capacitance, while student B
is proficient in electric charge, electric field, electrical
potential, and capacitance, but not electrical potential
energy and Coulomb’s law. Students C and D are proficient

in different concepts though the total score is equal. If a
single observed score was provided to students, it could not
inform them about their strengths and weaknesses of
conceptual understanding related to electrostatics because
it masks fine-grained, specific diagnostic information. For
example, there is no difference between the observed score
of students A, B, C, and D, but students B, C, and D
became proficient in four concepts (with different concepts
grasped), while student A became proficient in only two

0.0

FIG. 2. Concepts proficiency (mastery) distribution.

FIG. 3. Concepts profile of participants.
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concepts. It is also possible that this nonrelationship can be
interpreted as highlighting the need for diagnostic concept
reports.

2. The reliability of the reports about students’
concept profiles

This subsection uses student A as an example to
confirm the reliability of the cognitive diagnostic report
about the students’ conceptual understanding, which
might illustrate whether the diagnostic reports illustrated
in Fig. 4 represent students’ conceptual understanding
related to electrostatics.
The reasons for each item provided by student A are

summarized, and the results are as follows:
In item 15, student A thought as follows: “the capaci-

tance of the capacitor might change with an insulator
inserted between two conductor parallel plates” and con-
cluded that “capacitance will be smaller,” which means he
might think that “inserting an insulator between two
conductor parallel plates reduces the capacitance of the
system” (see Table I, misconception 6.3). He also thought
that “only the distance traveled of a particle will affect the
net work of electric field force” in item 8, which means
that he might hold misconception 4.1 from Table I at a

minimum. In item 3, he stated, “the charge of these two
metal spheres will be divided evenly; then, electric field
strength can be calculated through Coulomb’s law,” which
means he does not establish a clear difference between the
concepts of field intensity and electric force (see Table I,
misconception 2.4). In addition, though this student
believes that the electric field strength could be calculated
through Coulomb’s law, the erroneous computational
results might indicate the nonproficiency in Coulomb’s
law. The above reason provided by this student means he
holds some misconceptions about capacitance, electric
potential energy, Coulomb’s law, and electric field, which
supports this student’s diagnostic report illustrated in
Fig. 4. The reasons provided by the other three students
in Fig. 4 also support the diagnostic report provided by the
instrument.
In addition, this study also discusses an important

source of valid evidence derived from analyses of the
relationship of the newly created instrument to external
variables [131,132]. As mentioned above, the instrument
produces a list of concepts that students might or might not
possess, based on the evidence of tasks in the instrument
that they perform [69]. As Junker and Sijtsma [133]
demonstrated, in general, the more item-relevant concepts
a student possesses, the higher the average of the student’s

FIG. 4. Example of individual diagnostic reports about students’ conceptual understanding related to electrostatics.
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ability (labeled as θ, possibly multidimensional) [79].
Therefore, in this study, the relationships between the
number of proficient concepts and the student’s ability
(obtained from the 2PL model, see Table VII) were
calculated as Lee and Luna-Bazaldua [79] suggested. The
Pearson correlation coefficient r between them is equal to
0.94 (a large effect size when r > 0.5, see [134]), which
means the instrument ensures a student with a higher ability
will become proficient in more concepts.

E. The inference of the secondary concepts’
correlations and hierarchies

CDA also can provide the secondary concepts’ correla-
tions and hierarchies (see Sec. II D). This can be inferred
from the proficiency behavior of students, and a detailed
process for this is described as follows: First, the tetrachoric
correlations between every pair of concepts related to
electrostatics were computed using students’ concept
profiles. Then an exploratory factor analysis (EFA) was
run using data about tetrachoric correlations, and two
factors were found. Electric charge, electrical potential
energy, and electric potential belong to the first factor,
and the electric field, Coulomb’s law, and capacitance
belong to the other factor. Combined with the percentage of
students in the test population possessing the individual
concepts, students’ construct of electrostatics might be
induced. For example, students who become proficient in
electric charge often become proficient in electric poten-
tial (0.17þ 0.07þ 0.21 ¼ 0.45) in contrast to students
who become proficient in electric potential but not electric
charge (0.01); therefore, this might indicate that becoming
proficient in electric charge could be a prerequisite for
becoming proficient in electric potential. Students con-
structs of electrostatics can be described as follows: The
secondary concepts of electrostatics can be attributed to
two factors; for the first factor, the electric charge is the
prerequisite of electric potential, which is the prerequisite
of electric potential energy; and for the second, the
electric field is the prerequisite of Coulomb’s law (always
mastered together) and capacitance. These two factors
correlate through the relations between the electric field
and electric potential energy. This information can be
aggregated in the classroom in schools for instruction
planning, low-stakes decision making, or inferring a
learning sequence.

