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Abstract

Conventional physics assessments often emphasize final numerical answers and therefore provide limited
information about where students' reasoning breaks down during problem solving. This study developed and
preliminarily validated a process-oriented assessment instrument for heat learning. A quantitative preliminary
instrument-validation design was used. Four contextual essay problems were decomposed into five stages
focusing on the problem, describing the physics, planning the solution, executing the plan, and evaluating the
answer yielding 20 scored sub-items using a 0—4 analytic rubric. Five experts evaluated content validity using
I-CVI, S-CVI/Ave, and S-CVI/UA, followed by an empirical trial with 30 Grade 12 students. Empirical
analyses included corrected item-total correlations, Cronbach's aipha, item difficulty, and item discrimination.
The instrument obtained S-CVI/Ave = 0.960 and S-CVI/UA = 0.800, with I-CVI values ranging from 0.80 to
1.00. Corrected item-total correlations ranged from 0.605 to 0.909, Cronbach's aipha was 0.975, difficulty
indices ranged from 0.583 to 0.750, and discrimination indices ranged from 0.406 to 0.750. These findings
provide preliminary evidence that the instrument can support stage-specific diagnosis of students' problem-
solving performance in heat learning. Larger-sample validation and inter-rater reliability studies are still
required.
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INTRODUCTION

Problem solving is a central goal of physics education because successful solutions require more
than recalling formulas. Students must represent the situation, identify relevant physical principles, plan a
route to the solution, carry out the mathematics, and judge whether the result is physically plausible. Research
on physics problem solving has long shown that expert performance is characterized by structured
rePresentations and principled reasoning rather than immediate equation selection (Heﬂer & Reif, 1984; Heller
et al., 1992).

Assessment practices that emphasize only a final numerical answer can therefore hide important
differences in students' reasoning. A correct result may follow from incornplete or poorly justified reasoning,
while a conceptually sound solution may contain a minor computational error. Process-oriented rubrics
address this limitation by scoring observable components of a written solution rather than reducing
performance to a single correct/incorrect judgment (Docktor et al., 2016).

One influential approach organizes physics problem solving into a sequence that requires students
to focus on the problem, describe the physics, plan a solution, execute the plan, and evaluate the answer.

Related work has shown that explicit problem-solving structures can serve both as instructional scaffolds and
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as assessment frameworks for examining how students approach complex problems (Heller et al., 1992;
Burkholder et al., 2020). This staged perspective is particularly useful when the purpose of assessment is
diagnostic rather than merely summative.

Heat and thermal physics provide an appropriate context for such diagnosis because students
frequently have difficulty distinguishing concepts such as heat, temperature, and internal energy and may
retain alternative conceptions even after instruction. Diagnostic studies in thermal physics have documented
persistent conceptual difficulties and have emphasized the value of assessments that reveal the reasoning
behind students' responses (Leinonen et al., 2013; Gurcay & Gulbas, 2015).

The instrument examined in this study applies the five-stage problem-solving structure to four heat
contexts: basic heat transfer during heating, phase change, thermal expansion, and thermal equilibrium using
the principle of mixtures (Black's principle). Each problem is divided into five scored stages, producing 20
sub-items. The analytic structure is intended to distinguish difficulties in identifying information and
principles from weaknesses in planning, calculation, or evaluation of the final answer.

Before such stage-specific scores can be interpreted, evidence is needed that the instrument content
is appropriate and that the scored components function consistently. Content validity can be examined
through expert judgment using item and scale-level content validity indices, whereas empirical item anaiysis
can provide preliminary information about sub-item relationships, score consistency, difficulty, and
discrimination (Polit & Beck, 2006; Polit et al., 2007; Crocker & Algina, 1986). Cronbach's alpha can describe
internal consistency, but it should not be treated as proof that all stages measure a single dimension (Taber,
2018).

Accordingly, this study provides preliminary validation evidence for a five-stage problem-solving
assessment in heat learning. The study addresses three questions: (1) What evidence of content validity is
obtained from expert judgments? (2) What initial evidence of score consistency and corrected item-total
relationships is obtained from the student trial? and (3) What are the difficulty and discrimination
characteristics of the 20 scored sub-items? The results are intended as an initial basis for further validation

rather than as confirmation of the instrument's full dimensional structure.

