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Abstract

Project Code: MRG5080433
Project Title: Model Analysis of high school students’ understanding of physics
Investigators: Dr. Pornrat Wattanakasiwich
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University
Associate Professor Dr. Supon Ananta
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University
E-mail Address: pwattanakasiwich@gmail.com

Project Period: July 2, 2007 to Dec 2, 2010

This project aims to assess Grade-12 model of understanding in various physics
topics by employing a new analysis method, called “model analysis”. This method was
established from qualitative researches in order to qualitatively represent a framework of
student understanding from quantitative data. With model analysis, we can obtain students’
alternative knowledge and the probabilities for students to use such knowledge in a range
of equivalent contexts. The model analysis consists of two algorithms—concentration factor
and model estimation. This study was concentrated on using the model estimation
algorithm. In order to use the model analysis efficiently, the data must be collected from a
well-designed multiple-choice test such as the Force and Motion Conceptual Evaluation
(FMCE), the Determining and Interpreting Resistive Electric Circuit Concepts Test (DIRECT)
etc. The final version of the test was consisted of 70 multiple-choice questions. The test
took two hours to complete. There were 2,000 Grade-12 students taking the test from all
regions in the country. The model density matrices were constructed. Then the model states
were characterized by plotting a model point on a model plot, stating that most students

were still in misconception states in most physics topics.

Keywords: Model analysis, Physics conceptual understanding, Conceptual evaluation test
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understanding in a large-scale setting, but
only overall scores and average prc/post gains
can be determined by classic analysis [7-9].
The model analysis was developed to extract
information about models of student
understanding from their responses to
multiple-choice test [10-12]. In this case,
models are defined as functional mental
constructs that are associated with specific
physics contexts and can be applied directly
in different context instances to obtain
explanatory results [3, 4]. ‘Therefore, this study
aims fo investigate students’ understanding
of force and motion by using the model
analysis.

2. MATERIALS AND METHODS
2.1 Data Collection

The data were collected by administering
Thai-version of FMCE to students taking
physics for engineering and agro-industrial
students I (PHYS 207105). The FMCE, widely
used to probe conceprual understanding of
Newronian mechanics, consists of 47
multiple-choice single response items and one
open-ended question. Its items can be
categorized into five clusters of basic
mechanics concepts-velocity, acceleration,
Newton’s first and second laws, Newton’s
third law and energy. For each item of FMCE,
if students consider that none of the choice is
correct, they can answer choice |. In this study,
the model analysis was used to analyse 545
complete responses of students who took
both pre- and post-test.

2.2 Model Analysis

The model analysis consists of two
algorithms-concentration factor and model
estimation. The concentration factor shows a
distribution of student responses, whether
they are clustered on certain choices or
scattered among all choices. The model
estimation is a quantitative evaluation of

-13-
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student models of understandings derived
from a numerical analysis of student
responses on multiple-choice tests. This
method is useful in analyzing student’s
knowledge states in large classes with well-

designed multiple-choice questions.

2.2.1 The Concentration Factor

The concentration factor is for analysing
the distribution of students’ responses, which
gives preliminary information about students’
model of understanding, The distribution of
responses can be determined from a
concentration factor, C, having a value range
berween 0 and 1, where a higher value
referring to more concentrated responses [10].
Consider N students response on a question
having » choices. A single student response
on this question can be represented by an
ot - dimensional vector £ = (1y.e.us Ve oo Vi )s
where £ = 1,...,N represents different students.
Then all the student responses on one question
are summed up to form the total response
vector [10]:

(e, ),

where #, is the total number of student
answering choice 7 There are N students
taking the test and every student provides

answer, so.Zn,:N. The length of one

students’ response vector is [10]:

1
where ﬁﬂ"u <. Then the concentration

factor, C can be calculated from [10]:

ﬁ,*(%‘ﬁ]

C=
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This equation is derived under a condition that
N has to be much larger than w or N>>m.
This condition was satisfied in this case because
the number of students or had a value of
545 and the number of choices in FMCE or
was no more than 7 choices. To evidently
display the distribution of student responses
for each question, its combining score or 5
for the whole class is plotted against its
concentration factor on an §-C plot, as shown
in Figure 2.

2.2.2 Model Estimation

This algorithm of model analysis was a
result of findings in fields of neuroscience,
cognitive science, and education research.
From neuroscience and cognitive science
research, memory is found to be associative,
and cognitive responses are productive and

Physical d Model
Contexts 7| Activations or
Creations

Chiang Mai J. Sci. 2009; 36(1)

context dependent [4]. Hence given questions
with different physical contexts, most students
have difficulties in identifying an accurate
physics concept. They tend to use pieces of
knowledge that are induced by the surface
features of the specific contexts [1-4, 10-12],
so their answers are not consistent, They scem
to function as if they hold a mixture of
different models (a correct one and incorrect
ones) without knowing the appropriate
situation in which to apply them [10-12]. Bao
and Redish [11] proposed that when students
answer a particular physics question, the
context of that question triggers them to
activate or create a certain model, as shown
in Figure 1. The process of model activation
or creation is complicated, so only the
probability of activating a certain model state
could be obtained by analyzing students’

iy
4z
— Maodel 2

Model 3

-? snnans | T
v

Figure 1. A diagram represents process of model triggers, where ¢,,4.,...,¢, represents probability

of activating or creating a certain model [11].

1
08
Model 1
«~ 06 | Region
3 Mixed Model
0.4 Region
L]
5 (P R)
Model 2 Region
0
i) 02 04 06 08 1
Model 2

Figure 2. Model plot and meaning of some regions in the model plor [11].
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responses to a well-designed instrument.
Correspondingly, the process of model
activation could be treated as a process of
quantum measurement. The students’ use of
models in different contexts is defined as
student model states [11], and model states
can be represented with respect to a set of
common models in a linear vector space,
referred to as the model space. Similar to
quantum system, each common model is
associated with an element of an orthonormal
basis, ¢, called physical model vectors
spanning the model space [10]. If there are w
numbers of common models for a certain
concept, these model vectors can be written
mathematically as:

1 0 0
- | . 1 - 0
g=.| &=[.| -..6=

0 0 1

The student model state in a matrix form
can be constructed by using student responses
from a well-designed multiple-choice test such
as FMCE or FCIL. To construct a student
model state of the £ student as:

