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This study analyzed the psychometric characteristics of a physics problem-solving ability
test on sound wave material using Many-Facet Rasch Measurement (MFRM) with the
Partial Credit Model (PCM). In this descriptive quantitative study, an eight-item essay
instrument based on Polya's four problem-solving stages (understanding the problem,
devising a plan, carrying out the plan, and looking back) was administered to 74 Grade
XI students at a public senior high school in Cimahi City (purposive sampling). Analysis
covered unidimensionality, item and person reliability, item fit, item difficulty,
discriminating power, category functioning, and differential item functioning (DIF). The
raw variance explained by Rasch measures reached 65.45%, indicating very good
unidimensionality. Seven items met the Rasch fit criteria, while Item 1a showed marginal
fit and was retained. Item reliability was high (0.93) and person reliability was fair (0.71).
Difficulty analysis classified one item as easy (1c), six as moderate (la, 1b, 1d, 2a, 2c, 2d),
and one as difficult (2b), indicating a similar target ability range across items. All items
showed positive discrimination (Point Measure Correlation 0.37—0.71). Three items had
disordered response-category thresholds requiring refinement, and DIF analysis identified
four items functioning differently by gender, with DIF direction balanced between male
and female students. These findings indicate satisfactory psychometric quality for
measuring physics problem-solving ability on sound wave material, though several items

warrant further qualitative review. Further development is recommended, including
oreng access
BY

expanding item numbers, refining response categories, and testing with larger, more
diverse samples to improve generalizability.

1. Introduction

Problem-solving plays an important role in physics learning because it helps students construct new
knowledge and facilitates the learning process (Mukhopadhyay, 2013). In physics, problem-solving ability
is not merely a general skill but involves a series of cognitive processes. One widely used framework for
describing this process is Polya (1957) four-stage model, which consists of understanding the problem,
devising a plan, carrying out the plan, and looking back. Physics learning requires students not only to
understand abstract concepts but also to apply them in real and complex situations (Putra et al., 2025).
Similarly, Musengimana et al.. (2025) emphasized that problem-solving ability can strengthen conceptual
understanding while developing students’ capacity to address real-world problems. In this context,
physics problem solving requires students to coordinate conceptual understanding, mathematical
reasoning, and different forms of representation throughout the problem-solving process.

These demands are particularly evident in the topic of sound waves. Sound wave concepts are
inherently abstract because the phenomena are dynamic and cannot be directly observed, making them
difficult for students to understand through verbal explanations or symbolic representations alone (Frank
et al., 2025). To solve problems related to sound waves, students must construct appropriate mental
representations and connect them with relevant mathematical relationships. However, students often
experience difficulties when operating wave equations and connecting mathematical representations with
verbal and graphical representations (Amiroh et al., 2021). These challenges can occur throughout the
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problem-solving process. Students must first identify relevant physical quantities from the given
information, determine an appropriate relationship among those quantities, apply the selected procedure,
and finally evaluate whether the obtained result is consistent with the physical situation. Therefore, the
abstract and representational characteristics of sound waves make this topic a particularly demanding
context for examining students’ problem-solving abilities.

Despite the importance of problem-solving ability, previous studies have shown that many high
school students still demonstrate relatively low performance in physics problem solving (Listiawan et al.,
2026; Nurrohmah et al., 2026). For example, Putra et al.. (2025) found that most students were in the
moderate to low categories, particularly in the stages of devising a plan, carrying out the plan, and looking
back. These findings suggest that students’ difficulties may not occur uniformly throughout the problem-
solving process. Consequently, identifying students’ abilities at each stage is important for understanding
where their difficulties are most pronounced and for providing a basis for improving physics instruction.
However, such identification requires an instrument that can assess students’ performance across
different stages of problem solving, particularly in the context of sound waves.

The identification of students’ problem-solving abilities therefore depends on the availability of
valid and reliable measurement instruments. In addition to measuring students’ ability profiles,
assessment instruments can also support the development of higher-order thinking skills, including
problem-solving ability (Lestari et al., 2019). Information obtained from high-quality instruments can
provide teachers with a more accurate understanding of students’ abilities and support more appropriate
instructional decisions. Therefore, developing and evaluating the quality of problem-solving instruments
is an important step in efforts to improve physics learning.

Several Rasch-based problem-solving instruments have been developed in physics education.
However, these instruments have generally been designed for specific content areas, problem-solving
frameworks, and participant groups. At the junior high school level, (Rokhmat & Hanif, 2017) developed
an instrument on vibration, waves, and sound based on (J. Docktor et al., 2007) five indicators. This
framework includes important aspects of physics problem solving, such as visualizing the problem,
applying physics principles, and performing mathematical procedures. However, it does not explicitly
include a stage for evaluating the reasonableness of the final solution.

Similar approaches have also been applied in other contexts. At the senior high school level,
Listiawan et al. (2026) applied a Heller-based framework to the topic of heat. Nurrohmah et al. (2026),
meanwhile, developed a Rasch-based instrument on alternative energy using Treffinger & Isaksen (2004)
Creative Problem Solving framework. This framework places greater emphasis on creative and divergent
thinking than on the systematic integration of conceptual and mathematical reasoning typically required
in physics problem solving. Ridwan et al. (2023) also employed Rasch analysis in developing a problem-
solving instrument on climate change. However, its indicators—defining the problem, identifying root
causes, generating alternative solutions, and selecting the best solution—represent a more general
problem-solving process for socio-scientific issues. Moreover, the study involved university students
rather than high school students.

These previous studies demonstrate the potential of Rasch analysis for evaluating problem-solving
instruments while also highlighting differences in the frameworks, content areas, and target populations
used. However, no previous Rasch-based study has adopted Polya’s (1957) four-stage framework,
consisting of understanding the problem, devising a plan, carrying out the plan, and looking back. The
inclusion of the looking-back stage is particularly important because it requires students to reflect on and
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evaluate their solutions, thereby capturing an aspect of the problem-solving process that is closely related
to metacognitive evaluation. In addition, previous studies have not applied Polya’s framework to sound
waves, a topic that requires students to coordinate conceptual understanding with mathematical
reasoning and multiple representations. This creates a gap in the development of a physics problem-
solving instrument that combines Polya’s complete problem-solving stages with Rasch analysis for high
school students in the context of sound waves.

To address this gap, the present study develops and evaluates a Rasch-based physics problem-
solving instrument based on Polya’s framework for the topic of sound waves. In contrast to existing
instruments that emphasize particular aspects of physics problem solving, creative and divergent thinking,
or more general problem-solving processes, the proposed instrument covers the process from
understanding a problem to evaluating the resulting solution. This structure allows students’ performance
to be examined across different stages of problem solving while maintaining a clear connection to the
characteristics of physics content.

The instrument focuses on two sound wave subtopics, namely string frequency and sound intensity
level. These subtopics involve different mathematical relationships and require students to work with
abstract representations as well as quantitative procedures. Through Rasch analysis, the instrument can
be evaluated not only in terms of overall item difficulty but also in terms of how item difficulty is
distributed across Polya’s problem-solving stages and the two content areas. Such information can help
identify the aspects of problem solving that are most challenging for high school students when solving
problems related to sound waves.

Based on the above discussion, this study aims to analyze the quality of a physics problem-solving
ability test instrument on sound waves for high school students using the Rasch model. The results are
expected to provide information about the psychometric characteristics of the instrument and contribute
to the development of higher-quality instruments for assessing students’ physics problem-solving

abilities.
2. Theoretical Framework

2.1. Physies Problem-Solving Ability

Problem-solving ability is a complex competency that enables individuals to address challenges by
drawing on their prior knowledge and engaging in higher-order cognitive processes, such as analysis,
evaluation, and reflection Graesser et al. (2018). Although definitions of problem solving generally
involve identifying a problem and finding an effective solution, scholars differ in how they describe the
process. Ozrecberoglu & Caganaga (2018), for example, primarily describe problem solving as a decision-
making process, whereas Dérner & Funke, (2017) conceptualize complex problem solving as a set of
self-regulated psychological processes and activities through which individuals overcome barriers
between a given state and a desired goal state, particularly in complex, dynamic, and ill-defined situations.
These different perspectives have implications for the way problem-solving ability is assessed. A decision-
making perspective tends to emphasize the selection of available alternatives, whereas a staged approach
focuses more on the process of constructing a solution. The latter is particularly relevant to physics,
where students are often required to develop a solution through conceptual and quantitative reasoning
rather than simply select from predetermined alternatives. For this reason, frameworks that describe
problem solving as a sequence of interconnected stages, such as Polya’s framework discussed in Section
2.2, are particularly relevant to physics education research.
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Problem-solving ability is especially important in physics education, where it is widely recognized
as a central learning goal and a major area of research in physics education research (PER) (J. L. Docktor
& Mestre, 2014). Solving physics problems requires more than following memorized procedures.
Students must analyze the problem situation, identify relevant physical principles, and coordinate
conceptual understanding with mathematical reasoning to solve complex and non-routine problems
(Maloney, 2011). Given these demands, assessing students’ problem-solving ability is important not only
for evaluating learning outcomes but also for identifying where students experience difficulties during
the problem-solving process. Such assessment can provide information about whether students’
difficulties are primarily related to conceptual understanding, procedural execution, or the evaluation of
their solutions. This diagnostic function underlies the development of the problem-solving instrument
examined in the present study.