METHOD

This study used a quantitative preliminary instrument-validation design to obtain initial evidence
about content relevance, internal consistency, and item functioning. The validation was conducted in two
stages: expert review of the instrument content followed by an empirical trial with students. This sequence is
consistent with instrument-development practice in which evidence based on test content is established before
score-based item analysis is interpreted (Lynn, 1986; Polit et al., 2007; Crocker & Algina, 1986). Because the
present sample was small, the empirical analyses were treated as exploratory and were not used to claim
confirmation of the instrument's dimensional structure.

The research was conducted at a senior high school in Bandung, Indonesia. Content validation was
carried out by five validators with expertise in physics education and assessment. The empirical trial involved
30 Grade 12 students who had previously completed instruction on heat and thermodynamics. Prior exposure
to the relevant content domain served as the inclusion criterion, ensuring that participants possessed sufficient
conceptual knowledge to engage meaningfully with the assessment tasks. The instrument was administered
under supervised classroom conditions following the completion of content validation and subsequent
revisions.

The assessment instrument was a contextual essay test designed to make students' problem-solving

processes visible the context of heat learning. It comprised four main problems: heating water, melting ice,



thermal expansion of a railway track, and mixing hot and cold water using Black's principle. Each problem
followed five stages, focusing the problem, describing the physics, planning the solution, executing the plan,
and evaluating the answer, adapted from established structured approaches to physics problem solving (Heller
et al., 1992; Burkholder et al., 2020). The repeated structure yielded 20 scored sub-items, labelled 1a through

4e. Tables 1 and 2 summarize the problem contexts and assessed stages.

Table 1. Structure of the Problem-Solving Assessment Instrument

No. Physics Context Main Target
1 Basic concept of heat Determine the heat absorbed during heating
2 Effect of heat on phase change Determine the latent heat required for melting
3 Thermal expansion in everyday life Determine the increase in railway-track length
4 Black's principle Determine the final temperature of mixed water

Table 2. Five Stages of the Assessment

Stage Assessment Focus
Focus the problem Identify relevant known and unknown information
Describe the physics Select and express the relevant physical principle or equation
Plan the solution Construct a logical sequence of solution steps
Execute the plan Substitute quantities and complete the calculation
Evaluate the answer Check units, reasonableness, completeness, and contextual meaning

Each sub-item was scored with an analytic rubric ranging from 0 to 4. A score of 0 indicated no
scorable response; scores of 1 and 2 represented substantially incomplete or incorrect performance; a score of
3 represented generally appropriate performance with a minor omission or error; and a score of 4 represented
complete and contextually appropriate performance for the stage. Analytic scoring was used because physics
problem-solving rubrics can distinguish meaningful components of written reasoning that are not visible from
the final numerical answer alone (Docktor et al., 2016).

Content validity was evaluated by five validators with expertise in physics education and assessment.
For each of the 20 sub-items, validators judged three components: alignment between the problem-solving
indicator and the item, appropriateness of the answer key, and appropriateness of the scoring rubric. Ratings
were recorded as appropriate or not appropriate. The Item Content Validity Index (I-CVI) was calculated as
the proportion of validators endorsing a component as appropriate. Scale-level content validity was
summarized using S-CVI/Ave, the average of the I-CVIs, and S-CVI/UA, the proportion of components
receiving universal agreement. Following Polit et al. (2007), I-CVI values of 0.78 or higher were treated as
adequate preliminary evidence. For scale-level interpretation, an S-CVI/Ave of approximately 0.90 and an S-
CVI/UA of approximately 0.80 were used as reference benchmarks (Polit & Beck, 2006). Validator comments
were also used to revise the instrument before the student trial.

After revision, the instrument was administered to 30 Grade 12 students. Corrected item-total
correlations were calculated to examine the association between each sub-item and the total score formed from
the remaining sub-items. The study used 0.361 as its prespecified reference value for n = 30 at the 5% level.

Internal consistency across the 20 polytomously scored sub-items was estimated with Cronbach's alpha. Alpha



was interpreted as an index of score consistency, not as evidence of unidimensionality (Tavakol & Dennick,
2011; Taber, 2018).