L3
"

u, =ﬁ JF =|"t)‘

"

where nf is numbers of the £” student answers
corresponding with Model I,  is total number
of physical models in a concept group, and
is total number of questions in this concept
group. Then Compute a student density
mattix of £ student (D)) as follows:

i o S
% Hy iy iy
1
- : S - | i I|| Tk
Dy =u, ®u, _IHl}G’!lI_; " oy n

Ak L A
mn o fmgny o ong
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The class density matrix can be computed by

N

summing up ZD; and divided by number
k=1

of students (N):

&
n \nin
13 ! [ k
D:_sz = nsn "y,
N N-m
Vi
Eigenvalues and eigenvectors can be

obtained from the class density matrix by
performing eigenvalue decomposition:

k_k
N
[
Jmm

&
3

nin n

o 0 0
Vior=({o o 0|,
0 0 o

where 0,, 0,,0, are eigenvalues for the class
density matrix. If the matrix has a large
eigenvalue (> 0.65), then there are dominant
features of the class model vectors, called a
primary vector [12], which could be represented
by the eigenvector of that dominated
eigenvalue. Bao and Redish [11] proposed a
model plot, a two-dimensional graph to
represent the class use of two models. The

primaty vector v, = (¥,,,V,,,Vy,,) with the
eigenvalue 0, can be represented as a point
on the model plot with a coordinate (P,P,)
[11], where P = of‘vfy and P, = O'jvzzp. The
class model point on the plot give information
about the class model state. For example, if
the model point is located in the middle, then
most students in the class have a mixed model
state about the concept.

3. RESULTS AND DISCUSSION
3.1 Concentration Factor

Figure 2 exhibited the S-C plot of pre-
and post-test, where questions were sorted
according to clusters of physics concept. Most
questions in clusters of Newton’s first and

second laws (Foree (1, 2)) and Newton’s third
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laws (Force (3)) had low scores but high
concentrations, This agrees with the results of
Bao and Redish [10]. The low scores but high
concentrations implied that there was the
possibility of students having a multiple model
of understanding or being in a mixed model
state in these concepts [10]. Thus responses
on these concepts were analysed in more detail
by using the model estimation.

3.2 Model Estimation
3.2.1 Force-motion Concept

To use the model estimation, we needed
models found from previous research to
group incorrect responses. Through systematic
physics education research, commonly
recognized models of force and motion were
identified as below [11], and a null model
refers to other ideas or incomplete answers:

Model 1: Tt is necessary to have a force
to maintain motion and there is no such thing
as a “force in the direction of motion.”
(Correct)

Model 2: A force is needed to maintain
motion. This model also includes the ideas
that there is always a force in the direction of
motion and thart the force is directly related

to the velocity of motion. (Incorrect)

Chiang Mai J. Sci. 2009; 36(1)

Model 3: Null model

With the measurement data from FMCE,
a single-student model state can be created.
This state represents student probabilities in
applying the different common models. Then
the individual student model states are
summed up over the class to create the class
model density matrix. Using the eigenvalue
decomposition, the eigenvalues and
eigenvectors of the density matrix are
obtained, and these give information about
the state of the class’s knowledge. The class
model point is obrained and plotred on the
model plot.

These models were used to identify
distracters relating to each model. Then using
pre- and post-test responses, each student
model state was constructed. The class model
density matrix was determined by adding all
students’ model states, Using the eigenvalue
decomposition, the pre- and post-class
eigenvalues and eigenvectors were calculared,
as shown in Table 1. The model points were
calculated using dominant eigenvalues and
corresponding eigenvectors, and these points
were plotted on the model plot (Figure 4).
The post-class model point was located in the
incorrect model (model 2) region. This

Table 1. The pre/post dominant eigenvalues, class eigenvectors and components of the class

model point.

Pre- Post-
Dominant eigenvalues 0.82 0.79
-0.18 -0.22
LG R -0.91 -0.91
-0.37 -0.35
Model Point
A vertical component P =(0.82)(-0.18)" =0.02 P =(0.79)*(-0.22)" =0.03
A horizontal component P, = (0.82)*(=0.91)* =0.56 P, =(0.79)*(-0.91)* = 0.52
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Figure 3. §-C plot of all questions categorized into five concept clusters - force (1,2}, acceleration,

force (3), velocity, and energy.

1
08
g 086
Q
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Model 2 (Incorrect)

Figure 4. Model plot comparing between pre- and post-class model points about force-

velocity concept.

indicated that most students in the class
still had a misconception about force and
motion even after an instruction. Since the
characteristics of this misconception were
known, so an instructor could use this

-17 -

information to improve teaching of the class.
A small shift of post-class model point
towards the correct model indicated a slightly
better understanding of students in this class.
Compared to Bao and Redish [11], our pre
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class model point was located in the incorrect
model, but their post-class model point
moved to the correct model region (P, = 0.21,
P, = 0.46). This may be due to different
style of instruction; Bao and Redish [11] class
were taught by using interactive teaching
techniques.

Chiang Mai J. Sci. 2009; 36(1)

3.2.2 Newton’s Third Law

Maloney [13] found that students often
used a dominant principle to reason about
action-reaction force between two objects.
Students often think that one object dominates
over another because of a greater mass [13],
a greater velocity, a greater acceleration [12],

Table 2. The pre/post dominant eigenvalues, class eigenvectors and model point components
for the class density matrices of four misconceptions.

Pre Post
V M P A Vv M P A
Dominant eigcm‘alues 0.91 0,92 092 091 0.88 0.89 0.91 0.89
-0.56 -0.55 -0.56 -0.56 -0.62| |-0.62 -0.62 -0.62
[Zigcnvector -0.62 ~0.60 -0.58 -0.69 -0.61 -0.60 -0.60 -0.67
-0.55 -0.58 -0.59 -0.45 -0.49 -0.51 -0.50 -0.39
Model Point
A vertical component  0.23  0.26 026 026 030 030 032 030
A horizontal
component (.32 0.31 028 039 0.29 029 030 036
1 1
(a) (b)
08 08 * \/ Model
0 M Model
8 06 © P Model
i il 4 AModel
® o
; 3
04 = 04
&
oo A
02 i 02
0 0
0 02 04 06 08 1 0 02 04 06 08 1
Model 2 Model 2

Figure 5. Model plot of Newton’s third law concept.
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or exerting a push [13]. These four miscon
ceptions could be stated as follows:

V-model: Object with larger velocity
exerts a larger force.

