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ABSTRACT

Systems thinking is an approach to understanding the

complex relationships between components in a system gt -
by combining analytical and systematic thinking. “\Q“Qi: o AEEE b S
Misconceptions in the thinking process can hinder L, %
understanding of chemical concepts, so a diagnostic
instrument that can comprehensively identify errors in e
thinking is needed. Many diagnostic instruments have | Symg%ﬁ;‘ \

been developed, but none have used a systems thinking Té% St d%o _ ‘
approach. This study aims to develop a diagnostic test | Diagnostic pah Liag.\/( \
instrument based on the systems thinking approach with Higher Order Thinking Skill (HOTS)
characteristics. The development follows Wilson's four-block model with a sequential exploratory mixed
method, covering qualitative and quantitative stages. The instrument consists of 20 graded items covering
four aspects of systems thinking: particle identification, component interaction, cause-and-effect
relationships through calculation, and particle interaction inference. Validation shows a high Aiken V index
from experts (0.91) and teachers (0.95), indicating content, construct, and language suitability. Student
responses yielded an average NRS score of 75.8% (good category), with a note of time constraints.
Rasch analysis showed good reliability (0.83) and lower person reliability (0.57) due to homogeneous
responses on several basic items. Theoretically, this study confirms the importance of integrating HOTS
and system thinking in the development of chemistry diagnostic instruments. The resulting instrument can
be used by teachers as a formative assessment to detect students' misconceptions in depth and design
more targeted learning interventions.
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INTRODUCTION

Indonesia’s educational quality
remains a major concern, particularly in
science literacy and higher-order cognitive
performance. The latest Programme for
International Student Assessment (PISA)
data in 2022 showed that Indonesia’s ranking
increased by approximately five to six
positions compared with 2018. Score-based
performance, however, showed a decline

across literacy, numeracy, and science

domains. Indonesia’s  literacy  score
decreased from 371 in 2018 to 359 in 2022,
numeracy decreased from 379 to 366, and
science decreased from 396 to 383 [1].
These findings indicate that improvement in
ranking does not necessarily reflect stronger
learning quality, especially when students’
conceptual understanding and reasoning

abilities remain below the expected level.
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Educational challenges in the current
learning context require students to develop
broader insight, stronger reasoning, and
better problem-solving abilities [2]. Higher
Order Thinking Skills (HOTS) are therefore
important because they encourage students
to analyze information, evaluate evidence,
make decisions, and solve problems based
on systematic reasoning. Science learning
should not only lead students to memorize
facts, but also help them understand how
scientific knowledge is constructed through
observation, questioning, reasoning, and
explanation. Weaknesses in these thinking
processes may cause students to form
incomplete or incorrect concepts, which can
later develop into misconceptions.

Misconceptions occur when students
construct ideas that are inconsistent with
accepted scientific concepts or expert
explanations [3]. These misconceptions may
originate from incomplete reasoning, prior

knowledge, teacher explanations, or limited
learning resources [4],[5]. Assessment tools

should therefore be able to reveal not only
whether students answer correctly or
incorrectly, but also how students think when
solving problems. Classroom assessment
practices, however, are still often dominated
by questions that measure lower cognitive
levels, such as remembering and
understanding. This condition limits teachers’
ability to identify deeper conceptual

difficulties and to design learning
interventions based on students’ actual
thinking processes.

HOTS-oriented

instruments can help teachers evaluate

assessment

students’ analytical, evaluative, and creative
thinking more systematically. HOTS-based
questions can support learning by
encouraging reasoning, decision making,
and problem solving [6]. Such instruments
are also wuseful for detecting Ilearning
difficulties and misconceptions because
students’ answers can reflect the way they
interpret concepts and construct
explanations [7]. The use of HOTS-based
assessment therefore has strategic value not
only as an evaluation tool, but also as a
diagnostic source for improving the quality of
chemistry learning.

Diagnostic assessment provides a
more specific approach for identifying
students’ strengths and weaknesses in
learning. Cognitive diagnostic assessment is
designed to reveal students’ knowledge
structures, reasoning patterns, and errors in
processing information [8]. A well-designed
diagnostic test should not merely indicate that
students fail to master a topic, but should also
provide information about the form of
misunderstanding that occurs and the
possible reasoning path behind it [9].
Previous research on acid-base learning
showed that misconceptions may emerge
from memorization-based learning and
insufficient conceptual clarification [10].
Diagnostic assessment can therefore help
teachers identify the level and location of
students’ difficulties and use the information
to improve learning design, student support,
and curriculum refinement [11].

Chemistry learning is particularly
vulnerable to misconceptions because many

chemical concepts are abstract and require
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the integration of macroscopic,

submicroscopic, and symbolic
representations. Acid-base material is one of
the topics frequently associated with
conceptual difficulty and misconception.
Students often struggle to understand acid-
base concepts because the topic involves
mathematical

terminology, calculations,

symbolic equations, equilibrium
relationships, and titration processes [12].
Difficulties in understanding basic acid-base
concepts may also affect students’ ability to
understand more advanced concepts,
particularly those involving pH calculation,
ionization, weak acid-base equilibrium, and
titration analysis [13].

Systems thinking has become an
important approach in chemistry education
because it helps students understand
relationships among components within
complex systems. This approach encourages
students to view chemical phenomena not as
isolated facts, but as interconnected
processes

involving components,

interactions, cause—effect relationships,
dynamic behavior, and broader impacts [14].
Systems thinking in chemistry education
supports holistic understanding by enabling
students to analyze the composition,
structure, behavior, and effects of chemical
systems [15]. Mahaffy and Krief describe
systems thinking in chemistry education as a
way to connect molecular-level knowledge
with sustainability, society, and
environmental systems [16]. This perspective
is relevant for acid-base learning because
connect

students  must particle-level

interactions, symbolic calculations, and
observable chemical phenomena.

