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Abstract - The engineering students’ education at the university level is mainly focused on procedural knowledge which includes
proficiency in problem-solving and calculation whereas their conceptual knowledge, as another very important factor associated with
the enhancement of engineering skills, is often insufficient. The aim of this study is to assess the undergraduate engineering students’
conceptual and procedural knowledge of wave phenomena as one of basic topics in introductory physics courses either in high school or
college as well as in electronic courses at the graduate level of electrical engineering. This paper also examines the change of engineering
students’ conceptual understanding in this domain prior to and after instruction in the calculus-based physics course (Physics 2) and
the relation between students’ conceptual and procedural knowledge of wave phenomena. The undergraduate engineering students’
procedural knowledge was measured by assessing their performance in the final exam in the calculus-based physics course, whereas
the modified Wave Concept Inventory (mod-WCl) test was designed as a multiple-choice questions test to assess their conceptual
understanding of wave phenomena. The obtained results were compared with the assessment of J. J. Strossmayer University of Osijek
engineering students’ conceptual understanding of electromagnetism. This assessment has been conducted recently using a well known
multiple-choice test, the Conceptual Survey of Electricity and Magnetism (CSEM). The data analysis of multiple-choice questions was
performed by statistical methods of classical test theory which determines reliability and discrimination of the test as well as the relation
of particular questions to the entire test. Frequency distributions, normalized gain, correlations, and standardized Student’s t-test were
also used in data analysis. Significant difficulties in the engineering students’ conceptual understanding of wave phenomena and some
students’ misconceptions in this domain have been identified. A rather low correlation between students’ conceptual and procedural
performance in the research physics domain has been recognized and confirmed.

Keywords - conceptual and procedural knowledge, CSEM testmod-W(Cl test, multiple-choice questions, misconceptions,
wave phenomena

1. INTRODUCTION major revolution in the European Higher Education.The
main aim of the Bologna process is to create a common

The engineering education and training methods and comparable system of academic standards and
have been under constant modifications in the recent  quality within Europe. The issues in the area of higher
period. Among others, these changes are a conse- education will have to deal with various challenges like
quence of the Bologna process which is considered a  changes in the curriculum, adaptations of teaching/
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learning methods, implementation of systems directed
at recognition of qualifications (academic and profes-
sional), development of global accreditation schemes,
provisions for continuous professional development
and valuing informal acquisition of competencies and
knowledge [1].

Modern engineering courses are aimed at acquisition
of competences and skills. As a consequence, gradu-
ated engineers are expected to be able to apply knowl-
edge of mathematics, science (physics) and engineer-
ing; to design and conduct experiments and to analyze
and interpret data; to design a system, component or
process to meet the desired needs; to work in multi-
disciplinary teams; to identify, formulate and solve en-
gineering problems; to understand professional and
ethical responsibility and to communicate effectively;
to understand the impact of engineering solutions in
global and social context; to recognize the need for
long-life learning and to get engaged therein; to have
knowledge of contemporary issues; to use techniques,
skills and modern engineering tools necessary for en-
gineering practice [2]. Thus, engineers need to become
reflective thinkers and effective problem solvers.

Several of the aforementioned engineers’ educa-
tional outcomes overlap with the learning objectives
of the calculus-based introductory physics courses. The
learning objective of the physics course program is to
help students in building good functional understand-
ing of physics and developing problem-solving skills
so that they can use what they learn to solve problems
in different contexts. This requires students to develop
multiple skills such as the ability to understand and
use fundamental concepts in physics; to know when
and where to apply specific concepts; to express their
functional understanding in various types of repre-
sentations including graphs, diagrams, equations and
textual explanations and to understand the nature of
physics and its application in everyday situations.

Nowadays, students are expected to be successful
in science, technology, engineering and mathemat-
ics (STEM). However, recent studies have shown that
students, due to lack of sufficient interest, under-pre-
paredness and poor study skills do not choose sci-
ence, mathematics and engineering courses for their
majors. Therefore, there has been a growing interest in
engineering education research to study cognitive as-
pects of learning with emphasis on understanding and
measuring engineering students’ learning rather than
teaching [3,4].

Learning classifications are commonly used as a way
of describing different kinds of learning behaviors and
characteristics that students need to develop. They
provide a useful tool in distinguishing the appropriate-
ness of particular learning outcomes and because of
that they are often used to identify different phases of
learning development. The most common and earliest
of these is Bloom's Taxonomy (1956) which consists of
three domains: Cognitive, Affective and Psychomotor.

The cognitive domain of the original Bloom's Taxon-
omy provides six levels of learning: knowledge, com-
prehension, application, analysis, synthesis and evalu-
ation [5]. A recently revised Bloom’s cognitive domain
has a hierarchy of categories that capture the process
of learning, from remembering information to creating
something new: remember, understand, apply, ana-
lyze, evaluate, and create. A knowledge dimension has
been added to these levels (factual, conceptual, proce-
dural, metacognitive) [6,7].

Many undergraduate courses are taught in the first
three or the lower levels of Bloom’s Taxonomy whereas
engineering education has become more interested in
the upper levels of thinking skills.

Successful acquisition of STEM domains contents re-
quires both procedural and conceptual knowledge. How-
ever, engineering students’ education, at the university
level, is mostly focused on the development of proce-
dural knowledge which includes formulating and prob-
lem-solving mathematically. By definition, the procedural
knowledge, which is considered “knowing how” knowl-
edge, is a dynamic and successful utilization of knowl-
edge, methods, and rules within relevant representation
forms. On the other hand, conceptual knowledge is de-
fined as the comprehension of physical concepts, opera-
tions and relations in a certain physics domain. Students’
knowledge and understanding of facts and methods are
organized in a coherent way and they know how to relate
the concepts (e.g. force and field) and to apply them in
different contexts [8,9]. If learned with understanding, the
knowledge of particular connections between concepts,
rules and problems expands and becomes more gen-
eral. In that way, a solved problem can introduce a new
concept or rule. The research of conceptual learning in
engineering science indicates that understanding of con-
ceptual knowledge is a critical factor for development of
competences and expertise in engineering students and
practicing professionals [9,10].

Despite numerous researches in engineering edu-
cation conducted on the development of students’
conceptual knowledge, rather little is known about
engineering students’ procedural knowledge and its
interaction with the conceptual knowledge which in-
fluences the development of engineering students as
reflective thinkers and effective problem solvers. Re-
cent studies have confirmed the interdependent rela-
tion between conceptual and procedural knowledge
and that interaction is very complex [9,11]. Conceptual
knowledge makes learning procedural skills easier and
frees cognitive capacity for learning more difficult pro-
cedures. When skills are learned without understand-
ing, they are learned as isolated bits of knowledge and
it can be difficult to engage students in activities that
help them understand the reasons underlying the pro-
cedures. On the other hand, without sufficient proce-
dural knowledge, the students have trouble deepening
their understanding of basic ideas and solving prob-
lems mathematically.
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A central component in learning new concepts is
prior knowledge that influences the way new informa-
tion is understood and scientific concepts are learned.
In the last twenty-five years, many studies of physics
education have established that before taking an in-
troductory physics course students have many precon-
ceived ideas about physical systems in nature. These
ideas differ from the accepted scientific ideas and are
often called an alternative conception or a misconcep-
tion. The misconception is a concept or idea that is
embraced prior to instruction and is inconsistent with
the current scientific concept [12]. Moreover, students’
misconceptions have a negative influence on further
comprehension of scientific concepts of physical sys-
tems. A scientific explanation of physical phenomena
often differs from intuitive ideas or existing conceptual
structures. Numerous studies have shown that many
students lack correct conceptual understanding of sci-
ence and engineering concepts, even after a success-
ful completion of courses in which these concepts are
taught [13,14]. Thus, the effectiveness of introductory
physics instruction is important to enhance students’
attitudes regarding the understanding of scientific pro-
cesses, such as the improvement of quantitative prob-
lem solving, the improvement of laboratory skills, and
the improvement of reasoning skills.