M-model: Object with larget mass exetts
a larger force.

A-model: Object with larger acceleration
exerts a larger force.

P-model: Object starting the push exerts
a larger force.

These models were used to identify
distracters on FMCE questions 30-39. Then
we constructed the class model density matrix
based on the model space spanning by a
correct model, an incorrect model (V-model,
M-model, A-model or P-model) and a null
model. Therefore there were four class model
density matrices, corresponding to each
misconception. The dominant eigenvalues,
eigenvectors and model points for each matrix
showed in Table 2. The model plot of these
mattices (Figure 5) pointed out that students
were in mixed model states when answering
Newton's third law questions. This agrees with
Bao and Redish [10, 11]. This may be due to
the context setting of the FMCE problems
could have considerable influence on the
activation of student’s model.

4. CONCLUSION

In this investigation, the concentration
factors indicated that our students had
significant misconceptions about Newton’s
laws. This agrees with previous findings that
most students had troubles undcrsranding
concepts of Newton's laws [1, 5-8, 10-13].
The data were analyzed by the model
estimation to identify the class model state.
The model plot of both pre- and post-class
indicated a small improvement in conceptual
understanding of the force-motion concepr.
For Newton’s third law, both pre- and post
class were found to have a mixed model state.
Different contexts of questions may trigger

-19-
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different model, so students used inconsistent
model to answer questions. By using the model
analysis, the major misconceptions was pointed
oul, so instructors could use this information
to improve teaching and learning of the next
class.
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Abstract. In physics education research, the main goal is to improve physics teaching so that most students understand
physics conceptually and be able to apply concepts in solving problems. Therefore many multiple-choice instruments
were developed to probe students” conceptual understanding in various topics. Two techniques including model analysis
and item response curves were used to analyze students’ responses from Force and Motion Conceptual Evaluation
(FMCE). For this study FMCE data from more than 1000 students at Chiang Mai University were collected over the past
three years. With model analysis, we can obtain students” alternative knowledge and the probabilities for students to use
such knowledge in a range of equivalent contexts. The model analysis consists of two algorithms—concentration factor
and model estimation. This paper only presents results from using the model estimation algorithm to obtain a model plot.
The plot helps to identify a class model state whether it is in the misconception region or not. Item response curve (IRC)
derived from item response theory is a plot between percentages of students selecting a particular choice versus their

total score. Pros and cons of both techniques are compared and discussed.

Keywords: Test analysis, multiple-choice test, model analysis, item response curves

PACS: 01.40.Fk

INTRODUCTION

Over the past 30 years, physics education research
has been studied how students leam and understand
physics in order to improve physics instruction. To
probe students’ conceptual understanding in a large-
scale setting, multiple-choice test is the easiest to
analyze and the cheapest to administer. Many physics
education researchers have developed various
multiple-choice conceptual tests to detect student
misconceptions such as Force Concept Inventory
(FCT) [1], Force and Motion Conceptual Evaluation
[2], Conceptual Survey of Electricity and Magnetism
(CSEM) [3] and Heat and Temperature Concept
Evaluation (HCTE) [4]. Many studies employed these
instruments to measure student understanding.
However, the typical analysis of the multiple-choice
tests not only fails to provide information about
students’ misconceptions but also ignores students’
incorrect answers containing a large amount of
valuable information [5,6]. Therefore in this study, we
present two methods to analyze students’ incorrect
responses—model analysis [1] and item response
curve (IRC) [3].

DATA COLLECTION

Participants were freshmen with engineering
major taking an introductory physics 1 with calculus
in 2006 and 2008 at Chiang Mai University. Thai-
version of Force and Motion Conceptual Evaluation
(FMCE) was used to probe student understanding of
force and motion. FMCE was translated to Thai by
physics education researchers from PenThai (Physics
Education Network in Thailand) groups. Thai FMCE
were used and validated in physics classes at both pre-
college and first-year university levels. FMCE was
administered to students on the first day of class as
pre-test and the day after they finished leaming topics
of mechanics as post-test. Students were given an
hour to finish the test and they received extra credit
for compensation. Only responses from students
taking both pre and post-test were used in data
analysis. Figure 1 shows typical analysis of student
responses including average scores and normalized
gain, which can be calculated as in equation 1.

_ (% post —test) (% pre - test)

100 — (%o per — test) ®
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FIGURE 1. Typical analysis of FMCE pre and post-test from [7]  (a) 2006 academic vear (b} 2008 academic year

MODEL ANALYSIS

With model analysis, we can obtain students’
alternative knowledge and probabilities for students to
use such knowledge in a range of equivalent contexts.
The model analysis consists of two algorithms—
concentration factor and model estimation [10]. This
paper only presents results from using the model
estimation.

An answer from each student is used to create a
single-student model state, which represents student
probabilities in applying the different common models.
Then the individual student model states are summed
up over the class to create the class model density
matrix. The eigenvalues and eigenvectors of the
density matrix are obtained, and these give information
about the state of the class’s knowledge.

The class model point is determined from
eigenvector and plotted on the model plot, More detail
of calculation can be found in [8-10]. The plot helps to
identify conception level of a whole class, called a
class model state whether it is in the misconception
region or not, as shown in Fig 2.

This paper only presents results from using the
model estimation algorithm to obtain a madel plot for
concepts of Newton's first and second law, which
students from both classes got the lowest marks, as
shown in Fig. 1. Through systematic physics education
research, commonly recognized models of this
conception were identified as below [10], and a null
model refers to other ideas or incomplete answers:

Model 1: It is necessary to have a force to maintain

motion and there is no such thing as a “force in the

direction of motion.” (Correct)

246

Model 2: A force is needed to maintain motion.
This model also includes the ideas that there is
always a force in the direction of motion and that
the force is directly related to the velocity of
motion. (Incorrect)

Model 3: Null model

1
=+ Pre-2006
0.8 == Post-2006
= \ N -®- Pre-2008
—=—Post-2008
5 0.6 4 R
- \.\_\
o 0.4 N
E Miced Model Region ™.
021 / ™\ =
) ~ Model 2 Region "
0 += - . -
s} 02 04 06 08 1
Model 2 {Incorrect)

FIGURE 2. Model plot comparing between pre- and
post-class model points and meaning of some regions
in the model plot [10].