Several diagnostic instruments have
been developed to identify chemistry
misconceptions, including two-tier, three-tier,
four-tier, essay-based, and HOTS-oriented
diagnostic tests. These instruments have
contributed to identifying incorrect answers,
confidence levels, reasoning patterns, and
critical thinking performance. A three-tier
multiple-choice diagnostic test integrating
critical  thinking indicators has been
developed to measure students’ critical
thinking skills on acid-base material through
validity, reliability, difficulty level,
discriminating power, and questionnaire
analysis [17]. Another study developed an
Internet-Based Test (IBT) two-tier HOTS
instrument using Google Form for acid-base
titration material [18]. These studies show
that diagnostic assessment has developed
toward more complex formats and
technology-supported implementation.

Existing studies have developed
diagnostic instruments to identify chemistry
misconceptions and related thinking skills,
including three-tier multiple-choice tests
integrating critical thinking indicators and

Internet-Based Test (IBT) two-tier HOTS
instruments for acid-base material [17],[18].
These instruments have contributed to
identifying incorrect answers, reasoning
patterns, confidence levels, and critical
thinking performance, although the
confidence component is more strongly
represented in multi-tier diagnostic formats
[17]. Diagnostic assessment has also been

recognized as a useful approach for
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identifying students’ conceptual difficulties

and supporting instructional improvement
[8],[10],[11]. Many existing instruments,
however, still focus on final conceptual errors
rather than tracing the sequence of students’
reasoning across interconnected chemical
concepts. This limitation becomes important
in acid-base calculation topics because
students are required to connect terminology,
interactions,

particle equilibrium

relationships, symbolic equations, and
quantitative reasoning [12],[13]. Systems

thinking offers a relevant framework to
address this limitation because it emphasizes
relationships

among components,

interactions, cause—effect mechanisms,

dynamic behavior, and broader system
effects in chemistry learning [14]-[16].

This study addresses the identified gap
HOTS-characteristic

diagnostic test instrument based on a systems

by developing a

thinking approach to detect students’
misconceptions in acid-base calculation
material. The proposed instrument is designed
to guide students through a structured
reasoning sequence, including identifying
particles or components in a system,
recognizing interactions among components,
connecting cause-and-effect relationships
through calculations, and inferring particle
interactions based on calculation results. This
structure combines diagnostic assessment,
higher-order thinking demands, and systems
thinking sequences to provide a more
comprehensive  diagnosis of students’
conceptual understanding and misconception
patterns. The instrument is expected to help

teachers identify not only whether students

experience misconceptions, but also how
these misconceptions are formed through their
reasoning processes.

This study is guided by three main
research questions concerning the
development and evaluation of a HOTS-
characteristic diagnostic test instrument based
on a systems thinking approach for identifying
students’ misconceptions in acid—-base
calculation material. The first question
examines how the instrument can be
systematically developed to detect students’
misconceptions effectively. The second
question investigates the quality of the
instrument based on expert validation, teacher
assessments, and student responses
analyzed using Aiken’'s V and response
analysis. The third question explores the
extent to which the empirical quality of the
instrument is supported by Rasch Model

analysis.

METHODS
1. Research Design

This study uses a mixed research
method or mixed methods, by combining
qualitative and  quantitative  research
methodology. Research design in this mixed
research uses sequential models, especially
the exploratory sequential design, to follow
the four building blocks of measurement tool
development Wilson. This study follows a
cycle in the development of assessment,
using a cycle of four building blocks,
including; (a) construct map, (b) item design,
(c) outcome space, and (d) the measurement
model [19]. Figure 1 illustrates the four

building blocks by Wilson used in this study.
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CONSTRUCT MAPS

Domain of educational
achlevement, based on
the theoretical models,
unidimensicnal latent
variables

Figure 1. Four building blocks to describe

measurement tools [19]
2. Qualitative Stage

The qualitative stage was conducted
during the construct map phase of Wilson’s
four-block model. This stage aimed to identify
the conceptual domain, misconception
potential, and systems thinking sequence
that would become the basis for developing
the diagnostic instrument. The qualitative
process involved a literature review,
curriculum analysis, and semi-structured
interviews with chemistry teachers. These
activities were used to formulate item
indicators that reflected the characteristics of
diagnostic tests, Higher Order Thinking Skills
(HOTS), and systems thinking sequences.

The literature review focused on
studies related to chemistry misconceptions,
HOTS-oriented
assessment, and systems thinking in

diagnostic  assessment,
chemistry education. Curriculum analysis
was conducted on senior high school
chemistry content, particularly acid-base
material, to identify learning outcomes, core
competencies, and indicators with a high

potential for conceptual difficulty. Semi-

structured interviews with chemistry teachers
were then wused to explore empirical
experiences regarding students’ difficulties
and misconceptions in acid-base learning.
Interview data were coded thematically to
identify recurring patterns of conceptual
difficulty, which were then used as the basis
for item design and construct map

development.

3. Quantitative Stage

The quantitative stage was conducted
during the outcome space and measurement
model phases of Wilson’s four-block model.
This stage aimed to evaluate the quality of
the developed diagnostic instrument through
expert judgment, teacher assessment,
student responses, and empirical testing.
Content and construct validity were first
examined based on expert and teacher
evaluations. The results of these evaluations
were analyzed using Aiken’s V formula to
determine the validity level of the instrument
[20]. The Aiken’s V validity index ranges from
0 to 1, with the classification criteria

presented in Table 1.