VI. DISCUSSION, LIMITATIONS,
AND OUTLOOK

The central principle of the instrument developed in
this study is that it provides fine-grained results regarding
students’ cognitive strengths and weaknesses related to the
conceptual understating of electrostatics. The development
process is organized around two activities, respectively, the
development and validation of the instrument.

As for the development step, the secondary concepts
(e.g., work and electric field) are defined first; then, the
items are designed using their misconceptions. The rela-
tionships between the misconceptions and test items are
stored in theQmatrix, which is input data for CDAmodels.
In this step, the secondary concepts are defined by educa-
tional and didactic experts who have a deeper conceptual
understanding than novices, and the misconceptions related
to these concepts are summarized from the existing studies.
The items are developed by a focus group consisting of a
high school physics teacher and a science education
researcher rather than only one researcher. The above
process guaranteed the improvement of the quality of test
content to the maximum extent by allowing the test content
to be part of the response data procedure [135].
In the validation step, the best model was selected

through three levels of model fit: model, item, and personal
level. Additionally, the instrument is validated from item
quality, overall test reliability, instrument structure, and
diagnostic results. The best model selection ensures the
model fits data at the test level, item level, and the level
between the test result and students’ true conceptual
understanding. The later analysis ensures that the diag-
nostic reports represent students’ conceptual understanding
reliably and validly.
The above process and the analysis of the validity and

reliability evidence of the diagnostic reports confirm that
the instrument developed in this study is a discriminant,
accurate, and reliable instrument for determining students’
conceptual understanding related to electrostatics.
However, there are also limitations in this study. First,

the item discrimination from the CDA model in item 7 is
lower than 0.30, which means that this item might not
achieve the intended classification role of the item. Though
researchers in the focus group agreed that students should
be proficient in understanding electric fields to answer this
item correctly [students believe the change in electric
potential also affects the path of the particle; therefore,
the seventh row of the Q matrix is amended as
(0,1,0,0,1,0), see Table II], they should also be proficient
in Newton’s law (especially Newton’s second law) which
might help them to analyze the relationship between
force and motion (numerous students answer this item
incorrectly due to the lack of knowledge about Newton’s
law). The instrument aimed to diagnose students’ con-
ceptual understanding of electrostatics rather than force
and motion; at the same time, this shortcoming cannot
prevent or reduce the accurate and reliable proficiency
classification. Therefore, item 7 is not removed from the
instrument, though it has a lower item discrimination
value. Second, the G-DINA model illustrated a higher
proportion of spuriously low scores, meaning students
become proficient in all acquired attributes but fail to
answer the item, indicating underestimated high-level
students correctly. Nonetheless, the misfit was considered

DEVELOPMENT AND VALIDATION OF A … PHYS. REV. PHYS. EDUC. RES. 19, 010114 (2023)

010114-17



negligible because the underestimated high-level students
were still classified as proficient in all skills. The
accuracy and reliability skill proficiency classification
values mentioned above confirm this. Third, the test
results demonstrate that students have a mean score of
42.4% on the test, and there are many concepts that more
than half of the students in the sample have not mastered
yet that were detected by the test. This result indicates
that the test is rather difficult for students. However, the
misconceptions summarized from existing studies are
the misconceptions that must be overcome to understand
the electrostatics, and the difficulty of the test has not
affected the classification consistency and accuracy from
the analysis results of reliability (see Table VIII).
Therefore, the difficulty of the test can be attributed to
students’ superficial understanding of concepts related to
electrostatics rather than badly designed items. Of course, as
Kiviniemi et al. [136] suggests that a slightly “too difficult”
test may be more optimal to map the gain of students from a
pretest to a post-test if the test is still discriminating and
reliable enough. Therefore, though this test is quite difficult
for students, it is still a useful instrument tomeasure students’
understanding of electrostatics. In conclusion, though there
are limitations in this study, our work examined the potential
application of the CDA approach to classroom conceptual
understanding assessment.
Note also that several items in the instrument are not only