In the FMCE, four questions (questions 2, 5, 11 and
12) are associated with Newton's first and second law.
Using the model estimation algorithm, model states for
pre/post of 2006 and 2009 classes are presented in Fig.
3. Students 1n 2008 class entered a class with better
understanding than 2006 class, but their class model
state were still in the misconception region or Model 2
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region. After physics instruction, model point of both
2006 and 2008 class shift slightly toward correct
conception, as seen from Fig. 2. However. both classes
understanding were still in the misconception region.

ITEM RESPONSES CURVES

Ttem response curve (IRC) derived from item
response theory is a plot between percentages of
students selecting a particular choice versus their total
scores. IRC mainly is for evaluating quality of
multiple-choice questions [11]. We use IRC to analyze
class conceptual state of Mewton’s first and second
laws in FMCE (excluding question 11). Then student
responses for each question are plotted against total
SCOres.

Figure 3 shows that Question 2 yields a step-
function-like IRC [11]. This is a good question for
discriminating students, Students with high conceptual
understanding choose a correct answer and students
with low understanding chose an incorrect answer.
Also, this question helps an mstructor to find out a
misconception for students with low conceptual
understanding. This misconception is not difficult to

correct because not the whole class held this
misconception.
120
FMCE Q2
100 }on o sssses s @
- =} = L] -
o X ¥ a5
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§ o® . »d{204%)
g- 40 *n o - &](9.2%)
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= e 0
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total scores

FIGURE 3. Item response curves for Question 2 from
the FMCE (a correct answer choice is d).

Figure 4 shows evenly distributed responses from
Question 5. Same numbers of students with high and
low conceptual understanding chose incorrect answers.
This result suggests that most students have
misconceptions disregarding their ability levels. If we
consider this result from a process of conceptual
change [10], then this class conceptual understanding
might be in a hybrid model state [8.10]. For students to
reach a complete expert model, they need to go
through a process of conceptual change [8-10]. The
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hybrid state is regarded as an important transitional
stage for a student to reach a complete favorable
conceptual change n  learning physics. For
instruction, we can use this question again in class and
employ Peer Instruction approach to motivate
students’ process of conceptual change. This question
is challenging enough for students at all levels of
understanding.

120
08 (225%) FMCE Q5
100 - ab{325%)
*d (27 7%)
@ 80 - aj(127%) o °
@ o
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] 5 10 13 20 25 30 35
total scores

FIGURE 4. Item response curves for Question 5 from
the FMCE (a correct answer choice is d).

Figure 5 shows the IRC analysis for Question 12,
which has two dominated responses, choice @ and
choice d. This result suggests that the class has a major
misconception. This question is good for identifying
misconceptions that students have either before or
after a physics instruction. To correct this
misconception. an active teaching in physics such as
Peer Instruction and Interactive Lecture Demonstration
should be used in teaching this topic.

120
FMCE Q12
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g g 8
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£ e Wl i
]
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111 P
[} =2
il 5 1 15 M 235 W 3B
total scores
FIGURE 5. Item response curves for Question 12

from the FMCE (a correct answer choice is a).
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CONCLUSION

APPENDIX: SELECTED FMCE
QUESTIONS

Both analyses are good for identifying student

misconceptions. Model analysis is good for determine
overall misconceptions, but it is required a well-design
questions to probe a certain misconception. IRC is

The selected guestions including Question 2, 5, 11
and 12 from the Force and Motion Conceptual
Evaluation' are shown here.

excellent for identifying misconceptions in a specific

context. IRC also i1s good for item analysis and for
developing a diagnostic test. Different appearance of
IRC can help a test developer categorize questions

nto:;

(1) A question for diseriminating students with

different levels of understanding i.e. Question 2 from
the FMCE.

(2) a question for identifying a hybrid model i.e.
Question 5 from the FMCE.

(3) a question for spotting major misconceptions

i.e. Question 12 from the FMCE.

However, IRC might be inconvement to compare

pre/post-test results from a diagnostic test.
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ER-yv

9.

A sled on ice moves in the ways deseribed in question 1-7
below. Friction is so small that it can be ignored. A person
ing spiked shoes standing on the ice can apply a force to
the sled and push it along the ice. Choose the one force (A
through G) which would keep the sled moving as described
in each statement below,
You may use a choice more than once or not at all but
choose only one answer for each blank. If you think that
none is correct, answer choice J.
A. The force s toward the right and is
increasing in strength (magninide)
The force i toward the right and is of
constant strength (magnitude).

The force is wward the right and is
decreasing in strength (mazmnde).

Duwction of Foroe. B

[

C.

L—

No applied force is needed

m

Thee force is toward the beft and is
decreasing in strength (magninde).
The force s toward the left and is of
comstanl strength (mapativde).

The foree is toward the left and is

imcreasing in strength (magnitnde)
__2. Which force would keep the sled moving toward the

right at a steady (constant) veloeity?

__ 5. The sled was started from rest and pushed until it

reached a steady (constant) velocity toward the right. Which

foree would keep the sled moving at this velocity?

™

Cwecnoa of Forte
;:%\

F.

G

IJuestion 11-13 refer to a coin which is tossed straight up
nto the air, After it is released it moves upward, reaches its
highest point and falls back down again. Use one of the
following choices (A through G) to indicate the foree acting
bn the coin for each of the case described below. Answer
choice Jif vou think that none is correct. Ignore any effects
of air resistance.

The force is down and constant.
The foree is down and increasing.
The foree is down and decreasing.
The force is zero.

The force is up and constant,

The foree is up and increasing,
The force is up and decreasing.

