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Abstract: Understanding of heat and temperature has been a major obstacle in students’ learning of
thermodynamics, but many diagnostic studies still report descriptive data on the frequencies of students’
responses, which lack evidence about the psychometric quality of the measurement, the ranking of
items, and the validity of the response patterns. This paper aims to address this by combining a four-
tier diagnostic test with the Rasch Partial Credit Model (PCM) to assess Grade XII students’ conceptual
knowledge of heat and temperature and to evaluate the diagnostic test’s psychometric quality. We
surveyed 60 senior high school students in Bandung, Indonesia, using a quantitative approach. They
responded to a diagnostic test with four-tiered items on the concepts of temperature, thermal expansion,
heating effect on temperature, states of matter, and heat transfer. We classified these responses into
conceptual categories and applied Rasch-PCM to assess reliability, item and person fit, unidimensionality,
category functioning, gender-based differential item functioning (DIF), Wright map, and the match
between difficulty and ability. The findings show the instrument had satisfactory psychometric
characteristics, including a reliable hierarchy of item difficulty, acceptable fit to the model, essential
unidimensionality, and mostly well-functioning response categories. There was little evidence of
measurement bias as items functioned similarly for both males and females. The diagnostic map
indicated that students’ concepts were characterized by partial understanding and misunderstanding,
and by ongoing confusion among heat, temperature, and thermal energy. The most challenging concepts
were density change upon heating, convection, thermal expansion on the particle level, thermal feelings,
and mechanisms of heat transfer. The person-fit and scalogram analyses also showed irregular
response patterns of a minority group of students, suggesting a potential for guessing, disjointed
reasoning, or unstable understanding. These findings show that the use of four-tier diagnostic responses
with Rasch-PCM offers a higher-standard approach to identifying misconception structures than
descriptive diagnostic analysis.
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 INTRODUCTION
It is necessary to understand the phenomena

of thermodynamics and their numerous
applications in science and engineering (Bandhu
et al., 2023; Bezlutsky et al., 2024; Fauzan et
al., 2021; Yang et al., 2020). Students are
expected to understand the quantitative
relationship between the two, such as recognizing
temperature as an indicator of thermal state and

Article’s DOI: https://doi.org/10.23960/jpmipa.v27i2.pp867-886

heat as transferred energy. Nonetheless, the
results of the study show that students and future
educators often confuse temperature with the
amount of heat or misunderstand temperature
changes, which distort the basic notions (Busyairi
et al., 2022; Fenditasari et al., 2020; Nabilah et
al., 2019). As a result, they have limited ability to
solve simple thermodynamic problems involving
complex subjects such as heat transfer and phase
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transitions. One study reveals that 58.73% of
potential physics teachers hold misconceptions,
whereas only 30.82% have an accurate
understanding of the concept; most
misconceptions concern thermal equilibrium.
Moreover, there are many misconceptions in the
distinction between the notions of temperature,
heat, and thermal energy (Busyairi et al., 2022).
This case highlights the fact that a sensitive and
metric diagnostic tool should be used to ensure
that the detection of misconceptions would
present the basis of efficient learning interventions
(Fenditasari et al., 2020; Samsudin et al., 2024).
In this context, “diagnostic” implies more than
reporting overall scores; it requires identifying
which concepts become bottlenecks, how
strongly they differentiate students, and which
response patterns indicate stable misconceptions
rather than momentary uncertainty (Caleon &
Subramaniam, 2010; Diani et al., 2019).

To meet that requirement, the four-tier
diagnostic test employs a more detailed method,
using multiple-choice answers, reasonableness
checks, and confidence levels to distinguish
between ignorance and deep-rooted
misconceptions (Diani et al., 2019; Kaltakci-
Gurel et al., 2017; Salele et al., 2025). The
technique detects response types that are
undetected in two- or three-level tests (Caleon
& Subramaniam, 2010; Hermita et al., 2017;
Istiyono, 2022; Istiyono et al., 2023). The
superiority of FTDT, with high Aiken V validity,
INFIT MNSQ within a reasonable range, and
reliability of 0.90, is evident in the study (Istiyono
et al., 2023). The error structure in the conceptual
model is more evident, as the eight categories of
responses in the PCM model can be used to
interconnect misconceptions across different
mechanics subjects. Besides, web-based
implementation enables large-scale response
analysis and accelerates data collection (Istiyono
et al., 2022). Nevertheless, four levels are usually
used in descriptive statistics; therefore, trends of

high confidence in inaccurate answers cannot be
identified everywhere, so a more detailed analysis
will be required. Therefore, an analysis
framework that preserves the diagnostic nature
of four-tier responses while providing
interpretable measurement parameters is needed
to connect response patterns to learning difficulties
and misconception structure (Istiyono et al.,
2023).