described using written text but also are depicted in a
visual-graphical way, which are the formats of multiple
representations [137] (e.g., question 1, question 2; see the
Appendix). This implies that to answer the instrument
items correctly, students need to mentally integrate partial
information from each representation. In general, the ability
to understand, use, transfer, select, and create different
domain-specific representations (e.g., text, diagrams rep-
resentations) is represented competence, which is an
important learning prerequisite in physics [138]. Several
studies have indicated that students experience significant
challenges working with multirepresentation [139]; there-
fore, students’ poor performance on some items (e.g., item
7) might also be partly attributable to low representational
competence. Unfortunately, this study was mainly con-
cerned with students’ performance on the test due to their
conceptual understanding of electrostatics rather than
their representational competence. Therefore, to effectively
examine the psychometric properties of these items, the
impact of students’ representational competence on their
performance on the test should be analyzed in the future.
Compared to CTT and IRT, which provide a total score,

the instrument developed based on CDA can provide the
percentage of students in the test population who possess
certain combinations of concepts (see Fig. 2), the percent-
age of students in the test population possessing the
individual concepts (see Fig. 3), and the fine-grained size
of concept proficiency information (see Fig. 4) which can

be integrated as one completed report to issue to students,
teachers, and parents to demonstrate students’ status of
conceptual understanding related to electrostatics. Notably,
it might be difficult for practitioners (e.g., teachers) to use
the instrument and evaluate it with the CDA method if they
are not proficient in statistics. Therefore, an online con-
ceptual understanding assessment tool that concerns the
CDA and CDAmodel needs to be built. When students take
the test via the online tool, students, teachers, and parents
might receive a completed and timely report. For teachers,
the reports may not only help them grasp students’
conceptual understanding of electrostatics but also help
them make decisions in the classroom.
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APPENDIX: CONCEPTUAL SURVEY
INSTRUMENT TO EVALUATE STUDENTS’
UNDERSTANDING OF ELECTROSTATICS

Question 1: Three neutral metal spheres, electrically
insulated from the environment, are touching each other,
as illustrated in the figure. A negatively charged glass rod
approaches the right spheres, as illustrated, causing them
to move apart from each other. The three spheres separate
while the rod is close and never touching any sphere.
Which of the following is right?
(A) 3 neutral
(B) 2 neutral and 1 positive
(C) 1 neutral, 1 positive, 1 negative
(D) 2 positively charged and one negatively charged
(E) one positively charged and 2 negatively charged
(F) 2 neutral and 1 negative
(G) Your answer: _______

Q1.A Confidence Rating for Q1
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident

FIG. 5. Figure for Q1.
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(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q1.B Scientific reasons for my answer for Q1
(A) Friction is the only cause of static electricity. The

glass rod did not touch any spheres; therefore, these
three spheres keep electrically neutral. Additionally,
there are three neutral spheres.

(B) Your reason: _______

Q1.C Confidence Rating for Q1.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 2: Two small identical metal spheres on
insulated stands carry charges (þ2q) and (þ4q), respec-
tively. When the centers of the spheres are separated by a
distance d (d ≫ radius of spheres), one exerts an electro-
static force of magnitude F on the other. The spheres are
now made to touch each other and are then brought back to
the distance 2d apart. What will be the magnitude of the
electrostatic force that one sphere now exerts on the other?
(A) 2F
(B) 9F/32
(C) F/4
(D) F
(E) Your answer: ________

Q2.A Confidence Rating for Q2
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q2.B Scientific reasons for my answer for Q2
(A) Charges do not transfer between conductors with

charges of the same sign; therefore, the charges
carried by these two spheres would be maintained.

Because the distance between them became 2d, the
one exerts an electrostatic force of magnitude F on
the other would become half of F.

(B) Charges do not transfer between conductors with
charges of the same sign; therefore, the charges
carried by these two spheres would be maintained.
Because the distance between them became 2d, the
one exerts an electrostatic force of magnitude F on
the other would become a quarter of F.

