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Abstract

Students' responses to energy & momentum (EM) concepts were investigated. EM concepts are fundamental and
crosscutting in physics. A standardized Energy and Momentum Conceptual Survey (EMCS) test were used to collect
guantitative data from 108 first year science students enrolled in a university in Ethiopia. Concentration analysis was
used to analyze the responses in terms of concentration score, concentration factor, and concentration deviation. A
one-sample t-test was conducted and showed no statistically significant difference (t=0.33, p=0.74) between the
average concentration score and the hypothetical random score. A paired-samples t-test was conducted and showed
also a no statistically significant difference (t=1.25, p=0.22) between the concentrations of students' responses to the
scientific conceptions and misconceptions. The results showed that newly enrolled university science students have
low, random and inconsistent conceptual knowledge of core physics concepts. Concentration analysis is
recommended for science teachers to diagnose students' level of understanding before instruction.
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INTRODUCTION

Research has shown that students come to science classes with pre-instructional knowledge about
the concepts to be taught in which many students develop only a limited or an inappropriate
understanding of science concepts (Duit & Treagust, 2003). Science concepts, like energy and
momentum, are abstract core concepts in science and they are learned at different levels in school
and university. These concepts are fundamental in and crosscutting across science and technology
disciplines.

The principles of energy and momentum are tools for analysis of processes and events of
science (Jin & Anderson, 2012). The conservation principles have a lot of applications in other
fields of science and engineering and they are dominantly applied in the analyses of problems in
natural events and phenomena. The work-energy and momentum-impulse relations are powerful
to coherently and meaningfully understand natural phenomena and they also help students to
understand and solve physical problems in different contexts.
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However, most first-year university students are confused with the principles of energy and
momentum. Students face most of the energy and momentum concepts in their formal classroom
learning. They show misunderstandings and inconsistencies indicating that they lack a coherent
framework of ideas and show misconceptions about the concepts. Thus, it is found important to
cognitively diagnose students’ response states to the concepts of energy and momentum.

Cognitive Diagnostic Assessment

Cognitive diagnostic assessment (CDA) is meant to measure students’ domain-specific
knowledge needed to provide information about their cognitive strengths and weaknesses
(Leighton & Gierl, 2007). CDA may be defined as an assessment in which the results provide
information about students’ understanding of relevant prior knowledge and misconceptions about
the material within domain-specific knowledge (Fuchs, Fuchs, Hosp & Hamlett, 2003). CDA
assesses what the learner already knows and/or the nature of difficulties that the learner might
have, which, if undiagnosed, might limit their engagement in new learning. It is intended to
improve the learners’ understanding and their level of achievement. Diagnostic assessment is
concerned with judgments about the level of student responses before instruction and its result
can be used to shape and improve the students’ competence by reducing the randomness and
inefficiency of arbitrarily chosen supportive approaches (Sadler, 1989). In other words,
diagnostic assessment is usually done at the beginning of a semester class to obtain information
about students’ difficulties and misconceptions in a domain-specific subject. Science teacher
educators may use diagnostic assessment to find out what students know and can do prior to
instruction. Teachers use diagnostic assessment to make appropriate decisions to support students
learning and adjust instruction based on students’ difficulty areas (Sadler, 1989). Thus, cognitive
diagnostic assessment on students’ level of understanding in the core concepts of physics can
contribute knowledge to the theory of conceptual change and meaningful learning in science. The
conceptual change theory acknowledges that student’s existing prior knowledge influences the
learning outcomes. Therefore, students’ misconceptions must be taken into account in terms of
their response states before initiation of teaching for conceptual development. Thus, cognitive
diagnostic assessment is needed to identify students’ difficulties and plan for remedial instruction
which can help to overcome their misconceptions.

The Role of Concentration Analysis

Earlier assessments in science learning have a limitation because they have used classical
test theory which is mainly based on scores to assess students’ knowledge. Traditional test
analysis relies solely on scores which depend on the number of students giving the correct
answer. Traditional test analysis is also limited to give information on students’ understanding
because it ignores significant and important information on the distribution of incorrect answers
(misconceptions) given by students. The information on how the students get a question wrong
cannot be analyzed using traditional test analysis alone.