Rasch analysis in this case offers a metric
framework that can transform an ordinal data to
an interval scale that can be used to assess
reliability, fit, and more informative person-item
maps (Hermita et al., 2021; Ismail et al., 2021;
Planinic et al., 2019). PCM and RSM are the
polytomous models that are gaining increased
relevance in analyzing categorical responses that
involve confidence levels and reasons
(Dhyaaldian et al., 2022; Xiao et al., 2023).
Nevertheless, polytomous analysis should be
studied carefully in terms of functions of
categories and unidimensionality; otherwise, the
misconception maps may be deceptive.
Therefore, the use of the four-tier diagnostic test
and the Rasch model needs to be psychometrically
valid (Istiyono et al., 2024; Walfridsson et al.,
2022). In a diagnostic context, Rasch parameters
are meaningful for learning analysis: item
“difficulty” can be interpreted as the relative
conceptual demand of specific heat-temperature
ideas on a common logit scale, while person
“ability” represents students’ overall mastery level
within the same construct (Hermita et al., 2021;
Planinic et al., 2019). Furthermore, item fit
(INFIT/OUTFIT) helps indicate whether
responses align with expected cognitive
progression, where misfitting items may signal
ambiguous reasoning options or heterogeneous
misconception pathways; person fit can reveal
aberrant response patterns such as guessing or
fragmented understanding that are pedagogically
informative rather than merely noise (Planinic et
al., 2019). A scatter plot operationalizes this
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connection by directly showing whether item
difficulty appropriately targets the distribution of
student ability, highlighting concept areas that are
systematically too difficult or too easy for the
sampled population (Hermita et al., 2021; Ismail
et al., 2021).

Practically, it is also beneficial for integrating
person maps with other analytics, not limited to
analytics. Person item maps may expose those
biased aspects, dysfunctional sets of beliefs, and
respondent groups prone to some forms of
misconceptions (Jumadi et al., 2023). Empirical
research indicates that the application of Rasch
enhances the validity and reliability of tools if the
processes of item development are performed
properly (Ali et al., 2017; Farida et al., 2024).
In line with this, Busyairi et al. (2022) documented
persistent misconceptions in temperature and
heat, indicating that instructional innovation and
targeted remediation remain urgent.

While other studies have used four-tier
diagnostic tests (4T-DT) to detect students’
misconceptions about heat and temperature,
these tests have some limitations. For instance,
Sukarelawan et al. (2021) diagnosed students’
misconceptions using 4T-HTDT in Bantul,
Yogyakarta, but the analysis primarily employed
descriptive methods to report the percentage of
students’ conceptual comprehension. This
approach provides an overview of the percentage
of students’ misconceptions. However, it does
not provide details on item difficulty, response
category functioning, model fit, or item bias.
Furthermore, the misconception profile in one
education system may not apply to other regions,
as students’ conceptual understanding may be
affected by their learning experiences, school
environments, and local teaching practices. The
current study builds on previous research by
investigating students’ misconceptions about heat
and temperature in Bandung, West Java, using a
polytomous Rasch-PCM approach. This allows
us to not only diagnose patterns of

misconceptions but also assess the psychometric
quality of the FTDT, identify a hierarchy of
conceptual difficulty, and explore the functioning
of response categories and the gender differences
in DIF evidence. Therefore, the study not only
helps diagnose misconceptions but also validates
the four-tier diagnostic measurement across
different regions.

The paper designed a Four-Tier Heat &
Temperature Diagnostic Test and tested it using
a polytomous Rasch model. This was aimed at
comparing quantitative misconceptions in
students with the tools that address the criteria of
fit, reliability, and functionality (Hawkins et al.,
2024; Hermita et al., 2021; Jumadi et al., 2023).
The findings of the research include an analysis
of misconceptions using a four-tier model that
specifically concerns temperature and heat, an
explanation of the reasons for using a polytomous
Rasch model, and a misconception map that can
be applied to enhance learning. Projected
outcomes also furnish more noticeable evidence
on how to plan to improve and allocate resources
regarding certain misconceptions (Munggarani et
al., 2021; Romine et al., 2015). Therefore, the
study is guided by the following research
questions:

1. What misconception patterns on heat and
temperature are identified from FTDT
response profiles?

2. Does the FTDT demonstrate adequate
psychometric quality under the Rasch-PCM
model in terms of reliability, fit,
unidimensionality, and category functioning?

3. Do the items function equivalently across
gender groups based on DIF evidence?

 METHOD
Participants

This research was conducted on a group
of 60 students (30 male and 30 female) from
classes XII C and XII D of a government high
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school in Bandung, aged 16-18 years. Purposive
sampling was used in the paper because
information on temperature and heat was formally
taught at this stage. Consequently, misconceptions
would be associated with real learning
experiences. Participants were included if they
(1) were enrolled in grade XII, (2) had completed
instruction on temperature and heat, and (3)
completed all FTDT responses via Google Forms.
The data were collected in December 2025.
Although Rasch analysis is frequently conducted
with larger samples, a sample size of 60 was
considered adequate for preliminary instrument
validation using the Rasch Partial Credit Model
(PCM), particularly for evaluating item fit,
reliability, and category functioning. Nevertheless,
the authors acknowledge that the sample was
drawn from a single school and therefore the
findings should be interpreted within this study
context. This limitation is further addressed in the
discussion section.