1. The coin is moving upward after it is released.
12. The coin is at its highest point.

! Reprinted with permission from R. K. Thomton and D.R.
Sokoloff, Am. J. Phys. 66, 338-352 (1998). Copyright 1998,
American Association of Physics Teachers.
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Teaching Physics with Basketball
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Abstract. Recently, technologies and computer takes umportant roles in leamning and teaching, including physics.
Advance m technologies can help us better relating physics taught in the classroom to the real world. In thus study, we
developed a module on teaching a projectile motion through shooting a basketball Students learned about physics of
projectile mnotion, and then they took videos of their classmates shooting a basketball by using the high speed camera
Then they analyzed videos by using Tracker, a video analysis and modeling tool. While working with Tracker, students
learned about the relationships between three kinematics graphs Moreover, they learned about a real projectile motion
Gwith an air resistance) through modeling tools Students’ abilities to interpret kinematics graphs were investigated
before and after the instruction by using the Test of Understanding Graphs in Kinematics (TUG-K). The maximum
normalized gain or <g= 15 0.77, which mdicated students’ inprovement in determining displacernent from the velocity-
time graph. The minimum <g> iz 0.20, which indicated that most students still have difficulties nterpreting the change
invelocity from the acceleration-time graph. Results from evaluation questionnaires revealed that students also satisfied

with the mstructions that related physics contents to shocting basketball

Keywords: kinematics graph, projectile motion, drags force, video analysis

PACS: 01.40.Fk

INTRODUCTION

Previous physics education researches about
student expectations revealed that after physics
instruction students perceived physics phenomena
disconnected from their real-life experiences [1, 2]
Unless the materials is an examples that they see as
relevant or directly related to student experience [2].
This is a serious problem in terms of students’
attitudes in learning physics.

To motivate students and to help them relate
physics to the real world, we developed a teaching
module which integrates physics with other
disciplines by using basketball as a theme. Also, we
integrated video-analysis software in teaching
kinematics graphs to help students better understand
how to interpret and to relate three kinematics graphs.

PARTICIPANTS

Participants consisted of twenty-nine Grade-9
students at Chiang Mai University demonstration
school. They enrolled in a science classroom project,
supported by ministry of science and technology. The
students learn science and mathematics from Chiang

Mai University lecturers and learn other subjects from
the demonstration-school teachers. The curriculum
was particularly designed to promote scientific
thinking skills through problem-based learning.

SPORT SCIENCE MODULE

In a sport science module, we integrated knowledge
of physics, biology, physical education (PE) and
statistics in order to teach about playing basketball.
Total hours of teaching thi s module were 46 hours and
the percentage of each subject hours is presented in
Figure 1.

FIGURE 1. Hours distribution in the module
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In physics, we taught 1-D kinematics, projectile
motion, MNewton’s laws, and a drag force. Also,
students learned how to use a video analysis freeware,
called Tracker [4]. In biology, students learned about
functions of tendon, joint, bone and muscle when
shooting a basketball. In physical education, students
learned how to play basketball, especially shooting
positions and how to measure strength of different
muscle groups. For example, when throwing the
basketball, the important muscle group is Triceps
Brachii, located on the back of the upper arm [3]. The
strength of this muscle group was measured by using
a hand-grip dynamometer. In statistics, they learned
how to calculate a correlation coefficient and to
interpret correlation from a scatter plot. This module
structure is shown in Figure 2. At the end of module,
students designed, conducted an experiment to study a
basketball and also wrote a report.

MODEL BASKETBALL MOTION

In “Motion analysis with Tracker” activity,
students learned basic function of Tracker and a

model builder function. Then they modelled a
basketball motion with/without an air drag and
compared with the real motion.

Making a Video

After learning basketball shooting position from
physical education, students were asked to throw the
basketball with a position similar to an overhand push
shot, but they were mstructed to fix their elbows and
upper arms parallel to the ground and only moving
their forearms to push the ball To throw the ball,
students’ forearms had to be near the shoulder and
launched the shot by a one-hand. Throughout the
throw, both of their feet firmly planted on the ground
and made both knees fixed with no bending.

The motion of each student was captured at 300
frames/second using a Casio EX-F1 camera. The
camera was pointed at the right angles toward a plane
of basketball motion, so the motion was recorded
completely in two dimensions.

Physics )
tics and dynami g)\'
v

Kinematics motion activity
Projectile motion activity
Motion analysis with Tracker
Experiment about shooting baskethall

(ki

Physical Education l

| Muscle strength
r

®  Muscle strengih test with hardgrip

dyni

i, huck and Ly dynamonmcer

$ Sport Science

between variables

Mathematics

/ Statistical An alysis l r
l

¢ Comelation coefficient
= Analysis linear relutionship

)

| Body Movement l

Functions of tendon, joint and bone
Muscle function
Study of chicken muscles

FIGURE 2. Structure of an integrated teaching module, called “sports science™

Video Analysis

Students first learned to use Tracker to analyze a
projectile motion of a sample video. Then they were
taught about force and Newton's laws. They also
learned about air resistance, so they could model a real

213

trajectory of a hasketball. The models of basketball
motion were used to compare with the real motion
data. This step was determined by using the Model
Bulder function in Tracker. The first dynamics model
accounted only a gravitational force or the basketball
weight. The second model included the air drag force
exerting on the basketball while moving through air,
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The drag force depends on the basketball speed, air
density and basketball size and shape. This can be
written in term of an equation as:

of the basketball (0.046 m®), pis the air density (at 30
°C, p=1.164 kga’ml) [6]. and a mass of basketball is
0.6 kg The drag force direction is tangent to the

F.= L AV {1 basketball path. Students were instructed to input a
2 drag force due to the air resistance into the model
where €, 1s the drag coefficient (at acceleration 6.0- builder and the simulated motion with drag was
9.0 mis®, C,= 0.5) [5], 4 is the cross-sectional area displayed, as shown in Figure 3.
Track Control o g
v fooe] | [o] ] ][] = '

GEex OwWk A WORH

in M

Dc'r T H

FIGURE 3. Modelling the actual basketball trajectory (O), using a model without a drag force (A) and a model with a drag
force { O) using Dynamics Particle Model function in Tracker

RESULTS AND DISCUSSION

While working with Tracker, students learned about
the relationships between three kinematics graphs
through wvideo analysis activity. Moreover, they
leamed about a real projectile motion (with an air
resistance) through modeling tools. Students™ abilities
to interpret kinematics graphs were investigated before
and after the instruction by using the Test of
Understanding Graphs in Kinematics (TUG-K) [6].
The objectives of this test were presented in Table 1.
Three items were written for each objective, so the test
consists of 21 multiple-choice questions. Students’
responses on both pre-test and post-test were used to

Downloaded 06 Dec 201
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determune a normalized gain [7], can be calculated as:

(Y% post — test) — (% pre — fest)

100 (% per — test) w

From Figure 4, the maximum normalized gain or <g>
is 0.77, which indicated students’ improvement in
determining  displacement from the velocity-time
graph. The minimum <g= is 0.20, which indicated that
most students still have difficulties interpreting the
change in velocity from the acceleration-ime graph.
This result is similar to previous findings [6]. Results
from evaluation questionnaires revealed that students
also satisfied with the instructions that related physics
contents to shooting basketball.