2.2. Polya’s Problem-Solving Framework in Physics Education

Polya’s (1957) four-stage framework—understanding the problem, devising a plan, carrying out the plan,
and looking back—was originally developed in the context of mathematical problem solving. Therefore,
its application to physics problem solving requires careful consideration of its relevance to the
characteristics of physics learning. The connection between Polya’s framework and physics problem
solving, however, has a well-established history. Maloney’s (2011) overview of problem-solving research
in physics education traces this connection through the Minnesota structured problem-solving strategy
developed by Heller & Holla Baugh (1992), which was explicitly based on Polya’s four-step framework.
In adapting the framework to physics, the strategy was developed into five physics-oriented steps:
focusing the problem, describing the physics, planning the solution, executing the solution, and evaluating
the answer. This adaptation shows that Polya’s general problem-solving framework can be meaningfully
applied to physics by accommodating the conceptual and mathematical demands that characterize
physics problems.

Although Polya’s framework has influenced the development of problem-solving approaches in
physics, it differs in emphasis from frameworks that were specifically designed for physics education. For
example, Docktor and Heller’s (2009) five-indicator rubric—useful description, physics approach,
application of physics, mathematical procedure, and logical progression—provides a more detailed
description of the processes involved in solving physics problems. Its indicators are particularly useful
for examining how students identify relevant information, apply physical principles, and carry out
mathematical procedures. However, the framework does not separate the evaluation of the final solution
as a distinct stage of the problem-solving process. In contrast, Polya’s looking-back stage explicitly
requires students to review and evaluate the solution they have obtained, including whether it is
reasonable in relation to the original problem.

This reflective component is particularly relevant to the nature of expert problem solving. Research
in physics education has emphasized the importance of metacognitive regulation, including planning,
monitoring, and evaluating one's own thinking, in distinguishing expert problem solvers from novices
(Maloney, 2011; Schoenfeld, 1985, as cited in Maloney, 2011). From this perspective, Polya’s framework
provides an advantage for the present study because it includes evaluation as an explicit part of the
problem-solving process. Rather than focusing only on how students construct and execute a solution,
the framework also makes it possible to examine whether students reflect on the appropriateness of the
solution they obtain. This consideration forms the basis for selecting Polya’s framework as the conceptual
foundation for the instrument developed in this study.
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Each of Polya’s four stages also involves a distinct cognitive demand. Understanding the problem
requires students to interpret the given information and identify relevant physical quantities from verbal,
graphical, or other representations. Devising a plan involves determining an appropriate strategy and
selecting the physical or mathematical relationships needed to solve the problem. Carrying out the plan
requires students to implement the selected procedure while maintaining consistency with the underlying
physical concepts. Finally, looking back requires students to evaluate whether the resulting answer is
reasonable and physically meaningful. Together, these stages provide a structured basis for developing
an instrument that examines students’ performance throughout the problem-solving process rather than
treating problem-solving ability as a single, undifferentiated skill.

2.3. Sound Waves as a Content for Problem-Solving Assessment

The topic of sound waves provides a particularly demanding context for examining students’ problem-
solving abilities. Sound wave phenomena are inherently abstract because they are dynamic and cannot be
directly observed, making them difficult for students to understand through verbal explanations or
symbolic representations alone (Frank et al., 2025). To solve problems involving sound waves, students
must construct appropriate mental representations and connect these representations with relevant
mathematical relationships. However, students often experience difficulties when operating wave
equations and relating mathematical representations to verbal and graphical representations (Amiroh et
al., 2021). These characteristics make sound waves a relevant context for examining how students move
through the different stages of problem solving.

Sound Wave Content. In this study, the sound wave topic is represented through two sub-concepts,
namely string frequency (frekuensi dawai) and sound intensity level (taraf intensitas bunyi). Although
both sub-concepts are included within the broader topic of sound waves, they involve different
mathematical relationships and therefore require different forms of conceptual and procedural reasoning.

The first sub-concept, string frequency, involves standing waves formed when a string is plucked.
These waves result from the superposition of incident and reflected waves between two fixed ends. The
fundamental frequency and higher harmonics differ in their wavelengths, while the frequency of the n-
th harmonic depends on the wave speed and the length of the string. In turn, wave speed is determined
by the tension and linear mass density of the string. This relationship requires students to connect several
physical quantities rather than directly apply a single formula. Students must recognize how wave speed
relates to tension and mass density before connecting it to the frequency of the string. Such reasoning
places particular demands on the stages of devising a plan and carrying out the plan.

The second sub-concept, sound intensity level, involves the relationship between sound intensity
and the threshold of human hearing. In addition, changes in sound intensity with distance from a source
follow an inverse-square relationship. Consequently, students must work with both logarithmic and
inverse-square relationships when solving problems related to sound intensity level. This differs from the
reasoning required for string frequency, which primarily involves relationships among physical quantities
that can be expressed through direct or inverse proportionality. Problems involving sound intensity level
therefore require students to adapt their solution strategies to a different mathematical structure rather
than applying the same reasoning used in other sound wave problems.

Together, these two sub-concepts allow the instrument to examine students’ problem-solving
performance across different types of quantitative reasoning within the same general topic. String
frequency requires students to coordinate relationships among several physical quantities, whereas sound
intensity level requires them to interpret logarithmic and inverse-square relationships. The inclusion of
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both sub-concepts therefore makes it possible to examine whether the difficulty of solving problems
differs not only across the stages of Polya’s framework but also across different mathematical structures
within the topic of sound waves.

Problem-Solving Indicators. To examine students’ performance across these stages, each item in the
instrument is assessed using a scoring rubric that operationalizes Polya’s four stages into observable
indicators, following the partial-credit structure described in Section 2.4. Understanding the problem is
indicated by students’ ability to correctly identify the known and unknown quantities presented in verbal
or graphical form and is scored on a three-point scale. Devising a plan refers to the ability to select an
appropriate physical relationship or formula connecting the known and unknown quantities and is scored
on a two-point scale. For example, students may need to determine the appropriate relationship for
calculating wave speed before using it to determine the frequency of a string, or identify the relevant
relationship between sound intensity and distance. Carrying out the plan refers to the correctness and
consistency of the mathematical procedure, including appropriate substitution and unit handling, and is
scored on a three-point scale. Finally, looking back refers to students’ ability to evaluate whether the
obtained result is physically reasonable and, where relevant, express the final answer using appropriate
units; this stage is scored on a two-point scale.

The same four-indicator structure is applied to both sub-concepts. This consistency makes it
possible to compare students’ performance at each stage of problem solving while also examining
whether the difficulty associated with each stage differs according to the type of quantitative reasoning
required by the problem.

2.4. Rasch Measurement Model

The Rasch model is a psychometric measurement model that estimates person ability and item difficulty
on a common interval scale. By transforming ordinal response data into logit measures, the model
provides a more objective basis for interpreting assessment results (Irribarra, 2018). Traditionally, many
assessment instruments have been evaluated using Classical Test Theory (CTT). Although CTT provides
useful information about test reliability and item performance, its estimates are generally dependent on
the particular sample and set of items used. Consequently, item parameters and respondent scores may
vary across different populations. In addition, CTT primarily relies on total scores, which provides limited
information about the relationship between individual item difficulty and respondent ability (Ramadhani
& Handayani, 2025; Sumintono & Widhiarso, 2015). These limitations make the Rasch model particularly
relevant for evaluating an instrument designed to examine students’ performance across different stages
of problem solving.