Research Design and Procedures
A quantitative survey was employed in this

study, accompanied by psychometric analysis to
map students’ misconceptions about temperature
and heat using the Four-Tier Diagnostic Test
(FTDT). The reason a survey was selected is that
the FTDT is better at capturing internal cognitive
structures as a combination of answers, reasons,
and confidence, because this approach avoids
confining misconception data to bare self-
reporting. The four-level tool generates
polytomous responses; thus, the Rasch Partial
Credit Model (PCM) was employed to obtain
interval-scaled logit measures, test item and
respondent reliability, and assess category
functions. FTDT and Rasch are combined to
enhance the identification of misconceptions,
since, unlike classical analysis, this approach
enables the identification of misfit items, the
mapping of difficulty hierarchies, and the study
of measurement structure consistency.

Instrument
The instrument used was a Four-Tier

Diagnostic Test (FTDT), adopted from
Sukarelawan et al. (2021). The FTDT format in
this study followed the Four-Tier Heat and
Temperature Diagnostic Test (4T-HTDT)
structure proposed by Sukarelawan et al. (2021)
without modification to the conceptual indicators
and item intent. The FTDT consists of four tiers:
Tier 1 (multiple-choice content answer), Tier 2
(confidence in Tier 1), Tier 3 (conceptual
reasoning), and Tier 4 (confidence in Tier 3). The
confidence scale followed a 4-point format (1 =
only guessing, 2 = unsure, 3 = sure, 4 = very
sure).

The instrument indicators were organized
based on the Four-Tier Heat and Temperature
Diagnostic Test (4T-HTDT) structure and
covered five concept groups: (1) temperature,
(2) thermal expansion, (3) the effect of heat on
the temperature of an object, (4) the effect of
heat on the state of matter, (5) heat and heat
transfer. The adopted instrument consisted of 20
items distributed across the concept groups (6
items for temperature, 4 items for expansion, 2
items for the effect of heat on the temperature of
an object, 2 items for the effect of heat on the
state of matter, and 6 items for heat and heat
transfer). An example item format includes a
question about heat transfer phenomena in daily
contexts (Tier 1), followed by a reasoning option
explaining energy transfer mechanisms (Tier 3),
with confidence ratings for both tiers.

Content validity was evaluated by experts
for material relevance, construction, and linguistic
clarity. Following the original development
procedure, content validity was evaluated across
three aspects (material, construction, and
language/cultural clarity), and all items showed
Aiken’s V indices above the cut-off value of 0.75,
indicating adequate representativeness and clarity.
As the instrument was adopted without
modification, the study focused on empirical
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validation in the present sample using the Rasch
Partial Credit Model (PCM) to confirm its
measurement functioning in this context. Item fit,
difficulty hierarchy, and unidimensionality were
evaluated. All items fell within acceptable INFIT
and OUTFIT MnSq ranges, except one item,
which was retained because MnSq values
between 1.50 and 2.00 are still considered
productive for measurement. Reliability analysis
showed high item separation and an item reliability
coefficient of 0.97, indicating strong internal
consistency and stable estimation of item
difficulty.

Data Analysis
The method suggested by Boone et al.

(2014) was assigned to evaluate the data, which
presupposes the application of the Rasch Partial
Credit Model (PCM). The PCM was selected
because the FTDT produces polytomous
response patterns across tiers, and Rasch

modeling transforms raw scores into interval-level
logit measures, facilitating more robust
interpretation of item difficulty and student ability.
Students have varying degrees of thinking, such
as Solid Understanding (SU), Partial
Understanding (PU), Partial Negative (PN),
Misconception (MC), No Understanding (NU),
and No Coding (NC). PU and PN differ in nature:
PU is a response pattern of correct answering
with inadequate reasoning and/or confidence, and
PN is a response pattern of incorrect answering
with reasoning and confidence patterns that
indicate unstable, partially developed conceptual
knowledge. While several PU or PN response
patterns have identical scores, interpretation is
based on the profile of tier co-occurrence rather
than the scores. Thus, PU and PN response
patterns were distinguished analytically by
response-pattern diagnosis across tiers, rather
than by scores. The results in Table 1 indicate
the number of concepts students hold.