ZSs
[n(c-1)]

Description:

V = coefficient of validity of the contents

s = (validator assigned value) — (minimum
possible validation value)

n = number of highest rated

¢ = highest rating

Table 1. Validity based on Aiken’s V scale

Aiken’s V Scale Categories
<04 Less Valid

0,4-0,8 Valid
>0,8 Very Valid
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Student responses were analyzed
using the Numeric Rating Scale (NRS) to
evaluate the readability, practicality, and
developed

perceived quality of the

instrument. The percentage of student

responses was calculated using the following

formula:
L, NRS
%NRS = - x 100%
Maximum NRS
Notes:

%NRS = Percentage of student response
27, NRS = Total student response score on
each question item

Maximum NRS = n x best choice score

If the number of good criteria > 50%, then the
student's response is positive. Whereas if the
criteria are good < 50% then it is said that the
student's response is negative. The following
are the percentages of student response

categories:

Table 2. Percentage of student response

categories
%NRS Categories
6% < %NRS < 25% Very less
25% = %NRS < 43% Less
43% < %NRS < 62% Enough
62% < %NRS < 81% Good
81% < %NRS < 100% Very good
The empirical testing phase

represented the fourth stage of Wilson’s four-
block model, namely the measurement
model. This stage was conducted to obtain
empirical evidence regarding the
psychometric quality of the developed
diagnostic instrument. Students’ responses
were analyzed using the Rasch Model
because this approach allows item difficulty

and student ability to be estimated on the

same logit scale. Rasch analysis also
detailed

information than descriptive scoring because

provides more diagnostic

it can identify whether items function

consistently, whether item difficulty is
appropriately distributed, and whether the

instrument can distinguish different levels of

student ability.

Table 3. Criteria for rasch model analysis

Rasch Analysis

Criteria

Unidimensionality

>60% (special)
40-60% (good)
20-40% (enough)
>20% (minimum)
<20% (less)
<15% (unexpected
variance)

Variansi
Unexplained

<3% (very good)
3-5% (good)
5-10% (enough)
10-15% (minimum)
>15% (bad)
<15% (unexpected

variance)
DIF (Differential ~ Probability value <5%
Item Functioning) (0,05)

Iltem Fit Order

0,5<MNSQ<1,5
-2,0<ZSTD<+2,0
0,4 < Pt Mean Corr <
0,85

ltem measure

Measure logit > +0,73
(very difficult)
0,0< measure logit <
+0,73 (difficult)
0,0>measure logit> -
0,73 (easy)
Measure logit < -0,73
(very easy)

Reliability

>0,94 (special)
0,91-0,94 (very good)
0,81-0,90 (good)
0,67-0,80 (enough)
>0,67 (weak)

Alpha Cronbach

0,00<r<0,50 (bad)
0,50<r<0,60 (ugly)
0,60<r<0,70 (enough)
0,70<r<0,80 (good)
0,80<r<1,00 (very
good)

Separation

>5 (special)
3-4 (very good)
2-3 (good)
>1,5 (accepted)
<1,5 (not accepted)

(21]
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The Rasch

unidimensionality, unexplained variance,

analysis included
Differential Item Functioning (DIF), item fit
order, item measure, reliability, Cronbach’s
alpha, and separation indices.
Unidimensionality and unexplained variance
were used to examine whether the instrument
measured a dominant construct. DIF analysis
was used to identify potential item bias
across student groups. ltem fit order was
used to evaluate the consistency of each item
with the Rasch model, while item measure
was used to classify item difficulty. Reliability,
Cronbach’s alpha, and separation indices
were used to evaluate response consistency
and the discriminating capacity of the
instrument. These indicators were interpreted
using established Rasch criteria to determine
whether the items were appropriate, required
revision, or needed cautious interpretation
[21]. The Rasch results provided an empirical
basis for judging the quality of the instrument
before it was interpreted as a diagnostic tool.
The criteria used to interpret each Rasch
indicator are summarized in Table 3.
4. Research Ethics

Research ethics were applied to
protect participants’ rights, privacy, and
welfare  throughout the study. The
participants involved in this research included
expert validators, chemistry teachers, and
Ethical

implemented by obtaining consent from all

students. procedures were
parties involved before data collection. Expert
validators provided verbal consent, while
school participants, including teachers and

students, were involved after official

permission had been obtained from the
school.
Participant confidentiality was
maintained by using anonymous codes in all
research data and reporting processes. The
collected data were used only for research
purposes and were not manipulated or used
in ways that could harm the participants. The
principle of beneficence was applied by
ensuring that the study contributed to the
development of chemistry learning and
diagnostic assessment. The principle of
justice was maintained by providing equal
opportunities for students in the selected

school categories to participate in the study.

5. Research Subjects and Sampling
Techniques

Research subjects consisted of three
groups: chemistry teachers for needs
analysis, expert lecturers and chemistry
teachers for instrument validation, and
students for readability testing and empirical
trials. The empirical trial involved senior high
school students in the Special Region of
Yogyakarta who had completed acid-base
learning material. School selection was
initially planned using stratified random
sampling based on students’ summative
achievement scores, with schools classified
into high, medium, and low cognitive strata.
Permission refusal from one intended school
caused the final empirical trial to include only
schools from medium and low cognitive
limited the

representation of students with high cognitive

strata. This  condition
ability and should be considered when
interpreting the generalizability of the

findings.
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Student selection within the selected
schools was conducted using purposive
sampling with guidance from chemistry
teachers. A total of 102 students participated
in the study. This sample size was
considered sufficient for Rasch analysis
because a minimum of 30-50 respondents is
generally acceptable, while more than 100
respondents is recommended to obtain more
stable item and person parameter estimates
[21]. The sample therefore supported the
analysis of unidimensionality, item Afit,
reliability, and Differential Item Functioning
(DIF). Data collection was conducted from
April to May 2025.

RESULTS AND DISCUSSION
1. Instrument development (construct
maps)
The developed instrument followed the
principles of Higher Order Thinking Skills
(HOTS)

designed using a contextual stimulus based

assessment. Each item was
on everyday phenomena. The questions
were arranged in graded levels according to
the systems thinking approach to detect
students’ misconceptions. The
characteristics of systems thinking and the
four aspects used in the instrument are

presented in Table 4.