(C) Your reason: _______

Q2.C Confidence Rating for Q2.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 3: Two small identical metal spheres, on
insulated stands, carry charges (−Q) and (þ3Q), respec-
tively, and are placed at point A and point B. When the
centers of the spheres are separated by a distance d (d ≫
radius of spheres), one exerts an electrostatic force of
magnitude F on the other. The spheres are now made to
touch each other and are then brought back to the distance
3d apart. A test charge (−q) is placed over point D. What
will be the electric field strength at point D?
(A) 2F/27Q, along with B to C
(B) ðF ffiffiffi

3
p Þ=27Q, vertically upwards

(C) ðF ffiffiffi
3

p Þ=27, vertically downwards
(D) F/Q, vertically upwards
(E) F/Q, vertically downwards
(F) ðF ffiffiffi

3
p Þ=27, vertically upwards

(G) ðF ffiffiffi
3

p Þ=27Q, vertically downwards

FIG. 6. Figure for Q2. FIG. 7. Figure for Q3.
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(H) 2F/27Q, along with C to B
(I) F, vertically upwards
(J) F, vertically downwards
(K) 2F/27, along with C to B
(L) 2F/27, along with B to C
(M) Your answer: ________

Q3.A Confidence Rating for Q3
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q3.B Scientific reasons for my answer for Q3
(A) There would be a transfer between oppositely

charged conductors until one of the conductors
became neutral, therefore, the left metal sphere
might become neutral, and the right metal sphere
might be charged by þ2Q after losing þQ. The
electric field at point D is generated only by the right
metal sphere at point C.

(B) Your reason: ______

Q3.C Confidence Rating for Q3.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 4: Two small metal objects (I and II), each

with a net charge of þQ, exert a force of magnitude F on
each other. The right-hand object (II) is now made to touch
another metal object whose net charge is þ5Q and then
brought it (II) back to the same distance apart from I. Then,
what is the magnitude of the force on the metal objects I
and II (the III is withdrawn)?
(A) F, F
(B) 3F, F
(C) F, 3F
(D) 3F, 3F
(E) Your answer: _______

Q4.A Confidence Rating for Q4
(A) Just Guessing

(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q4.B Scientific reasons for my answer for Q4
(A) The charges on the two metal objects remain the

same after touching; therefore, the I and II have þQ
charge, and the magnitude of the force exerted on
each other is also equal to F.

(B) Larger “objects” (in charge magnitude) exert larger
forces than smaller “objects,” therefore, II exerts 3F
on I, and I exert F on II.

(C) Your reason: ________

Q4.C Confidence Rating for Q4.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 5: As illustrated in the figure, the electric fields
were generated by two spheres with 1 μC charge. Three
identical test charges are placed at points A, B, and C. The
force of test charges was labeled as FA, FB, and FC.Which
of the following represents the magnitude of the force of
three test charges from smallest to largest?
(A) FA ¼ FB ¼ FC
(B) FA > FB > FC
(C) FC > FB > FA
(D) FA > FC > FB
(E) FB > FA > FC

FIG. 8. Figure for Q4. FIG. 9. Figure for Q5.
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(F) FB > FC > FA
(G) FC > FA > FB
(H) Your answer: _______

Q5.A Confidence Rating for Q5
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q5.B Scientific reasons for my answer for Q5
(A) There is no force acting on the test charges because

there is no line passing through them; therefore, their
forces are all equal to 0.

(B) There was no electric field in gaps between electric
field lines; therefore, their forces are all equal to 0.

(C) Your reason: ________

Q5.C Confidence Rating for Q5.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 6: Four charges are placed on the circum-
ference of a circle of radius 1.0 m and centered at the
origin, as illustrated in the figure. What is the magnitude
and direction of the electric field strength at the ori-
gin (0,0)?
(A) 0 N/C
(B) 18 000 N/C, and it is at a 45-degree angle with the

negative y direction in the third quadrant.

(C) 9000 N/C, and it is at a 45-degree angle with the
positive y direction in the first quadrant.

(D) 18 000 N/C, and it is at a 45-degree angle with the
positive y direction in the first quadrant.

(E) 9000 N/C, and it is at a 45-degree angle with the
negative y direction in the third quadrant.

