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We recently developed a multiple-choice conceptual survey in mechanical waves. The development,

evaluation, and demonstration of the use of the survey were reported elsewhere [A. Tongchai et al.,

Developing, evaluating and demonstrating the use of a conceptual survey in mechanical waves, Int. J. Sci.

Educ. 31, 2437 (2009)]. We administered the survey to 902 students from seven different groups ranging

from high school to second year university. As an outcome of that analysis we were able to identify several

conceptual models which the students seemed to be using when answering the questions in the survey. In

this paper we attempt to investigate the strength with which the students were committed to these

conceptual models, as evidenced by the consistency with which they answered the questions. For this

purpose we focus on the patterns of student responses to questions in one particular subtopic, wave

propagation. This study has three main purposes: (1) to investigate the consistency of student conceptions,

(2) to explore the relative usefulness of different analysis techniques, and (3) to determine what extra

information a study of consistency can give about student understanding of basic concepts. We used two

techniques: first, categorizing and counting, which is widely used in the science education community,

and second, model analysis, recently introduced into physics education research. The manner in which

categorizing and counting is used is very diverse while model analysis has been employed only in

prescriptive ways. Research studies have reported that students often use their conceptual models

inconsistently when solving a series of questions that test the same idea. Our results support their

conclusions. Moreover, our findings suggest that students who have had more experiences in physics

learning seem to use the scientifically accepted models more consistently. Further, the two analysis

techniques have different advantages and disadvantages. Our findings show that model analysis can be

used in more diverse ways, provides flexibility in analyzing multiple-choice questions, and provides more

information about consistency and inconsistency of student conceptions. An unexpected finding is that

studying waves in other contexts (for example, quantum mechanics or electromagnetism) leads to more

consistent answers about mechanical waves. The suggestion is that studying more abstract topics may

solidify students’ understanding of more concrete waves. While this might be considered to be intuitive,

we have not actually found direct empirical studies supporting this conjecture.

DOI: 10.1103/PhysRevSTPER.7.020101 PACS numbers: 01.40.Fk

I. INTRODUCTION

An important observation that has been made by science
educators for many years is that students, even those who
can pass examinations easily, often have difficulty in
understanding scientific concepts at a fundamental, con-
ceptual level. This has led, over the past three decades, to
much education research into the kind of mental construc-
tions which students and subject experts use to organize
their thinking about a scientific concept. It is found that the
mental constructions employed by experts are much the
same from one to another. So it is possible to construct a

kind of average, which may be called the orthodox con-
ception. On the other hand, students sometimes hold per-
sistent conceptions which are internally self-consistent, but
quite inconsistent with the orthodox understanding of the
material; these are referred to as alternative conceptions
[1–5]. Other terms can be found in the literature, such as
conceptual models, mental models, and schemas. All these
are sometimes given slightly different meanings. In this
paper wewill use the term ‘‘conceptual model’’ to stand for
the more general mental constructions of which ‘‘alterna-
tive conception’’ is one example.
A popular response on the part of researchers has been to

develop conceptual surveys aimed at uncovering specific
alternative conceptions [6–9]. Many of these surveys take
the form of multiple-choice tests, and that has inevitably
led to attention being paid to the interpretation of answers
to multiple-choice questions and how the information
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gained from them can be used in the classroom [10,11].
Many teachers would agree that a good way to test whether
students ‘‘really understand’’ a concept is to ask the same
question several times, in different contexts. The under-
lying belief is that, if a student answers those questions
consistently correctly, he or she should be able to correctly
answer all questions dealing with the same concept. What
is being addressed here is the consistency of the student’s
conceptions. Below we give a more careful definition of
what we mean by consistency.

There has been much physics education research effort
devoted to this aspect of student understanding, and many
studies have revealed that students solve problems across
different contexts inconsistently [12–20]. The same is true
of other discipline areas. Clough and Driver [12] inter-
viewed students aged 12–16 on problems concerning in-
heritance and natural selection and found that they used
different conceptions in response to parallel questions, and
that contextual features of the tasks seemed to be influenc-
ing their responses. More elaborate studies [3] applied the
‘‘substance schema’’ [2] to investigate student understand-
ing of sound. They concluded that students’ conceptions
were consistent with a substance schema only in some
respects, and that not all responses were accounted for by
the schema. The understanding of density and pressure by
students aged 12–15 was investigated using written ques-
tionnaires on different tasks with results indicating
that students changed their reasoning across different
questions, influenced by phenomenological features of
the tasks [20].