Table 4. Characteristics and three aspects of the order of system thinking

Characteristics of system Four aspects of system thinking Bloom’s
thinking steps used taxonomy
e Think in terms of parts Identify the components or particles Understanding
e Seeing things in the bigger involved in a phenomenon,

picture

e Find out the effect caused by
an action

e Identify how a relationship
might affect the system

e Understand the concept of
dynamic behavior

e Understand how the structure
of the system shapes the

characterizing
molecular level

properties at the

Identify interactions between system Application
components (limited to chemical and analysis
reactions)

Attributing the cause and effect of the Application
reaction in the form of a calculation and analysis
equation

Deducing the interactions between Application
particles from the calculations of the and analysis

behavior of the system
e Seeing things from a different
point of view

particles involved in the system

Each basic competency and question
indicator is developed into 2 forms of
questions, so that the number of questions
developed is 20 items. The designed
instrument combines four different levels for
each principle of systems thinking. The
questions are presented from the first

competence to the fourth competence

gradually. The structuring of the stages of the
question is in line with Arnold and Wade in
[22], which defines system thinking as a set
of analytical skills used to improve the ability
to identify and understand, predict and design
to be able to produce the desired effect in a
system. Meanwhile, questions with HOTS

characters are located in the third level of
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questions. At the third level, the questions
follow the Bloom C4-C6 taxonomy with
several forms of questions: ordinary multiple
choice, complex multiple choice (True/False),
short answer, and blurb. The developed
problem indicators include analyzing the
concentration of H* ions in solutions,
analyzing the concentration of OH™ ions in
solutions, analyzing both H* and OH™ ion
concentrations in solutions, analyzing the
properties of substances based on their pH
values, correlating the weak base equilibrium

constant (pKb) with the ionization constant of

Menganalisis
konsentrasiion H’
yang terdapat dalam

‘( ! larutan

Gas ammonia NH,,, adalah salah satu bahan kimia industri yang paling
umum diproduksi di Amerika Serikat. Sekitar 80°% amonia yang dihasilkan
oleh industri digunakan di bidang pertanian sebagai pupuk. Sedain ity
amonia dapat ditemukan dalam banyak solusi pembersihan rumah tangga
dan industri. Larutan pembersih ammonia NH, ., rumah tangga dibuat
dengan menambahkan gas ammonia NHy,, ke dalam air dan dapat

1 mengandung antara 5 dan 10°% amonda. Larutan ammonia NHy,,, untuk
keperiuan industri munghin memiliki konsentrasi 26% atau lebih tinggi dan
bersifat korosil. Dalam larutan berair, amonia terdeprotonasi sebagian
kecil saja dari molekul air H,0,, untuk memberikan ion amonium NH, .,
dan lon hidroksida OH

117

water (pKw), determining the base
dissociation constant (Kb) of specific
chemical solutions, correlating solution

volume and concentration in the dilution
process, predicting solution concentration
based on titration data, summarizing pH
values obtained from titration data, and
analyzing the degree of ionization of a given
sample. A total of 20 questions were
developed based on these indicators, and
one example of the developed questions is

presented in Figure 2.

Menganalisis
konsentrasi ion OH yang
terdapat dalam larutan

2 Banyak orang menyulai sensasi gelembung pecah di mulut saat
i - bersoda. Gel g ini terjadi karena karbonasi,
dimana karbonasi terjadi ketika karbon dioksida COy, larut dalam air
H,0,, atau larutan encer dan berair. Di dalam kaleng bersoda, CO, ada
dalam dua bentuk. Beberapa CO, larut dalam air dan sebagian CO,
berada dalam bentuk gas di antara bagian atas botol atau kaleng dan
cairan

y
€

Figure 2. The developed items

The developed 20-item instrument was
divided into two question packages, namely
Package A and Package B, to support effective
implementation during testing. Each package
and  construct

represented 10  basic

competencies. Content validity was then

examined by two expert validators using

Aiken’s V calculation. The validators consisted
of a material expert who assessed the accuracy
and relevance of the chemistry content and an
evaluation expert who assessed the quality of
the instrument as an assessment tool. The
results of expert validation are presented in
Table 5.
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Table 5. Aiken V calculations for expert validity

Experts
1x'° 5 S1 S2 s n(e1) V  Judgment

1-20 57,9 551111 379 351111 73,0 80,0 09125 Very valid

Test items

The results of expert validation with improved to deepen the information
Aiken V index of 0.91 indicate that the presented, this is important because a weak
instruments developed have high stimulus can reduce the power of the
consistency in material, construct, and instrument in triggering systemic reasoning.
language aspects. This value indicates that Instruments that have been validated
the item has been in accordance with the by experts, then made improvements
principles of HOTS and system thinking, so according to the advice and input provided by
theoretically the instrument is able to the validator. In addition, the assessment was
measure cognitive skills to be achieved. also carried out by two teachers in helping to
However, this figure also indicates that there help assess how the quality of the instrument
are some items that still need improvement, can be applied practically in schools. The
especially in the item that has not fully following are the results of teacher
displayed the characteristics of HOTS. In assessments calculated using the Aiken
addition, some stimuli also need to be validity index.