In recent time, the STEM disciplines have increased
their use of Concept Inventories (Cls) which are valu-
able and necessary diagnostic instruments to inves-
tigate students’ learning in the fields of science and
instructional effects at a student, classroom, and/or
instructional program level. Unlike typical assessments
of student academic achievement, the Cls represent a
unique form of multiple-choice assessment tests which
tends to be highly focused on a small set of key con-
cepts and understandings within a limited domain of
academic content. Thus, the Cls in higher education sci-
ence can provide a learning opportunity for students
and professors alike [15].

Research on students’ conceptions in physics in-
creased dramatically after 1985 and a wide array of
innovations in physics instruction have subsequently
utilized the Cls as independent methods of evaluation
[16]. Nowadays, many Cls tests have been developed
and applied to assess students’ achievement and con-
ceptual understanding of various physics domains in
both traditional (lectures) and advanced (interactive)
instruction and at different levels of education. These
multiple-choice tests include various physical areas
such as kinematics (TUG-K test), force and motion (FCI
test), DC-circuits (DIRECT test), waves (WCI test), elec-
tricity and magnetism (BEMA test, CSEM test) [17-24].
These tests usually contain multiple-choice questions
because in that way it is possible to compare various
groups of students. In general, science Cls contain be-
tween twenty and thirty-five questions. The question,
also called anitem, consists of both a stem and response
options. The stem refers to the statement that precedes
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the choices, or response options, in a multiple-choice
question. Response options are sub-divided further in
the correct response and the incorrect response op-
tions. The incorrect response options are often called
distracters (or incorrect answers). The design of the Cls
goes to conceptualizing the nature of the situations to
be presented and developing plausible distracters that
represent a range of partially correct understandings
to fully incorrect understandings and misconceptions.

The Cls test can be used as both a pretest and post-
test. A pretest is often administered at the beginning
of a course, whereas a posttest can be given at the end
of a course. In that way, it is possible to assess the stu-
dents’ initial conceptual knowledge of various phys-
ics domains and the effects of various teaching tech-
niques, methods and approaches on students’ knowl-
edge and understanding in order to compare courses,
curricula and instructional methods.

Wave phenomena and electromagnetism were cho-
sen in this study as domains to evaluate the engineer-
ing students’ overall knowledge since these represent
basic topics of physics curricula at all levels of educa-
tion: primary, secondary and university. However, elec-
trical engineering theories and principles are based
on understanding of these domains. Nowadays, wave
propagation and signal processing are important in
engineering. There are many technical and industrial
applications that require knowledge of these topics;
first of all, wireless communication and antenna and
microwave technology.

Students’ learning of wave phenomena begins with
basic knowledge from introductory physics courses
and builds up to the graduate level of electrical engi-
neering courses. Wave concepts play a critical role in
learning topics such as mechanical and electromagnet-
ic waves, sound, physical optics and quantum mechan-
ics. Students discover the wave character of particles
such as electrons, photons, etc. Electrical engineering
courses build upon basic wave concepts in order to un-
derstand analytical models that describe waves, their
propagation and their interactions. For example, stu-
dents learn Maxwell’s equations and their application
to the propagation of electromagnetic waves. These
domains are often viewed as being the most abstract
and conceptually difficult ones in electrical engineering
education. Physics education research has shown that
students have difficulties in understanding wave and
electromagnetic phenomena because of the abstract
nature of these subjects which are difficult to visualize
and because of the very complex mathematical formal-
ism [25-27]. That formalism includes e.g. vector algebra
and differential and integral calculus. Furthermore, stu-
dents’ mathematical skills have not been developed
enough, which makes it difficult for them to acquire
the aforementioned physical contents. The study con-
ducted among engineering students revealed that the
ability in mathematics was found to be the best single
predictor of engineering success [28].
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This study presents the evaluation of conceptual
and procedural knowledge of wave phenomena and
electromagnetism conducted among undergraduate
students of electrical and computer engineering at the
Faculty of Electrical Engineering, J. J. Strossmayer Uni-
versity of Osijek (FEE UNIOS). The concept test about
oscillations and wave phenomena, called the modified
Wave Concept Inventory (mod-WCI) test, was designed
as a diagnostic tool for assessing students’ conceptual
knowledge. The mod-WCI test is partially based on an
American assessment instrument, the Wave Concept
Inventory (WCI) test, which was developed to mea-
sure cognitive development of electrical engineering
students in the area of wave phenomena [22]. It was
administered as both a pretest and a posttest for un-
dergraduate engineering students enrolled in the cal-
culus-based physics (Physics 2) course. The final Physics
2 exam was used to assess students’ procedural knowl-
edge of wave phenomena.

One of the most common tests in the Physics Educa-
tion Research (PER) community is the Conceptual Sur-
vey of Electricity and Magnetism (CSEM) [13]. The CSEM
is designed to assess students’ conceptual knowledge
of electricity and magnetism including mathematical
formalism in explaining electromagnetic phenomena. A
detailed investigation of the application the CSEM test
among engineering students at J. J. Strossmayer Uni-
versity of Osijek was presented in the previous paper
[29]. In this paper, for the purpose of comparison, only
the results from undergraduate electrical and computer
engineering students at FEE UNIOS are discussed due to
assessment of engineering students’ conceptual knowl-
edge using the CSEM and mod-W(Cl tests.

Possible correlations between students’ conceptual
and procedural knowledge of wave phenomena and
electromagnetism have also been investigated.

2. BACKGROUND OF THE SAMPLE

The study was conducted at the end of the first (win-
ter) and second (summer) semester in academic year
2010/2011 and it involved 169 first- year undergraduate
engineering students at the Faculty of Electrical Engineer-
ing (FEE), Josip Juraj Strossmayer University of Osijek.

The students were classified into two groups:
+  electrical engineering (FEE-EE, 68 students)
- computer engineering (FEE-CE, 101 students)

After a successful completion of the undergraduate
study programme, the students are awarded a bachelor
degree in electrical and computer engineering. Prior to
testing, the undergraduate students at the Faculty of
Electrical Engineering finish two semesters of calculus-
based general physics courses (Physics 1, Physics 2) and
mathematical courses (Calculus 1, Calculus 2), which
include linear algebra, differential and integral calcu-
lus. In addition, they have also been instructed in Fun-

damentals of Electrical Engineering (FOfEE1) as one of
the engineering courses. The aim of the Fundamentals
of Electrical Engineering 1 course is to teach the basic
laws in electrostatics and electrodynamics and to ap-
ply these concepts to solving various field problems.
In particular, this engineering course includes proper-
ties of electrical and magnetic fields and electrostatic
potential, static currents, capacitance, inductance and
conductance. The main objectives of these introduc-
tory calculus-based physics courses are to clearly and
logically present the basic concepts and principles of
physics and to strengthen students’ understanding of
concepts and principles through a broad range of ap-
plications in the real world. During the first semester,
the students are instructed in calculus-based general
physics (Physics 1) which covers mechanics and heat
and thermodynamics. Students acquire knowledge
of elementary classical physical concepts and math-
ematically formulated laws of mechanics and thermo-
dynamics, which enables them to understand physical
phenomena in nature and technology as well as to
solve simple problems. In the second semester, they at-
tended a calculus-based general physics course (Phys-
ics 2), which covers wave, electromagnetic and optics
phenomena. In detail, the course in Physics 2 includes
oscillations and wave motion, Maxwell’s equations of
electricity and magnetism, electromagnetic waves, the
nature of light and the laws of geometric optics and the
concepts of modern physics such as particle properties
of waves, wave properties of particles, models of atom,
the hydrogen atom, atomic structure and spectra. The
course Physics 2 is focused on explaining wave, elec-
tromagnetic and optics phenomena and quantitative
problem solving and on the application of skills to solv-
ing basic engineering problems. The associated math-
ematical formalism includes complex numbers, linear
algebra, linear systems of equations, the basics of dif-
ferential equations, differential and integral calculus
of vector-valued functions, vector field and curvilinear
coordinates.