(F) Your answer: _______

Q6.A Confidence Rating for Q6
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q6.B Scientific reasons for my answer for Q6
(A) There would be no electric field in the absence of an

electric charge; therefore, the magnitude of the
electric field at the origin is equal to 0.

(B) Your reason: _______

Q6.C Confidence Rating for Q6.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 7: A particle with þq shot into a region
containing two uniform electric fields (Electric field I and
electric field II), as illustrated in the figure. The direction of
the electric field is as illustrated. Please describe the
motion of a particle in the electric field I and select the
possible resulting paths for this particle?

FIG. 10. Figure for Q6. FIG. 11. Figure for Q7.
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(A) Uniform motion, A
(B) Uniform motion, B
(C) Uniform motion, C
(D) Uniform motion, D
(E) Uniform motion, E
(F) Uniform motion, F
(G) Uniform motion, G
(H) Uniform variable rectilinear motion, A
(I) Uniform variable rectilinear motion, B
(J) Uniform variable rectilinear motion, C
(K) Uniform variable rectilinear motion, D
(L) Uniform variable rectilinear motion, E
(M) Uniform variable rectilinear motion, F
(N) Uniform variable rectilinear motion, G
(O) Your answer:_______

Q7.A Confidence Rating for Q7
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q7.B Scientific reasons for my answer for Q7
(A) Charged particles in a uniform electric field move

with a constant velocity; therefore, this particle
might be in uniform motion. Any charged particle
independent of the charge polarity moves in the
direction of the electric field; therefore, G represents
the possible paths for this particle.

(B) Charged particles in a uniform electric field move
with a constant velocity; therefore, this particle
might be in uniform motion. Electric field lines
mean the line of trajectory, and G represents the
possible paths for this particle.

(C) Your reason:_________

Q7.C Confidence Rating for Q7.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 8: As illustrated in the figure, the electric fields

were generated by two spheres with 1-μC charge. A certain
charge (þq) is carried from points A to B, C, D, and E.
Which of the following statements in relation to the work
done by the electric force is correct? Additionally, is the
work done by electric force carrying aþ q charge from A
to C positive or negative?
(A) WAE > WAD > WAC > WAB, negative
(B) WAC ¼ WAB > WAD > WAE, negative
(C) WAC ¼ WAB > WAD ¼ WAE, negative
(D) WAE > WAD ¼ WAC > WAB, negative
(E) WAE > WAD > WAC > WAB, positive
(F) WAC ¼ WAB > WAD > WAE, positive

(G) WAC ¼ WAB > WAD ¼ WAE, positive
(H) WAE > WAD ¼ WAC > WAB, positive
(I) Your answer: _______

Q8.A Confidence Rating for Q8
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q8.B Scientific reasons for my answer for Q8
(A) The larger the path, the bigger the work is needed;

therefore, WAE > WAD > WAC > WAB.
(B) The larger the path on the equipotential surface, the

bigger the work is needed; therefore, WAE > WAD,
and WAC > WAB.

(C) Your reason: ______

Q8.C Confidence Rating for Q8.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 9: As illustrated in Fig. 9, the left scale
measures the distance of the equipotential line apart from
0 cm. Additionally, the right labels represent the electric
potential of each equipotential line. What is the electric
field strength at point A?
(A) Do not know
(B) 500=3 V=m, along with negative y direction
(C) 500=3 V=m, along with positive y direction

FIG. 12. Figure for Q8.
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(D) 500 V=m, along with negative y direction
(E) 500 V=m, along with positive y direction
(F) Your answer: ______

Q9.A Confidence Rating for Q9
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q9.B Scientific reasons for my answer for Q9
(A) The magnitude of electric field strength depends on

the force on a charge at point A (E ¼ F=q), and
there is no charge at point A; therefore, we cannot
know the magnitude of electric field strength there.

(B) E ¼ φ
x, therefore, the magnitude of electric field

strength is equal to 25V
0.15m ¼ 500=3 V=m

(C) Your reason: ______

Q9.C Confidence Rating for Q9.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 10: As illustrated in Fig. 10, positively charged
objects are fixed to the insulation rod (III) through an
insulation rod. A neutralmetal object hangs in the insulation
rod (III) through an insulating rope with an insulation ring.
There is no friction between the insulation rod (III) and the
insulation ring. Which of the following statements about
neutral object (II) and charged object I is correct?
(A) It(II) will continue staying at the same place.
(B) It(II) might be attracted by object I, then it will touch

object I, and the positive charge of object I only have
might be evenly divided by object I and object II.