Table 1. Conception level category

Category Tier 1 Tier 2 Tier 3 Tier 4 Score 
SU T S T S 4 

PU 

T S T U 3 
T U T S 3 
T U T U 3 
T S F S 2 
T S F U 2 
T U F S 2 
T U F U 2 

PN 

F S T S 2 
F S T U 2 
F U T S 2 
F U T U 2 

MC F S F S 1 

NU 
F S F U 0 
F U F S 0 
F U F U 0 

NC NCA 
 Note: T=True; F=False; S=Sure; U=Unsure; NCA=No

Clear Answer; NC=No Coding; T=S= score 1; F=U=
score 0



872 Jurnal Pendidikan MIPA, Vol. 27, No. 02, pp. 867-886, June 2026

The capacity of the instrument to
differentiate the levels of the students’
understanding and the distribution of the item
difficulty was tested according to the standardized
criteria, where reliability coefficients were
excellent (e”0.80), good (0.71 to 0.79), fair (0.61
to 0.70), and very low (d”0.50). Indices of person
and item separation were also examined to further
assess the instrument’s ability to differentiate
among various levels of student understanding and
item difficulty. The scale of construct validity was
analyzed through the values of INFIT and
OUTFIT MNSQ (range 0.5 to 1.5), Z-
standardized scores (-2.0 to 2.0), and point
measure correlation (0.40 to 0.85); items with at
least one of the values were accepted, and those
with all of the values were suggested to be
changed. Principal Component Analysis of
Residuals (PCAR) was used to assess
unidimensionality based on the percentage of
explained variance (>20%), the percentage of
unexplained variance (<15%), and the first-
eigenvalue contrast (<3%). The challenge for each
item was then calculated, and the Wright Maps
were applied to visualize the correspondence
between student skills and the item hierarchy.
Lastly, the misconception patterns were
categorized using the FTDT to create a
comprehensive conceptual mapping of the
temperature and heat concepts. Item difficulty and
person ability were expressed in logit units, and
Wright Maps were used to interpret the item
hierarchy and student distribution on the same
measurement scale.

 RESULT AND DISCUSSION
Quality of Instrument

The quality of the four-tier instrument for
temperature and heat is assessed using elementary
statistical analyses of person-item data within the
Rasch model, on which the stability and reliability
of the measurements are based. This is a rather
significant step, since the subsequent Item fit,

person fit, dimensionality, and ability mapping are
highly reliant on model estimation accuracy
(Hikmah et al., 2021; Jumadi et al., 2023;
Saputra & Tania, 2024). It includes a four-level
diagnostic tool, which is the most appropriate
approach that helps researchers assess the quality
of the instrument holistically, such as summary
statistics of measurements, item and respondent
goodness, unidimensionality measures, and the
analysis of the possible intergroup bias, using DIF
(Agustina et al., 2023; Istiyono et al., 2024;
Salele et al., 2025). Each of the visualizations
(Figures 1 to 8) is based on empirical data, with
a Rasch-based interpretation and existing findings
from diagnostic research, providing not only
technical validation but also support for the
instrument’s diagnostic function.

Reliability and Measurement Quality
Figure 1 provides a statistical summary of

the consistency of students’ responses to each
item. The person statistics indicate that students
can be differentiated consistently into broad levels
of conceptual understanding, so the instrument is
suitable for diagnostic profiling rather than mere
score ranking. The person statistics indicate that
students can be differentiated consistently into
broad levels of conceptual understanding, so the
instrument is suitable for diagnostic profiling rather
than mere score ranking. In practical terms, this
means the FTDT can identify students with weak,
emerging, and stronger conceptual structures,
which is important for planning differentiated
remediation in heat and temperature. Rather than
indicating only statistical consistency, the person
indices show that the ordering of students is stable
enough to support meaningful instructional
decisions. Accordingly, the instrument has value
for grouping students into broad bands of
understanding that can be linked to targeted
remediation in heat and temperature.

The item statistics indicate that the test has
a reliable hierarchy of conceptual difficulty (that
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Figure 1. Reliability and measurement quality

is, the arrangement of items from more to less
difficult is interpretable and not due to
measurement error). This is relevant for diagnostic
purposes because difficult items can serve as a
proxy for concepts that require understanding in
terms of the coordination of principles. In contrast,
easy items can serve as a proxy for concepts that
are more accessible at this level of ability. Such
stability is essential for diagnostic use because it
supports consistent interpretation of which
concepts are genuinely more challenging across
administrations. Overall, the person and item
evidence indicate that the instrument is adequately
calibrated for diagnosis: it can map variation in
student understanding and show which parts of
the topic are systematically more demanding.

Therefore, Figure 1 supports the use of the FTDT
not only as a measurement tool, but also as a
basis for identifying where conceptual support
should be focused in instruction.

The finding that items can be organized into
approximately four difficulty levels should be
interpreted diagnostically, not only statistically.
Based on the item measure ordering (Figure 2)
and the Wright map targeting (Figure 7), the most
difficult cluster is dominated by Q10, Q20, and
Q9 (with Q19 also appearing in the upper-
difficulty range). These items require students to
coordinate multiple principles rather than rely on
surface cues. For instance, Q10 probes density
change under heating and requires integrating
mass conservation with volume expansion and
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the definition of density (m/V). Q20 targets
convection and demands causal reasoning about
temperature–density relations that drive fluid
circulation. Q9 examines thermal expansion and
challenges the common particle-number
misconception by requiring a micro–macro
mechanism (i.e., increased interparticle spacing).
Q19 differentiates thermal sensation from
temperature by invoking thermal equilibrium and
conductivity. Therefore, these difficult items are
diagnostically valuable because they tend to
separate students who can coordinate models
from those who rely on everyday intuition (e.g.,
“feels colder” means “lower temperature”).