The physics courses consisted of lectures, semi-
nars (problem-solving exercises), homework, labora-
tory exercises, and a final exam. Students could have
participated in seminars, where they solved standard
textbook problems with the help of a teaching assis-
tant. Besides, obligatory homework was assigned and
homework tasks and problems were more complexand
demanding than those in seminars. Croatian language
textbook [30] and exercise book [31] about waves and
optics were used during the Physics 2 course.

The analysis of the types of secondary schools stu-
dents had completed before enrolling in university has
shown that 51% of the undergraduate students at the
Faculty of Electrical Engineering had finished gram-
mar school (19% natural sciences grammar school,
32% other grammar schools). The rest of the students,
i.e. 49%, had completed vocational schools (most of
them electrical engineering schools). The analysis of
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students’ achievements in Physics and Mathematics
in secondary schools has shown that, on average, the
FEE-EE and FEE-CE students were very successful; i.e.
23.8%, 35.0%, 34.4% and 6.8% of them had had grade
A (excellent), B (very good), C (good), and D(sufficient),
respectively.

Gender distribution shows that the sample consisted
of 92% male and 8% female students studying at the
Faculty of Electrical Engineering, University in Osijek.

3. ASSESSING DIAGNOSTIC INSTRUMENTS

The conceptual and procedural performance of stu-
dents prior and after instruction in the Physics 2 course
was evaluated by two separate tests; i.e. a concept test
and a final exam.

Conceptual knowledge was assessed by two assess-
ing diagnostic tools: the Conceptual Survey of Electric-
ity and Magnetism (CSEM) test [24] and the modified
Wave Concept Inventory (mod-WCI) test. In winter
semester, the CSEM was administered as a posttest to
both groups of students at the FEE UNIOS in the last
week of the first semester, after the students had com-
pleted engineering (FOfEE1) and calculus-based phys-
ics (Physics 1) courses. In summer semester, the mod-
WCI test was administered as a pretest, before (in the
first week of the semester) and, as a posttest, at the end
(the last week of the semester) of the calculus-based
physics (Physics 2) course to both groups of students.

Before the test, the researcher explained the purpose
and the importance of such testing. In addition, the
students were asked to fill in the form supplying the in-
formation on gender, secondary school education and
their prior achievements in physics and mathematics in
terms of grade in the respective subject. Although the
testing was anonymous, each student was assigned a
code that enabled them to check their results. As a mo-
tivation, points were earned and the results were taken
into account when assessing their achievement in the
calculus-based physics courses or in the FofEET course.

The final exam of the Physics 2 course consisted of
five problem-solving exercises which can be found in
various textbooks and tutorials. Problem-solving ex-
ercises were chosen to assess students’ procedural
knowledge and they were similar to complex home-
work exercises and standard textbook problems which
had been solved during seminars. Exam tasks required
much less work, since they needed to be completed
in a limited period of time. Although the purpose of
problem-solving exercises was to assess students’ pro-
cedural knowledge, they clearly included elements of
conceptual knowledge as well. In order to understand
definitions and principles and to select adequate math-
ematical methods students had to show conceptual
understanding. However, the main task in problem-
solving exercises was to choose the appropriate math-
ematical formula, use it properly, compute each step,
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establish possible relations, and arrive at a solution. All
these steps required procedural knowledge and there-
fore it could have been expected that problem-solving
exercises would assess students’ procedural under-
standing relatively well in the context of researched
physics domains.

The mod-WCl and the CSEM test scores and the final
exam performance scores were analyzed statistically.

3.1. MODIFIED WAVE CONCEPT INVENTORY
(mod-WCI) TEST

Inthis study, conceptual learning gainsamong under-
graduate engineering students were assessed by using
the conceptual test about oscillations and wave phe-
nomena - the modified Wave Concept Inventory (mod-
WCI) test. This mod-WClI test is based on an American
assessment instrument, the Wave Concepts Inventory
(WCI) which has been developed to assess students’
conceptual understanding of wave phenomena that
begins with basic knowledge in physics and builds up
to the graduate level of electrical engineering [21,22].
The WCl is an assessment tool which covers several ar-
eas of wave phenomena concepts including visualiza-
tion of waves, mathematical description of waves and
wave definitions. It is a multiple-choice test, which is
different from other concept inventories, because it al-
lows more than one correct answer to some questions.
It consists of twenty multiple-choice questions with
possible thirty-four correct answers. The use of multiple
correct answers is unique to this concept inventory. In
fact, choosing more than one correct answer correlates
with increased understanding of concepts within some
domain of academic content. Increased conceptual un-
derstanding means that a student performs at a higher
level of learning by the Cognitive domain of learning
proposed by Bloom’s Taxonomy of Educational Objec-
tives [5]. The questions in the original WCI test range
from the lowest level of Bloom’s Taxonomy, Knowledge,
to Analysis, which is the fourth level. Fig. 1 illustrates a
sample question (question 5) in the original WCI test.

(5) Suppose two different sound waves encounter each
other - they meet at the same location in space at
the same time. What happens?

(a) They scatter from each other and move in
divergent directions.

(b) Their amplitudes add together.

(¢) Their displacements add together.

(d) Their phases add together.

Fig. 1. The example of the original WCl item
(question 5)

For example, in question 5 in the WCI test, many
students will immediately recognize (b) as the obvi-
ous answer and therefore, it is the first level of learn-
ing, knowledge. However, students with more experi-
ence will notice that (c) is a correct answer because it
is a generalization of answer (b). This answer shows the
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second level of learning, comprehension. One of the
choices should be obvious to students with basic un-
derstanding of a particular concept, but students with
deeper understanding of a particular concept should
be able to recognize more correct answers. Neverthe-
less, students choosing the higher level answer before
the lower level answer are not likely to understand the
concept at a higher level. In other words, students may
be guessing.

Table 1. Conceptual areas and question numbers
addressing each area of the mod-WCl test

Question number from

Con::e':::ual Qufer zt':)?sr;u;;:’er the Wave Concept Inven-
! tory (WCI) Survey[21,22]
oy e 1-8,14
Oscillations (1-MRQ, 8- MCQ)
Wave legel kil 9,10,11,17, 21, 23-30
henomena 19, 20,22 (8-MRQ, 5-MCQ)
P (2-MRQ, 6-MCQ) g

The mod-WCl test as an assessment instrument
in this study covers a wide-ranging area of waves. It
consists of questions including oscillatory and wave
motions, a mathematical description of wave motion
and wave equation, wave pulse and superposition of
waves. Besides, itincludes the question about wave op-
tics phenomena (refraction of light, diffraction and po-
larization of light). When designing the mod-W(CI test
the questions from the original WCl test were used (the
total of 13 questions) [21,22], as well as the examples of
conceptual physics tests from the textbook by Eric Ma-
zur “Peer Instruction — A User’s Manual — Concepts test”
and other sources (the total of 17 questions) [32,33].
The mod-WCl test contains thirty multiple choice ques-
tions, whereby 11 questions are multiple response
questions (MRQ) (questions with many correct an-
swers) and 19 questions are multiple choice questions
(MCQ) (with only one correct answer). The structure of
the mod-W(Cl test is given in Table 1.