In the present study, the Rasch model is applied using the Partial Credit Model (Masters, 1982).
The selection of the PCM is based on the polytomous scoring structure of the instrument. Each item is
scored using indicators derived from Polya’s problem-solving stages, with different maximum scores
assigned to the indicators. Understanding the problem and carrying out the plan are scored up to three
points, whereas devising a plan and looking back are scored up to two points. This scoring structure
produces items with different numbers of response categories. The Rating Scale Model (Andrich, 1978),
by contrast, assumes a common rating-scale structure across items, including shared step or threshold
parameters. Such an assumption is more appropriate when all items have the same response-category
structure. Because the indicators in this instrument have different maximum scores and, consequently,
different category structures, the PCM is more appropriate because it allows the step difficulties to vary
across items.
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The use of the Rasch model is also consistent with the diagnostic purpose of the instrument. This
study is intended not only to assess students’ overall problem-solving ability but also to identify the
relative difficulty of problems associated with different stages of the problem-solving process. The Rasch
model places person ability and item difficulty on the same logit scale, allowing their relationship to be
examined directly. This relationship can be visualized through a Wright map, which provides information
about the distribution of students’ abilities and item difficulties (Mulyani et al., 2017). As a result, the
analysis can provide a more detailed picture of which items, and consequently which aspects of problem
solving, are relatively more challenging for students.

Within the Rasch framework, item discrimination is examined using the Point Measure Correlation
(Pt Measure Corr.), which indicates the relationship between item performance and the overall latent
construct being measured. Its interpretation, however, differs from the use of item-discrimination
statistics in Classical Test Theory. In CTT, point-biserial correlations are often evaluated using minimum
thresholds, such as 0.30 or 0.40. In Rasch analysis, a positive Point Measure Correlation is primarily
expected because it indicates that higher performance on an item is generally associated with higher levels
of the measured ability. However, item quality should not be determined solely by the magnitude of this
correlation. Other Rasch indicators, particularly mean-square fit statistics, provide important information
about the extent to which an item functions consistently with the expectations of the measurement model
(Boone & Staver, 2020; Linacre, 2002). Therefore, Point Measure Correlation values in this study are
interpreted within the Rasch measurement framework rather than according to discrimination thresholds
derived from CTT.

2.5. Conceptual Framework

Taken together, these theoretical foundations provide a coherent conceptual basis for the present study.
Physics problem-solving ability, as discussed in Section 2.1, is examined through Polya’s four-stage
framework (Section 2.2): understanding the problem, devising a plan, carrying out the plan, and looking
back. This framework was selected because it includes an explicit stage for evaluating the solution, which
provides an important reflective dimension within the problem-solving process.

The framework is applied to the topic of sound waves (Section 2.3), which provides a challenging
context for examining students’ problem-solving abilities. The two sub-concepts included in the
instrument, namely string frequency and sound intensity level, involve different physical and
mathematical relationships. This structure makes it possible to examine problem difficulty not only across
the four stages of problem solving but also across different types of quantitative reasoning within the
same topic.

Finally, the resulting instrument is evaluated using the Rasch measurement model (Section 2.4).
The use of a polytomous Rasch model is consistent with the partial-credit scoring structure of the
instrument and allows person ability and item difficulty to be examined on a common measurement scale.
Together, these theoretical and methodological foundations provide a basis for obtaining detailed
information about students’ performance and identifying the aspects of physics problem solving that
present the greatest difficulty when students solve problems related to sound waves.

3. Method
3.1. Research Design

This study employed a descriptive quantitative approach to examine the quality of a measurement
instrument designed to assess students’ problem-solving ability on the topic of sound waves. This
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approach was selected because the study focused on systematically evaluating the quality of the
instrument based on empirical data obtained through direct testing with students.

The research was conducted in five stages, as illustrated in Figure 1. The first stage was a
preliminary study aimed at obtaining an initial picture of students’ problem-solving abilities and
identifying issues relevant to the development of the instrument. A preliminary problem-solving test was
administered to students at a public high school in Cimahi City during a 45-minute class period. The
second stage involved developing the instrument based on Polya’s four problem-solving indicators and
contextualizing the items within the topic of sound waves. This process was conducted over two weeks
and involved drafting items according to the four indicators and the relevant sound wave content. The
initial draft was subsequently reviewed internally by the research team before being submitted for expert
validation. The third stage consisted of expert validation. The draft instrument was evaluated by four
validators, comprising two physics education lecturers and two physics teachers. Each validator
independently assessed the content, construct, and language appropriateness of the instrument. The
feedback obtained from the validators was compiled and used as the basis for revising the items before
the pilot test. In the fourth stage, the revised instrument was pilot-tested with 74 eleventh-grade students.
The test was administered under supervised conditions, with students given 45 minutes to complete the
instrument. Their responses were subsequently coded according to the predetermined polytomous
scoring rubric. Finally, the coded response data were analyzed using the Rasch Partial Credit Model to
evaluate the psychometric quality and functioning of the instrument.

Preliminary study

Preparation of the problem-solving
test instrument

Expert validation by lecturers

I[nstrument trial

¥

Data analysis and decision making

Figure 1. Research stages

3.2. Preliminary Study

Prior to developing the main instrument, a preliminary study was conducted to obtain an initial picture
of students’ problem-solving ability on the topic of sound waves. A preliminary problem-solving test
developed by the researchers was administered to 68 eleventh-grade students from two classes at the
same public high school in Cimahi City, selected through purposive sampling. The students obtained an
average problem-solving score of 55.58 out of 100, indicating that their problem-solving ability on sound
waves was still relatively low. This finding provided an empirical basis for identifying the research
problem and highlighted the need for a valid and reliable instrument that could provide a more detailed
picture of students’ problem-solving ability on this topic.
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3.3. Research Subject

The research participants were 74 eleventh-grade students from a public high school in Cimahi City. The
participants were selected using purposive sampling based on their suitability for the study, as the sound
wave material was taught at their grade level. The study was conducted in a single school because the
school provided access to the target student population and allowed data collection to be carried out
consistently across the preliminary and pilot phases. Using the same school also helped reduce potential
variation associated with differences in instructional contexts across schools. Prior to data collection,
formal permission was obtained from Universitas Pendidikan Indonesia and the school principal. All

participating students provided informed consent before taking part in the study.

3.4. Instrument

The instrument used in this study was an essay-based problem-solving ability test consisting of two main
problems. Each problem was designed to assess all four of Polya’s (1957) problem-solving indicators: (1)
understanding the problem, (2) devising a plan, (3) carrying out the plan, and (4) looking back. Thus,
each main problem consisted of four sub-items, resulting in eight scored sub-items in total (see Table 1,
Items la—1d and 2a-2d). The instrument was developed by the researchers based on Polya’s four
problem-solving indicators and contextualized within the topic of sound waves and the students’ learning
context. Each of the four Polya indicators was represented across the two main problems, allowing
students’ performance to be examined consistently across the problem-solving process. Each sub-item
was scored using a polytomous scoring rubric developed to reflect different levels of students’
performance at each problem-solving stage. The scoring rubric used for coding students’ responses is

provided in Appendix.
3.5, Expert VValidation

Prior to pilot testing, the instrument was reviewed by four validators to assess the appropriateness of its
content, construct, and language. Among the two physics education lecturers, the first specializes in
Rasch-based instrument measurement, while the second combines expertise in instrument measurement
with content expertise in sound wave material. Among the two physics teachers, the first is an active
classroom teacher who has directly taught sound wave material to senior high school students in a formal
school setting, while the second is an active physics teacher whose sound-wave teaching experience

comes primarily from olympiad coaching and private tutoring rather than formal classroom instruction.
Table 1. Aiken’s 17 VValidity Coefficients

No. v Interpretation
la 0.95 valid
1b 0.95 valid
1c 0.95 valid
1d 0.95 valid
2a 0.96 valid
2b 0.96 valid
2c 0.98 valid
2d 0.96 valid

The validity of each sub-item was evaluated using Aiken's V coefficient. Based on the Aiken's V critical
value for four validators and a four-point rating scale, a coefficient of 0.94 was used as the minimum
criterion for validity (Aiken, 1985). Each Aiken's V coefficient in Table 1 represents the averaged score
across three validated aspects: language clarity, construct alignment, and content appropriateness. All
eight sub-items obtained Aiken's V values ranging from 0.95 to 0.98, exceeding the specified criterion
(see Table 1). The validators' feedback mainly concerned minor revisions to wording and language clarity.
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These suggestions were incorporated into the final version of the instrument before it was administered
in the pilot test.