246 2 Redutnbution sebject o ALP License or eopyraght, see bitp Mprocesdkags wp orglshoubinghs_ permmsnons
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TABLE 1. Objectives of the Test of Understanding Graphs Kinematics [6]

Objectives Given The student will
1 Position — Time Graph (x vs. t) Determine Velocity
2 Velocity — Time Graph (v vs. t) Determine Acceleration
3 Velocity — Time Graph (v vs. t) Determine Displacement
4 Acceleration — Time Graph (a vs. t) Determine Chang in Velocity
5 A Kinematics Graph Select Corresponding Graph
6 A Kinematics Graph Select Textual Description
7 Motion Description Select Corresponding Graph

100.0
90.0
80.0
700
60.0
500

Percentage

40.0

30.0

20,0

100 l
0.0 2 o

Objl = Obj2  Obj3 | Obj4  Obj5 | Obj6  Obj7
m %,Pre-test 552 391 39.1 195 253 471 51.7
%sPost-test 77 701 B6.2 356 632 73.6 724

FIGURE 4. Percentage scores of pre-test, post-test and normalized gain from TUG-K.

CONCLUSION

In this module, we integrated physics with
biology, physics education and statistics by using
basketball as a theme. In physics part, we used a video
analysis program to help students understand physics
concepts better, especially kinematics graph. Using
TUG, we found that students improve in their overall
understanding of kinematics graph. This should be the
result from using Tracker in analyzing the real motion
and students did the activity of analyzing motion in
terms of kinematics graph.
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Abstract. This research aims to develop a test for assessing student understanding of fundamental principles in
thermodynamics, Misconceptions found from previous physics education research were used to develop the test, Its
topics include heat and temperature, the zeroth and the first law of thermodynamics, and the thermodynamics processes.
The content validity was analyzed by three physies experts. Then the test was administered to freshmen, sophomores and
Juniors majored in physies in order to determine item difficulties and item diserimination of the test. A few items were
eliminated from the test. Finally, the test will be administered to students taking Physics 1 course in order to evaluate the
effectiveness of Interactive Lecture Demonstrations that will be used for the first time at Chiang Mai University.

Keywords: thermodynamics, conceptual understanding, physics education

PACS: 01.40Fk

INTRODUCTION

For the past 30 years, numerous physics
education research (PER) studies reveal that students
enter physics classes with similar learning difficulties
and preconceptions about how physical systems
behave [1-4]. Most of these concepts are in conflict
with accepted scientific one, so they are called
misconceptions, alternative conceptions, naive
conceptions or “common sense”. Many FER have
investigated designed and constructed multiple-
choice tests to probe these misconceptions both
before and after an instruction. Physics instructors
can use these results to design more effective
teaching methods.

Our main objective 15 to develop an Interactive
Lecture  Demonstrations  (ILDs) [24] m
thermodynamics. To evaluate an effectiveness of
ILD approach, students” knowledge before and after
teaching had to be assessed, and compared with
another class teaching with a traditional approach.
Therefore, we have developed a test to evaluate
student understanding of basic thermodynamic
concepts, called Thermodynamic Conceptual
Evaluation (TCE). The development and analysis of
this test will be described in this article.

TEST DESIGN

The thermodynamic conceptual evaluation aims
to evaluate students’ understanding of concepts
including work, heat, internal energy, the zeroth and
the first law of thermodynamics and thermal
processes. Most questions in this survey were
obtained and adapted from previous PERs [5-3]. The
first version of TCE consisted of 40 multiple-choice
questions, and was reviewed by three physics faculty
members at Chiang Mai Umiversity in terms of its
content vahdity [9]. Five questions were ehmmated
and ten questions were modified based wpon the
feedback from three experts about therr
appropriateness and wording. The recent version of
TCE consists of 35 multiple-choice questions
covering three main conceptual areas in
thermodynamics, as shown in Table 1.

ANALYSIS OF THE TCE

During the first semester of 2009, the TCE was
administered to three groups of students. The first
group consisted of 285 freshmen taking pre-test and
291 freshmen taking post-test. They were taking an
introductory physics with algebra-based. The second
group included 12 physics sophomores taking a
thermal physics course and the third group consisted

CP1263, Internaticnal Conference on Physics Education 2009 - [CPE2009
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of 22 physics graduate students. Students were given
an hour to finish the test. Test responses from the
first group were used to caleulate an item analysis.
Also the overall quality of the test was measured by
determining reliability and validity.

Item Analysis

The post-test responses of the [irst group were
used to calculate item analysis—item difficulty and
item discrimination. The difficulty for each item is
displayed mn Fig. 1, where 0.0 means no students
answer correctly and 1.0 means all students answer
correctly. Difficulty of items ranged from 0.1 to 0.9,
which is a reasonable range.

P

TABLE 1. Categonies of ot

arsa

Item discrimination was calculated by ranking the
students according to total score and then selecting
the top 27% and the lowest 27% in terms of total
score. For each item, the percentage of students in
the upper and lower groups answering correctly is
calculated, and the difference of these percentages
was a measure of item discrimination [1]. Figure 2
displays the discrimination index for each item. The
index for each item ranges from -0.2 to a little over
0.6. The low discrimination index may due to that the
item difficulty strongly related to the item
discrimination [1]. To understand a possible cause of
negative  discrimination index. we investigated
students’ responses on item 13 and item 20. This
result will be discussed on the next section.

1 Areas

Items

Temperature, Heat, and Zeroth Law of
Thermodynamics

First Law and Process of
Thermodynamics

- Isobaric process

- Isochorie process
- Isothermal process
- Adiabatic process
- Cyelic process

- PV diagram

1,2,3,4,5,67

8,9,10,11,12, 13,14
17

15,16
22,23,24,25,26,27,28
19,20, 21, 30, 31, 32
18,29, 33,34, 35

Quality Analysis

Generally to measure the overall quality of the
test, reliability and validity are determined. We
caleulated a KR-20 coefficient, the most common
method for measuring the internal consistency or the
reliability [1.2]. The KR-20 coefficient equals to 0.60
while KR-20 = 0.70 is considered to be reliable.
However, this low value was due to that the TCE
contains only 35 items. If we would like to increase
the reliability, we have to increase more items on this
test. Also this reliability value was appropriate for
using this test as a tool to evaluate the ILD approach
because a range of KR-20 from 0.5 to 0.6 is common
for well-made classroom tests [1].