3.2. CONCEPTUAL SURVEY OF ELECTRICITY
AND MAGNETISM (CSEM) TEST

Undergraduate engineering students’ conceptual
knowledge of electricity and magnetism was mea-
sured by using the Conceptual Survey of Electricity and
Magnetism (CSEM) concept test [24]. The CSEM test
is a well-known diagnostic instrument used to assess
students’ knowledge of electricity and magnetism in-
cluding mathematical formalism in explaining the elec-
tromagnetic phenomena and to diagnose and identify
difficulties they have in this domain.

The CSEM consists of 32 multiple-choice questions
which are quite unequally divided by the authors into
11 conceptual areas. Some areas contain only a few
questions, whereas some questions cover several con-
ceptual areas. This distribution of questions makes it
more difficult to analyze test results. However, 11 con-

ceptual areas can be rearranged into six larger ones
each of which containing the same number of ques-
tions [34]. Conceptual areas of the CSEM are: the elec-
tric charge and force; the electric field and force; the
electric potential and energy; the magnetic field and
force; the electromagnetic induction; Newton’s laws in
an electromagnetic context. A sample question (ques-
tion 28) is shown in Figure 2.

28. Two identical loops of wire carry identical currents i. The loops are located as
shown in the diagram. Which arrow best represents the direction of the magnetic

field at the point P midway between the loops?
i

(a) *
» P

(0)
i

—
© *
-—
Fig. 2. The example of the CSEM item (question 28)

(O}

(e) Zero

The results of the undergraduate engineering stu-
dents’ conceptual knowledge of wave phenomena at
the FEE UNIOS were compared with the results of a
similar study carried out with the undergraduate stu-
dents at the Faculty of Science, University of Zagreb (FS
UNIZG) [33]. At FS UNIZG, the assessment of concep-
tual understanding using the same mod-WCl test was
administered to 76 second-year students (48 research
oriented study students and 28 educational studies
students) who had completed two semesters of cal-
culus-based introductory physics courses. First-year
introductory physics courses included both mechanics
and electromagnetism. At FS UNIZG, the mod-W(Cl test
was administered as a pretest, i.e. before the calculus-
based physics course which includes oscillation and
wave phenomena. Besides, the results of the applied
Cls tests have also been compared with the published
results of the American study and with previously con-
ducted testing at FS UNIZG [24,29,33].

4. STATISTICAL ANALYSIS OF THE Cis DATA

Traditional multiple-choice concept inventories (Cls)
in physics education are typically designed to assess
students’ critical conceptual understanding of different
topics and also to reveal students’ misconceptions in
different physics areas. Over the years, Cls have been
used mainly to look at the overall test scores and av-
erage learning gains. Thereby, students’ concept in-
ventories test scores are often used as the measure of
students’ conceptual understanding of physics topics.
However, recent research has introduced new ways of
analyzing Cls [35]. Studies indicate that for any assess-
ment instrument it is important to analyze and monitor
the functioning of the Cls test. Besides, it is important
to realize that the meaning of the overall students’ test
scores depends strongly on the structure and function-
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ing of the test as a whole, as well as on the functioning
of each question (item). Thus, the obtained mod-WClI
and CSEM data were analyzed using classical test theo-
ry as one of statistical methods for analyzing multiple-
choice questions. It assumes that the total score was
made up of two components; i.e. a true score and a
random error. The aim of statistical analysis is to exam-
ine the reliability and the discrimination of applied Cls
tests. For a reliable test, similar outcomes are expected
if the test is administered twice (at different times), as-
suming the examinees’ performance is stable and the
testing conditions are the same. For the discriminatory
test, the results can be used to clearly distinguish those
who have a robust knowledge of the tested material
from those who do not. In this way, the problematic
questions can be identified.

Classical test theory provides different measures to
evaluate multiple-choice tests and their items. Five
measures used in this study are often used in science
education research [35]. Three measures were used for
item analysis: item difficulty indices (p, g), discrimina-
tion index (D), point biserial coefficient (rpbc), and two
for test analysis: Kuder-Richardson reliability index
(rm), and Ferguson’s delta (). This study gives only a
brief outline of the meaning of these measures. More
detailed information about these measures can be

found in Ding and Beichner [35].

The item difficulty index is a measure of the difficulty
of a single test item. It is calculated by taking the ra-
tio of the number of correct (p) or wrong (q) responses
on the item to the total number of students taking the
test. The range for the difficulty index p value is [0,1],
but the accepted values are 0.3 < p < 0.9. However,
it is more appropriate to subtract 0.5 (¢g* = g — 0.5)
from the difficulty index of each item, so that a medium
difficulty is represented by zero. The positive difficulty
indicates more difficult items, whereas negative values
indicate less difficult items. In this way, the re-scaled
difficulties (¢") can be obtained. The range of the re-
scaled difficulty index is — 0.5 < ¢* < 0.5 [34]. The item
discrimination index (D) is a measure of discriminatory
power of each item in the test. It is used to differentiate
between high-achieving and low-achieving students.
A possible range for the item discrimination index D is
[-1,1]. Generally, an item is considered to provide good
discrimination if D > 0.3. The point biserial coefficient
(rpbu), sometimes referred to as the reliability index for
each item, is a measure of consistency of a single test
item with the whole test. It reflects the correlation be-
tween students’ scores on an individual item and their
scores on the entire test. The point biserial coefficient
has a possible range of [-1,1]. If an item is highly posi-
tively correlated with the whole test, then the students
with high total scores are more likely to answer the
item correctly than the students with low total scores.
On the other hand, a negative value indicates that the
students with low overall scores were likely to get a
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particular item correct which indicates that the particu-
lar test item is probably defective. Therefore, a widely
adopted criterion for measuring “consistency” of a test
itemisr >0.2.If the values of the point biserial coef-
ficientare 0.20 < ¥ ohe <0.39, the item is good, it is very
goodif0.40<r, < 0.59,and if » 4 2 0.6 itis an excel-
. pbc pbc
lent item.

Kuder-Richardson reliability index is a measure of
internal consistency of a whole test when test items
are dichotomous (i.e., correct or incorrect answers) as
in the applied Cls tests. Higher correlations between
individual items result in a higher Kuder-Richardson
index, indicating a higher reliability of the whole test.
The range of the possible values for the KR-20 reliability
index is [0,1] [37]. A widely used criterion for a reliable
group measurement is 7> 0.7 and tests with r >
0.8 are reliable for individual measurement. In physics
education, evaluation instruments are designed to be
used to measure a large group of students, so if a cer-
tain physics test has a reliability index higher than 0.7,
no one can safely claim it is a reliable test [36,37].

Ferguson’s delta (d) is a measure of the discrimina-
tory power of a test. It takes into account how broadly
students’ total scores are distributed over a possible
range. Generally, the broader the total score distribu-
tion, the better discriminatory power of the test [23]. A
possible range of Ferguson’s delta values is [0,1]. If the
test has Ferguson'’s delta 6 > 0.9, it is considered to of-
fer good discrimination.

For both assessed undergraduate engineering stu-
dent groups, the overall statistical analysis results of
the mod-WCl and CSEM test are shown in Table 2.

5. RESULTS AND DISCUSSION

The results of statistical test analysis of the applied
Cls tests summarized in Table 2 indicate that the CSEM
administered as a posttest is the adequate diagnos-
tic instrument to assess conceptual understanding of
electromagnetism of the undergraduate engineering
students at FEE UNIOS. Reliability and discrimination
power of the CSEM as a posttest was confirmed by the
acceptable average parameters values; i.e.r, = 0.80,
0=0.93.The calculated values of the . reliability pa-
rameters for both tested groups of students are higher
than the limit value (r, , > 0.7) and quite similar to the
results of the posttest administered to American stu-
dents ((r = 0.75) [24,29].

test 7 USA

The results of statistical analysis of the mod-WClI test
revealed that it is not a reliable diagnostic tool, either
as a pretest or a posttest, for assessing conceptual
knowledge of FEE-CE students because the KR-20 reli-
ability index is too low (7, ). = 0.75). For FEE-EE
students, the obtained KR-20 index is close to the bot-
tom limit value ((7,, ). .- = 0-65), and this test could
be considered reliable.
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Based on the aforementioned, it could be expected
that repeated testing under same conditions would
give the same results for FEE-EE students. However,
for all tested engineering students, the Cls applied
as both a pretest and a posttest have good discrimi-

nation power because 6—Ferguson parameters have
acceptable average values (d,,, .., =094, 9, . =
0.90), which indicates that students’ total scores are

broadly distributed over the classes set in advance

(Figure 3.)