In all these diverse projects, there seem to be several
slightly different interpretations of what exactly the word
‘‘consistency’’ means, and how it should be measured. In
our current project, being done within the subject area of
physics, we identify (at least) two different interpretations
of the kind of consistency we are interested in. The first
interpretation simply concentrates on how systematically a
student uses their conceptual understanding in answering
questions that target the same concept, but in different
contexts. The second interpretation concerns itself with
the responses of a whole class of students and asks, on
average, how well-definedly the class can be divided into
the holders of various alternative conceptions. In this paper
we address both of these interpretations.

As one example, based on responses in the area of force
and motion (the most common topics taught in physics),
the consistency of students’ understanding was investi-
gated using a series of open-ended questions. The re-
sponses were then categorized and counted using a
computer program to uncover any predominant patterns
in the answers [13]. A similar technique has also been used
with multiple-choice questions [14] and with multiple-
choice questions on both force and electricity [21]. We
consider this kind of approach to be more or less equivalent
to taking the first interpretation above. The categorizing

and counting technique has also been extended to inves-
tigate how university students’ understandings shift from
one context to another [19]. On the other hand, Bao and
Redish [22] have developed a technique called model
analysis to investigate students’ conceptual models. To
date, it has been used only in the physics education com-
munity [22,23]. We consider this approach to line up better
with the second interpretation.
Lastly, although there have been many research studies

on student alternative conceptions across different disci-
pline areas in physics, mechanical waves have been given
relatively little attention. Yet studies have revealed that
students also encounter a range of difficulties with con-
ceptual understanding in that topic [24–33]. To comple-
ment this work, we developed and implemented a specially
designed conceptual survey called the Mechanical Waves
Conceptual Survey. In the first paper [34] describing this
work we identified alternative conceptions held by stu-
dents, and the way that they changed over time. In this
paper we explore the consistency of those responses in the
two interpretations we have described, using the two differ-
ent analysis methods mentioned above. A brief description
of each analysis method and data used to illustrate advan-
tages and issues related to each method will be provided in
later sections.

II. PURPOSE OF THE STUDY

The aims of the study were (1) to investigate the con-
sistency of students’ responses to sets of multiple-choice
questions about the concepts of wave propagation, (2) to
explore the relative usefulness of two different analysis
techniques for analyzing these responses, categorizing and
counting and model analysis, and (3) to determine what the
consistency of students’ responses can tell us about their
understanding of the fundamental physics concepts
involved.

III. RESEARCH METHODOLOGY

A. Instrument

The Mechanical Waves Conceptual Survey was devel-
oped iteratively involving trials with a total of 902 students
from senior high school to second year university students
[34]. The complete survey may be found in [35]. It covers
four main subtopics: propagation, superposition, reflection,
and standing waves. In this paper we focus only on the

TABLE I. Concepts covered in the survey on the subtopic of
propagation.

Question Concept

2, 3 Speed of sound waves

4, 5 Speed of waves on strings

6, 7, 8 Displacement of medium
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responses to the seven questions concerned with wave
propagation. Table I shows the concepts covered. The
full text of these seven questions is reproduced in the
appendix.

B. Participants

The participants were seven different groups of students.
They ranged from high schools both in Australia and
Thailand, through three levels of first year university,
fundamental, regular, and advanced, to second year uni-
versity [34]. A brief overview is provided in Table II.

The groups of students were ranked not only according
to the number of years of formal studies they had done, but
also taking account of other kinds of informal instruction in
physics they might have experienced (like Physics-
Olympiad involvement, special projects, and so on). We
chose to use the phrase ‘‘previous engagement with
physics learning’’ to refer to this mix of quantity and
quality of education. From this perspective we ranked the
groups of students as in Table II. This ranking was justified
a posteriori by the results in our earlier study [34].

C. Data analysis

In this section, we provide brief descriptions of the two
analysis techniques: categorizing and counting and model
analysis. Both techniques were applied to the same pairs or
groups of multiple-choice questions on the same test.

1. Categorizing and counting

This method of analysis is widely used. For example,
Palmer [14] generated eight multiple-choice questions test-
ing the same concept, but in different contexts. He catego-
rized whether students were using the correct conception
or the predominant alternative conception ‘‘motion-
implies-force.’’ He then counted the number of students
who used the correct conception on all eight questions, or
seven questions, and so on, while the number of students
who invoked ‘‘motion-implies-force’’ were also counted
on all eight questions, or seven questions, and so on. The
resulting table was then able to assign a numerical value to
the consistency with which students used either the correct
conception or the predominant alternative conception. A
similar technique was used in two topic areas, force and

electricity, allowing for several alternative conceptions
depending on the contexts of the questions [21].
Generalizing this scheme, the technique effectively makes
the idealization that each student either (1) understands the
concept completely (i.e., holds the orthodox conception),
(2) holds some other alternative conception, or (3) holds an
alternative conception other than those listed above, and/or
seems to be guessing the answers.
Each of these is characterized by a specific pattern of

responses to the survey questions. If any one student can be
unambiguously put into one of these three classifications,
on the basis of their selection of multiple-choice options,
one might then be considered to be using their understand-
ing completely consistently.
The categorizing and counting method of analysis is

flexible and readily adaptable to suit different study de-
signs with a firm grounding in alternative conceptions. The
focus in such studies is on trends and not on statistical
significance testing. We have adapted these analysis tech-
niques to reveal consistency of students’ responses to two
questions testing the same concept. Students’ responses
were categorized and counted, and the results are presented
in a later section.