For each sub-item, the difficulty index was calculated as the mean student score divided by the

maximum score of four. The prespecified categories were difficult (P < 0.30), moderate (0.30 <P <0.70),
and easy (P > 0.70). Item discrimination was estimated from the difference between the mean scores of the
upper and lower 27% groups; with 30 participants, each extreme group contained eight students. The 27%
extreme-group approach follows the classical item-analysis procedure proposed by Kelley (1939), while the
overall interpretation of difficulty and discrimination was treated as preliminary because these statistics are
sample dependent (Crocker & Algina, 1986). Decisions about retaining sub-items considered the item statistics

together with content-validity evidence and validator feedback.

RESULTS AND DISCUSSION
Results
Content Validity

The content-validation stage produced quantitative evidence regarding the alignment between the
assessment components and the intended problem-solving constructs. Five validators evaluated three aspects
for each of the 20 sub-items: the correspondence between the problem-solving indicator and the assessment
item, the appropriateness of the answer key, and the appropriateness of the scoring rubric. The results are

summarized in Table 3.

Table 3. Content Validity Indices of the 20 Problem-Solving Sub-items

I-CVI I-CVI
Sub-Item I-CVI (Rubric) Decision
(Indicator—Item)  (Answer Key)
la 1.00 1.00 0.80 Meets criterion; minor rubric revision
1b 1.00 1.00 0.80 Meets criterion; minor rubric revision
1c 1.00 1.00 0.80 Meets criterion; minor rubric revision
1d 1.00 1.00 1.00 Meets criterion
le 1.00 1.00 1.00 Meets criterion
2a 1.00 1.00 0.80 Meets criterion; minor rubric revision
2b 1.00 1.00 0.80 Meets criterion; minor rubric revision
2¢ 1.00 1.00 0.80 Meets criterion; minor rubric revision
2d 1.00 1.00 1.00 Meets criterion
2e 1.00 1.00 1.00 Meets criterion
3a 1.00 1.00 0.80 Meets criterion; minor rubric revision
3b 1.00 1.00 0.80 Meets criterion; minor rubric revision
3c 1.00 1.00 0.80 Meets criterion; minor rubric revision
3d 1.00 1.00 1.00 Meets criterion
3e 1.00 1.00 1.00 Meets criterion
4a 1.00 1.00 0.80 Meets criterion; minor rubric revision




I-CVI I-CVI
Sub-Item I-CVI (Rubric) Decision
(Indicator—Item)  (Answer Key)

4b 1.00 1.00 0.80 Meets criterion; minor rubric revision
4c 1.00 1.00 0.80 Meets criterion; minor rubric revision
4d 1.00 1.00 1.00 Meets criterion
4e 1.00 1.00 1.00 Meets criterion

As shown in Table 3, all indicator-to-item correspondence components and all answer-key
components obtained perfect agreement among the five validators, yielding I-CVI = 1.00 across all 20 sub-
items. For the scoring rubric, a consistent pattern emerged: sub-items representing the first three stages
(focusing the problem, describing the physics, and planning the solution) obtained I-CVI = 0.80, indicating
that four of five validators rated these rubrics as appropriate. Sub-items representing the fourth and fifth stages
(executing the plan and evaluating the answer) obtained I-CVI = 1.00, reflecting unanimous agreement.

At the scale level, S-CVI/Ave was 0.960 and S-CVI/UA was 0.800. The S-CVI/Ave exceeded the
0.90 reference level for the averaging approach, while the S-CVI/UA met the traditional 0.80 benchmark for
universal agreement (Polit & Beck, 2006). The scoring-rubric components with I-CVI = 0.80 were revised in

response to validator comments before the empirical administration.

Empirical Item Characteristics

Following content validation and revision, the instrument was administered to 30 Grade 12
students. Each student's responses were scored on the 0—4 analytic rubric for each of the 20 sub-items.
Corrected item-total correlations were computed to examine the relationship between each sub-item and the
remaining total score. With n = 30 and a significance level of 5% (df = 28), the critical reference value was

0.361. The complete empirical characteristics of all 20 sub-items are presented in Table 4.

Table 4. Empirical Characteristics of the 20 Problem-Solving Sub-items

Sub-Ttem Item-Total p Difficulty D Discrimination ~ Decision
la 0.679 0.725 Easy 0.406 Good Used
1b 0.605 0.600 Moderate 0.438 Good Used
1c 0.757 0.708 Easy 0.500 Good Used
1d 0.846 0.608 Moderate 0.750 Very good Used
le 0.896 0.692 Moderate 0.750 Very good Used
2a 0.785 0.625 Moderate 0.562 Good Used
2b 0.828 0.658 Moderate 0.562 Good Used
2¢ 0.801 0.583 Moderate 0.562 Good Used
2d 0.877 0.625 Moderate 0.750 Very good Used
2e 0.909 0.683 Moderate 0.625 Good Used
3a 0.832 0.700 Moderate 0.594 Good Used
3b 0.839 0.650 Moderate 0.656 Good Used