(C) It(II) might be excluded by object I, then it will move
away from object I.

(D) It(II) might be attracted by object I, then it will touch
object I, and the object II will be positively charged.

(E) It(II) might be attracted by object I, then it will touch
object I, and the object I will be negatively charged.

(F) It(II) might be attracted by object I, then it will touch
object I, and the object II will be negatively charged.

(G) Your answer: _______

Q10.A Confidence Rating for Q10
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q10.B Scientific reasons for my answer for Q10
(A) A neutral object has no charge; therefore, it would

not be attracted by object I, and it will continue
staying at the same place.

(B) Electrostatic objects cannot attract neutral objects;
therefore, they will stay in the same place.

(C) Charged objects have only one type of charge
(positive charge), and object I will attract object II;
there is no friction between the insulation rod (III)
and the insulation ring. Therefore, these two objects
will touch each other finally. The positive charge of
object I only have might be evenly divided by object
I and object II

(D) Your reason: ______

Q10.C Confidence Rating for Q10.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

FIG. 13. Figure for Q9.

FIG. 14. Figure for Q10.
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Question 11: Experimenter A uses a test charge þq0,
and experimenter B uses a test charge −q0 to measure an
electric field produced by two parallel plates. A finds a field
that is ()
(A) Greater than the field found by B
(B) The same as the field found by B
(C) Less than the field found by B
(D) Either greater or less than the field found by B,

depending on the forces on the test charges
(E) Your answer: _______

Q11.A Confidence Rating for Q11
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q11.B Scientific reasons for my answer for Q11
(A) The magnitude of electric field strength depends on

the force on a charge at a point (E ¼ F
q), and we do

not know the force on þq0 and −q0; therefore, we
cannot know the size relations between the electric
field that A found and B found.

(B) The electric field would not change when a new
positive charge is added to the system, while the
field would decrease when a negative charge is
added. Therefore, A finds a field that is greater than
the field found by B.

(C) Your reason: _______

Q11.C Confidence Rating for Q11.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 12: As the figure illustrates, the diagram of
electric charges induced in conductive objects (shapes) by
the electrostatic field (lines with arrows) of a nearby
charge (þ) due to electrostatic induction. There are some
erroneous field lines in this figure. Please observe the
pictures carefully and tell me the number of errors in this
figure.
(A) 0
(B) 1
(C) 2
(D) 3
(E) 4
(F) 5
(G) 6
(H) 7
(I) 8
(J) 9
(K) 10
(L) 11

(M) 12
(N) Your answer: ______

Q12.A Confidence Rating for Q12
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q12.B Scientific reasons for my answer for Q12
(A) Electric field had volume, force, or density; there-

fore, electric field lines are real entities, so I can draw
electric field lines freely, which means there is no
error in this figure.

(B) Your reason: ______

Q12.C Confidence Rating for Q12.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 13: As the figure illustrates, the electric field of
a positive charge, a negative test charge, is placed at point
A with the initial velocity v; which of the following
statements in relation to the motion of it is correct?
(A) It will move in a circular motion along the dotted

line on which point A is on.
(B) It will move to the positive charge, and its velocity

will slow down gradually.
(C) It will move to the positive charge, and its velocity

will pick up speed gradually.
(D) It moves along a straight line, pointing to a positive

charge at a constant acceleration.
(E) It moves along a straight line opposite to a positive

charge at a constant acceleration.
(F) It will be far away from the positive charge, and its

velocity will slow down gradually.

FIG. 15. Figure for Q12.
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(G) It will be far away from the positive charge, and its
velocity will pick up speed gradually.

(H) It moves along a straight line, pointing to a positive
charge at a constant speed.

(I) The movement of it along a continuous curve around
the positive charge.

(J) Your answer: ______

Q13.A Confidence Rating for Q13
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q13.B Scientific reasons for my answer for Q13
(A) Particles moving in the opposite direction of the

electric field always slow down; therefore, the
velocity of it will slow down gradually.