Cronbach’s alpha complements the Rasch-
based evidence by indicating that the items work
together to measure a common construct, namely,
students’ conceptual understanding of heat and
temperature. Within the Rasch framework,

however, this coefficient is better interpreted as
supporting evidence, while the separation,
reliability, and error indices provide more direct
information about measurement precision.
Because the estimation error is relatively small,
the resulting misconception map can be
interpreted with reasonable confidence
and used to support follow-up diagnostic
decisions

Model Fit and Item Fit
In addition, the Model Fit review extends

the item fit analysis shown in Figure 2, which
provides estimates of the difficulty levels, standard
errors, and Infit-Outfit MNSQ and ZSTD values.
The point of this review is to ensure that the
variation in student responses is attributable to
conceptual ability rather than to item instability
or measurement noise.

 
Figure 2. Model fit and item fit

The table depicted in Figure 2 presents the
distribution of item fit and Infit-Outfit MNSQ and
ZSTD. The average Infit MNSQ and Outfit
MNSQ are 1.01 and 0.99, respectively, which
are very similar to the optimum model values, as

per the range of 0.5 to 1.5 commonly adopted in
the studies of the validation of educational
instruments (Hikmah et al., 2021). The value of
ZSTD infit = -0.03 and ZSTD outfit = -0.14
implies that no item has a significant difference
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between its expectations of the model, when the
ZSTD guideline value is -2 to +2, implying that
the items are functioning consistently in measuring
the intended construct, rather than introducing
systematic distortion (Avinç & Doðan, 2024).

The lowest point-measure correlations
were found in Q9, Q10, Q15, Q18, and Q20,
and these items appear to be conceptually
demanding rather than merely defective. Q9
requires students to relate thermal expansion to
increased inter-particle spacing at the
microscopic level. Q10 requires coordination of
mass conservation, volume expansion, and density
change during heating. Q15 challenges the
common misconception that “cold” can flow,
rather than that heat is transferred from higher to
lower temperatures. Q18 requires students to
distinguish thermal sensation from temperature
across different materials. Q20 demands a causal
understanding of convection as a density-driven
fluid process. Accordingly, the low correlations
in these items are better interpreted as evidence
of persistent conceptual difficulty and
heterogeneous reasoning than as simple item-
writing flaws. For details on the conception

category (Solid Understanding, Partial
Understanding, Partial Negative, Misconception,
No Understanding), please refer to Appendix A.

These outcomes correspond to the results
of the earlier four-tier tool applied to map
misconceptions in fundamental physics topics
(Çelikkanlý & Kýzýlcýk, 2022). When all three
categories are met, it will be handled under the
highly suitable category. When it has only two
categories, then it comes under the category of
Suitable. When one of the categories is met, it
will be included under the Less Suitable category.
When none of the three categories are met, it will
be included under the Not Suitable category
(Istiyono et al., 2024). From the perspective of
the diagnosis, this classification suggests selective
refinement of items, particularly to improve
discrimination in areas related to persistent
misconceptions, without compromising the
instrument’s overall construct validity.

Construct Validity and Unidimensionality
Figure 3 of the dimensionality analysis of

raw variance explained by measures, with a
standard of 20%, showed a value of 35.7%. It

 

 
Figure 3. Construct validity and unidimensionality

means there is a single prevailing construct
measured consistently by the instrument. The
percentage of variance accounted for by the
Rasch measures indicates that the primary
dimension is sufficiently dominant in the
measurement structure to represent the intended
construct. The values of unexplained variance in
the first contrast (7.9) and second contrast (7.0)

are rather insignificant, which means that there
are no significant secondary dimensions (Li et al.,
2024). In Rasch measurement, contrasts of this
magnitude are usually treated as noise rather than
as evidence of extra latent traits.

Essential Unidimensionality of 52.8% also
contributes to the fact that the given instrument
corresponds to the assumption of
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unidimensionality in practice and can be used to
compare misconception levels among students
using a logit scale (Sukarelawan et al., 2021).
This finding is especially significant for four-tier
diagnostic instruments, as it appears that the
addition of confidence tiers does not contaminate
the construct but rather operates within a single
dominant dimension. These findings are sound,

but the consistency of the measurement structure
should still be checked through cross-sample
analysis.

Item Characteristic Curves
The probability patterns in Figure 4 show

distinct differences across ability levels, indicating
that the response scale is generally effective at

 

 

Figure 4. Item characteristic curves

distinguishing students’ conceptual understanding
and confidence. Category 0 relates to low ability,
category 2 to medium ability, and category 4 to
high ability. Categories 0, 1, 2, and 4 are clearly
dominant across a range of abilities, while
category 3 has a weaker, overlapping peak that
is rapidly overrun by categories 2 and 4. This
overlap indicates a lack of consistency for
students in understanding the difference between
intermediate confidence levels in holding partially
correct conceptions. Nevertheless, the ordered
Andrich thresholds and lack of irregularities

suggest a logical, structured, and monotonic
functioning scale along the latent trait continuum.
Accordingly, the four-category scale is suitable
for utilization within the Partial Credit Model,
although category 3 does not work as efficiently
and is maintained for more theoretical reasons,
related to differentiating levels of student
confidence (Oktaviani & Istiyono, 2023).