Table 2. The overall results of statistical analysis of the applied Cls tests

Trest [0,1] 207 0.65 0.62 0.84 038 038 0.75
s [0,1] 209 0.93 0.91 0.97 0.91 0.91 0.88

<r pbe >mm ” (1,11 202 0.27 0.27 0.40 0.22 0.19 0.32
( p}avemge [0,1] 203 035 0.38 0.50 0.29 0.36 0.59
<D>aw_,mge (1,11 203 0.32 031 0.27 022 0.22 0.15

Table 3. Undergraduate engineering students’ overall success in the Cls tests applied at the
Faculty of Electrical Engineering, J.J. Strossmayer University of Osijek, in academic year 2010/2011

A"e’a%/i S 353 382 50.5 295 363 593
Median, 10.0 11.0 50.0 9.0 11.0 62.5
%
Standard ;Zeviation, 13.1 12.6 193 9.1 9.5 10.8
Standard error of the mean, % 1.6 1.9 2.1 0.9 1.0 11
Min . max, 9.4-66.7 20.0-767 125-87.5 6.7-50 133-733 15.6-75.0

Table 4. The results of the normalized gain calculation on the mod-WClI test for undergraduate engineering
students at the Faculty of Electrical Engineering,
J.J. Strossmayer University of Osijek, in academic year 2010/2011

Averag; score, 306 408 0.15 26.4 37.9 0.16
Mef/ia“' 30.0 367 0.14 28.1 367 0.13
o
Standard o/¢:eviation, 127 123 0.12 73 8.0 0.10
Standard error of the mean, % 2.7 2.6 0.03 0.9 0.9 0.01
Min w 10.0-633 200-76.7 0-039 6.7-375 233-76.7 0-068
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The overall results of the applied Cls tests (mod-WCl
and CSEM) for both tested undergraduate engineer-
ing student groups at the FEE UNIOS in academic year
2010/2011 are shown in Figure 3 in the form of frequen-
cy distribution, i.e. the number of students in certain
classes (percentage bins). Statistical information about
obtained results (arithmetic mean, median, standard

deviation o , standard error of the mean SE:L,

JN

minimum and maximum score) are presented in Table 3.
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Fig. 3a. Distribution of frequencies for FEE-EE
students in the applied Cls
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Fig. 3b. Distribution of frequencies for FEE-CE
students in the applied Cls

The analysis of the overall results for all tested stu-
dents shows that both groups have achieved approxi-
mately the same results. The average score in the mod-
W(ClI pretest was 32.2%, for both groups of students and
37.2% in the posttest, which is a much lower average
score as compared to the results in the CSEM as a post-
test (55%). When comparing the CSEM posttest results,
the average score of the undergraduate engineering
students at FEE UNIOS is slightly better than the score
achieved by physics students at the University of Za-
greb (48%) and students from American universities
(47%) [24,29,33]. However, the average score in the
mod-WCI pretest of all tested students was consider-
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ably lower than the one scored by physics students
from the University of Zagreb (44%) [33].

Frequency distributions for both groups of FEE UNIOS
students per class (percentage bin), Figures 3a and 3b, do
not follow a normal Gauss distribution (confirmed by ap-
plied x2-tests). They have also been shifted towards lower
classes. In addition, in the mod-WCl frequency histograms
for both tested groups significant maxima can be ob-
served in the following classes: 20%-30% and 30%-40%,
in both a pretest and a posttest. This confirms that some
of the students lack inner (and outer) motivation for such
testing. It seems that about 30% of FEE-EE students and
37% of FEE-CE students were guessing randomly when
taking the mod-W(Cl as a pretest. Such results of the pre-
test were partially expected as students were not familiar
with the tested physical domains. Students also lacked
a deep understanding of fundamental concepts such as
oscillation and waves taught in secondary schools and in
the first semester in the university physics courses.

Both groups of students performed slightly better in
the posttests, which resulted in the shift of the frequen-
cy distribution maximum towards the 30-40% class. In
this class, there are 50% of FEE-CE students and 42%
of FEE-EE students. It is interesting to note that when
comparing the frequency distribution of FEE-CE stu-
dent’scores in the Cls posttests, more than 50% of stu-
dents from this group belong to only one class (30-40%
for the mod-WClI test and 60-70% for the CSEM test).

The standardized Student’s t-test was used to examine
whether the correlation between the applied Cls posttest
scores for both tested student groups was significant. Fig-
ure 4 shows a comparison of the obtained results for both
administered Cls as posttests (CSEM vs. mod-W(Cl).

100

@ FEE-EE
90| © ree-ce

E e inear Fit of modWCI - posttest
E == eLinear Fit of mod-WCI - posttest
80 4

70 3
60
50 3

403

mod-WCI - posttest (%)

304

20-:

CSEM - posttest (%)

Fig. 4. Mod-WClI posttest scores versus CSEM
posttest scores for FEE-EE (solid circle, solid line)
students and for FEE-CE (hollow circle, dashed line)
students

It can be observed that there is a statistically sig-
nificant linear correlation at the significance level of
0.05 between these paired values for FEE-EE students
(t=2.626; p=0.013; df=33), but not for FEE-CE students
(t=1.237; p=0.219; df=93). Based on this positive linear
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correlation, it can be concluded that FEE-EE students
with higher scores in the CSEM test also achieve better
scores in the mod-WClI posttest.

5.1. INTERPRETATION OF mod-WCl
NORMALIZED GAIN AND
PREINSTRUCTION SCORES

Pre- and post-testing is a commonly used method
in physics education community for evaluation of stu-
dents’ achievement and/or effectiveness of teaching
during a specific period of instruction. A well-known
method for the analysis of pre- and post-testing results
is the normalized gain which was first introduced to
the physics education community by R.R. Hake [38].

The normalized gain, g, is defined as the ratio of the
actual gain, G, to the maximum possible gain:

G _ Spast (%) - Spre (%) (1)

g = =
1005, 100-5,, (%)
where § S  are the pre- and post-scores and
pre post
G=S8 -8 istheactual change in the score.
post pre
100 +0-
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Fig. 5. The Hake’s plot for both undergraduate
engineering student groups at FEE, J.J. Strossmayer
University of Osijek

The three test scores (maximum, pre-test and post-
test) can be defined for each student or as an average
measure of the group. According to Hake’s definition
of gain, Eq. (1) holds only if the score of each student
is higher on the posttest than on the pretest. The nor-
malized gain is usually expressed by using the appro-
priate average values: (G), (S,.), (S, ). Besides, there
are three levels of the normalized gain: “high-g” with

(¢)207, “medium-g” with 0.3<(g)<0.7, and “low-g"
with (g)<03.

In this study, for the assessment of effectiveness of the
instruction for each tested students group, average nor-
malized gains on the mod-WCI test were calculated by
using the Hake's plot and the results are given in Table 4.
Only students who took both a pretest and a posttest (22
- FEE-EE, 74 — FEE-CE) were included in this gain analysis.

Figure 5 shows the Hake's plot which presents the ac-
tual gain G versus the pretest scores Spm for two tested
groups of engineering students. The two dotted lines
divide the allowed region into areas of high-gain, me-
dium-gain and low-gain. The average normalized gain
(g) is determined by the absolute values of the slope of
the line connecting the point ((Sp,‘e>,(G>) with the point
(100,0), where (S,,,e> is the pre-test average score and
<G> is the average value of the actual gain.