Table 6. Teacher response assessment results

Indicators Teachz:a\‘ilievyrzrascherz S1 S2 s n(c-1) Vv Judgment

1-17 48 51 31 34 65 68 0,9558 Very valid
The teacher's assessment showed The Aiken V value, both the validity
that a higher Aiken score of 0.95 reinforced carried out by experts and teacher
the practical validity of the instrument. assessments, shows three aspects of
Teachers assess the instrument is very validation, namely, material (chemical
feasible to use in the classroom, both in terms content), construct, and language. Questions
of readability and suitability to the learning that have been made further improvements,
context. Small differences between expert then tested the validity of the empirical test as
and teacher assessments indicate that the well as to get student responses to the
instrument is academically adequate, but the instrument. The number of students involved
application in the classroom needs to is 102 respondents, but in the analysis of data
emphasize more practical aspects. This on empirical tests involving only 80
confirms the importance of triangulation respondents. This is because there is one
between theoretical and practical validity, in study group or about 22 students who cannot
which the instrument is not only academically complete the test due to the limited time
appropriate, but also relevant for the teacher available in the implementation of the piloting

as the main user in the classroom. project at that time. Thus, the results obtained
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in the study group are considered not to
reach the expected target in the
implementation of the trial. However, the
results of the student response questionnaire
were still used to obtain responses to the

quality of the instrument in a descriptive

Student

showed differences

manner. responses obtained
compared to the
responses of experts and teachers before.
The percentage of the assessment results is
%NRS

calculated using the equation

(Numeric Rating Scale) as follows.

Table 7. Student response results

Indicator Max score % Results %average Results
Indicator-1 510 75,09803922 Good 75,88235294  Good
Indicator-2 510 60 Moderate
Indicator-3 510 83,7254902 Excellent
Indicator-4 510 83,33333333 Excellent
Indicator-5 510 77,84313725 Good
Indicator-6 510 71,76470588 Good
Indicator-7 510 77,25490196 Good
Indicator-8 510 78,03921569 Good

Student responses with an average
NRS score of 75.8% (category “Good”) give
a more complex picture. Students rated the
instrument positively in terms of readability
and question form, but gave a low score on
the time indicator of 60%. Students tend to
give a fairly small score on indicator - 2,
namely the statement “the time given is in
accordance with the test item (question)
given”. According to them, the time or
duration given is not suitable to answer the
whole question. However, it differs from the
legibility aspect of the instruments in that they
score very well against the use of appropriate
and comfortable font shapes and sizes for
reading. This reveals the gap between the
design of the instrument and the real
conditions of students in the classroom. The
design of the instrument demands multilevel
analysis so it takes longer in completing it,
which makes students feel the existing
duration is not enough. Empirically, these
results affirm that content and construct

validity do not automatically guarantee
practical validity at the student Ilevel.
Instruments that are complex without time
adjustment can cause obstacles, even
though the quality of the matter is high.

The difference in assessment between
experts, teachers, and students reflects multi-
level validity: experts emphasize theoretical
suitability, teachers emphasize practicality,
and students highlight experience of use. All
three complement each other, but also show
the weak points of the instrument. High
validity by experts and teachers can be
biased if not balanced with the direct
experience of students who feel burdened in
time. Thus, the teacher can use the
instruments developed as a diagnostic tool,
but it is necessary to adjust the working time
or divide the questions into several sessions
so that the students do not feel overwhelmed.
Furthermore, the results of empirical tests
performed by analysis using Rasch Model.
The quality of the instrument can be seen
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from the results of analysis using rasch model
which includes unidimensional test, bias
analysis or Differential ltem Function (DIF),
item Fit test, item Measure level analysis, and
reliability test. The analysis was conducted
with  data from 80

respondents, with each respondent in a

sourced student
question package of 40 respondents. The
analysis of each question item is carried out
separately between question points a, b, ¢
and d; this is to ensure that each question
item can measure the competence to be

achieved.

2. Unidimensionality

Paket b unidimensional

0,00
100% 1,2
4,0 1,6
90% ! 3
1,9
80% 6,4
70% 12,8 9,00
60%
50%
91,3
40% 69,9
30% 60,9 57,4
20%
10%
0%
poin (a) poin (b) poin (c) poin (d)

raw variance explained by measure

M unexplained variance in 2nd contrast Bunexplained variance in 3rd contrast

W unexplained variance in 4th contrast Bunexplained variance in 5th contrast

unexplained variance in 1st contrast

Unidimensionality analysis was
conducted to ensure that the instrument
measured a single dominant construct. In
Rasch analysis, unidimensionality indicates
that the variance in item responses is mainly
explained by one underlying ability or
construct [23]. A one-factor assumption is
considered acceptable when the principal
dimension explains the dominant proportion
of variance and the unexplained contrasts
remain low. High unexplained contrasts may
indicate the presence of additional
dimensions, meaning that the instrument may

measure more than one underlying construct.

Paket a unidimensional
0,0

100%
o=
80% .

70%

o 20,1
60% 13,4 .

50%

14,5
40% w554
30%
52,6 46,1
20%
’ 27,3 3
10%
0%
poin (a) poin (b) poin (c) poin (d)

raw variance explained by measure unexplained variance in 1st contrast
B unexplained variance in 2nd contrast Bunexplained variance in 3rd contrast

B unexplained variance in 4th contrast Bunexplained variance in 5th contrast

Figure 3. Summary of unidimensionality test results

The unidimensionality results showed
different patterns across Package A and
Package B, as summarized in Figure 3.
Package B generally demonstrated stronger
unidimensionality than Package A. Point (a)
in Package B showed the strongest
unidimensionality, with 91.3% of variance

explained by the measure and very low

unexplained variance. Package A in point (a)
also showed acceptable unidimensionality,
with 52.6% of variance explained by the
measure, although the unexplained variance
in the first contrast remained relatively high.