2. Model analysis

This approach is based on the idea that when a student
answers one of the questions on the test, they draw upon an
underlying knowledge structure or mental model. In many
cases it is possible to identify which particular models
students are using when they answer individual questions,
and there can be several different models which can be
used by students to answer the questions. This technique
effectively considers a class of students to be made up of
(1) those employing the orthodox mental models, (2)
those employing the common alternative mental model,
(3) those employing no structured model, or just guessing
the answers.
The model analysis technique does not concentrate on

whether a student answer is correct or not; it is only
interested in which model they are using. We give a brief
description of model analysis here.
Consider a set of multiple-choice questions (total num-

berm), where each choice of each question can be assigned

TABLE II. Summary of participants.

Rank Groups n Descriptions

1 1stFund 123 First year fundamental physics students at a university in Australia.

2 SydHigh 54 Australian senior high school students in Sydney.

3 ThaiHigh 270 Thai senior high school students in Bangkok.

4 1stReg 287 First year regular physics students at a university in Australia.

5 2ndReg 48 Second year regular physics students at a university in Australia.

6 1stAdv 69 First year advanced physics students at a university in Australia.

7 2ndAdv 51 Second year advanced physics students at a university in Australia.
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to one or the other of these three ‘‘models.’’ The response
of any one student to the set of questions can be specified
by a set of three numbers, which can be written as

nk1; n
k
2; n

k
3;

where k is an index denoting which student it is (out
of a total number N). Clearly, assuming that the student
answered all questions in the set,

nk1 þ nk2 þ nk3 ¼ m: (1)

By way of interpretation, if nk1 ¼ m and nk2 ¼ nk3 ¼ 0, the
kth student has answered all questions using the orthodox
mental model (model 1). Likewise, if nk2 ¼ m, that student
has used model 2 (the most commonly held alternative
mental model). And if nk3 ¼ m, the student (ideally) seems

not to have used any structured mental model at all
(model 3). But at least, in each of these examples, the
student has answered consistently. On the other hand, if
any two of these numbers are nonzero, the student has not
been consistent. For instance, if nk1 � nk2 � 0, the student is
demonstrating confusion between models 1 and 2, some-
times using one and sometimes the other.

A difficulty faced by workers in this field is to find a
representation to display these data in such a way that the
interpretations described above are easy to see. The repre-
sentation proposed by Bao [36] borrows from the formal-
ism of quantum statistical mechanics. Using the three
numbers, nk1, nk2, nk3, it constructs a (3� 3) matrix,

defined by

Dk ¼ 1

m

nk1

ffiffiffiffiffiffiffiffiffiffi

nk1n
k
2

q ffiffiffiffiffiffiffiffiffiffi

nk1n
k
3

q

ffiffiffiffiffiffiffiffiffiffi

nk2n
k
1

q

nk2

ffiffiffiffiffiffiffiffiffiffi

nk2n
k
3

q

ffiffiffiffiffiffiffiffiffiffi

nk3n
k
1

q ffiffiffiffiffiffiffiffiffiffi

nk3n
k
2

q

nk3

0

B

B

B

B

@

1

C

C

C

C

A

: (2)

This matrix represents a single student’s model state, i.e.,
how the pattern of the student’s responses to all questions
spreads out over the three models. It is known as a single
student model density matrix. It must be stressed that this
definition contains no more information than is contained
in the original three numbers themselves, which can be
seen to lie along the main diagonal of the matrix. What it
does do, however, is to make explicit any confusion
between models, which is shown by the presence of off-
diagonal elements.