The results show that the scores of almost all students
belong to the region of low gain ({g)<0.3). Only a
few students are in the region of medium gain (Figure
5). These results match Hake's criteria [38] according to
which in traditional courses with low interactive engage-
ment the average gain varies generally between 0.15
and 0.30. FEE UNIOS undergraduate engineering stu-
dents’low gain confirms that traditional teaching meth-
ods and strategies dominated over interactive ones.

5.2. IDENTIFICATION OF ENGINEERING
STUDENTS’ MISCONCEPTIONS ABOUT
WAVE PHENOMENA

Figure 6 shows parameters of statistical item analysis
of each item (question) in the mod-WCl as a pretest as
well as a posttest for two groups of undergraduate en-
gineering students at the FEE UNIOS. The calculated av-
erage values of point biserial coefficients for the mod-
W(Cl as both a pretest and a posttest were almost equal
((rpbc)FEE_EE =0.27), (rpbc)FEE»CE =0.21)) and they con-
firm a good correlation (7, > 0.2) between particular
items and the whole test for both tested groups. How-
ever, these average values are not as good as those for
the CSEM test (’”,,hc > 0.3). Average mod-WCl item dis-
crimination indices for both a pretest and a posttest are
the same ((D)p_cp =022,(D),. . =0.22) for both
groups of tested students. The obtained value for FEE-
EE students is at a low level of acceptance, whereas for
FEE-CE students it is unacceptable. Almost similar re-
sults were obtained for the CSEM test: (D), .. =0.27
AD) g cp = 0-15. Low item discrimination indices and
high values of the re-scaled difficulty indices indicate
that the items in the mod-WCI test were too difficult
((q *)pmm =0.18) for FEE UNIOS students. On the other
hand, the items in the CSEM as a posttest were much
easier because of the low values of their item dis-
crimination indices and low re-scaled difficulty indices
((9*) gy =—0-05). About 20% of the items for FEE-EE
students and over 30% for FEE-CE students in the mod-
WCI test both as a pretest and a posttest were too dif-
ficult (¢* = 0.4, above 90% of incorrect answers).

Statistical analysis of the mod-WCI test items re-
vealed some problematic questions and conceptual
areas which have been more difficult for the tested en-
gineering students.

All tested students, in both a pretest and a posttest
have shown better understanding of concepts relating
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to oscillation and harmonic oscillator. In the conceptual
area which includes oscillatory motion they have had
the lowest values of re-scaled difficulty indices, i.e. the
students had 40% correct answers. However, it is inter-
esting to note that for FEE-EE students this conceptual
area was more difficult in the posttest than in the pre-
test (about 35% correct answers) (Figure 6a.).

M FEE - EE (pretest)
1,0 5 [0 FEE - EE (posttest)

053d1 234567 8 91011121314 1516 17 18 1920 21 22 23 24 25 26 27 28 29 30

Number of item in mod-WCI

Fig. 6a. Parameters (the re-scaled difficulty index
(g*), the item discrimination index (D), the point
biserial coefficient ( rpbc) ) of statistical item
analysis of each item in the mod-WCl as a pretest
and a posttest for FEE-EE students

[ FEE - CE (pretest)
=5 FEE - CE (posttest)

12345678 9101112131415161718 192021222324 252627282930

0571 23456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

0531 234567 8 91011121314 151617 18 1920 21 22 23 24 25 26 27 28 29 30

Number of item in mod-WClI

Fig. 6b. Parameters (the re-scaled difficulty index
(g ™), the item discrimination index (D), the point
biserial coefficient () of statistical item analysis
of each item in the mod-W(Cl as a pretest and a
posttest for FEE-CE students

ltem analysis of the mod-WCI administered as
both a pretest and a posttest, indicated that ques-

tions 9, 14, 25, 27, 28 (¢* < —0.2 about 70% of cor-
rect answers) were the easiest questions in the test,
whereas questions 17, 18, 19, 22 and 23 were by

far too difficult (g* > 0.4 , above 90% of incorrect an-
swers) for both tested groups of students.

The analysis of the easiest questions in the mod-
WCI test indicated that the tested engineering stu-
dents can recognize the wave definition and based
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on graphical presentation they can recognize the
phenomena of the wave’ optics such as refraction,
diffraction, and polarization of light. Nevertheless,
many students seem to make analogy between
wave pulse motion and the motion of an object, like
a ball [27]. In question 19, a correct answer was
expected to show that wave pulses pass through
each other. However, the most common answer
to this question was that, after a perfectly inelastic
collision, the new wave pulse continues to move in
the same direction the greater pulse moves (65%
of FEE-CE students). This statement is consistent
with a description of waves as objects rather than a
description of waves as a propagating disturbance
within a system. It indicates students’ misuse of
the concept of collision between two objects. Be-
sides, in question 17, above 60% of the students
consider that in the superposition of waves only the
wave amplitudes add (question 17) which is in ac-
cordance with the first level of learning, knowledge.
Only 25% of the tested students consider that wave
displacements add together when two different
waves meet in the same location at the same time.
These correct answers revealed their comprehen-
sion as the second level of learning. In general, it
could be concluded that students lack a higher level
of knowledge of certain concepts.

Furthermore, in this study, the analysis of students’
distracters (or incorrect answers) in the mod-WCl test
as a posttest has detected a few misconceptions which
are often in the domain of wave phenomena such as:

+ Both wave length and wave velocity change
when the wave frequency changes (52% -
FEE-CE, 53% - FEE-EE students)

*  When two opposite symmetrical wave pulses
which propagate along the string encounter
each other, the string remains still. (67% -
FEE-CE, 51% - FEE-EE students)

* In a standing wave, the instantaneous veloc-
ity of the points along the string equals zero
(82% - FEE-CE, 53% - FEE-EE students).

5.3. COMPARISON OF UNDERGRADUATE
ENGINEERING STUDENTS’ CONCEPTUAL
AND PROCEDURAL KNOWLEDGE

FEE-UNIOS undergraduate engineering students’
procedural knowledge of wave phenomena was evalu-
ated by assessing their performance in the final exam
of the calculus-based physics course (Physics 2). The
final exam consisted of five problem-solving exercises
similar to homework exercises. Numerical problem-
solving exercises included oscillation and wave mo-
tion, Maxwell’s equations and their application to the
propagation of electromagnetic waves, the laws of
geometric and wave optics, blackbody radiation and
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the photoelectric effect. The associated mathematical
formalism included linear algebra, linear systems of
equations, the basics of differential and integral calcu-
lus of scalar-valued and vector-valued functions. The
conceptual knowledge was measured by using the ap-
plied Cls (mod-WCl and CSEM) test as posttests.

Statistical information about overall scores of the ap-
plied Cls posttests for FEE-UNIOS students is given in
Table 3. The average score in the Physics 2 final exam
was 37.7%+7.7% (standard error of the mean 1.3%, me-
dian 39%) for FEE-EE students, and 29.9%+5.5% (stan-
dard error of the mean 0.6%, median 26%) for FEE-CE
students. A rather low score in the final exam for all
tested students is first of all a consequence of difficul-
ties students have with the required mathematical for-
malism. Although students are mostly able to use ap-
propriate formulae and equations, their mathematical
skills are insufficient and questionable.

The relation between conceptual and procedural
knowledge was evaluated by using the standardized
Student’s t-test.
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Fig. 7. Comparison of the applied Cls posttest
scores with the scores of FEE-CE students achieved
in the Physics 2 final exam.