Thus, a need arises to undertake a diagnostic assessment of students’ understanding of core
and cross-cutting science concepts using a statistical method that can help to assess students’
response states in terms of both correct (scientific) and incorrect (misconception) responses.
Assessing students’ knowledge about how their existing conceptions deviate from or relate to the
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scientifically accepted ones and helping students to modify their misconceptions accordingly are
both parts of assessment and teaching and they have a beneficial impact on students' conceptual
knowledge development (Yin et al., 2008). Therefore, a new method such as concentration
analysis is believed to fill in the existing gap of analyzing and getting information about the
students’ correct and incorrect response states.

Concentration analysis (Bao & Redish, 2001) is a recent statistical method used to measure
how students’ correct and incorrect responses to multiple-choice questions are distributed. This
information is an important indication for teacher educators to help them improve their teaching.
The essential nature of this analysis is its ability to find patterns to both correct and incorrect
students’ responses to a multiple-choice test. In concentration analysis, every item of a diagnostic
test is mainly represented by three parameters. These are the concentration score (S),
concentration factor (Cs) and concentration deviation (Ca).

Concentration score

The concentration score is the fraction of the number of students' correct answer to each
multiple-choice question. It is expressed as:

S=-—-2¢%. eq. (1
N g. (1)

In the equation, nc stands for the number of correct answers to an item and N is the total
number of students who wrote the test. Its values vary from 0 to 1. If students have low
conceptual knowledge in a discipline-based science concept, then they may randomly respond to
a standardized multiple-choice question of the concept. Thus, their score will be the same as the
random response score. Random response score is represented by an extreme case where the
students’ responses are evenly distributed among all the choices, similar to the results of random
guessing (Bao & Redish, 2001). If a multiple-choice single-response question with m choices is
given to a number of respondents, then the random response score of the respondents will be 1/m.
For example, if a multiple-choice single-response question with five choices (A, B, C, D, and E)
is given to students, then their random response score will be 0.20 or 20%. This random response
score can be taken as a threshold score which may help science educators to assess the level of
their students’ conceptual knowledge. It should be noted that if students, with inappropriate
preparation on a specified science concept, are tested by a standardized multiple-choice test their
average threshold score or random response score will not be zero, but approximately equal to
1/m. Hence, the first objective of this study is to diagnose if there is a significant difference
between the students’ average score and the random response score.

Concentration Factor and Concentration Deviation

The concentration factor (Bao & Redish, 2001) is the concentration of the students’
responses to the different options of each item. It could be expressed as:

o, - dm [ d2an 1 0. )

TUm-1 N Jm|
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In the equation, m stands for the number of multiple options and ni is the number of
students’ responses to the i option, where it varies from 1 to m and N is the total number of
students who wrote the test. The values of the concentration factor also vary from 0 to 1. In
addition, Bao and Redish introduced concentration deviation (Cqd), the concentration of students’
alternative conceptions. The concentration deviation formula is given as:

m 2 2
o, - Jm-1 V2o 1| eq. 3)

“JUm-1-1] (N-n,) Jm-1

In this case, ns stands for the number of students’ responses to the correct answer and all the
notations in this equation are also the same as that of the concentration factor. The second
objective of this study was on the statistical comparison of the concentration factor and
concentration deviation of science students on a standardized conceptual test which is believed to
help science educators to diagnose whether the students’ conceptions are coherent or incoherent.

Perspectives on Student’s Misconceptions

Teaching for conceptual development of science concepts arose from the 1980s’ research
on students’ misconceptions (Driver, 1989). An essential part of this teaching was to clarify
students’ existing ideas and to help them construct the scientifically accepted ideas.