DIF Analysis
The findings of the gender DIF analysis in

Figure 5 indicate that most items are near the zero
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Figure 5. The result of DIF analysis based on gender (L: Male; P: Female)

line, suggesting no significant difference in difficulty
between male and female students. The DIF
values do not exceed the psychometrically
acceptable threshold. This suggests that
differences in student performance are more likely
due to differences in conceptual understanding
than gender related measurement bias. This is
despite the fact that there are several other items
with low DIF values, including Q11-Q3 and the
change in Q10; the DIF values are within the
psychometrically acceptable range (Farida et al.,
2024). Such small patterns of DIF are often
considered negligible and may reflect differences
in context or instruction rather than systematic
bias against a particular group. This is why the
instrument can be regarded as comparatively
unbiased with respect to gender; however, some
amendments are suggested. However, these
results provide useful information for item
monitoring, as relatively large DIF values on items
may warrant qualitative investigation in the future
(Ozdemir & Alshamrani, 2020; Saputra et al.,
2024; Steyn & de Bruin, 2020). Although DIF
values remain within acceptable thresholds, small
DIF tendencies may still be informative for
diagnostic refinement. Items embedded in
everyday contexts (e.g., kitchen, household
materials, or tactile sensation) can be slightly
sensitive to differences in prior experience or

instructional emphasis, which may vary across
student groups even when the underlying
construct is the same. So, these items should be
kept but monitored in future tests, and qualitative
analysis can help determine whether their wording
contributes to differences within small groups
without indicating bias.

Person Fit Analysis
The person fit analysis in Figure 6 indicates

that the pattern of responses from most
respondents was as expected under the Rasch
model, as evidenced by Infit and Outfit MNSQ
values near 1.00 and ZSTD values near either -2
or +2 on average. This pattern suggests that most
students responded to the items in a manner
consistent with their estimated ability levels,
supporting the overall validity of the instrument’s
person measures. Nevertheless, a few
respondents exhibit misfit, as indicated by Outfit
MNSQ > 1.5 or ZSTD > |2|. Typically, such misfit
responses are those in which students get more
difficult items right and easier ones wrong, and
show irregular response behavior rather than
random measurement error. For further
clarification, please refer to Appendix B, which
shows students’ understanding of each test item.
Appendix B presents the frequency distribution
of students’ conceptual understanding categories
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across the 20 exam questions. The results show
that answers containing misconceptions were
rarely found across all questions. The dominant
categories among the 60 students were Partial
Understanding (32 students) and No
Understanding (24 students), followed by 2
students in the category of either No
Understanding or Partial Understanding, 1 student
in the category of either Misconception or Partial
Understanding, 1 student in the Misconception
category, 0 students in the Partial Negative
category, and 0 students in the Solid
Understanding category. The trend also follows
when the students get challenging questions right

and easy questions wrong, which is usually
attributed to carelessness, guesswork, or certain
misapprehensions (Rohima & Hasbiah, 2023).
From a diagnostic standpoint, these misfit cases
are especially informative because they may
indicate non-linear reasoning and/or unstable
conceptual understanding rather than inattentive
responding. The importance of such findings lies
in the fact that misfit persons can undermine the
validity of the results interpretation and should
establish the foundation on which a choice
regarding the clustering or particular intervention
types can be made. Instead of compromising
measurement quality, these patterns of misfit

Figure 6. The result of person fit analysis
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provide a basis for a specific pedagogical
intervention or clustering strategy to address
individual learning needs and misconceptions
(Agustina et al., 2023).

To avoid redundancy, the person-fit
interpretation is presented once, followed by a
diagnostic illustration using response-pattern
evidence from the scalogram in Figure 6. The
response patterns of most participants were in
line with the expectations of the Rasch model, as
indicated by Infit and Outfit MNSQ values of
approximately 1.00 and ZSTD values usually
within the range of -2 to +2. Nonetheless, a few
respondents had an Outfit MNSQ misfit of more
than 1.5 or a ZSTD of more than 2. Students
gave correct responses to challenging questions
and gave incorrect answers to simple questions,
which was frequently noticed when the latter were
careless, guessing, or had a particular
misconception (Rohima & Hasbiah, 2023).
Results like these are highly significant since
incorrect analysis of findings can be nullified by
unqualified people. Moreover, such findings must
be utilized to make decisions regarding a
particular pedagogical intervention or clustering
(Agustina et al., 2023).

Wright Map Targeting
Figure 7 shows that students’ abilities range

from +1 to -3 logits, with most students between
-1 and 0 logits. This means that the items are
mostly harder than average student ability and
will, however, be usable as diagnostic tools. Such
targeting is suitable for diagnostic purposes, as it
is more about increasing sensitivity to partial
understanding and emerging misconceptions than
about picking out high-performing students. On
the other hand, the item difficulty hierarchy may
be considered stable and reliable, since items are
distributed across the least challenging (Q11 and
Q4) and the most challenging (Q10, Q20, and
Q9). This ordered distribution suggests that the
instrument spans a meaningful progression of

conceptual difficulty in the domain of temperature
and heat. The trend indicates the gaps at both
ends of ability, which implies the necessity to
include very easy and very difficult items, because
that way the instrument will be able to record the
variation in ability more equally, which is also
supported by the Rasch instrument development
literature (Hikmah et al., 2021; Sukarelawan et
al., 2021). Such refinement would lead to better
targeting precision, especially for students at the
lower and upper ends of ability, thereby enhancing
the instrument’s diagnostic resolution.