For FEE-CE students, by applying the Student’s t-test,
the following parameters were calculated: =1.193;
p=0.236, df=86 for empirical pairs of values (the
mod-WCI posttest scores vs. the scores in the Physics
2 final exam) and t=0.764,; p=0.447, df=83 for pairs
of values (the CSEM posttest scores vs. the scores in the
Physics 2 final exam) (Figure 7). These results indicate
that there is no statistically significant linear correlation
at significance level of 0.05 between scores obtained
in the applied Cls tests (mod-WCl and CSEM) as a post-
tests as compared to procedural performance (final
exam in Physics 2) for FEE - CE students.

For the total of 33 pair values from Figure 8a, the
Pearson correlation coefficient between conceptual
(measured by the mod-WClI test) and procedural per-
formance (the Physics 2 final exam) was =0.46 for
FEE-EE students. This value is positive and statistically
significant at significance level of 0.05, which is shown

20

=2

by the test with Kendall’s variable (! :ﬁ: 2.883,
p=0.0071, df=31). Furthermore, for the same group
of students (FEE - EE), there is no statistically significant
linear correlation between conceptual understanding
of electromagnetic phenomena measured by the CSEM
test and procedural knowledge of physical phenom-
ena measured in the Physics 2 final exam (¢=1.039;

p=0.307; df=8) (Figure 8b).
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Fig. 8a. Comparison of the mod-WClI posttest
scores with the scores of FEE-EE students in the
Physics 2 final exam.
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Fig. 8b. Comparison of the CSEM posttest scores
with the scores of FEE-EE students in the Physics 2
final exam.

The absence of the correlation between procedural
knowledge measured in the Physics 2 final exam and
conceptual knowledge measured by the CSEM test
indicates that students’ conceptual knowledge of
electromagnetism has not improved their procedural
knowledge. Obviously, in the Physics 2 course many
engineering students have had problems with the re-
quired mathematical formalism regardless of their con-
ceptual knowledge of electricity and magnetism.

The results have indicated that only for FEE-EE stu-
dents a rather low positive and statistically significant
correlation between conceptual and procedural knowl-
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edge of wave phenomena has been established. Thus,
for a detailed comparison of conceptual and procedural
performance of FEE-EE students scatter plots have been
made for the data. The graph area has been divided into
four quadrants (numbered counter-clockwise starting
with the top right quadrant). The vertical and horizontal
axes have been split at the corresponding median value
of the applied Cls tests as a posttest and the Physics 2
final exam for FEE-EE students (Figure 8).

In Figure 8a, the majority of students (36% of FEE-
EE students) have neither conceptual knowledge nor
procedural knowledge (3rd quadrant), whereas 30%
of students lack conceptual knowledge but have suf-
ficient procedural knowledge (2nd quadrant). The first
quadrant in Figure 8a contains students (24% of FEE-EE
students) who performed well both conceptually and
procedurally, while the fourth quadrant contains stu-
dents (9% of FEE-EE students) performing well concep-
tually, but not procedurally.

The results indicate that in the context of wave phe-
nomena, it is possible to have considerable procedural
skills without conceptual knowledge but a reverse situ-
ation is also possible. Because students’ exam prepara-
tion has been characterized by memorizing equations
and formulas, many students have been able to apply
the appropriate formula, but they lack understanding
of the basic principles. In that case, the success de-
pends on whether students remember the correct for-
mula for the problem and calculate it correctly.

The present study supports a dynamic interaction
approach which considers conceptual knowledge as
necessary, but not sufficient for a correct use of a pro-
cedure [11,39]. The obtained results suggest that some
general knowledge of the basic concepts and relations
is needed in order to successfully solve problem exer-
cises. Conceptual knowledge forms the basis for learn-
ing new procedures, but once acquired, the procedures
develop independently.

In our previous study on relations between concep-
tual and procedural knowledge when learning electro-
magnetism similar results were obtained [29].

6. CONCLUSION

The conducted assessment of undergraduate stu-
dents’ conceptual knowledge in researched physics
domains with the applied Cls tests (the mod-WCl and
the CSEM) has shown that electrical and computer en-
gineering students have acquired a good knowledge
of the basic concepts of electromagnetism, whereas
they have had a rather low conceptual understand-
ing of wave phenomena. Statistical analysis of the ap-
plied Cls has proved that the mod-WCI test has good
discriminatory power but it is not a reliable diagnostic
tool, either as a pretest or a posttest, for assessing con-
ceptual knowledge of the tested engineering students.
On the other hand, the CSEM test is a reliable test with
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adequate discriminatory power and it can be adminis-
tered as a diagnostic tool for evaluation of engineering
students’ understanding of basic physical concepts of
electromagnetism.

The majority of tested students have demonstrated
insufficient understanding of basic concepts such as
oscillation and waves taught in secondary schools and
in university physics courses. It seems that some of stu-
dents were guessing randomly when taking the mod-
WCI test especially as a pretest. Although this testing
method is very motivating for most of the students be-
cause it enables them to evaluate their progress and
compare it to other students, it seems that some stu-
dents lack inner (and outer) motivation for such testing.

Considerable difficulties of undergraduate engineer-
ing students in conceptual understanding of wave
phenomena, which were noted both prior and after
instruction in the calculus-based physics course, have
been confirmed by low values of normalized gain. FEE-
UNIOS undergraduate students’ low gain confirms that
traditional instruction methods and strategies have
dominated over interactive ones. The obtained results
indicate the need to develop and introduce new in-
structional methods in order to improve conceptual
understanding of students during introductory engi-
neering courses. Certain students’ misconceptions in
this domain have been identified and they related to
conceptual understanding of wave phenomena which
include characteristic values describing wave motion
and their dependence, mathematical description of
wave and wave equation, but also specific cases of
wave phenomena such as superposition of waves and
standing waves. It could be expected that through fur-
ther instruction the misconceptions detected by this
test will be explained and replaced by concepts.

A rather low correlation between engineering stu-
dents’ conceptual and procedural performance in re-
search physics domains suggests that in these physics
domains conceptual and procedural knowledge are
developed independently of each other. Conceptual
knowledge seems to develop much more gradually,
and students do not necessarily obtain valid conceptual
understanding after introductory engineering or phys-
ics courses. Problem-solving exercises can improve stu-
dents’ performance in the exam improving in that way
students’ procedural knowledge. However, developing
students’ procedural skills by using problem exercises
during calculus-based physics courses, does not sig-
nificantly enhance students’ conceptual knowledge. Be-
sides, students’procedural skills are often limited by their
(in)competence in mathematics which is one of the best
single predictor of engineering success. Therefore, there
is a need to broaden the view of what type of knowledge
is valued and assessed in engineering education.

The presented study of engineering students’ knowl-
edge by using applied Cls tests should contribute to a
deeper understanding of engineering students’ learn-
ing behavior and outcomes.
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The Cls have also been recognized as a valuable diag-
nostic instrument for assessment of students’ concep-
tual knowledge in various domains of STEM disciplines.
The multiple-choice Cls used in physics education re-
search, have been adapted to engineering education
as well. Nowadays, the Cls have been designed for a
few specific engineering disciplines such as signals and
systems, electric circuits, computer engineering, elec-
tromagnetics, strength of materials, thermodynamics
and fluid mechanics.

Although the development and application of suit-
able Cls is quite demanding, it is advisable to use such
tests for instruction and assessment in engineering
education.