We measured two types of validity—content
validity and construct validity. Three physics faculty
members evaluated the content validity of TCE by
rating each item on a five-point scale (1 being low
and 5 bemng high) for reasonableness and
appropriateness. Then the index of consistency was
calculated based on five-rating scale. All items were
received high score (> 4.0), so no items were either
eliminated or modified.

184
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FIGURE 1. Item difficulty of each item on the TCE for
291 students.
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FIGURE 2. ltem discrimination of each item on the TCE.



The overall results of students in three groups are
displayed in Table 2. The freshmen group took the
TCE as a pretest and a posttest. They scored 43% on
the pretest and 45% on the posttest. Additionally,
data from sophomores majoring in physics were
collected two weeks before finishing a thermal
physics class. They scored 66%, which was highest
among three groups. The last group was 12 graduate

TABLE 2. Overall results for each student group.

Student Group N Mean Score (%)
Freshmen (Pre-test) 285 43
Freshmen (Post-test) 291 45
Sophomores 12 66
Grad Cudent 22 52

Ideal Gas Law

Most students seem to have difficulties with items
about an ideal gas law, as displayed in Fig. 3. Item 9
and item 13, which relates to both an ideal gas law
and an isobaric process, are items that students
scored lowest. Item 9 is displaved on Fig. 4

-31-

1s that the pressure remains the same because of the
piston is in mechanical equilibrium at all time.
Therefore the gas pressure from forces exerting from
a piston weight and the atmospheric pressure are the
same [8]. However, most students chose an incorrect
answer and provided a brief reasoning that when the
volume increases, the pressure also increases. From
discussing with several students, they did not

thermal equilibrium.

Please answers with these choices.
a)increases  b) decreases ¢) remains the same

R

students answered incorrectly about work done in an
isobaric process, having a volume expansion.
Students confused about the sign of work done by
gas. After briefly interviewing students, we found out
that they were confused about a definition of work in
physics with a definition in chemistry. In chemistry,
they defined work as the work done on gas by the

environment, so the sion of work are onnosite




From item 19, 20, 29, 30, 31 and 35, 30% of
students chose an incorrect answer. This answer
indicated that they considered work and heat
depending on a thermodynamic state or being energy
of a state, not energy transfer. Students seemed to
confuse heat transfer in a closed system with heat
transfer inside an isolated system.

Question 32 and 34 aimed to evaluate students’
understanding of internal energy. We found that 30%
of students chose an incorrect answer. This answer
indicated that students considered the internal energy
as transfer energy of a system, not energy of a state.

From item 14, 16, 17, 20, 31 and 35, students had
difficulties applying the first law of thermodynamics
to determine heat or internal energy in a different
process. Further investigation such as an interview is

required to gain insightful information about
students” difficulties.

CONCLUSION

The TCE is a conceptual evaluation of students’
basic knowledge in thermodynamics. The results
obtained from this test are used in developing an
interactive lecture demonstration on topics of heat
transfer, thermodynamic process and heat engines
[7]. To evaluate an effectiveness of these ILDs, the
TCE will be admimstered to the classes teaching
with ILD and compared with this class teaching
traditionally.

-~
100 4
0 Pre-test: Freshmen
. E Post-test: Freshmen
% H Sophamores
£
2 [ Graduate students
=
\_ Temperature, Heat and The Zeroth Law of Thermodynamic The First Law and Thermodynamic Processes

FIGURE 3. Mean score in each conceptual area for the different student groups.
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ABSTRACT

This study atms to assess student conceptual model of understanding about
Jorce and motion by employing a new analysis method, called “model analysis”.
This method was established from qualitative researches in order to qualitatively
represent a_framework of student understanding. With model analysis, we can
obtain students’ alternative knowledge and the probabilities for students to use
such knowledge in a range of equivalent contexts. The model analysis consists
of twe algorithms—concentration factor and model estimation. This paper only
presents results from using the model estimation algorithm.

In order to use the model analysis efficiently, the data must be collected
Jrom a well-designed multiple-choice test. The Force and Motion Conceptual
Evalnation (FMCL), the most well-known test for probing mechanics conceptual
understanding was administered to 746 engineering freshmen taking an introduc-
tory physics with caleulus at Chiang Mai University. Only 5435 complete student
responses were analyzed by the model analysis.

The class model density matrices for both pre/post scores were constructed.
In order to determine characteristics of the pre/post class, eigenvalue decompo-
sition was used to analyze both matrices. Each matrix had a large eigenvalue
(= 0.63), indicating the dominant features of the single-student model vectors.
This model eigenvectors well represented the overall model structure of pre/post
class. Then the pre/post class model states were characterized by a class model
point on a model plot. Both pre/post points were located in the incorrect model
region, so both pre/post class states were still in a misconception state. However,
there was a small shift of post-class model point towards the correct nodel, indi-
cating a small improvement of overall understanding.

Key words: Model Analysis. FMCE, Conceptual Understanding, Force and
Motion

INTRODUCTION

Over three decades. results from physics education research (PER) indicate
that most students come to a physics classroom with misconceptions, originating
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from their misinterpretations of everyday’s experience and previous instruction
(McDermott and Redish., 1999). These misconceptions alfect how students respond
to instruction, so physics instructors should acquire student prior understandings in
order to design more-effective teaching methods. In PER, free-response questions,
mterviews and multiple-choice questions are often used to probe student understand-
ings.

In a large-scale setting. multiple-choice test is the casiest to analyze and
the cheapest to conduct. but there is a lack of cfficient methods to analyze student
responses. Many physics education researchers have developed various multiple-
choice conceptual tests to detect student misconceptions such as Force Concept
Inventory (FCI) (Hestenes et al.. 1992) and Force and Motion Conceptual Evalua-
tion (FMCE) ( Thornton and Sokoloff, 1998). Many studies employed these instru-
ments to measure student understanding, however, the results from these instruments
tend to be used to obtam overall scores and average pre/post gains (Hake, 1998;
Huffman, 1998; Savinainen and Philip, 2002; Bonham et al., 2003).