Scatter Plot of Students Performance
Figure 8 shows a scatter plot illustrating the

relationship between students’ ability levels and
item difficulty levels. The x-axis represents the
item difficulty index, while the y-axis represents
students’ ability scores. Based on this
visualization, the item difficulty index ranges from
3.13 to 4.27, while student ability scores range

Figure 7. The wright map of students’ abilities
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Figure 8. Scatter plot of students' ability levels and item difficulty levels

from 1.50 to 3.40. The average item difficulty of
3.73 is higher than the average student ability of
2.27. This indicates that most items are relatively
difficult for the average student. Items Q02, Q09,
and Q10 on temperature and expansion, and
items Q15, Q16, Q19, and Q20 on heat transfer
are the most difficult. In contrast, items with low
difficulty levels on the temperature and expansion
topic include Q01, Q03, Q04, and Q07. On the
topic of the relationship between heat and an
object’s temperature and state, they include Q11
and Q14. In general, these results indicate that
the topics of temperature and expansion are easier
to understand for students at the low-to-moderate
ability level, followed by the relationship between
heat and the temperature and state of matter at
the moderate level. In contrast, the topic of heat
transfer demands higher conceptual ability. Thus,
the scatter plot reveals a gap between students’
abilities and the difficulty levels of some items.
This can also be seen in Appendix A.

Response Patterns
In Figure 9, the Guttman Scalogram

provides a full picture of student response patterns
by item difficulty and shows that fit students exhibit

monotonic response patterns, whereas misfit
students exhibit non-monotonic patterns (Sideridis
& Alghamdi, 2025; Wind, 2018). These
irregularities can be explained by inconsistencies
between students’ expected and actual responses
due to guessing, response laxity, or, more
importantly, unstable and fragmented conceptual
knowledge rather than random responses. This
interpretation is consistent with person-fit
statistics, in which misfit persons exhibit high Outfit
MNSQ or ZSTD values outside the acceptable
range (-2 to +2), suggesting violations of the
model’s item-difficulty assumptions.
Methodologically, the Guttman Scalogram is a
qualitative complement to the quantitative person
fit indices, in which inappropriate person fit is
associated systematically with patchy response
structures (Wind, 2018; Yu et al., 2024). The
overlap between scalogram patterns and person
fit increases the validity of diagnostic inferences
to support a strong triangulation basis for
identifying responses that need reconsideration,
items that might need revision, or student groups
that might benefit from specific instructional
remediation to provide a strong inference for
informed decisions on item refinement and the
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design of group-specific intervention programs
(Schooler, 1968; Yu et al., 2024).

With diagnostic follow-up, the erratic
response patterns in the scalogram can be used
to detect guessing and/or incomplete conceptual
frameworks. For instance, a misfit response
typically has several isolated high-category
responses on difficult items and low-category
responses on easy items. In a four-tier model,
this can occur when the student successfully
guesses Tier 1 but chooses an invalid reason (Tier
3) and/or is overconfident, producing a pattern
that does not follow the expected monotonicity.
These situations are interesting from a diagnostic
perspective: they reveal which concepts elicit
unstable reasoning and can inform a diagnostic
session (interview, remediation tasks) to rule out
“chance success”.

 CONCLUSION
This study shows that the Four-Tier

Diagnostic Test (FTDT), analyzed using the Rasch
Partial Credit Model, is effective at identifying
students’ misconceptions about heat and
temperature. The most common conceptual
understanding of temperature and heat among the
60 students was the “Partial Understanding”

 

 
Figure 9. Guttman scalogram of students' responses

category, followed by the “No Understanding”
category, then the “Misconception” category, the
“Partial Negative” category, and finally the “Solid
Understanding” category. The instrument proved
highly reliable, clearly differentiated student
proficiency levels, and showed no major gender
bias; thus, it appears suitable for diagnostic
purposes. The results are consistent with the
research objectives and suggest alignment among
the research context, methodology, and findings.

The calibrated FTDT can thus be used for
teaching and remediation, as well as for curriculum
development, to better address persistent
conceptual misconceptions and develop effective
teaching approaches. Larger sample sizes and the
use of several thermodynamics topics and other
qualitative methods (such as interviews or think-
alouds) should be employed to reveal additional
conceptual difficulties effective teaching strategies.
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AI USAGE IN THE WRITING
PROCESS
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 SUPPLEMENTARY MATERIAL
The dataset is openly available at: https://

figshare.com/s/3572b61ecb783028f4c6
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 APPENDIX