(B) There is no force acting on the charge because no
line passes through it; therefore, it moves along the
direction of initial velocity, and the magnitude of
velocity remains constant.

(C) The dotted lines represent the electric field generated
by the positive charge; the direction of its initial
velocity is inconsistent with the dotted lines, there-
fore, the movement of it along a continuous curve
around the positive charge.

(D) Your reason: ______

Q13.C Confidence Rating for Q13.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident

(E) Very Confident
(F) Absolutely Confident
Question 14: A neutral metal spheres ball labeled as A,

and a metal ball with Q positive charge labeled as B. The A
is now made to touch B, and then the B is withdrawn. Then
a neutral insulator block is placed at point C, illustrated in
the figure. Let us say that the existence of the neutral
insulator block will not affect the electric field generated by
ball A, and A can be regarded as a point charge. Then
which of the following might be the magnitude of the
electric field at point D?
(A) 0
(B) k × 2.4×10−19

d2

(C) k × 2.4×10−19

d3

(D) k × 2.4×10−19
d

(E) k × 4×10−17

d2

(F) k × 4×10−17

d3

(G) k × 4×10−17
d

(H) Your answer: ______

Q14.A Confidence Rating for Q14
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q14.B Scientific reasons for my answer for Q14
(A) No free charge, so no electrical current means no

electrical field inside the insulators. Therefore, the
magnitude of the electric field at point D is equal to 0.

(B) Your reason: _______

Q14.C Confidence Rating for Q14.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Question 15: The circuit illustrated in the figure consists
of a power source, a power switch, and a capacitor. The
capacitance of the capacitor is equal to C. The switch is
turned on at instant t1; the switch is turned off at instant t2.
Next, an insulator is inserted between two conductor
parallel plates at instant t3. Finally, the switch is turned
on at instant t4. In this process, capacitance C might vary

FIG. 16. Figure for Q13.

FIG. 17. Figure for Q14.
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with different operations. The capacitance C of capacitor
at instant t1, t2, t3, t4 are labeled as C1, C2, C3, C4. Please
decide the size relation between as C1, C2, C3, C4 and C().
(A) C1 ¼ C;C2 < C;C3 < C;C4 < C
(B) C1 ¼ C;C2 ¼ C;C3 > C;C4 > C
(C) C1 ¼ C;C2 ¼ C;C3 < C;C4 < C
(D) C1 ¼ C;C2 < C;C3 < C;C4 > C
(E) Your answer: ______

Q15.A Confidence Rating for Q15
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q15.B Scientific reasons for my answer for Q15
(A) The capacitance concept has no meaning for un-

charged bodies. Therefore, when we turn off the
switch, the capacitance gets to 0 when an insulator is
inserted between two parallel conductor plates,
which means the C will become smaller. Inserting
an insulator between two conductor parallel plates
reduces the capacitance of the system due to
preventing charge transfer from one plate to another,
preventing the actual electrical current.

(B) Your reason: ______

Q15.C Confidence Rating for Q15.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 16: As illustrated in the figure, the electric

fields were generated by two spheres with opposite
charges, 1-μC charge, and −1 μC. Two test charges with
−q and þq are placed at points A and B of the two sides of
mid-perpendicular symmetrically. Which of the following
statements about the size relationships between the electric

potential at point A and point B and the electric potential
energy of charges at point A and point B is correct?
(A) φA < φB; Ep−A < Ep−B
(B) φA < φB; Ep−A ¼ Ep−B
(C) φA < φB; Ep−A > Ep−B
(D) φA > φB; Ep−A < Ep−B
(E) φA > φB; Ep−A ¼ Ep−B
(F) φA > φB; Ep−A > Ep−B
(G) φA ¼ φB; Ep−A < Ep−B
(H) φA ¼ φB; Ep−A ¼ Ep−B
(I) φA ¼ φB; Ep−A > Ep−B
(J) Your answer: _______
Q16.A Confidence Rating for Q16
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Q16.B Scientific reasons for my answer for Q16
(A) Positive charge is associated with high electric

potential, and vice versa; therefore, φA < φB.
(B) Your reason: ______
Q16.C Confidence Rating for Q16.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 17: As the figure illustrates, the electric field of

a negative charge, a positive test charge is placed at point
A with the initial velocity v; then it moves from A to B.