The typical analysis of the multiple-choice tests not only fails to provide
information about students” misconceptions but also ignores students” wrong
answers containing a large amount of valuable information. Thus, the model analy-
sis was developed to extract information about models of student understanding
from their responses to multiple-choice test (Bao and Redish, 2006). This method
is most effective in detecting well-defined misconceptions. These misconceptions
were documented {rom qualitative researches that students often enter a classroom
with a few number of strong naive conceptions. These misconceptions are ofien in
conflict with or encourage misinterpretations of the expert view. One of the well-
defined misconceptions is about force and motion. Therefore, this study aims to
investigate students’ conceptions of force and motion by using the model analysis.

METHODOLOGY

Settings

The data were collected during the first semester of academic year 2006. The
FMCE pre- and post-tests were given to students taking physics for engineering
and agro-industrial students [ (PHYS207105) on the first and the last day of class.
Students were given 45 minutes to complete the FMCE. There were 746 students
taking both pre- and post-test. After disregarding incomplete responses, only data
from 545 students were analyzed by the model analysis.

Instrument

The FMCE was developed by Thornton and Sokoloff (1998). Since then it has
become one of the most popular instruments used to probe student understanding
ol Newtoman mechanics. This test consists of 47 multiple-choice single-response
items and one open-ended question. FMCE items can be categorized into five
clusters of basic mechanics concepts—velocity, acceleration, Newton’s first and
second laws, Newton’s third law and energy. For each item of FMCE, if students
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think that none of the choice is correct. they can choose to answer choice J. The Thai
version of FMCE translated by Physics Education Network of Thailand (PENThai)
was used to collect data.

TRADITIONAL ANALYSIS

The traditional and tyvpical quantitative analysis of multiple-choice test was
used in order to compare the results with the one using model analysis. Student
responses were input into an excel template designed by Wittmann (2001), then the
percentage of students’ correct responses on pre-and post-test were plotted accord-
ing to different clusters and overall scores. as shown in Figure 1. The percentage
gain is calculated as follows:

0, o —%
(100-% pre)
Pre/Post FMCE

Force

|Oum| Velocity | Accal 1.2) Fuu{ﬂl Energy
WPt | 242 | 708 | 318 | 126 | 201 | 318
mposite| 283 | 683 | 301 | 64 | 270 | as |
CGain% 005 | 008 | O 0.04 008 | 018 |

Cluster

Figure 1: Percentage of Pre/Post FMCE scores categorized into overall and five
concept clusters.

From Figure 1. Newton’s 15t and 27 laws cluster has the lowest percent
correction in both pre/post test scores. Therefore, using the model analysis should
provide useful results of student’s understanding model in this topic.

MODEL ANALYSIS

The model analysis consists of two algorithms—concentration factor
and model estimation. The concentration factor shows a distribution of student
responses, whether they are clustered on certain choices or scattered among all
choices. The model estimation is a quantitative evaluation of student models
of understandings derived from a numerical analysis of student responses on
multiple-choice tests. Since the concentration factor of student responses on FMCE
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has already been reported (Wattanakasiwich, 2006), this paper only presents the
result from using the model estimation algorithm.

Theoretical Framework: Student Model State

It is a continuing effort among educational researchers to look for new ways
to understand student learning process. However, learning is a complicated process,
so it could not be measured directly. We can only model student ways of thinking
and further improve our understanding of student learning. From physics teaching
experiences, students are not consistent in solving problems and sometimes even
use contradictory ideas to answer similar questions. In many cases when a similar
concept is presented under different physical contexts, students may have difficul-
ties in identifying the correct physics. They tend to use pieces of knowledge that are
induced by the surface features of the specific contexts. Therefore, students seem to
function as if they hold a mixture of different models (a correct one and incorrect
ones) without knowing the appropriate situation in which to apply them.

From results of cognitive research, it may be of great interest to consider the
student as always being in a consistent mental state. For students to reach a complete
expert model, they need to go through a process of conceptual change, as shown
in Figure 2. The mixed state is regarded as an important transitional stage for a
student to reach a complete favorable conceptual change in learning physics. Hence,
measurements of such mixed states have important values in assessment and instruc-
tion (Bao and Redish, 2006). Students in this mixed model state (sometimes referred
to as a hybrid model) often combine certain parts of the new knowledge and parts
of their existing knowledge. It is a solution of reconciliation to produce a locally-
consistent model for two types of knowledge which are otherwise contradictory.

h T T
Consistent Use of
Expert Madels

L]
Explicit Mixed i
Model States '

L)
L]
L]

N—— Hybrid Madel
i TT—

Implicit Mixed
Model States

l

Consistent Use of
Naive Modek
— e —————————

Figure 2: A process of model development leading to a conceptual change.
When students answer a particular physics question, the context of that

question triggers them to apply a certain model. The process of model activation is
complicated, so we cannot measure students’ model states directly. Bao and Redish
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(2006) proposed that the probability of activating model state could be obtained by
analyzing students” responses to a well-designed instrument. In other words. the
process of model activation could be treated as a process of quantum measurement.
Accordingly, the mental state of the student can be represented with respect to a set
of common models in a linear vector space, referred to as the model space. Each
common model is associated with an clement of an orthonormal basis, e, as shown
in Figure 3. This supports the fact that different mental models can have similar
features. Bao and Redish (2006) indicated that studies in neuroscience about neural
networks stimulated the ideas of using this representation.

Figure 3: A model space consisting of three orthogonal model vectors—e,, e, and
e,

Construct Student Model State

In order to construct student model state, student responses from a well-
designed multiple-choice test are required. The “well-designed™ instrument has to
be developed so that the choices of the question are designed to probe the different
common student models. These models have been revealed from qualitative physics
education research. There are 2 common models of force and motion found from
PER and a null model refers to other ideas or incomplete answers:

Model 1: It is necessary to have a force to maintain motion and there is no
such thing as a “force in the direction of motion.” (Correct)

Model 2: A force is needed to maintain motion. This model also includes
the ideas that there is always a force in the direction of motion and that the
force is directly related to the velocity of motion. (Incorrect)

Model 3: Null model

In the FMCE. four questions (questions 2, 5, 11 and 12) are associated with
Newton’s first and second law. When analyzing cach question. we can identify
distracters associating with a particular model, as shown in Table 1.
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