Sub-Item Item-Total r P Difficulty D Discrimination Decision

3c 0.822 0.717 Easy 0.562 Good Used
3d 0.863 0.717 Easy 0.750 Very good Used
3e 0.861 0.675 Moderate 0.750 Very good Used
4a 0.770 0.733 Easy 0.500 Good Used
4b 0.806 0.692 Moderate 0.562 Good Used
4c 0.627 0.650 Moderate 0.469 Good Used
4d 0.823 0.733 Easy 0.531 Good Used
4e 0.840 0.750 Easy 0.750 Very good Used

All 20 sub-items produced corrected item-total correlation coefficients exceeding the criterion value
of 0.361. The coefficients ranged from 0.605 (sub-item 1b) to 0.909 (sub-item 2e). Even the lowest coefficient
remained substantially above the predetermined threshold, indicating that all sub-items were positively

associated with the overall assessment score.

Internal Consistency
Cronbach's alpha for the 20 sub-items was 0.975. This indicates very high internal consistency of
the scores in this sample, although the coefficient alone does not establish that the five stages are

unidimensional (Tavakol & Dennick, 2011; Taber, 2018).

Item Difficulty

The difficulty index for each sub-item was calculated by dividing the mean student score by the
maximum possible score of four. The resulting indices ranged from 0.583 (sub-item 2c) to 0.750 (sub-item
4e). Based on the predetermined classification criteria, 13 sub-items were categorized as moderate and seven
sub-items were categorized as easy. The seven easy sub-items were 1a, 1c, 3¢, 3d, 4a, 4d, and 4e. No sub-item

was classified as difficult. The distribution of difficulty indices is presented in Table 5.

Table 5. Distribution of Item Difficulty

Difficulty Category Number of Sub-ITtem  Sub-Item

Difficult (P < 0.30) 0 —

Moderate (0.30 < P < 0.70) 13 1b, 1d, 1e, 2a, 2b, 2¢, 2d, 2e, 3a, 3b, 3e, 4b, 4c
Easy (P > 0.70) 7 1a, 1c, 3¢, 3d, 4a, 4d, 4e

Item Discrimination

Item discrimination was estimated by comparing the mean scores of the upper 27% and lower 27%
student groups. With 30 participants, each extreme group comprised eight students. The discrimination
indices ranged from 0.406 (sub-item 1a) to 0.750 (sub-items 1d, 1e, 2d, 3d, 3e, and 4e). Fourteen sub-items

were categorized as good (0.40 < D < 0.70), and six sub-items were categorized as very good (D 2 0.70). No

sub-item exhibited low or negative discrimination. The distribution is summarized in Table 6.



Table 6. Distribution of Item Discrimination

Discrimination Category Number of Sub-ltem Sub-Item

Very good (D 2 0.70) 6 1d, 1e, 2d, 3d, 3e, 4e

Good (0.40 <D < 0.70) 14 1a, 1b, 1c, 2a, 2b, 2¢, 2e, 3a, 3b, 3, 4a, 4b, 4c, 4d
Low (0.20 < D < 0.40) 0 —

Negative (D < 0.20) 0 —

Discussion

Taken together, the content and empirical results support the instrument as a preliminary
diagnostic tool, but they also identify areas that require further validation. The strongest evidence is the high
level of expert agreement: all indicator—item and answer-key components received I-CVI = 1.00, while the
rubric components for the first three stages received I-CVI = 0.80. The resulting S-CVI/Ave of 0.960 and S-
CVI/UA of 0.800 meet the respective reference levels commonly used for the two scale-level CVI approaches
(Polit & Beck, 2006; Polit et al., 2007).