3.6. Data Collection

Data were collected through a written essay test designed to assess students’ physics problem-solving
ability on the topic of sound waves. The test was administered face-to-face in the classroom during a
physics lesson scheduled in coordination with the school. The test was conducted under consistent
classroom conditions to ensure that all students completed the assessment under comparable
circumstances.

Before the test began, the researcher verbally explained the instructions, including how to respond
to the open-ended questions and the time allocated for the test. Students were instructed to show their
complete problem-solving process in a logical sequence, beginning with identifying the given and
unknown information, followed by devising a solution strategy, carrying out the necessary calculations,
and finally reviewing the solution and its results. These instructions were provided to ensure that students'
responses reflected the four stages of Polya's problem-solving framework and could be scored using a
structured, process-based rubric (Docktor et al., 2016).

3.7. Data Analysis

The data obtained from the pilot study were analyzed using the Rasch Partial Credit Model (PCM)
because the instrument used polytomous scoring for open-ended problem-solving responses. Rasch
analysis was selected because it allows item difficulty and student ability to be estimated on a common
logit scale and provides diagnostic information about item and person functioning (Sumintono &
Widhiarso, 2015; Susdelina et al., 2018). The analysis was conducted using Minifacet software version
3.83.6 and included unidimensionality, person and item reliability and separation, item fit, item
discrimination, item difficulty, Wright Map targeting, category functioning, differential item functioning
(DIF), and person fit.

Unidimensionality. First, the dimensionality of the instrument was examined to determine whether the
items primarily measured a single underlying construct, namely students’ physics problem-solving ability.
The analysis considered the percentage of raw variance explained by Rasch measures and the unexplained
variance in the first contrast. The criteria used to evaluate unidimensionality are presented in Table 2.
Table 2. Unidimensionality Criteria (Sumintono & Widbiarso, 2015)

Variance explained by Rasch measures Interpretation
20% = X < 40% Sufficient
40% < X = 60% Good
X > 60% Very Good

Person and Item Reliability. Second, person and item reliability were examined to evaluate the
consistency of the estimated person measures and item difficulty hierarchy, respectively. Person reliability
indicates the consistency of the ordering of students according to their estimated ability, whereas item
reliability indicates the consistency of the estimated item difficulty hierarchy. Person and item separation
were also examined to determine the extent to which the instrument could distinguish different levels of
student ability and item difficulty. The interpretation criteria for reliability are presented in Table 3.
Table 3. Criteria for Person Reliability and Item Reliability (Sumintono & Widbiarso, 2014)

Person reliability and item reliability Interpretation
X >0.94 Excellent
091 <X <0.94 Very Good
0.81 =X <091 Good
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0.67 <X < 0.81 Fair

X <0.67 Weak
Item Fit. Third, item fit was examined to determine whether each test item functioned as expected by
the Rasch model. Item fit was evaluated using Outfit Mean Square (MNSQ), Outfit Z-Standard (ZSTD),
and Point Measure Correlation (Pt Measure Corr.). The criteria used to evaluate item fit are presented in

Table 4. An item was considered to function adequately when at least two of the three criteria were met
(see Table 5), following Fisher (2007).

Table 4. Acceptance Criteria for Outfit MINSQ, Outfit ZSTD, and Pt Measure Correlation (Sumintono &
Widbiarso, 2015)

Value Criteria
Outfit MnSq 0.5 <MnSq < 1.5
Qutfit ZStd -2.0 < ZStd < +2.0

PT Measure Correlation 0.4 < PT Measure Correlation < 0.85
Table 5. Interpretation of Item Quality (Fisher, 2007)

Number of Criteria Met Criteria
20r3 Used
Oor1l Not Used

Discrimination. Fourth, item discrimination was evaluated using Point Measure Correlation (Pt Measure
Corr.), which indicates the extent to which responses to an item are consistent with the overall ordering
of students on the measured construct (Boone & Staver, 2020; Linacre, 2008). Positive values indicate
that higher-performing students tend to obtain higher scores on the item. Pt Measure Corr. was
interpreted together with the item-fit statistics rather than used as the sole criterion for determining item
quality.

Item Difficulty Level. Fifth, item difficulty was examined using the logit measure values reported in the
Item Measure table. The difficulty of each item was interpreted by comparing its logit measure with the
mean and standard deviation of the item measures, following Sumintono and Widhiarso (2015). The
classification criteria are presented in

Table 6.
Table 6. Item difficulty level criteria (Sumintono & Widhiarso, 2015)
Difficulty Level Criteria Criterion
ME < -1SD Easy
-1SD <ME < +1SD Moderate
ME > +1 SD Difficult

Wright Map. The distribution of item difficulty and student ability was further examined using the
Wright Map, which places both estimates on the same logit scale (Sumintono & Widhiarso, 2015). The
Wright Map was used to evaluate the targeting of the instrument and identify portions of the ability
continuum that were insufficiently represented by the test items (Mulyani et al., 2017).

Category Functioning. The functioning of the response categories within each polytomous item was
examined using Rasch-Andrich thresholds. Thresholds represent the points on the logit scale at which
adjacent response categories become equally probable. The categories were considered to function
appropriately when the thresholds increased monotonically across successive categories. Disordered
thresholds indicate that adjacent response categories may not represent distinct levels of performance
along the ability continuum (Linacre, 2002; Bond & Fox, 2007).

Differential Item Functioning (DIF). DIF analysis was conducted to determine whether item
difficulty differed systematically between male and female students after accounting for differences in
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overall ability. DIF was examined by comparing the item difficulty estimates obtained separately for the
two gender groups. Following Draba (1977), an item was identified as exhibiting significant DIF when
the absolute contrast between the group-specific item difficulty estimates exceeded 0.5 logits and the
absolute t-statistic was =1.96 (p < .05). Both criteria were required for an item to be classified as
exhibiting significant DIF.

Person Misfit. Finally, person-fit analysis was conducted to examine the extent to which individual
students’ response patterns were consistent with the expectations of the Rasch model. The analysis used
Infit and Outfit MINSQ statistics and their standardized values (ZSTD). Infit MNSQ is more sensitive to
response patterns on items close to a student’s estimated ability, whereas Outfit MNSQ) is more sensitive
to unexpected responses given the student’s ability and item difficulty. MNSQ values between 0.5 and
1.5 were considered productive for measurement, whereas values exceeding 1.5 were considered
indicative of potential misfit and were examined further.

4. Result
4.1.  Unidimensionality

The dimensionality of the instrument was examined using Minifac to determine whether the items
primarily measured a single undetlying construct, namely students’ physics problem-solving ability. The
analysis showed that the raw variance explained by Rasch measures was 65.45%. The 65.45% raw variance
explained by Rasch measures may be related to the shared conceptual and mathematical demands across
the two sound-wave sub-topics and the four Polya problem-solving stages. Although string frequency
and sound intensity level involve different mathematical relationships, both require students to interpret
physical information, select appropriate relationships, carry out quantitative procedures, and evaluate the
resulting solution. This result indicates that the instrument predominantly measured the intended
underlying construct. The criteria used to interpret the raw variance explained by measures are presented
in Table 2. The unidimensionality results obtained from the Item Dimensionality output in Many-Facets
Rasch Model are presented in Table 7.

Table 7. Itenr Unidimensionality

Measure Percentage
Variance explained by Rasch measures 65.45%
Variance of residuals 34.55%

4.2. Item and Person Reliability

Item Reliability. The reliability analysis showed an item reliability value ranging from 0.91 to 0.93, which
indicates a high level of consistency in the ordering of item difficulty estimates. This result suggests that
the hierarchy of item difficulties was estimated consistently and would be expected to remain relatively
stable across comparable samples. The item reliability results obtained from the Many-Facets Rasch
Model output are presented in Table 8.

Table 8. Iten Separation, Strata, and Reliability

Statistic Population Sample
Separation 3.28 3.53
Strata 4.71 5.03
Reliability 0.91 0.93

Person Reliability. The Rasch analysis also yielded a person reliability value of 0.71. This indicates a fair
level of consistency in the ordering of students according to their estimated problem-solving ability. The
analysis also produced a person separation index of 1.56 and a person strata value of 2.41, indicating that
the instrument was able to distinguish students into approximately two levels of ability. Extreme scores,
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including perfect and zero scores, were excluded from the person reliability calculation because such
scores do not provide sufficient information for precise estimation of person measures. The person
reliability results obtained from the Many-Facets Rasch Model output are presented in Table 9.