Point (b) showed a more varied
Package A had the
with 27.3% of

pattern. lowest

unidimensionality value,



JKPK (Jurnal Kimia dan Pendidikan Kimia), Vol. 11, No. 1, 2026, pp. 109-129 121

variance explained by the measure,
indicating the possible presence of additional
dimensions. Package B showed stronger
unidimensionality, with 60.9% of variance
explained by the measure. Point (c) showed
a relatively good pattern, with 46.1% of
variance explained in Package A and 69.9%
in Package B. These results indicate that
point (c) was more consistent in measuring
the intended construct, particularly students’
ability to analyze particle interactions through
calculation-based reasoning. Point (d)
showed 33.0% of variance explained in
Package A and 57.4% in Package B,
indicating that Package B remained more
structurally consistent than Package A.
Differences between Package A and
Package B suggest that Package B items more
consistently measured the intended constructs,
whereas several Package A items showed
potential subdimensions. This condition may be
related to differences in stimulus complexity or
variations in students’ strategies when
connecting symbolic representations with
macroscopic phenomena. Some items in
Package A may have triggered multiple
cognitive pathways because they required
students to move across different levels of
Bloom’s taxonomy and systems thinking
sequences. Theoretically, this finding supports
the idea that students may shift between
macroscopic, submicroscopic, and symbolic
representations when solving chemistry
problems. The instrument therefore needs to
guide students more explicitly from component
identification, particle interaction, cause-and-
effect reasoning, to system-level inference to

strengthen its unidimensional structure.

3. DIF (Differential Item Functioning)

Differential ltem Functioning (DIF)
analysis was conducted to identify whether
certain items showed potential bias across
student groups. DIF analysis is important in
Rasch-based instrument validation because it
helps determine whether items function fairly
for different groups of respondents with
comparable ability levels [21]. An item is
considered to contain DIF when students from
different groups with similar ability have
different probabilities of answering the item
correctly [21]. This study examined DIF based
on differences between the two school groups
involved in the empirical trial. The summary of
DIF analysis is presented in Figure 4.

Bias analysis showed that point (a) did
not indicate item bias in either Package A or
Package B because all analyzable items had
probability values above 0.05. Several items
could not be analyzed due to no response
variation, which is consistent with the basic
function of point (a) as an initial component-
identification item. Item 5a in Package B
approached the significance threshold
(PROB = 0.0941), so it should be reviewed
further, although it was not categorized as
biased based on the 0.05 criterion [21].

DIF was detected in several items
across points (b), (c), and (d). Point (b)
showed DIF in item 9b in Package A (PROB
= 0.0418) and items 4b and 5b in Package B
(PROB = 0.0201 and 0.000). Point (c)
showed DIF in item 8c in Package A (PROB
= 0.0212) and items 4c and 8c in Package B
(PROB = 0.0089 and 0.0277). Point (d)
showed no DIF in Package A, but Package B
showed DIF in items 6d and 8d, with
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probability values of 0.0122 and 0.0136,
respectively. These results indicate that

several items may function differently across
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Figure 4. Summary of DIF analysis results (bias item)

Potential item bias may be related to
differences in students’ learning experiences,
teacher instructional strategies, and exposure
DIF should

therefore be interpreted not only as a statistical

to HOTS-based questions.

issue, but also as an indication of variation in
learning contexts and reasoning patterns. This
interpretation is relevant because HOTS-

oriented assessment requires reasoning,
decision making, and problem solving [6],[7],

while systems thinking requires students to

connect components, interactions, and cause

effect relationships within a system [14],[15].

These findings indicate that several items need

review to improve fairness, clarity, and

construct alignment across student groups.

1. Item Fit Order

Item fit order analysis evaluated item
suitability using Outfit MNSQ, Outfit ZSTD,
and Pt-Measure Corr. Items were considered
fit when they met at least two criteria: 0.5 <
MNSQ < 1.5, -2.0 < ZSTD < +2.0, and 0.4 <
Pt-Measure Corr < 0.85 [21]. The results are

presented in Table 8.
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Table 8. ltem fit analysis results

Package A Package B Package A Package B
Ite Outfit  Ouffit Pt- Outfit  Outfit Pt- Ite Outfit  Ouffit Pt- Outfit  Ouffit Pt-
m MNS ZST Measur MNS ZST Measur m MNS ZST Measur MNS ZST Measur
Q D e Corr Q D e Corr Q D e Corr Q D e Corr

1a - - - - - - 1b - - - - - -
2a - - - - - - 2b 0,92 -0,05 0,32 0,71 0,24 0,15
3a 4,41 2,15 0,12 - - - 3b 1,08 0,50 0,29 1,44 1,05 0,66
4a - - - - - - 4b 0,93 -0,24 0,38 1,46 0,74 0,29
5a - - - 9,90 9,91 0,28 5b 0,94 0,04 0,23 3,80 4,07 0,30
6a - - - 0,11 -0,69 0,61 6b 0,72 -0,26 0,30 0,20 -0,58 0,50
7a 2,10 1,17 0,42 0,12 -0,70 0,91 7b 0,74 -1,69 0,60 0,31 -1,35 0,85
8a 0,23 -0,82 0,63 0,08 -0,73 0,91 8b 0,86 -0,25 0,32 0,36 -0,63 0,83
9a 0,40 -1,79 0,87 0,06 -0,84 0,89 9b 1,80 2,35 0,13 0,27 -1,28 0,87
10a 0,59 -0,23 0,85 0,06 -0,84 0,89 10b 0,67 -2,26 0,66 0,27 -0,39 0,81
1c 2,42 2,26 0,57 0,23 -0,35 0,53 1d 1,34 1,16 0,67 0,61 -0,28 0,53
2c 0,42 -1,21 0,78 0,22 -0,39 0,46 2d 0,88 -0,21 0,68 1,08 0,37 0,43
3c 0,60 -0,58 0,72 0,72 0,16 0,54 3d 1,00 0,14 0,68 0,97 0,23 0,54
4c 1,97 1,04 0,64 9,09 6,13 0,43 4d 0,91 -0,17 0,67 0,88 0,13 0,52
5¢c 0,56 -0,44 0,71 0,17 -0,76 0,78 5d 0,88 -0,21 0,68 0,59 -0,40 0,68
6c 1,45 1,02 0,59 0,59 -0,33 0,72 6d 0,91 -0,15 0,69 0,75 -0,30 0,64
7c 0,69 -0,74 0,75 0,71 0,10 0,63 7d 0,95 0,06 0,66 0,62 -0,05 0,68
8c 1,47 1,16 0,65 0,60 -0,18 0,67 8d 1,71 1,54 0,61 0,72 -0,19 0,64
9c 0,61 -0,97 0,78 0,19 -0,68 0,53 9d 1,00 0,11 0,70 1,48 0,77 0,55
10c 0,25 -0,32 0,67 0,08 -0,73 0,31 10d 0,43 -0,65 0,73 4,64 1,89 0,16