FIG. 18. Figure for Q15.

FIG. 19. Figure for Q16.
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Which of the following statements in relation to the electric
potential energy of it (Ep−A; Ep−B), and the work done by
electric field force WAB, is correct?
(A) Ep−A < Ep−B;WAB ¼ 0
(B) Ep−A < Ep−B;WAB < 0
(C) Ep−A < Ep−B;WAB > 0
(D) Ep−A > Ep−B;WAB ¼ 0
(E) Ep−A > Ep−B;WAB < 0
(F) Ep−A > Ep−B;WAB > 0
(G) Your answer: ______

Q17.A Confidence Rating for Q17
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q17.B Scientific reasons for my answer for Q17
(A) Only charged particles on the electric field line are

affected by the electric field, and there is no line
passing the test charge. Therefore, no force is acting
on the test charge, and the work done by the electric
field force equals 0.

(B) Your reason: _______

Q17.C Confidence Rating for Q17.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 18: The figure illustrates three groups of

electric potential lines from three electric fields (I, II,

and III). Three test charges (−q,þq, and −q) are placed at
point A, point B, and point C. Which of the following
statements in relation to the magnitude of the electric force
exerted on them and the electric potential energy of
Ep−A; Ep−B, and Ep−C, is correct?
(A) FA < FB < FC; Ep−A ¼ Ep−C < Ep−B
(B) FB < FC < FA; Ep−A ¼ Ep−C < Ep−B
(C) FB < FA < FC; Ep−A ¼ Ep−C < Ep−B
(D) FB < FC < FA; Ep−A ¼ Ep−C < Ep−B
(E) FC < FB < FA; Ep−A ¼ Ep−C < Ep−B
(F) FC < FA < FB; Ep−A ¼ Ep−C < Ep−B
(G) FA < FB < FC; Ep−A ¼ Ep−C > Ep−B
(H) FA < FC < FC; Ep−A ¼ Ep−C > Ep−B
(I) FB < FA < FC; Ep−A ¼ Ep−C > Ep−B
(J) FB < FC < FA; Ep−A ¼ Ep−C > Ep−B
(K) FC < FB < FA; Ep−A ¼ Ep−C > Ep−B
(L) FC < FA < FB; Ep−A ¼ Ep−C > Ep−B
(M) Your answer: ______

Q18.A Confidence Rating for Q18
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

Q18.B Scientific reasons for my answer for Q18
(A) Your reason: ______
Q18.C Confidence Rating for Q18.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 19: The circuit illustrated in Fig. 22 consists of

a power source, a power switch, a capacitor, a resistance,
an amperemeter, and a voltmeter. If we turn on the switch,
which of the following charts might represent the voltage
readings and readings on the ammeter from the moment of
turning on the switch at time t?
(A) Your answer: ______

Q19.A Confidence Rating for Q19
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident

FIG. 20. Figure for Q17.

FIG. 21. Figure for Q18.
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(E) Very Confident
(F) Absolutely Confident
Q19.B Scientific reasons for my answer for Q19
(A) Your reason: ______
Q19.C Confidence Rating for Q19.B
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
Question 20: Two small metal objects (I and II),

each with a net charge of þQ, exert a force of mag-
nitude F on each other. Which of the following statements
about one object exerting force on the other object is
correct?
(A) Mysterious power exerts a force on these two

objects.
(B) There is an “action at a distance,” and the force is

exerted by it.
(C) The electric field exerts forces on these two objects.

(D) A very rarefied and highly elastic substance that
permeates all space is the medium of forces radia-
tion, which means this substance is taken as the
medium of forces exerted on each object.

(E) Your answer: _____
Q20.A Confidence Rating for Q20
(A) Just Guessing
(B) Very Unconfident
(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident

FIG. 23. Figure for Q20.

FIG. 22. Figure for Q19.
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Q20.B Scientific reasons for my answer for Q20
(A) Your reason: ______
Q20.C Confidence Rating for Q20.B
(A) Just Guessing
(B) Very Unconfident

(C) Unconfident
(D) Confident
(E) Very Confident
(F) Absolutely Confident
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