The power of this representation is seen when we at-
tempt to determine an average response to the set of ques-
tions for all students. We simply sum over all single student
responses (and normalize) to obtain the model density
matrix of the class:

D ¼ 1

N

X

N

k¼1

Dk ¼ 1

N �m
X

N

k¼1

nk1

ffiffiffiffiffiffiffiffiffiffi

nk1n
k
2

q ffiffiffiffiffiffiffiffiffiffi

nk1n
k
3

q

ffiffiffiffiffiffiffiffiffiffi

nk2n
k
1

q

nk2

ffiffiffiffiffiffiffiffiffiffi

nk2n
k
3

q

ffiffiffiffiffiffiffiffiffiffi

nk3n
k
1

q ffiffiffiffiffiffiffiffiffiffi

nk3n
k
2

q

nk3

0

B

B

B

B

@

1

C

C

C

C

A

:

(3)

Each element of the class model density matrix represents
different aspects of the students’ understanding. The
diagonal elements (which range from 0 to 1) represent
the average number of responses which drew upon each
of the three models. The off-diagonal elements (ranging
from 0 to 0.5) tell us whether or not the students drew upon
those models consistently (on average) or whether they
jumped around between models.
As a brief guide to interpretation, consider the following

hypothetical class model density matrices:

DI ¼
1 0 0

0 0 0

0 0 0

0

B

B

@

1

C

C

A

;

DII ¼
0:5 0 0

0 0:3 0

0 0 0:2

0

B

B

@

1

C

C

A

;

DIII ¼
0:5 0:2 0:1

0:2 0:3 0:1

0:1 0:1 0:2

0

B

B

@

1

C

C

A

:

DI shows that all students in the class answered all ques-
tions using model 1. DII shows that 50% of the class used
model 1 consistently, 30% used model 2 consistently, and
20% used model 3 consistently. DIII shows that students
answered using all models inconsistently; i.e., each student
sometimes used model 1, sometimes model 2, and some-
times model 3. A comparison ofDII andDIII shows the key
feature of the representation. In both cases, the average
numbers for each model are the same (the diagonal ele-
ments), but the responses were consistent in DII and
inconsistent in DIII.
In our study, we applied this analysis technique to

illustrate the consistency of students’ responses to two
sets of questions. It should be noted that model analysis
is capable of more than this. By calculating the eigenvec-
tors and eigenvalues of the class model density matrix, Bao
[36] was able to assign a numerical value to the degree of
inconsistency. We will not follow down that path since we
are not interested in comparing pre-test and post-test
scores. We simply want to make visual where the incon-
sistencies occur. The results are presented in Sec. IVB.
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IV. RESULTS

A. Categorizing and counting

1. Speed of sound waves in air.—Students’ responses to
questions 2 and 3 on the speed of sound waves were placed
into the three categories described below.

Complete understanding (CU).—The answers to both
questions demonstrate that the speed of sound waves de-
pends on the properties of the air, a consistent and correct
response.

Common alternative conception (CA).—The answers to
both questions demonstrate that the speed of sound waves
depends on their frequency, a consistent but incorrect
response. This is the predominant common alternative
conception [28,31].

Other ideas or guessing (OG).—The answers are not
from the patterns above. Students’ responses reflect a
diverse range of alternative conceptions and there is no
consistency between the answers to the two questions.

The percentages of students’ responses in each category
were counted and plotted against previous engagement
with physics learning (ranked as in Table II) as shown in
Fig. 1. As students’ previous engagement increases, we
note that the percentage of students in the category com-
plete understanding, which represents consistently correct
responses, increases to about 80%–90%. (There are some
fluctuations about the general trend, but we do not consider
these to be significant.) Remember that the later year
students would not have explicitly studied this material
for several semesters; therefore, there seems to be a sug-
gestion that deeper understanding of mechanical waves
occurs as students cover a range of related subjects like
quantum mechanics and electromagnetism. On the other
hand, the common alternative conception persists at about
25% and then reduces quite sharply. The main switch going
from novices to more experienced groups appears to be
from other ideas (OG) to complete understanding (CU).

2. Concept of the speed of waves on strings.—Questions
4 and 5 are about the speed of wave pulses traveling along
strings. The scientifically accepted concept is that the
speed of waves depends on the properties of the string

only. The common alternative conception was that the
speed of waves on strings depends on frequency. Results
using the same set of categories (CU, CA, and OG) are
shown in Fig. 2.
This pair of questions seems to be more difficult than the

previous pair, resulting in a very different looking graph.
The complete understanding group is very small at the
start. It rises steadily as previous engagement with physics
increases, but it is still only 50% at second year university
level. This is consistent with the fact that the scientifically
accepted conception involved is actually counterintuitive.
Most naive observations of waves on strings seem to sup-
port the idea that the wave speed does not depend only on
the properties of the medium, but also on how the wave is
generated.
The common alternative conception, that wave speed

depends on frequency, does not attract many adherents at
any level. On the other hand, the other ideas or guessing
group is quite large at the start, about 80%. This falls
steadily as previous engagement with physics learning
increases, but it is still 50% at second year university level.
This behavior is not characteristic of the usual mixture of
ill-understood ideas or guesses. Instead, it almost looks like
a third, consistent but incorrect, conception. It seems to
warrant more research being done to find out exactly what
the conception is, and special care being taken to change it.