Current reviews on the progress of concepts learning research show that there are two
prominent but competing theoretical perspectives regarding the structure of students'
misconceptions (Ozdemir & Clark, 2007). These are a misconception as a theory perspective
(e.g., Chi, 2005; loannides &Vosniadou, 2002; Wellman &Gelman, 1992) and misconception as
elements perspective (e.g., Clark, 2006; diSessa, Gillespie, & Esterly, 2004; Harrison, Grayson,
&Treagust, 1999). These two theoretical perspectives imply different pathways for conceptual
change to help students restructure their knowledge (Ozdemir &Clark, 2007). These perspectives
on students’ misconceptions put science teachers in an indecisive situation with regards to the
realization of concepts learning because of the limitation of the classical test theory which is
mainly based on correct answers (scientific conceptions) to assess students’ understanding.

Misconceptions in Energy and Momentum

Studies on misconceptions in science concepts have shown multifaceted misconceptions in
the concepts of energy and momentum (Ding, Chabay, & Sherwood, 2013; Van Heuvelen & Zou,
2001). University students fail to recognize the implications of a particular choice of the system
during problem-solving (Lindsey, Heron & Shaffer, 2012). In some cases, students do not believe
that particular groupings of objects can even be considered to be a system. These misconceptions
pose barriers to students’ conceptual learning of the energy conservation principle. Lindsey et al.,
(2012) showed that misconceptions of the concept of energy, like failure to apply energy
conservation in a variety of contexts, are not restricted to physics novices but extend to advanced
learners. It was also found that learners have considerable misconceptions with the basic concept
of energy and its related ideas and their application to everyday situations.
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Students also had misconceptions in using the conservation of energy and momentum
principles appropriately in many situations (Singh &Rosengrant, 2003). Studies (Lawson &
McDermott, 1987; Singh & Rosengrant, 2003) showed that questions involving work-energy and
impulse-momentum theorems are typically perceived to be more difficult than those involving
their special cases, momentum, and energy. Students who were able to solve numerical problems
showed a lack of understanding of fundamental concepts and were not able to solve qualitative
conceptual problems (Goldring and Osborne, 1994). This means that though students may
manipulate complex formulae and may do through involved exercises, they often do not
understand fundamental conceptual principles.

It was found that university students have considerable misconceptions with the basic
concept of energy and momentum and their application and implication to everyday situations
(Jewett, 2008b; Lindsey, Heron & Shaffer, 2012). Lindsey et al., (2012) showed that the
misconceptions the students have described are not restricted to physics novices but extended to
advanced learners. Dega and Govender (2016) studied levels of students understanding of energy
and momentum by emphasizing on the score and concentration factor. However, their study was
limited that they did not consider the concentration of the misconceptions (concentration
deviation) in the students’ responses. Thus, a cognitive diagnostic assessment on a newly
enrolled university science students’ domain-specific knowledge of energy and momentum is
found important to be undertaken by considering the concentration of students’ misconceptions
into account in their response states using the concentration analysis. The study will inform on
the response states of the students’ conceptions whether their responses are random or form a
pattern, coherent or incoherent. Thus, this study is believed to be useful to get information on
students’ conceptual knowledge level which would help teachers as a pivotal point to design and
use appropriate supportive approaches for conceptual meaningful learning. Thus, the research
questions are as follows:

1. How significant is the deviation of students’ average score from the theoretical random
response score in the energy and momentum concepts?

2. How significant is the difference between the concentration of students’ responses to the
scientific conceptions and misconceptions in the concepts of energy and momentum?

METHODOLOGY

The quantitative research method was used to collect and analyze data from108 science students
in a university in Ethiopia. A standardized conceptual test of Energy and Momentum Conceptual
Survey (EMCS) developed by Singh and Rosengrant (2003) was employed to collect data, before
commencing of the semester’s courses. The diagnostic test has 25 items to assess students’
misconceptions and conceptual knowledge (scientific conceptions) in energy and momentum.
The test is a multiple-choice with a combination of conceptual knowledge as a correct answer and
misconceptions as distracters. The test has been used to compare the understanding of energy and
momentum concepts in courses employing different instructional strategies. It can also measure
the overall achievement and progress of individual students and relate students’ response patterns
to misconceptions and measure the effectiveness of a particular learning approach in the
concepts. A pilot test was conducted and the face and content validity of the EMCS test was
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verified by experts of the field. In addition, the reliability of the test was checked using the
Kuder Richardson-21 estimation which was 0.88.