7. REFERENCES

[11 A.Soeiro, Bologna Process versus Global Engineer
Education. // 9th International Conference on
Engineering Education, Sun Juan PR, July 23-28,
2006, M5F-7-M5F-12

[2] Engineering Accreditation Commission. Crite-
ria for accrediting engineering technology pro-
gramms(2012-2013). URL: http://www.abet.org/
uploadedFiles/Accreditation/Accreditation_Pro-
cess/Accreditation_Documents/Current/tac-cri-
teria-2012-2013.pdf

[3] Q. Li, D.B. McCoach, H. Swaminathan, J. Tang,
Development of an instrument to measure per-
spectives of engineering education among col-
lege students, Journal of Engineering Education,
Vol.97, No.1, 2008, pp. 47-56

[4] D.M. Qualters, T.C. Sheahan, E.J. Mason, D.S.
Navick, M. Dixon, Improving learning in first-year
engineering courses through interdisciplinary
collaborative assessment, Journal of Engineering
Education, Vol.97, No.1, 2008, pp. 37-45

[5] B.S. Bloom, (Editor), M.D. Engelhart, E.J., Furst,
W.H., Hill, D.R., Krathwohl, Taxonomy of educa-
tional objectives: The classification of educational
goals. Handbook 1: Cognitive domain, 1956, New
York: David McKay

[6] D.R.Krathwohl, A Revision of Bloom’s Taxonomy: A
Overview. Theory into Practice, Vol.41, No.4, 2001,
pp.212-218

[71 RexHeer, lowa State University, Center for Excellence
in Learning and Teaching, updated January, 2012
www.celt.iastate.edu/teaching/RevisedBloom1.html

(8]

[10]

[11]

[12]

[13]

[15]

[16]

R. McCormick, Conceptual and Procedural Knowl-
edge, International Journal of Technology and De-
sign Education, Vol.7, No.1, 1997, pp. 141-159

R.A. Streveler, T.A. Litzinger, R.L. Miller,PS. Steif,
Learning Conceptual Knowledge in the Engineer-
ing Sciences: Overview and Future Research Di-
rections, Journal of Engineering Education, July
2008, pp. 279-294

S. Sheppard, A. Colby, K. Macatangay, W. Sullivan,
What is engineering practice? International Jour-
nal of Engineering Education, Vol.22, No.3, 2006,
pp. 429-438

J. Leppavirta, H. Kettunen, A. Sihvola, Complex
Problem Exercises in Developing engineering Stu-
dents’ Conceptual and Procedural Knowledge of
Electromagnetics, IEEE Transactions on Education,
Vol.54, No.1, 2010, pp. 63-66

I.O. Abimbola, The problem of terminology in the
study of students’ conceptions in science, Science
Education, Vol.72, No.2, 1988, pp. 175-184

L.C. McDermott, Millikan Lecture 1990: What we
teach and what is learned: Closing the gap, Ameri-
can Journal of Physics Vol.59, 1991, pp. 301-315

R.Taraban, E.E. Anderson, A. DeFinis, A.G. Brown, A.
Weigold, M.P. Sharma, First steps in understanding
engineering students’ growth of conceptual and
procedural knowledge in an interactive learning
context, J. Eng. Educ,, Vol.96, No.1, 2007, pp. 57-68

T.R. Rhoards, PK. Imbrie, Concept Inventories in
Engineering Education. URL:http://www?7.nation-
alacademies.org/bose/reed_rhoads_commis-
sionedpaper.pdf (accessed: 15 March 2012)

J.P. Kurdziel, J.C. Libarkin, Research Methodolo-
gies in Science Education: Assessing Students’
Alternative Conceptions, Journal of Geoscience

Education, Vol.49, 2001, pp. 378-383

R. Beichner, Testing student interpretation of kine-
matics graphs, Am. J. Phys. Vol.62, 1994, pp. 750-762

D. Hestenes, M. Wells, G. Swackhamer, Force concept
inventory, Phys. Teach.Vol.30, 1992, pp. 141-158

R. Thornton, D. Sokoloff, Assessing student learn-
ing of Newton’s laws: The Force and Motion Con-
ceptual Evaluation and the evaluation of active

22 International Journal of Electrical and Computer Engineering Systems



[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

learning laboratory and lecture curricula, Am. J.
Phys. Vol.66, 1998, p. 338

P. Engelhardt, R. Beichner, Students” understand-
ing of direct current resistive electrical circuits, A.
J. Phys.Vol.72, 2004, p.98

RJ. Roedel, S. El-Ghazaly, T.R. Rhoads, E. El-
Sharawy, The Wave Concept Inventory — an as-
sessment tool for courses in electromagnetic en-
gineering, 28th Annual Frontiers in Education. FIE
Vol.28, No.2, 1998, pp. 647-653

T.R. Rhoads, R.J. Roedel, The Wave Concept Inven-
tory — A Cognitive instrument Based on Bloom's
Taxonomy, 29th ASEE/IEEE Frontiers in Education
Conference 1999, Session 13c1, pp.14-18

L. Ding, R. Chabay, B. Sherwood, R. Beichner, Eval-
uating an electricity and magnetism assessment
tool: Brief electricity and magnetism assessment,
Phys. Rev. Special Topics - Phys. Educ. Research
Vol.2, No.1, 2006, pp.1-7

D.P. Maloney, T.L. O’Kuma, C.J. Hieggelke, A. Van
Heuvelen, Surveying students” conceptual knowl-
edge of electricity and magnetism, Phys. Educ.
Res., A. J. Phys. Vol.69, No.7, 2001, pp.12-23

H. Pfundt, R. Duit, Bibliography Students’ and
Teachers’ conceptions and Science Education, IPN
Kiel 2007

M.C. Wittmann, R.N. Steinberg, E.F. Redish, Mak-
ing sense of students making sense of mechanical
waves, The Physics Teacher, Vol.37, 1999, pp.15-21

M.C. Wittmann, The object coordination class ap-
plied to wavepulses: analyzing student reasoning
in wave physics. International Journal of Science
Education, Vol.24, No.1, 2002, pp. 97-118

J. Levin, J. Wyckoff, Effective advising: identifying
students most likely to persist and succeed in en-
gineering, Engineering Education, Vol.78, No.11,
1988, pp.178-182

Volume 3, Number 1, 2012

[29]

(30]

[31]

[32]

[33]

(35]

(36]

7. Miokovic, S. Ganzberger, V. Radoli¢, Assessment of
the University of Osijek Engineering Students’ Con-
ceptual Understanding of Electricity and Magne-
tism, Technical Gazette Vol.19, No.3, 2012, (in press)

V. Hené-Bartoli¢, P. Kuligi¢, Valovi i optika, Skolska
knjiga, Zagreb, 1991

V. Henc¢-Bartoli¢, et al. RijeSeni zadaci iz valova i
optike, Skolska knjiga, Zagreb, 2002

E. Mazur, Peer Instruction: A User’s Manual, Pear-
son Prentice-Hall, Upper Saddle River, NJ, 1997

K. Prugovecki, Implementacija konceptualnog
testa iz valova, Graduation paper, 2010, Faculty of

Science, University of Zagreb

M. Planini¢, Assessment of difficulties of some con-
ceptual areas from electricity and magnetism using
the Conceptual Survey of Electricity and Magne-
tism, Am. J. Phys. Vol.74, No.12, 2006, pp.1143-1148

L. Ding, R. Beichner, Approaches to data analysis of
multiple-choice question, Phys. Rev. Special Topics
- Phys. Educ. Res. Vol.5, 020103, 2009, pp.1-17

and Evalu-
Instruction, NSTA, Wash-
ington, DC 1980, pp. 97-99, URL: http://eric.
ed.gov/ERICDocs/data/ericdocs2sql/content_
storage_01/0000019b/80/38/90/26.pdf

R. Doran, Basic Measurement

ation of Science

G.F. Kuder, M.W. Richardson, The theory of the esti-
mation of test reliability, Psychometrika Vol.2, 1937,
pp. 151-160.

R.R. Hake, Interactive engagement versus tradition-
al methods: A six-thousand-student survey of me-
chanics test data for introductory physics courses,
Am. J. Phys., Vol.66, No.1, 1998, pp. 64-74

J.P.Byrnes, B.A. Wasik, Role of conceptual knowledge
in mathematical procedural learning, Developmen-
tal Psychology Vol.27, No.5, 1991, pp. 777-786

23