B. Model analysis

We applied the technique model analysis to two sets of
questions, each based on one particular concept. The first
set consists of all the questions concerned with the speed of
waves: questions 2, 3, 4, and 5. The second set contains
questions 6, 7, and 8, concerned with two different aspects
of the displacement of the medium. Results and explana-
tions of each set of questions are shown below. We note
that model analysis is being used with alternative concep-
tions rather than the more cognitive-type mental models
they have been previously applied to.
1. Speed of waves.—Students’ responses to questions 2,

3, 4, and 5 can be categorized into three models.

FIG. 2. The percentages of students’ responses obtained using
the categorizing and counting technique are plotted against
previous engagement with physics learning (ranked as in
Table II) for questions 4 and 5 on the speed of waves on strings.

FIG. 1. The percentages of students’ responses obtained using
the categorizing and counting technique are plotted against
previous engagement with physics learning (ranked as in
Table II) for questions 2 and 3 on the speed of sound.
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Model S1: The answers demonstrate the understanding
that the speed of waves depends on medium properties (the
scientifically accepted conception).

Model S2: The answers are built on the notion that the
speed of waves depends directly on frequency (common
alternative conception).

Model S3: Other ideas or guessing.
Note, however, that there is not necessarily any one-to-

one mapping between models and answers. It is perfectly
possible for two or more multiple-choice options to ‘‘be-
long’’ to one model. For example, question 5 option a (use
a lighter string, under the same tension, because the veloc-
ity increases as the density decreases) and option b (use a
heavier string, under the same tension, because the velocity
increases as the density increases) are both in accordance
with model S1. The associations of multiple-choice op-
tions with each model for all questions are shown in
Table III.

Table IV shows the class model density matrices of all
groups of students. Remember that the diagonal elements
of each matrix represent the proportion of students’ re-
sponses which are based on the three models. Overall, it is
clear that as the previous engagement with physics learning
increases, the trend of the consistent use of conceptual
models (diagonal elements) shifts from other ideas
(model S3) and common alternative conception (S2) to
the scientifically accepted model (S1).

Further, students with low previous engagement with
physics learning seem to use all models equally. Indeed,
they use all models inconsistently, as shown by the high
values of the off-diagonal elements. At the other end of the
table, the most advanced students tend to use only the
scientifically accepted model, and do so consistently.

We also plotted the diagonal elements of all density
matrices against the ranked previous physics learning,
generating Fig. 3. This shows that a lot more students
seem to use the scientifically accepted model after they
have more experience in physics learning. At a superficial
level, Figs. 1 and 3 look similar. However, students who

showed ‘‘complete understanding’’ in Figs. 1 and 2 (solid
line) can only fall into the model S1 group in Fig. 3.
Likewise, those who chose the ‘‘common alternative’’
(dotted line) fall into model S2. But the ‘‘other ideas or
guessing’’ (dashed line) can fall into any of the three
models. Therefore it is not easy to see the relationship
between these graphs, particularly Figs. 2 and 3, even
though they are constructed from some of the same data.
To our way of thinking, the matrices in Table IV are the
easiest to interpret.
2. Displacement of the medium.—Questions 6, 7, and 8

are concerned with displacement of the medium. Using this
set of questions we will demonstrate that model analysis
can be applied to analyzing the same set of questions more
than once depending on which particular fundamental
concept we are interested in. For this set of questions we
are interested in two main concepts: (i) that sound waves
are longitudinal, rather than transverse waves (models L),
and (ii) that the particles of the medium oscillate about a
central position, rather than keep moving in the same
direction (models O). The analysis method and the results
of the two sets of questions are shown below.
(i) Sound waves as longitudinal waves.—Students’ re-

sponses to this set of questions can be categorized into
three models.

FIG. 3. Trend of the diagonal elements of all class model
density matrices plotted against previous engagement with phys-
ics learning (ranked as in Table II) for questions 2–5 on wave
speed.

TABLE III. Models and multiple-choice options for questions
about wave speed.

Question Model S1 Model S2 Model S3

2 a b c, d

3 c b a, d

4 f b a, c, d, e

5 a, b d c

TABLE IV. Class model density matrices for questions 2–5 on wave speed.

1stFund (n ¼ 123) SydHigh (n ¼ 54) ThaiHigh (n ¼ 270) 1stReg (n ¼ 287) 2ndReg (n ¼ 48) 1stAdv (n ¼ 69) 2ndAdv (n ¼ 51)

0.34 0.17 0.19 0.38 0.22 0.15 0.31 0.22 0.19 0.43 0.20 0.14 0.57 0.19 0.13 0.75 0.15 0.12 0.79 0.12 0.09

0.17 0.32 0.17 0.22 0.45 0.14 0.22 0.38 0.20 0.20 0.41 0.11 0.19 0.30 0.07 0.15 0.17 0.03 0.12 0.15 0.01

0.19 0.17 0.33 0.15 0.14 0.17 0.19 0.20 0.30 0.14 0.11 0.16 0.13 0.07 0.13 0.12 0.03 0.08 0.09 0.01 0.06

TABLE V. Models and multiple-choice options for questions
about longitudinal waves.