Concentration analysis developed by Bao and Redish (2001) was used to analyze data
collected by EMCS to investigate the concentration of misconceptions in students’ responses to
the multiple-choice tests. It was also used to investigate the degree of the relative importance of
the alternative states of students’ responses in the sample. This means that the concentration of
misconceptions and conceptual knowledge were analyzed in terms of concentration score [0, 1],
concentration factor [0, 1] and concentration deviation [0, 1]. Concentration deviation (the
concentration of misconceptions), as in Bao and Redish, was analyzed to investigate the
concentration of students’ responses to the misconceptions.

Therefore, in response to the first research question, the concentration score of the students'
responses was calculated to investigate the students' conceptual understanding level in energy and
momentum concepts. A one-sample t-test was used to investigate whether the students' responses
to EMCS are random or they form a pattern. In response to the second research question, the
concentration factor and the concentration deviation were compared using a paired samples t-test
to determine whether the students’ responses to EMCS were coherent or incoherent.

RESULTS

The EMCS items were mainly designed to probe the students’ understanding of the concepts:
conservation of energy, work was done by the gravitational force, work done by non-conservative
forces, momentum conservation in an elastic and inelastic collision, a system for momentum and
kinetic energy conservation and applications of the impulse-momentum theorem.

In response to the first research question, the concentration score (S) was calculated using
equation 1 and represented in Table 1. The table presents the distribution of students' responses to
the multiple-choice questions which include the concentration score, concentration factor, and
concentration deviation.

Table 1. Concentration score, concentration factor and concentration deviation

Item S Cs Cq Item S Cs Cq
1 0.14 0.02 0.01 14 0.32 0.04 0.01
2 0.11 0.10 0.10 15 0.13 0.22 0.26
3 0.26 0.03 0.03 16 0.28 0.12 0.20

4 0.11 0.17 0.19 17 0.15 0.07 0.08

5

6

7

8

042 0.17 0.17 18 046 0.17 0.04
0.14 011 0.14 19 0.13 0.04 0.03
0.08 0.35 0.38 20 011 015 0.17
0.17 010 014 | 21 039 0.10 0.04
9 006 013 010 | 22 0.11 0.07 0.06
10 0.14 018 0.22 23 031 0.04 0.04
11 019 014 020| 24 007 0.26 0.26
12 038 0.17 0.26 25 0.18 0.04 0.06
13 036 0.17 0.27 | Mean 0.21 0.13 0.14
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The one sample t-test was conducted to compare the average concentration score to the
theoretical random response score. The result (t=0.33, p=0.74) showed that there was no
statistically significant difference between the students’ average concentration score and the
theoretical random response score (Table 2). This shows that the students’ conceptual knowledge
in the core concepts of physics is low and their responses are in the random response state.

Table 2. One-Sample Test

Test Value = 0.20
. . . 95% Confidence Interval of the
t df Sig. (2-tailed) | Mean Difference Difference
Lower Upper
S 0.33 24 0.74 0.008 -0.042 0.058

In response to the second research question, a paired samples t-test result showed that there
was no statistically significant difference (t=1.25, p=0.22) between the concentration factor and
concentration deviation of the students’ responses (Table 3). This shows that the students’
responses to the EMCS are inconsistent and lay nearly in the random response state.

Table 3.Paired Samples Test

Paired Differences Sig.
95% Confidence
Interval of the
Difference (2-tailed)
Std. Std. Error
Mean | Deviation Mean Lower Upper t df
Pair  C¢-Cy -0.01 0.05 0.01 -0.03 0.01 | 1.25 24 0.22

A Circular Model Graph for Incoherent Response State

Figure 1 is a circular model graph used to represent and illustrate the concentration factors
and concentration deviations of the students’ responses versus EMCS items. In this model graph,
the items (1 to 25) are represented on the outer circle while the concentrations [0 to 1] are
represented in the vertical axis. The vertical axis was labeled in reverse order, the minimum (0)
on the outer surface and the maximum (1) at the center of the circular graph. The graph surface
represents a random response level with no in-depth understanding while the center of the
circular graph represents an in-depth viable understanding of the concepts.
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Figure 1. Concentration factor (Cr) and concentration deviation (Cq) versus EMCS items