Item fit results showed varied patterns
across item points and packages. Several
items in point (a) were not calculated
because they had no response variation,
which is understandable because point (a)
was designed as the initial stage of the
systems thinking sequence for identifying
particles or components in the system.
Although some point (a) items did not fully
meet the statistical fit criteria, they were
retained as entry-level diagnostic items for
mapping
understanding. This decision is consistent

students’  initial  conceptual
with the function of diagnostic assessment in
identifying students’ conceptual difficulties

and supporting instructional improvement
[10],[111.

Point (b) generally showed better fit
patterns, with most items in both packages
meeting at least two Rasch fit criteria. Item 9b
in Package A and items 5b and 1b in Package
B require further review because they did not
meet sufficient fit criteria or had no response

variation. Point (c) also showed mostly

acceptable fit results, although item 1c in
Package A and items 4c and 10c in Package
B need revision. Misfit in point (¢) may occur
items

because calculation-based require

students to connect conceptual
understanding, symbolic procedures, and

quantitative reasoning in acid-base contexts
[12],[13].

Point (d) showed stronger fit results in
Package A, where all items met at least two
criteria, while Package B had one misfitting
item, namely item 10d. This point represents
the most complex stage because students
were required to infer particle interactions
from calculation results. Misfit at this stage
may reflect differences in students’ ability to
integrate macroscopic, submicroscopic, and
symbolic representations, which is central to
systems thinking in chemistry [15],[16].
Overall, psychometric mismatch in several
items does not necessarily require item
removal because some basic items remained
relevant  for

pedagogically diagnostic
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purposes. Revision should therefore focus on
improving item clarity, stimulus quality, and
construct alignment rather than eliminating all

statistically imperfect items.

2. Item Measure

The value of the measure item is used
as information to find out which items are the
easiest to approve (the easiest to answer)
and the most difficult to approve (the most

difficult item to answer) by the respondent.

Table 9. Summary of item Measure results

PAKET A PAKET B PAKET A PAKET B PAKET A PAKET B PAKET A PAKET B
te JMLE Ite JMLE Ite JMLE Ite JMLE Ite JMLE Ite JMLE Ite JMLE Ite JMLE
m Meas m Meas m Meas m Meas m Meas m Meas m Meas m  Meas
ure ure ure ure ure ure ure ure
10 264 9a 390 9 2,01 10 3,04 10 3,62 10 6,31 10 1,77 10 4,14
a b c c d d
9a 1,09 10 390 7b 0,91 8b 2,41 9c 0,83 9c 4,32 7d 067 9d 2,98
a
3a -1,24 8a 2,66 10 0,91 9b 1,87 7c 0,61 7c 227 3d 062 7d 1,81
b
7a 124 7a 053 3b 042 7b 1,62 8c 0,61 8c 163 8d 062 &d 1,02
8a -124 6a -467 4 003 3b 055 6¢ -024 6 006 6d -003 6d 0,40
1a -362 5a -632 8b -0,71 5b 0,36 1c 045 4 -103 9d -0,03 5d -164
1a -362 1a -7,70 2b 0,89 4b -2,72 2¢ 066 5¢c -2,11 1d -043 3d -1,63
4a -362 2a -7,70 5b -110 6b -272 3¢ -087 3¢ -3,12 4d -1,00 4d -1,98
5a -362 3a -770 6b -159 2b 441 5¢ -133 1¢c -392 2d -119 2d -254
6a -362 4a -770 1b -434 1b -569 4c -212 2¢ -440 5d -119 1d -2,74

Iltem Measure analysis shows that the
items at point (A) in both package A and
package B represent uneven levels of
difficulty, with some items being too easy and
some quite difficult. A good instrument is able
to show how the classification of problems
can be spread evenly ranging from problems
that are considered very difficult, difficult to
easy, to very easy [24]. Thus, it is not optimal
enough to measure the ability of students as
a whole. However, this is in accordance with
the design of the problem as the initial stage
of mastering the concept. In contrast, the
distribution of item difficulty in points (b) of
packages A and B is fairly even. Thus, it is
effective to measure the expected ability in
this point question (b). For item points (c)
that

distribution of difficulty levels, while package

shows package A has an even

B tends to be less evenly distributed because

of the lack of easy category items, both of

which place item 10c as the most difficult
item. Likewise, in point (d), the distribution of
difficulty levels is fairly evenly distributed in
package A, but less evenly in package B
because of the lack of easy category items.

that

learners tend to master basic concepts well,

Uneven distribution indicates
but difficulties on complex calculations (e.g.
on titration or degree of ionization). This
indicates a systemic misconception: students
can answer the definition, but fail to connect
the cause-and-effect in the system. The
instrument needs to balance the distribution
of difficulty in order to be able to map
capabilities across levels. An even
distribution of difficulties is important for
the

completely mapping trajectory of

systemic thinking.
3. Reliability
Reliability analysis was conducted to

examine the consistency of the developed
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diagnostic instrument. Person reliability
indicates the consistency of students’
responses, whereas item reliability indicates
the stability of item difficulty estimates.

Cronbach’s alpha was used to evaluate the

Item Reliability Package B

N

N

poin (a) poin (b) poin (c) poin (d)

separation M item reliability

overall interaction between persons and
items [25]. Separation indices were also
examined to determine the extent to which
the instrument could distinguish different

levels of student ability and item difficulty [26].