Table 9. Person Separation, Strata, and Reliability

Statistic Population Sample
Separation 1.56 1.57
Strata 2.41 2.43
Reliability 0.71 0.71

4.3. Item Fit, Item Discrimination, and Item Difficulty 1 evel

Item Fit. The empirical functioning of each test item was examined using Rasch fit statistics, namely
Outfit Mean Square (MNSQ), Outfit Z-Standard (ZSTD), and Point Measure Correlation (Pt Measure
Corr.). The acceptance criteria were based on Fisher (2007), with Outfit MNSQ values between 0.5 and
1.5, Outfit ZSTD values between —2.0 and +2.0, and positive Pt Measure Corr. values within the
specified range presented in Table 4. The item difficulty measures, standard errors, and fit statistics are

presented in

Table 10.
Table 10. [nterpretation of Item V alidity for Problem-Solving Ability Test
Test Measure SE Outfit PT-Measure Fit Decision
item (Logit) MnSq ZStd Correlation
la -0.36 0.22 1.35 2.0 0.37 Marginal fit; retained
1b 0.05 0.27 1.30 1.3 0.59 Fit
1c -1.15 0.23 1.08 0.3 0.46 Fit
1d -0.67 0.21 1.26 1.2 0.66 Fit
2a -0.16 0.14 0.71 -0.7 0.71 Fit
2b 1.03 0.22 0.73 -1.8 0.62 Fit
2¢ 0.35 0.14 0.65 -1.0 0.69 Fit
2d 0.91 0.18 0.62 -1.4 0.61 Fit

The standard errors of the item difficulty estimates ranged from 0.14 to 0.27 logits. All eight items
met the Outfit MNSQ criterion, with values ranging from 0.62 to 1.35. Seven items met the Outfit ZSTD
criterion, with values ranging from —1.8 to 1.3. Item la showed an Outfit MNSQ of 1.35 and a ZSTD
value of 2.0, indicating a marginal fit with respect to the specified fit criteria. However, its Pt Measure
Corr remained positive (0.37), indicating a consistent relationship between responses to the item and the
overall measure. Considering these results together with the substantive relevance of the item to the
targeted problem-solving construct, Item 1a was retained for further analysis.

The remaining seven items met the specified fit criteria. Overall, the fit statistics indicated that

seven of the eight items functioned adequately according to the specified Rasch criteria, while Item 1a
showed marginal fit and warranted further consideration. The standard errors were relatively comparable
across items, although Item 1b had the highest SE at 0.27 logits. This value did not coincide with an
item-fit violation. Thus, the item difficulty estimates were considered sufficiently precise for the
subsequent analysis.
Item Discrimination. Item discrimination was further examined using the Pt Measure Corr. values
reported in Table 10. In Rasch measurement, a positive Pt Measure Corr. indicates that students with
higher overall ability tend to obtain higher scores on the corresponding item, suggesting that the item
functions in the expected direction of the measured construct (Boone & Staver, 2020; Linacre, 2008).

All eight items produced positive Pt Measure Corr. values, ranging from 0.37 for item 1a to 0.71
for item 2a. This consistent positive direction indicates that the scoring patterns of all items were aligned
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with the overall problem-solving ability measured by the instrument. Although item la produced the
lowest value, its positive correlation and acceptable Outfit MNSQ and ZSTD values supported its
retention. Nevertheless, the relatively lower Pt Measure Corr. of item 1a indicates that this item warrants
attention in the interpretation of its functioning,.

Item Difficulty Level. Item difficulty represents the level of ability required for students to obtain higher
scores on an item and is expressed as a logit measure on the same scale as person ability (Sumintono &
Widhiarso, 2015). Based on the item measure values presented in Table 10, item difficulty ranged from
—1.15 logits for item 1c to 1.03 logits for item 2b, producing a total range of 2.18 logits across the eight
items.

Following the classification criteria proposed by Sumintono and Widhiarso (2015), items with
measure values below —1 SD were classified as easy, items between —1 SD and +1 SD were classified as
moderate, and items above +1 SD were classified as difficult. Based on these criteria, item 1c was
classified as easy, six items (la, 1b, 1d, 2a, 2c, and 2d) were classified as moderate, and item 2b was
classified as difficult. Thus, the instrument covered a range of difficulty levels, although most items were

concentrated in the moderate category.

4.4. Wright Map

The Wright Map generated from the Rasch analysis and presented in Table 11 displays student ability
and item difficulty on the same logit scale. The item locations provide a common reference for
interpreting the distribution of student ability, while the detailed analysis of item difficulty is presented in
the corresponding item-difficulty section. In terms of student ability, Students 12, 3, 37, and 5 were
positioned at approximately +3 logits, representing the highest ability estimates in the sample. In contrast,
Students 46, 50, 51, 52, 58, and 64 were located at approximately —2 logits, representing the lowest ability
estimates. The remaining students were distributed between these two extremes, indicating substantial
variation in problem-solving ability within the sample.

Table 11. Distribution of Student Measures

Measure (logit) Students

+3 S12, 83, 837, S5
+2 S11, S13, 823
+1 S1

0to +1 S10, 524, S34, S36, S57, S16, S2, S27, §29, S33, $4, S6, S22, S25, S62
0 543, 545, S55, §56, S61, S66, S7, S74, S9

0to -1 S17, 831, S44, S48, 549, S60, S65, S71, S41, S54, S63, S73
-1 S14

-1to-2 S67, 569, S39, S40, S72, S42, S68
-2 546, S50, S51, S52, S58, S64

The distribution of student measures also shows that student ability extended from approximately
—2 to +3 logits, whereas the item locations were concentrated within a narrower range around the center
of the scale. This indicates that the instrument targeted the central portion of the students’ ability
distribution more closely, while fewer items were located at the extreme upper and lower ends.
Consequently, the precision of measurement may be lower for students whose ability estimates fall
substantially above or below the main range of item locations. This pattern is particularly relevant for
interpreting the instrument because the sample included students with varying levels of physics problem-
solving ability. Overall, the Wright Map suggests that the instrument was able to represent a broad range
of student ability, although additional items targeting the upper and lower ends of the ability continuum
could improve measurement coverage in future applications.
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4.5, Category Functioning

Category functioning was examined by inspecting the Rasch-Andrich thresholds for each item's response
categories. A response category was considered to function appropriately when the thresholds progressed
monotonically across successive categories. Five items (1a, 1b, 1c, 1d, and 2b) showed ordered thresholds,
indicating that their response categories followed the expected progression along the ability continuum.
In contrast, three items (2a, 2c, and 2d) exhibited disordered thresholds, indicating that the response
categories did not progress monotonically across the latent ability scale. The threshold estimates and their
standard errors are presented in Table 12.

Table 12. Summary of Rasch-Andrich Thresholds per Item

Ttem Threshold 1 Threshold 2 Threshold 3 Status
Measure SE Measure SE Measure SE
la -1.29 0.41 1.29 0.29 - - Ordered
1b -2.24 0.45 2.24 0.36 - - Ordered
1c -0.14 0.48 0.14 0.31 - - Ordered
1d -0.73 0.42 0.73 0.29 - - Otdered
2a -0.47 0.37 1.96 0.34 -1.49 0.34 Disordered
2b -1.25 0.29 1.25 0.39 - - Otdered
2¢ 0.73 0.34 0.01 0.35 -0.73 0.34 Disordered
2d 0.59 0.31 -0.59 0.33 - - Disordered
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Figure 2. Category probability curves for (a) Item 1b (ordered thresholds) and (b) Item 2c¢ (disordered
thresholds).

For Item 1b, the thresholds were ordered at —2.24 and +2.24 logits, indicating a clear progression
from Category 0 to Category 1 and then to Category 2 as student ability increased. As shown in Figure
2(a), each response category reached its highest probability within a distinct region of the measure
continuum. Category 0 was most probable at lower ability levels, Category 1 dominated the middle range,
reaching a peak probability of approximately 0.83 around a measure of 0, and Category 2 became most
probable at higher ability levels. This pattern is consistent with the ordered threshold estimates.