The graph can be used as a characteristic diagnostic explanation of the students’ responses
distribution. The first characteristic is the position of the two closed paths (loops) with respect to
the center or the outer. The other is the relative gap between two loops or their concurrence with
each other. Thus, first, the positions of the two loops were found between zero and 0.20 which
are nearer to the outer circle than the center. Second, the two loops were nearly in coincidence
with each other at the positions. This means that the two concentrations were at a low level and
that their difference is insignificant.

DISCUSSION

The results showed that students have difficulty to understand the basic concepts of energy and
momentum. It was also revealed that they lacked a coherent in-depth understanding of energy and
momentum concepts which was concurring with similar previous studies in physics education
(Dega et al., 2013; Dega & Govender, 2016; Singh & Rosengrant, 2003). Singh and Rosengrant
(2003) found that students have difficulty to understand the basic principles and they lack a
coherent understanding related to energy and momentum.

Currently, the difficulties of students’ conceptual understanding of concepts in physics
become a worldwide problem. The Program for International Student Assessment (PISA), meant
to measure the success of secondary education students of nearly all countries, reported that the
education systems of many countries are based on the memorization of facts and principles in
science and cannot prepare students for integrating scientific concepts and principles to real-life
situations (PISA, 2009). The PISA examination tries to find out if students are well prepared for
future challenges and continue learning in their future lives. However, the score of many
students in different countries of the world is low and they have a poor conceptual understanding
of basic physics concepts (Bulunuz, Bulunuz, & Peker, 2014).

The methods of teaching physics in school and university in Ethiopia are predominantly
lecture-based, physical and mathematical problem-solving. However, ways of treating students'
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misconceptions and means of designing and using concepts learning strategies are given fewer
emphases in the physics curriculum (Dega, 2012). In addition, the students who have higher
science achievement in school and strong academic background are not enthusiastic to join
natural science program in university (Semela, 2010). The majority of students assigned to study
physics are revealed to lack interest, below achievers and lack academic success (Getenet, 2006).
It was observed that most high scoring students do not wish to join natural science/physics, and
this makes less scoring students to be forced to study in physics.

Misconceptions are very stable and cannot be removed by traditional teacher-centered
transmission model of learning because concept learning is a complex process that needs insight
and intervention (Planinsic, 2007). It means that concept learning cannot be effectively done
through transmission model of learning between students and the teacher. Thus, science teacher
educators are advised to apply conceptual development strategies which actively engage students
in learning of cross-cutting science concepts, like energy and momentum.

CONCLUSION

This study investigated 108 first-year students' response states in energy and momentum concepts
in a university in Ethiopia. The results revealed that the students’ responses to the EMCS test
were nearly random and inconsistent. This means that the students’ responses were inappropriate
and counterproductive to the scientific conceptions of energy and momentum. Based on the
results, it can be concluded that the students’ previous learning was not supported by concepts
learning approaches in science. Hence, it is recommended that schools and universities should
encourage science teachers so that they need to apply concepts learning approaches which
involve students’ interactive-engagement of learning. In addition, teacher training institutions and
universities are advised to develop science pre- and in-service teachers' capacity towards the use
of the current findings in Discipline-Based Education Research (DBER), like Physics Education
Research (PER) (Singer, Nielsen & Schweingruber, 2012).

The result of this study can be used as an evaluation of students’ conceptual understanding
in energy and momentum concepts which can effectively scrutinize and influence the conceptual
development of students’ perceptions. This means it can be used as a diagnostic conceptual
assessment of the students in the core concepts of physics. The result of such kind of study also
can be used as feedback to university students that can help them take control of their own
learning. In other words, it specifically can make tertiary students to become self-regulated
learners (Nicol & Macfarlane-Dick, 2006).
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