Item Reliability Package A
2,66

1,63
2 1,08

[N

poin (a) poin (b) poin (c) poin (d)

separation Mitem reliability

Figure 5. Summary of reliability test results

Reliability results showed different
patterns across item points and packages.
Point (a) in Package A showed low reliability
and weak separation, indicating that the
items were less able to distinguish students’
abilities. This condition may be related to the
basic nature of point (a), which was designed
to measure initial component identification in
the systems thinking sequence. Package B
showed better reliability and separation in
point (a), indicating more stable item
functioning and better ability to classify
students’ responses.

Point (b) in Package A also showed
limited ability to distinguish students’ abilities
because the score distribution was relatively
narrow. Package B demonstrated better
performance, with more acceptable reliability
and separation values. Point (c) showed
stronger reliability patterns in both packages,
indicating that items involving cause-and-

effect reasoning through calculation were

more effective in differentiating students’
ability levels. Point (d) also showed
acceptable reliability, especially in Package
B, which had stronger item separation and
more consistent item difficulty estimation.
The reliability and separation results
indicate that the instrument was generally
stable at the item level, although person
reliability varied across packages and item
points. Lower person reliability may reflect
homogeneous student responses, especially
on basic items, or differences in students’
learning backgrounds across the medium
and low school strata. This finding suggests
that the instrument can distinguish item
difficulty levels more consistently than
student ability levels. Broader empirical
testing involving students from high, medium,
and low cognitive strata is therefore needed
to obtain a more complete picture of the

instrument’s discriminating capacity.
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Table 10. Summary of separation strata results

Package Separation of value Results/separation of strata

Point (a) Respondent 0,00 0
ltem 1,08 2
Point (b) Respondent 0,55 1
A Item 2,14 3
Point (c) Respondent 1,73 3
ltem 2,66 4
Point (d) Respondent 1,53 2
ltem 1,63 2
Point (a) Respondent 1,77 3
ltem 3,30 5
Point (b) Respondent 1,49 2
B ltem 3,32 5
Point (c) Respondent 1,73 3
ltem 5,06 7
Point (d) Respondent 1,66 2
ltem 3,82 5

Overall, the reliability results support IBT-based two-tier HOTS instrument

the use of the developed instrument as a
diagnostic tool, particularly for identifying
variation in students’ reasoning across the
systems thinking sequence. Items requiring
higher cognitive processes, such as
calculation-based reasoning and particle
interaction inference, showed greater
potential to differentiate students’ thinking
patterns. This result is consistent with the
HOTS-based

assessment, which aims to reveal not only

purpose  of diagnostic
students’ final answers but also differences in

reasoning quality and misconception

patterns.

4. Comparative Analysis of Instruments

Comparison with previous diagnostic
instruments shows that the developed
instrument has both advantages and
limitations.  The three-tier  diagnostic
instrument developed by Irfiana et al. [17]
integrated critical thinking indicators to
identify students’ thinking skills and

misconceptions in acid-base material. The

developed by Suri and Andromeda [18] also
showed practical value through technology-
supported implementation and HOTS-
oriented item design. These studies indicate
that diagnostic instruments in acid-base
learning have developed toward more
formats, multi-tier

complex including

structures, critical thinking indicators, and
digital testing platforms [17],[18].

Previous instruments, however, still
tend to focus on identifying final conceptual
errors, answer justification, confidence level,
or item quality rather than mapping the
sequence of students’ reasoning. This
limitation is important because acid-base
concepts require students to connect
calculations,

symbolic equilibrium

relationships, and conceptual interpretation
[12],[13]. The instrument developed in this
study addresses this limitation by integrating
HOTS indicators with systems thinking
HOTS-oriented

requires students to engage in analysis,

sequences. assessment

reasoning, decision making, and problem
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solving [6],[7], while systems thinking

emphasizes relationships among

components, interactions, cause—effect

mechanisms, and system-level behavior
[15],[16]. This integration allows the

instrument to identify not only what
misconceptions occur, but also how students’
reasoning trajectories are formed.

Empirical analysis using the Rasch
additional

Model also provides an

contribution compared with diagnostic
instruments that rely mainly on classical test
analysis. Rasch analysis allows the
evaluation of item fit, item difficulty, reliability,
separation, unidimensionality, and potential

item bias, thereby providing stronger
evidence of instrument quality [21],[23]. The
findings of this study indicate that the
developed instrument is generally valid and
reliable, although several challenges remain,
including school-group bias, homogeneous
responses on basic items, and uneven
distribution of item difficulty. These limitations
suggest that further testing with more diverse
student groups, including high-cognitive-level
school strata, is needed to strengthen the
generalizability and sensitivity of the
instrument in detecting variations in students’

systems thinking trajectories.

CONCLUSION

The development of HOTS-based
diagnostic instruments with a systems
thinking approach is the goal of this study, as
an answer to the challenge of assessment
that has only focused on the basic ability to

remember and understand. The resulting

instrument consists of 20 questions with a
multilevel structure designed to guide
students through the stages of systemic
thinking, from component identification to
cause-and-effect analysis and mathematical
interference.

The validation results showed that the
instruments developed were considered
feasible by experts and teachers, and
received positive responses from students
despite records regarding the duration of the
work. Analysis using Rasch model reinforces
the quality of the instrument with evidence of
construct validity, reliability, and the ability to
distinguish the ftrajectory of students '
abilities, although some basic questions
show homogeneous responses that it is
natural to measure mastery of the initial
concept. The main contribution of this
instrument is to provide a more meaningful
formative assessment tool for teachers in
identifying misconceptions and designing
learning interventions. This instrument has
the potential to be used as an evaluation
model that balances the demands of HOTS
with systemic thinking skills in its integration,
thus supporting more contextual and
problem-solving-oriented Chemistry learning.
Further research is suggested to be able to
use the instrument on a large scale
implementation to strengthen generalization
and uncover more complex misconceptions

experienced by students.
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