In contrast, Item 2¢ showed disordered thresholds, with threshold estimates of 0.73, 0.01, and
—0.73 logits. The thresholds did not progress in the expected increasing order, indicating that the
intermediate response categories did not function as distinct steps along the ability continuum. As shown
in Figure 2(b), Categories 0 and 3 dominated the lower and upper portions of the measure continuum,
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respectively, whereas Categories 1 and 2 remained relatively unlikely across the continuum. Their curves
did not form distinct regions in which either category became the most probable response. This pattern
provides visual evidence consistent with the disordered threshold estimates.

Overall, five items demonstrated appropriate category functioning, whereas three items showed
disordered thresholds. The disordered categories suggest that some intermediate scores may not have
provided sufficient distinction between adjacent levels of students' problem-solving performance. This
finding is particularly relevant for interpreting the functioning of the polytomous scoring structure and

is considered further in the discussion.

4.6.  Differential Item Functioning (DIF)

DIF analysis was conducted to determine whether item difficulty differed systematically between male
and female students after accounting for differences in overall ability. Based on Draba's (1977) criteria,
an item was considered to exhibit meaningful DIF when the absolute DIF contrast exceeded 0.5 logits
and the absolute t-statistic was at least 1.96. As shown in Table 13, four of the eight items met both
criteria and were therefore identified as exhibiting significant DIF.

Table 13. Differential Item Functioning (DIF) Analysis by Gender

Item Item ID Female Male DIF contrast SE t
1 la -0.51 -0.08 -0.43 0.47 -0.92
2 1b -0.39 0.88 -1.27 0.58 -2.19
3 1c -1.12 -1.22 0.10 0.48 0.22
4 1d -0.88 -0.27 -0.61 0.44 -1.37
5 2a -0.40 0.32 -0.72 0.30 -2.35
6 2b 1.15 0.79 0.37 0.47 0.79
7 2¢ 0.59 -0.13 0.72 0.30 2.44
8 2d 1.20 0.33 0.87 0.38 2.29

Note. t-values were computed as the ratio of the DIF contrast to its standard error; minor rounding discrepancies (< 0.04) between reported and recalculated t-values

reflect rounding of the contrast and SE values to two decimal places.

Two items showed DIF favoring female students. Item 1b had a DIF contrast of —1.27 logits (t =
—2.19), while Item 2a had a contrast of —0.72 logits (t = —2.35). The negative contrasts indicate that
these items were estimated to be easier for female students than for male students after controlling for
overall ability. Conversely, two items showed DIF favoring male students. Item 2c had a contrast of 0.72
logits (t = 2.44), and Item 2d had a contrast of 0.87 logits (t = 2.29), indicating that these items were
more difficult for female students than for male students at comparable levels of overall ability.

The remaining four items did not meet both criteria for significant DIF. Item 1a had a contrast of
—0.43 logits (t = —0.92), Item 1c had a contrast of 0.10 logits (t = 0.22), Item 1d had a contrast of —0.61
logits (t = —1.37), and Item 2b had a contrast of 0.37 logits (t = 0.79). Although Item 1d exceeded the
0.5-logit magnitude criterion, its t-statistic did not reach the required level of statistical significance. It
was therefore not classified as exhibiting significant DIF, although the relatively large contrast may
warrant attention in future administrations.

Overall, the DIF analysis identified gender-related differences in four items, with two items
favoring female students and two favoring male students. The presence of DIF in these items indicates
that their difficulty estimates were not fully invariant across gender groups and should therefore be

considered when interpreting item-level results.

4.7.  Person Misfit

The person-fit analysis identified several students whose response patterns showed elevated Infit and/or
Outfit MNSQ values (Table 14).
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Table 14. Students with Misfitting Response Patterns (Person Fit Statistics)
Student Measure (logit) Infit MnSq Outfit MnSq  Outfit ZStd

s63 -0.601 2.55 2.28 1.7
s24 0.94 2.27 1.81 1.3
s57 0.94 1.32 3.42 2.7
s66 -0.12 1.75 1.93 1.0
s44 -0.35 1.83 1.93 1.5
s55 0.08 1.46 1.99 1.7
s48 -0.35 1.23 1.71 1.2

Seven students (s24, s44, s48, s55, s57, s63, and s60) exhibited at least one MNSQ value above the
criterion of 1.5. The most pronounced deviation was observed for s57, with an Outfit MNSQ of 3.42
and a ZSTD of 2.70. Students s63, s66, s44, and s24 also showed elevated Infit and/or Outfit MNSQ
values, whereas s55 and s48 primarily showed elevated Outfit MNSQ values. Overall, the identified cases
represent a small proportion of the 74 students, indicating that most students demonstrated response
patterns that were reasonably consistent with the Rasch measurement model.

5. Discussion

5.1. Unidimensionality

The unidimensionality analysis indicated that the instrument consistently measured physics problem-
solving ability, despite covering four Polya stages and two sound-wave sub-topics. The four stages,
namely understanding the problem, devising a plan, carrying out the plan, and looking back, represent
successive processes in solving a physics problem. Similarly, string frequency and sound intensity level
provide different contexts in which students apply their problem-solving ability. Thus, the variation in
problem-solving stages and content contexts did not result in separate measurement dimensions.

In physics education, this finding suggests that students’ problem-solving ability in sound-wave
problems can be considered an overall construct, even when the problems involve different stages of the
problem-solving process and physical contexts. This indicates that the four Polya stages and the two
sound-wave sub-topics are sufficiently connected to assess students’ problem-solving ability as a whole
rather than as separate constructs. Such an interpretation is consistent with previous studies showing that
related sub-abilities can form a common underlying dimension when they are sufficiently connected (Uto,
2021; Wang & Bao, 2010).

5.2. Item and Person Reliability

Item Reliability. The high item reliability indicates that the relative ordering of item difficulties was
estimated consistently in the present sample. This consistency can be related to the systematic
development of the instrument. First, the items were constructed from a clearly defined problem-solving
construct and were consistently organized according to Polya’s four stages. Although the items differed
in problem-solving stage and sound-wave context, each item remained within the same overall problem-
solving framework. This consistency in construct specification reduced the likelihood that differences in
item estimates were caused by substantial differences in what the items were intended to measure.

Second, the use of a structured scoring rubric provided consistent criteria for evaluating students’
responses across the four Polya stages. The rubric specified the expected elements of students’ problem-
solving processes, allowing responses to be evaluated according to the same underlying construct even
when the physical context or solution procedure differed. The expert validation process also contributed
to this consistency by examining the alighment of the items with the intended construct, content, and
language before empirical testing. The minor revisions identified during validation mainly concerned
wording and language clarity, which helped reduce ambiguity in interpreting the tasks.
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These features provide a plausible explanation for the stable item hierarchy observed in the Rasch

analysis. Because the construct, problem-solving framework, scoring criteria, and item wording were
systematically controlled during development, the resulting differences in item difficulty were more likely
to reflect differences in the demands of the tasks rather than inconsistencies in item construction or
scoring. However, this stability does not mean that item difficulty is determined solely by the Polya stage
represented in each item. Difficulty may also be influenced by the physical context, mathematical
relationships, amount of information, problem wording, and expected response. In the present
instrument, the string-frequency and sound-intensity problems involved different physical relationships
and types of mathematical reasoning. Therefore, the high item reliability should be interpreted as evidence
of consistent item calibration within the developed instrument, rather than as evidence that a particular
Polya stage is inherently more difficult than another. This interpretation is comparable with Mulyani et
al. (2017), who reported stable item calibration within a single physics topic.
Person Reliability. In contrast, the person reliability indicates more limited precision in differentiating
students with similar levels of physics problem-solving ability. This limitation may be related to the
relatively small number of scored sub-items and the concentration of item difficulties within the moderate
range. With fewer opportunities for students to demonstrate differences in ability, the instrument may
be more effective for identifying broad differences in problem-solving ability than for making fine-
grained distinctions between individual students.

This finding has implications for the further development of the instrument. A broader range of
item difficulties would provide more opportunities to capture differences across the student ability
continuum. The distribution of student ability relative to item difficulty in the Wright Map also indicates
the need for additional items targeting ability levels that are less well represented. Therefore, future
development should expand the number and difficulty range of sound-wave problems and involve larger,
more heterogeneous samples to improve measurement precision.