Question Model L1 Model L2 Model L3

6 b, d c a, e

7 b, c, f, g d, e a, h

8 b, c, f, g d, e a, h
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Model L1: The answers demonstrate that a sound wave
is a longitudinal wave; i.e., the motion of the dust particle
is forwards or backwards along a line (the scientifically
accepted conception).

Model L2: The answers are built on the notion that a
sound wave is a transverse wave; i.e., the dust particle
moves up and down (common alternative conception).

Model L3: Other ideas or guessing.
The associations of multiple-choice options in each

model for all questions are generated as shown in Table V.
Table VI shows the class model density matrices for

models L1, L2, and L3 of all groups of students.
Consider first the diagonal elements. As the previous en-
gagement with physics learning increases, students’ re-
sponses tend to shift from models L2 and L3 to the
scientifically accepted model (model L1). We note that
the scientifically accepted model is highly used (over
50%) by all groups, suggesting that students do indeed
know that sound waves are longitudinal waves. Secondly,
the off-diagonal element values seem to decrease as the
previous engagement with physics learning increases, sug-
gesting that students progressively use their conceptions
more consistently as they have studied more physics.

(ii) Patterns of dust particle movement.—For the next
fundamental concept, we are interested in students’ con-
ceptions of whether the dust particle oscillates or moves in
a fixed direction. Again, students’ responses can be cate-
gorized into three models.

Model O1: The answers demonstrate that the dust par-
ticle oscillates about a central position (the scientifically
accepted conception).

Model O2: The answers are built on the notion that the
dust particle does not oscillate, but moves along a line
(common alternative conception).
Model O3: Other ideas or guessing.
The associations of multiple-choice options in each

model for all questions are generated as shown in
Table VII, and the class model density matrices are shown
in Table VIII.
Similar patterns emerge in both diagonal and off-

diagonal elements as seen in Table VIII. We can now
compare across Tables VII and VIII. This comparison
reflects different ways of interpreting the same set of
responses. One is about the longitudinal waves, and the
other is about oscillation. Regarding this particular funda-
mental physics, students seem to start with no clear idea at
all about how particles move, and by the time they get to
second year physics, 86%—95% of responses have a con-
ceptual model including both aspects of the motion that
they can use consistently.

V. DISCUSSION AND CONCLUSION

This project dealt with the development and implemen-
tation of the specially designed survey, the Mechanical
Waves Conceptual Survey. The results presented in
the previous paper [34] allowed us to identify several
student alternative conceptions, and we were able to de-
scribe how these alternative conceptions changed over
time. But there are always questions of consistency with
a survey like this. How can we be sure that students’
responses genuinely reflect what they are thinking?
This paper used the same data, this time focusing on the

consistency of the responses. In this process we came up
against issues in three main areas. Firstly, there was the
issue of flexibility of the different analysis techniques—
what can they be used to analyze and what type of useful
interpretations will result from their use? Secondly, there
were technical issues regarding what sort of information
the different analysis techniques could give. Thirdly, there
was an examination of what the consistency of students’
responses told us about their understanding of the funda-
mental physics concepts involved.

TABLE VI. Average class density matrices for questions 6–8 on longitudinal waves.

1stFund (n ¼ 123) SydHigh (n ¼ 54) ThaiHigh (n ¼ 270) 1stReg (n ¼ 287) 2ndReg (n ¼ 48) 1stAdv (n ¼ 69) 2ndAdv (n ¼ 51)

0.56 0.14 0.13 0.72 0.05 0.07 0.50 0.11 0.17 0.71 0.06 0.06 0.81 0.03 0.06 0.88 0.05 0.02 0.86 0.04 0.03

0.14 0.26 0.09 0.05 0.19 0.01 0.11 0.26 0.07 0.06 0.20 0.04 0.03 0.12 0.02 0.05 0.09 0.00 0.04 0.10 0.00

0.13 0.09 0.18 0.07 0.01 0.09 0.17 0.07 0.24 0.06 0.04 0.10 0.06 0.02 0.08 0.02 0.00 0.03 0.03 0.00 0.05

TABLE VII. Models and the multiple-choice options for ques-
tions about oscillations.

Question Model O1 Model O2 Model O3

6 b, c d a, e

7 b, c, d, e f, g a, h

8 b, c, d, e f, g a, h

TABLE VIII. Average class density matrices for questions 6–8 on oscillations.