Appendix A. The conception category

Items Mean 
coding 

Difficulty 
index 

SU PU PN MC NU Dominant 

Q01 2.6 3.4 4 40 0 0 16 PU 
Q02 1.7333 4.2667 1 18 1 2 38 NU 
Q03 2.8667 3.1333 1 52 2 0 5 PU 
Q04 2.8333 3.1667 6 41 1 2 10 PU 
Q05 2.25 3.75 3 21 10 1 25 NU 
Q06 2.5333 3.4667 1 37 7 0 15 PU 
Q07 2.5667 3.4333 3 28 13 0 16 PU 
Q08 2.1333 3.8667 3 25 3 0 29 NU 
Q09 1.9333 4.0667 1 19 6 2 32 NU 
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Q08 2.1333 3.8667 3 25 3 0 29 NU 
Q09 1.9333 4.0667 1 19 6 2 32 NU 
Q10 1.8 4.2 0 17 7 0 36 NU 
Q11 2.8333 3.1667 10 34 1 0 15 PU 
Q12 2.2833 3.7167 1 30 5 3 21 PU 
Q13 2.2667 3.7333 0 13 24 2 21 PN 
Q14 2.3 3.7 0 30 9 0 21 PU 
Q15 2.0667 3.9333 0 24 7 2 27 NU 
Q16 1.9333 4.0667 0 24 3 2 31 NU 
Q17 2.1333 3.8667 0 27 6 2 25 PU 
Q18 2.7 3.3 1 9 40 0 10 PN 
Q19 1.8167 4.1833 2 19 0 3 36 NU 
Q20 1.8167 4.1833 0 20 4 1 35 NU 

 
Appendix B. Students’ conceptual understanding of each question

Person Gender Q01 Q02 Q03 Q04 Q05 Q06 Q07 Q08 Q09 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
01 M PU SU SU PU PU NU NU PU SU NU NU NU MC PN MC MC MC SU MC MC 
02 M PU NU NU NU NU PN NU NU NU NU NU PU NU NU PU NU NU NU NU PU 
03 M PU PU PU PU PU PN NU PU PU NU NU PN NU PN NU NU NU PN NU PN 
04 M PU MC PU MC NU NU NU NU NU PU NU NU NU PU NU PN PN NU NU NU 
05 M PU NU PU PU PU PU NU NU NU NU NU PU PU NU PU PU NU PN PU PU 
06 M NU PN PU PU NU NU NU NU PU NU NU PN NU NU NU NU PN NU NU NU 
07 M PU PU PU SU SU PU SU NU MC NU SU MC PN PU MC MC MC NU MC PU 
08 F SU NU PU SU SU SU SU SU PU PU PU PU PU PU PN PU PU PN NU PU 
09 M PU PU PN PU PU PU PU PU NU PU SU PU PU PU PN PU PU PU SU NU 
10 F NU NU PU NU NU PU PN NU NU NU PU PU NU NU NU NU NU PN NU NU 
11 M PU PU PN PU PU PU PU PU NU PU SU PU PU PU PN PU PU PU SU NU 
12 F PU NU PU PU NU NU PU NU PU PN PU NU PN NU NU NU NU PN NU NU 
13 F PU NU PU PU PN PU SU PU NU NU PU MC PN PU NU PU PU PN NU NU 
14 F PU PU NU PU PN PU PU PU NU PN PU PU PU PU NU PU PU PN NU NU 
15 M NU NU PU NU PU PU PN NU PU PN SU MC NU PU NU PU PU PN NU NU 
16 F PU NU PU PU NU PU PN NU NU PN PU NU PN PU NU PU NU PN NU PU 
17 M PU NU PU PU NU PU PU PU NU PU PU PU PN PU PU NU NU PN NU PU 
18 M PU NU PU PU NU PU PU PU NU PU PU PU PN PU PU PU PN PN PU PN 
19 F PU PU PU NU NU PU PU PU PU PU PU NU NU PU PU PU PU PU PU NU 
20 M SU NU PU PU NU PU NU NU NU NU SU PU PU PU NU NU PU PN PU PU 
21 F PU PU PU PU PU PU PU NU NU NU PU PU NU NU PN NU NU PN NU NU 
22 M PU NU PU PU PN PU PU PU NU PU PU PU PN PU PN PU PU PN NU PU 
23 F PU NU PU PU PU PU PU SU PU PN SU NU PN PU NU PU PU PN PU NU 
24 F PU NU PU PU NU PU PU PU NU NU NU PU PN NU NU NU PU PU PU NU 
25 F PU NU PU PU NU PU PN PU NU NU PU PU PN NU NU NU NU PN NU PU 
26 M PU PU PU PU PU PU PU PU PU PU PU PU PU PU PU PU PU PN PU PU 
27 M NU NU PU PU NU PU PU NU PN NU NU NU PN NU NU NU PU PU NU NU 
28 F PU PU PU PU NU PU NU NU PU NU PU PU PN PU PU NU PU PN PU PN 
29 F PU NU PU PU PU PU PU PU PU PU PU PU NU PU PU PU PU NU NU PU 
30 F NU NU PU PU PU PU PN PU PU NU PU PN PN PU PU PU PU PN NU NU 
31 F NU NU PU PU PU PU PU PU PU NU NU PU PN PU PU NU PU PN NU NU 
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