5.3. Item Fit, Item Discrimination, and Item Difficulty 1 evel

Item Fit. The item-fit results indicate that the response patterns were generally consistent with the Rasch
model. However, the marginal fit of Item 1a suggests that this item may have differentiated students less
effectively than the other items. This interpretation is supported by the stronger relationship observed
for Item 2a, which assessed the same Polya stage. The difference between these items indicates that item
functioning is not determined solely by the problem-solving stage being assessed. Instead, the physical
information, mathematical relationships, wording, and response demands may influence how students
respond to a particular task.

The relatively high ZSTD value of Item 2d also warrants attention, although the item remained
within the specified criterion. Its response pattern may have been influenced by the more constrained
response format compared with Item 1d, which required a more open-ended explanation. In physics
problem solving, differences in response format may affect how clearly students’ reasoning can be
observed. Nevertheless, this possibility cannot be established from fit statistics alone and should be
examined through students’ responses and the characteristics of the items. The comparable standard
errors across the items further suggest that the marginal fit of Item la was not associated with
substantially lower estimation precision. Overall, Item 1a can be retained while receiving further review
of its problem context, wording, and response structure. This interpretation is consistent with previous
Rasch-based studies emphasizing that item-fit statistics should be considered together with the
substantive characteristics of the items (Fisher, 2007; Mulyani et al., 2017; Oktaviani et al., 2020).
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Item Discrimination. The positive Point Measure Correlation values indicate that all items contributed
to the measurement of the intended physics problem-solving construct. This pattern is consistent with
the structure of the instrument, in which the four Polya stages represent connected processes: interpreting
a physical situation, developing a solution strategy, carrying out the procedure, and evaluating the result.
Because these processes are related, students’ performance on individual stages would be expected to
show a positive relationship with their overall problem-solving ability.

The relatively weaker correlation of Item 1a, however, again suggests that the characteristics of a

particular physics problem may affect how strongly an item represents the overall construct. Thus, the
positive correlations should not be interpreted as evidence that all items function identically, but rather
as an indication that the items generally contribute coherently to the assessment. This result is comparable
with previous Rasch-based studies of physics problem-solving instruments, which also reported positive
item—person relationships (Mulyani et al., 2017; Ridwan et al., 2023).
Item Difficulty Level. The items varied in difficulty, although most were classified as moderate. This
variation provides different levels of challenge and indicates that the instrument was not concentrated at
a single difficulty level. However, the difficulty pattern did not increase systematically across the Polya
stages, since items representing the same stage could differ in difficulty. Therefore, item difficulty cannot
be attributed solely to the problem-solving stage.

The easiest item assessed the carrying-out-the-plan stage within the string-frequency problem. This
may indicate that the required procedure was relatively accessible once students had identified the
relevant information and solution approach. In contrast, several items involving understanding the
problem and devising a plan were more challenging. This pattern suggests that difficulties in sound-wave
problem solving may arise before mathematical execution, particularly when students must identify
relevant information and determine the appropriate physical relationship.

Nevertheless, the observed differences are likely influenced by the interaction between the
problem-solving process and the conceptual and mathematical demands of each physics problem. The
string-frequency and sound-intensity contexts require different physical relationships, information, and
forms of mathematical reasoning. The predominance of moderately difficult items is comparable with
Mulyani et al. (2017), while the variation from easy to difficult is consistent with Ridwan et al. (2023).
The concentration of items at the moderate level nevertheless suggests that additional items with lower
and higher difficulty could improve the coverage of the ability continuum.

5.4. Wright Map

The Wright Map indicates that the instrument represented variation in students’ problem-solving ability,
but the item difficulties were not distributed evenly across the ability continuum. Most items were
concentrated around the central region, while some students were located beyond the range of available
item difficulties. This suggests that the instrument was more closely targeted to students with moderate
levels of problem-solving ability and provided less measurement information for students at the lower
and higher ends of the continuum.

This targeting pattern may explain the relatively limited precision in distinguishing students with
different ability levels. Students whose abilities were substantially higher or lower than the available item
difficulties had fewer tasks through which differences in their problem-solving performance could be
captured. This does not necessarily indicate that the items were inappropriate; rather, it suggests that the
current item set provided less information for differentiating students at the extremes. The focused scope
of the instrument may have contributed to this pattern, as the items were developed within the same
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sound-wave content domain and based on the same Polya framework. Similar concerns regarding the
importance of broad item-difficulty coverage have been reported in previous Rasch-based physics
assessments (Ardianti et al., 2024; Maulana et al., 2026). Future development could therefore include
sound-wave problems with lower and higher levels of cognitive demand to improve person—item

targeting and provide more information across the ability continuum.

5.5, Category Functioning

The category functioning analysis indicates that the scoring structure did not function consistently across
all open-ended physics problem-solving items. The presence of disordered thresholds suggests that some
adjacent score categories were not sufficiently distinguishable as progressive levels of demonstrated
problem-solving performance. Because the instrument uses polytomous scoring, this finding is important
for determining whether higher scores meaningfully represent higher levels of students’ problem-solving
performance.

The concentration of disordered categories in the second problem may indicate that characteristics
of the problem or its scoring criteria made some performance levels difficult to distinguish. This
possibility is illustrated by the contrast between Item 1b, whose categories functioned in the expected
order, and Item 2c, in which some middle categories did not emerge as distinct response levels. In the
context of open-ended sound-wave problems, such a pattern may occur when adjacent scoring
descriptors do not correspond to sufficiently different features of students’ solutions. However, threshold
statistics alone cannot determine the specific source of the disordering and should therefore be
considered alongside students’ responses and the scoring rubric.

From a physics-assessment perspective, the findings suggest that the scoring criteria for some
sound-wave problem-solving responses require further examination. Descriptors for adjacent score levels
could be clarified based on observable differences in students’ physics reasoning, while categories that
cannot be empirically distinguished may be reconsidered when supported by substantive evidence. In
contrast, categories that function in the expected order can be retained. Thus, category functioning
provides additional information for refining the scoring structure so that it more appropriately represents
different levels of students’ physics problem-solving performance.

5.6. Differential Item Functioning (DIF)

The DIF analysis indicates that several items functioned differently across gender groups even after
accounting for differences in students’ overall ability. The direction of DIF was balanced, with some
items favoring female students and others favoring male students. This balanced pattern suggests that
the DIF was not indicative of a general advantage for one gender across the instrument. Nevertheless,
the presence of DIF means that performance on particular items may have been influenced by factors
beyond the intended physics problem-solving construct.

The DIF items occurred across different sound-wave problems and stages of the problem-solving
process. This pattern suggests that the observed DIF was not restricted to a particular Polya stage or
content context. Since DIF statistics identify differences in item functioning but do not establish their
causes, the observed differences cannot be attributed to gender itself. In the present instrument, factors
such as item wording, physical context, information that must be interpreted, and response demands may
interact differently with students from the two groups. This is particularly relevant to open-ended sound-
wave problems, which require students to interpret physical information, select relevant relationships,
and construct written solutions. Therefore, qualitative examination of the affected items and students’
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responses is needed to determine whether particular item characteristics contributed to the observed
DIF.

The remaining items did not show significant DIF, while Item 1d, despite showing a relatively
larger contrast, did not meet the statistical significance criterion. This suggests that a relatively large group
difference in an item is not sufficient on its own to classify the item as exhibiting DIF. The use of both
the magnitude of the difference and its statistical significance is consistent with the approach described
by Draba (1977). Overall, the flagged items should be reviewed particularly for wording, physical context,
and response demands to determine whether the observed DIF reflects differences in item interpretation
or unintended sources of item bias and to inform subsequent item revision.

5.7. Person Misfit

The person-fit analysis identified several students with response patterns that deviated from those
expected by the Rasch model. These patterns indicate atypical responses rather than providing sufficient
evidence that the students’ responses were invalid. In open-ended physics problem solving, students may
combine conceptual understanding, mathematical representation, procedural knowledge, and
interpretation of physical situations in different ways. Consequently, a student’s performance may not
always follow the ability hierarchy expected across all problems.

Person misfit is particularly relevant to the present instrument because students were required to
construct responses across different stages of solving sound-wave problems. A student may perform well
in one stage but show less consistent performance in another, even when their overall ability is similar to
that of other students. Person-fit analysis therefore provides additional information about individual
response patterns that may not be apparent from total scores alone (Felt et al., 2017). This is consistent
with Planinic et al. (2019), who highlighted the usefulness of Rasch analysis for identifying idiosyncratic
response patterns in physics education research.