1stFund (n ¼ 123) SydHigh (n ¼ 54) ThaiHigh (n ¼ 270) 1stReg (n ¼ 287) 2ndReg (n ¼ 48) 1stAdv (n ¼ 69) 2ndAdv (n ¼ 51)

0.39 0.12 0.11 0.65 0.02 0.06 0.50 0.12 0.15 0.65 0.05 0.06 0.71 0.08 0.04 0.83 0.01 0.02 0.95 0.01 0.03

0.12 0.43 0.10 0.02 0.26 0.03 0.12 0.27 0.09 0.05 0.25 0.04 0.08 0.22 0.04 0.01 0.14 0.00 0.01 0.01 0.00

0.11 0.10 0.18 0.06 0.03 0.09 0.15 0.09 0.24 0.06 0.04 0.10 0.04 0.04 0.08 0.02 0.00 0.03 0.03 0.00 0.05
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A. Investigating consistency

We find that, in the area of mechanical waves, as in other
areas, students respond inconsistently. Students start using
some ideas more consistently earlier in their studies than
others. For example, whether sound waves are transverse
or longitudinal seems to be understood earlier than oscil-
lations. If a survey can be used to diagnose such features,
then teachers can respond in real time.

We found that, in general, student conceptual under-
standing increased with increasing previous engagement
with physics. If we remember that the survey addressed
some basic concepts not explicitly covered in higher years
but definitely used, the indication is that as students con-
tinue studying and using these concepts in other topics,
they improve their understanding of these ideas. For ex-
ample, studying quantum mechanics and electromagne-
tism seems to deepen their understanding of basic
mechanical waves. On the other hand, a better understand-
ing of basic waves can scaffold a sound understanding of
quantum mechanics and electromagnetism. Most teachers
would agree. There is no doubt that more research needs to
be carried out in such areas, and the study of consistency in
students’ answers is a gateway for such studies.

B. Analysis techniques

In the first instance, when looking at the different analy-
sis techniques, we found that each had different strengths
and weaknesses. The categorizing and counting technique
is a flexible, simple, and convenient analysis tool for
evaluating students’ responses and is easy to use in a
classroom. It is used to investigate trends with no reliance
on further statistical analysis. Furthermore, it is also rela-
tively easy to interpret its results. On a very basic level, this
technique reflects the assumption that ‘‘you only under-
stand completely if you can answer the same question in
the same way in different contexts.’’

There is one assumption which is implicit in these tech-
niques: if students have the correct conceptual model, they
will answer the question correctly. But we know that stu-
dents are not necessarily consistent. They frequently seem
to hold several different conceptual models in their heads,
which they switch between when answering survey ques-
tions. The model analysis technique confronts this problem
head-on. In this study model analysis has been used with
alternative conceptions rather thanmentalmodels forwhich
they were specifically designed. Our results demonstrate
that model analysis is more robust than anticipated.

We used this technique to analyze four questions relating
to the speed of waves and three questions on displacement
of the medium. The technique produced meaningful infor-
mation which agreed with similar data given by the other
technique. However, it also gave us further information
about how consistently students used their conceptions,
which we can see from the off-diagonal elements of
the matrices. Moreover, the technique was applied to

analyzing different aspects of the same questions specified
by which student conceptions we are interested in. Despite
the fact that model analysis is mathematically more com-
plicated to use, it proved to be flexible in analyzing well-
developed multiple-choice conceptual surveys.

C. Consistency and conceptual understanding

The results from the two different techniques agreed in
suggesting that students do indeed use their conceptions
inconsistently across different contexts. For instance, in
questions 2 and 3, students seemed to switch easily be-
tween the scientifically accepted conception and the com-
mon alternative. These findings support studies found in
the literature [12,14,21].
Considering Figs. 1–3, they all agree on one thing,

namely, that the scientifically accepted responses increased
with increasing previous engagement with physics.
Similarly, the figures show that the alternative conceptions
and other ideas all decreased. However, the data illustrated
in Fig. 2 require some comment. In this figure a large
number of responses fall into the ‘‘other ideas or guessing’’
category. Furthermore, they are persistent, suggesting that
this category is a complete conceptual model in its
own right. At the lowest end of the previous physics
experience spectrum, some 90% of students hold this
‘‘model,’’ and at the high end it is still held by 50%. One
suggestion is that the students did not recognize that the
questions were related to one another. Seemingly, they
were independent, meaning that students did not draw on
the same knowledge base in order to answer them. So it is
understandable that there will be a large degree of
inconsistency.
In our earlier paper, question 4 was investigated inde-

pendently and in great detail. The most common alterna-
tive conception (that wave speed depends on frequency)
was extremely obvious (see Fig. 7 in [34]). In this present
paper, we looked specifically at how consistently students
applied their conceptual models, using the categorizing
and counting technique. They only scored (CU) if they
got both questions 4 and 5 correct. This scoring eroded
considerably the number who seemed to be using the
alternative conception consistently. These findings suggest
that, in order to identify student conceptual models, it is not
enough simply to consider how they answer individual
questions. It is also necessary to determine how consis-
tently they answer sets of questions.
Lastly, we have analyzed the same three questions twice.