The lower agreement on rubric descriptors for focusing, describing, and planning is substantively
important. These stages require judgments about the quality of students' representations and reasoning,
whereas execution is more directly observable in mathematical work. Similar physics-assessment research has
shown that analytic rubrics can make problem-solving processes visible, but the usefulness of such rubrics
depends on clearly specified scoring criteria (Docktor et al., 2016). The validator revisions made before the
student trial were therefore necessary rather than merely editorial.

All corrected item-total correlations exceeded the study's prespecified criterion, suggesting that the
20 sub-items were positively associated with the total score in this sample. The very high Cronbach's alpha
(0.975) likewise indicates strong internal consistency. However, alpha increases when items measure
overlapping content or repeated task structures, so a coefficient of this magnitude should not be interpreted
as proof that the five stages form one psychological dimension (Tavakol & Dennick, 2011; Taber, 2018). The
repeated use of the same five stages across four problems may itself contribute to the high coefficient.

The difficulty results show that most sub-items were moderate and the remainder were easy, with
no difficult sub-items. For a process—oriented diagnostic instrument, this distribution has an advantage:
students are sufficiently able to attempt each stage, allowing their written reasoning to be scored. At the same
time, the absence of difficult sub-items may reduce differentiation among stronger students. Future versions
should therefore test additional problems with more demanding conceptual or multistep reasoning while
retaining the same stage structure.

Discrimination was positive for every sub-item, ranging from 0.406 to 0.750. Six sub-items reached
the study's “very good” category, and five of these represented the execution or evaluation stages. This pattern
suggests that later stages may be especially sensitive to differences in overall problem-solving performance
because successful execution and evaluation depend on information and decisions made earlier in the solution.
Process-based frameworks in physics similarly emphasize the importance of linking representation, strategy,
calculation, and checking rather than treating them as unrelated actions (Heller et al., 1992; Burkholder et al,,
2020).

The present instrument also differs from common diagnostic assessments of thermal concepts. For
example, Gurcay and Gulbas (2015) developed a three-tier diagnostic test to distinguish correct conceptions

from misconceptions about heat, temperature, and internal energy. The present essay—based instrument



addresses a complementary question: not only whether a student holds an appropriate concept, but at which
stage the concept is successfully or unsuccessfully applied in solving a contextual problem. This distinction is
relevant because thermal-physics difficulties can persist even after formal instruction (Leinonen et al., 2013).

The practical contribution is therefore stage-specific feedback. A student who selects the correct
heat equation but makes a substitution error requires a different instructional response from a student who
cannot identify the relevant physical principle. Likewise, a student who completes the calculation but does not
evaluate the plausibility of the result may need explicit practice in checking units, limits, and physical meaning.
Structured problem-solving templates have been used for both scaffolding and assessment for this reason
(Burkholder et al., 2020).

Several limitations constrain the interpretation of the present statistics. The empirical trial involved
only 30 students from one school, so the item parameters and internal-consistency estimate may be sample-
specific. The study also used a single rater, which means that inter-rater consistency of the analytic rubric has
not yet been established. In addition, corrected item-total correlations and Cronbach's alpha cannot determine
whether the proposed five stages are empirically distinct dimensions.

Further validation should therefore use a larger and more diverse sample, multiple trained raters,
and analyses that directly examine the structure of the score. Inter-rater reliability should be estimated before
the rubric is used for high-stakes decisions. With adequate sample size, factor-analytic or item-response
approaches could then test whether the five-stage structure is supported empirically and whether fewer

problems can retain sufficient diagnostic information while reducing testing time.

CONCLUSION

This study provides preliminary evidence of validity and reliability for a five-stage, process-oriented
assessment of students' problem solving in heat learning. Expert review produced S-CVI/Ave = 0.960 and S-
CVI/UA = 0.800, and all 20 sub-items exceeded the study's prespecified corrected item-total correlation
criterion. Cronbach's alpha was 0.975, difficulty indices ranged from 0.583 to 0.750, and discrimination indices
ranged from 0.406 to 0.750. These results support the continued use of the instrument for exploratory, stage-
specific diagnosis, Particuiariy for distinguishing difficulties in probiem representation, Physical description,
planning, calculation, and evaluation. However, the evidence remains preliminary because the trial involved
a small sample from a single school, a single rater, and no analysis of the instrument's dimensional structure.
Future studies should prioritize multi-site administration, inter-rater reiiabiiity, and iarger—sampie structural

validation before the instrument is used for broader or high-stakes assessment.
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