The relatively small number of students showing elevated person-fit statistics suggests that atypical
response patterns were limited to particular cases rather than being a general characteristic of the sample.
These cases nevertheless provide useful diagnostic information for examining students’ responses and
identifying whether particular sound-wave problems or problem-solving stages contributed to
inconsistent performance. Thus, person-fit analysis complements item-level evaluation by providing an
individual-level perspective on how students responded to the physics problem-solving tasks.

5.8. Strengths and Implications for Physics Education

This study contributes to the development of physics problem-solving assessment by providing a
context-specific instrument based on Polya’s four-stage framework. By representing problem solving
through understanding the problem, devising a plan, carrying out the plan, and looking back, the
instrument provides a basis for assessing students’ problem-solving processes rather than relying solely
on final-answer correctness. A further contribution lies in the comprehensive application of Rasch
measurement, which examined not only item reliability but also person reliability and separation, item
functioning, targeting, category functioning, DIF, and person fit. This approach provides diagnostic
information that can guide further refinement of the instrument.

From a physics education perspective, the instrument can provide information about students’
performance across different problem-solving stages, helping educators identify aspects of problem
solving that may require greater instructional attention. For example, responses across Polya’s stages may
provide information about students’ ability to interpret physical situations, develop solution strategies,
carry out procedures, and evaluate their solutions. However, such stage-specific interpretations should
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be considered alongside the overall measurement results rather than treated as independent measures of
ability.

The findings also have implications for future physics assessment development. The moderate
person reliability and limited targeting suggest the need for additional items covering a wider range of
difficulty, while the disordered thresholds and DIF findings highlight the importance of reviewing scoring
categories and item characteristics before broader application. Although the present instrument focuses
on sound-wave problems, its Polya-based structure can be adapted to other physics topics and evaluated
using Rasch analysis to examine whether similar measurement properties are obtained.

5.9. Liputations and Future Directions

Several limitations should be considered when interpreting the findings. First, the instrument was
administered to 74 Grade 11 students from a single public high school, which may limit the
generalizability of the estimated item and person parameters. Second, the instrument consisted of only
eight scored sub-items, which contributed to moderate person reliability and separation and limited
coverage of the lower and higher ends of the ability continuum. Future studies should therefore involve
larger and more heterogeneous samples and include additional items with a wider range of difficulty
levels.

In addition, three items showed disordered Rasch-Andrich thresholds, indicating that some
adjacent scoring categories may not have represented clearly distinguishable levels of performance. Four
items also exhibited gender-related DIF, although statistical DIF alone does not establish its underlying
cause. The person-fit analysis further identified several students with atypical response patterns. These
findings highlight the need to review the scoring rubric and DIF items qualitatively and to examine
atypical responses more closely in future studies. Finally, because the instrument was developed for
sound-wave problem solving, further research is needed to examine whether the Polya-based instrument
structure demonstrates similar measurement properties when adapted to other physics topics.

6. Conclusin

Based on the results of the psychometric analysis using the Rasch model, the physics problem-solving
ability instrument on sound wave material demonstrates good overall measurement quality. The
instrument satisfies the assumption of unidimensionality, indicating that it consistently measures a single
underlying problem-solving construct. The Rasch analysis showed that seven items met the specified
empirical fit criteria, while Item 1a showed marginal fit and was retained based on its positive Pt Measure
Corr and substantive relevance to the problem-solving construct. Overall, the instrument demonstrated
acceptable measurement properties, although further refinement is recommended, particularly for items
showing marginal fit, disordered response categories, and differential item functioning. The instrument
shows a high level of item reliability alongside a fair level of person reliability, and item difficulty levels
are distributed across easy, moderate, and difficult categories in line with Polya’s problem-solving stages.
All items also display positive discriminating power. Nevertheless, the analysis identified specific items
requiring closer attention: one item showed a comparatively weaker relationship with the overall
construct, several items exhibited disordered response-category thresholds, and about half of the items
showed differential functioning between male and female students. These findings indicate that, while
the instrument as a whole performs well, certain items would benefit from qualitative review to ensure
they measure problem-solving ability equivalently across students.
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Overall, this instrument is suitable for objectively measuring senior high school students’ physics
problem-solving ability on sound wave material, while also pointing to specific items that require
refinement before wider use. Future development is recommended to review and revise the flagged items,
reconsider the response category structure where needed, and involve a larger and more diverse student
sample to strengthen the instrument’s precision and generalizability
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Appendix A. Problem-Solving Skills Assessment Rubric

Problem-Solving

Skills Indicators Description Score
Understanding the Writes down the problem and all physical quantities in the question using the correct units 3
Problem Write the problem and/or the physical quantities in the question using incortect units ot

without units
Stating the problem in an illogical manner and/or identifying only one physical quantity 1
Failing to identify a physical quantity and failing to state the problem 0
Planning a Strategy ~ Writing down concepts and planning the steps to be taken completely and accurately 2
Stating concepts and/or planning steps only, but not vety accurately 1
Not planning anything and not writing down any ideas 0
Problem Solving Solve problems correctly and include the units 3
Solving problems correctly but not including the units 2
Solves the problem somewhat incorrectly or does not complete it 1
Did not solve the problem 0
Reviewing the  Woriting accurate and reasonable conclusions 2
results Drawing conclusions that are inaccurate or illogical 1
Failing to write a conclusion 0
Maximum Score 10

Appendix B. Problem-Solving Instrument Items

Note: The instrument was originally administered to students in Indonesian; the English version below is a translation for reporting

purposes.

Item 1 (1a—1d): String Frequency Problem

A musical instrument technician is tuning a grand piano 30 minutes before a solo concert begins.
Suddenly, the steel wire for note E (frequency 330 Hz) snaps because it was pulled too tight. The problem
is that the technician forgot to bring a spare wire for note E. In his equipment bag, he only finds a spare
wire for note A (frequency 440 Hz). Since time is very short and it is impossible to find a replacement
wire outside the venue, the technician must find a way to install the note-A wire so that it produces the
sound of note E instead. This spare note-A wire happens to have exactly the same length and thickness
(mass per unit length) as the wire that broke. According to the manufacturer's specifications, this note-A
wire must normally be pulled with a tension force of 800 N to produce exactly 440 Hz.

Item  Polya Stage Question
la Understanding  Based on the description above, what problem is the technician facing? State the physical
the Problem quantities that are already known and the quantity that must be determined.
1b Devising a What physics concept applies to the problem abover Plan the steps you would take to help the
Plan technician solve the problem.

1lc Carrying Out  Solve the problem based on the steps you planned in point (b).
the Plan
1d Looking Back  Is the quantity from your calculation reasonable and consistent with the applicable physics
concept? What action should the technician take on the wire-tuning mechanism?
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Item 2 (2a—2d): Sound Intensity Level Problem

A music festival committee is testing the main-stage speaker tower on an open, flat field. When tested at
maximum volume, the committee's sound meter, placed 10 meters directly in front of the speaker,
recorded an extraordinary sound intensity level (SIL) of 140 dB. According to the event schedule, the
DJ's peak performance is set to run continuously at that maximum volume for 15 minutes. According to
WHO hearing-safety standards, the maximum safe exposure time is inversely related to the sound
intensity level, as follows: 100 dB — 15 minutes; 114 dB — 30 seconds; 120 dB — 1 second; >120 dB
— 0 seconds. The committee must determine a safe distance for installing the barrier fence (separating
the VIP audience) so the audience's hearing is not damaged after the 15-minute peak performance. Three
barrier-placement options are available: Option A: 100 m; Option B: 200 m; Option C: 1,000 m (1 km).
(Logarithm aid: log 10 = 1; log 20 = 1.3; log 100 = 2.)

Item Polya Stage Question
2a Understanding  Based on the description above, what problem must the committee solve? State the physical
the Problem quantities and safety-limit information that are known, and what is being asked.
2b Devising a What physics concept applies to the problem above? Plan the systematic steps you would take
Plan to help the committee solve the problem.

2c Carrying Out Solve the problem by carrying out the mathematical calculation according to the steps you
the Plan planned in point (b).
2d Looking Back ~ Compare the numbers from your calculation with the WHO guideline table above. Which
location option would you ultimately recommend to the committee, and explain your

scientific reasoning for why the other options are dangerous for the audience.
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