First, using conceptual models based on longitudinal
waves (Table V) and second based on particle oscillations
(Table VII). We find that the naı̈ve students have a slightly
better understanding of longitudinal waves than oscilla-
tions. However, the most experienced students seem to
demonstrate the reverse, better understanding of oscilla-
tions and poorer understanding of longitudinal waves.
We speculate this is because these students have studied
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general wave motion in their later years, but not sound
waves explicitly. How formal instruction influences this is
interesting and needs to be further explored.

VI. IMPLICATIONS

Both techniques have their usefulness and were able to
show that the student conceptual understanding increases
as they studied more physics from high school to second
year university level. The second technique was particu-
larly useful in highlighting inconsistencies in the way
students answered the questions. In terms of classroom
practices, it is important to be careful when interpreting
students’ responses to this kind of survey. They may ap-
parently get the right answers, but still be confused about
the basic concepts. The more sophisticated model analysis
technique gives a readily visual summary of where the
students are mixing conceptual models.
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APPENDIX: QUESTIONS FROM THE
MECHANICALWAVES CONCEPTUAL

SURVEY WHICH ARE USED IN
THIS STUDY

Consider the following description and answer questions
2–3.

Students X and Y are standing 50 m apart and yell ‘‘Yo!’’
at each other at exactly the same time.

(2) They yell at each other with the same loudness, but Y
yells with a higher pitch than X does. Who will hear the
other’s sound first?

a. They will hear each other at exactly the same time
because the speed of sound waves depends on the proper-
ties of the air.

b. X will hear the sound first because the speed of sound
waves depends on frequency according to v ¼ f�.

c. They will hear each other at exactly the same time
because the speed of sound waves depends on amplitude.

d. X will hear the sound first because sound with a higher
frequency is more penetrating.

(3) Student Y yells louder than X, but they yell at each
other with the same pitch. Who will hear the other’s sound
first?

a. X will hear the sound first because the speed of the
waves depends on the amplitude of the sound.
b. They will hear each other at exactly the same time

because the speed of the waves depends on the frequency
according to v ¼ f�.
c. They will hear each other at exactly the same time

because the speed of the waves depends on the properties
of the air.
d. X will hear the sound first because the wave with the

larger amplitude travels further.

Consider the following description and answer questions
4–5.

One end of a long taut string is tied to a distant pole
while the other end of the string is held by a girl (see figure
below). This girl quickly flicks her hand up and down to
create a pulse moving towards the pole.

(4) She now wants to produce a pulse that takes a shorter
time to reach the pole. How can she do this?
a. Flick the string harder to push more force into the

pulse.
b. Flick the string faster to create a pulse with higher

frequency.
c. Flick the string further up and down to create a pulse

with larger amplitude.
d. Flick the string a shorter distant up and down to create

a pulse with smaller amplitude.
e. Wait until the first pulse is reflected back then flick

again to add the pulses together.
f. None of the above would produce a pulse that takes a

shorter time to reach the pole.

(5) She still wants the pulse to reach the pole in a shorter
time by changing the properties of the string. How can she
do this?
a. She should use a lighter string, under the same ten-

sion, because the velocity increases as the density
decreases.
b. She should use a heavier string, under the same

tension, because the velocity increases as the density
increases.
c. She should decrease the tension in the string because

the velocity increases as the tension decreases.
d. None of the above would produce a pulse that takes a

shorter time because the speed is determined by frequency
and wavelength according to v ¼ f�.
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Consider the following description and answer questions
6–8.

A dust particle hovers in front of a silent loudspeaker
(see figure below). The loudspeaker is turned on and plays
a loud tone at a constant pitch.

Dust particle

Speaker

(6) How will the dust particle move?
a. It will stay in the same position.
b. It will move back and forth about the same position.
c. It will move up and down about the same position.

d. It will move away from the speaker.
e. It will move away as a sine curve.

For questions 7 and 8, choose the description from ‘‘a’’
through ‘‘h’’ which best answers each question.

a. It will stay at the same position.
b. It will move back and forth further.
c. It will move back and forth faster.
d. It will move up and down further.
e. It will move up and down faster.
f. It will move away further.
g. It will move away faster.
h. It will move away faster as a sine curve.

(7) The pitch of the sound is increased but the volume
stays the same. What happens to the motion of the dust
particle?

(8) The volume of the sound is increased but the pitch
stays the same. What happens to the motion of the dust
particle?
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