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tier Instruments Based on the Rasch Model in Evaluating Students’ Learning Progress" (Manuscript EU-JER
ID#2011240749) can be published on condition that corrections are made.

Please consider the reviewers' reports and emendations about your paper, please edit your manuscript and resend the
finalized paper via email to us as soon as possible. In addition, we request to fill out the attached correction report what
you have done as a word file. Please also highlight the edited parts (or use track changes mode in word).

After we check your manuscript, we will send you the acceptance letter. The deadline for sending your finalized paper is
March 10, 2021 in order to publish in our next issue.

1- A native speaker should check the language of the whole paper as a proofreading lastly.

2- Please check all references for compatibility to APA 7 style (Please see the citation guide page in our web site:
https://eu-jer.com/citation-guide).
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factor in Scopus.
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a la vie adulte: Une revue systematique [Effectiveness and efficiency of adult transition programs: A systematic review].
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Note: If all of the corrections don’t be completed, the paper will be refused. If you object to any correction, please explain
this in your correction report.

Please confirm when you get this email. We are looking forward to hearing you.
Best regards,

Ahmet Savas, Ph.D.

Editor-in-Chief, European Journal of Educational Research
editor@eu-jer.com

Www.eu-jer.com

8 lampiran

@ EU-JER_REVIEWER_FORM_R2614.docx
336K

@ EU-JER_REVIEWER_FORM_R2615.docx
339K

https://mail.google.com/mail/u/0/?ik=004749466d&view=pt&search=all&permthid=thread-f%3A1691955106263199724&dsqt=1&simpl=msg-f%3A1691... 2/6


https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b08346cb9efec&attid=0.6&disp=attd&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b08346cb9efec&attid=0.7&disp=attd&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b08346cb9efec&attid=0.8&disp=attd&safe=1&zw
mailto:editor@eu-jer.com
mailto:syukrulhamdi@uny.ac.id
https://eu-jer.com/citation-guide
https://doi.org/10.1037/cap0000104
mailto:editor@eu-jer.com
http://www.eu-jer.com/
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.1&disp=attd&realattid=177b177985e555a53b1&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.2&disp=attd&realattid=177b177985f70a7dda2&safe=1&zw

15/10/21 22.18 Email Universitas Negeri Yogyakarta - Corrections request for the manuscript ID# 2011240749

i) MS_EUJER _ID_2011240749_R2611.doc

918K

@ MS_EUJER_ID_2011240749_R2612.doc
928K

@ MS_EUJER_ID_2011240749_R2614.doc
918K

@ CORRECTION REPORT_EU-JER.docx
19K

@ EU-JER_REVIEWER_FORM_R2611.docx
135K

@ EU-JER_REVIEWER_FORM_R2612.docx
136K

Editor - European Journal of Educational Research <editor@eu-jer.com> 20 Februari 2021 19.19

Kepada: Syukrul Hamdi UNY <syukrulhamdi@uny.ac.id>

Dear Dr. Hamdi,

As you may remember, we asked you to cite our journal in your article before in order to increase our impact factor.
However, we have now seen that we have achieved the impact value we wanted in Scopus and we gladly saw that our
citation count exceeded the desired limit value. As the journal management, we have decided not to cite our journal in
the articles published in our journal since the next issues. In this case, we request that you do not cite our journal in your

article and delete the citations and references related our journal, if any. | am sorry about the inconsistency.
We are looking forward to getting your revised paper.
Best regards,
Ahmet C. Savas, Ph.D.
Editor, European Journal of Educational Research
editor@eu-jer.com
Www.eu-jer.com
On 2/17/2021 6:01 PM, Editor - European Journal of Educational Research wrote:
Dear Dr. Syukrul Hamdi,

After a thorough double-blind review, | am pleased to inform you that your manuscript entitled
“Implementation of Four-tier Instruments Based on the Rasch Model in Evaluating Students’ Learning

Progress" (Manuscript EU-JER ID#2011240749) can be published on condition that corrections are made.

Please consider the reviewers' reports and emendations about your paper, please edit your manuscript and
resend the finalized paper via email to us as soon as possible. In addition, we request to fill out the attached
correction report what you have done as a word file. Please also highlight the edited parts (or use track
changes mode in word).
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1- A native speaker should check the language of the whole paper as a proofreading lastly.

2- Please check all references for compatibility to APA 7 style (Please see the citation guide page in our
web site: https://eu-jer.com/citation-guide).

3- Please try to use at least 2 references from our journal (especially from Vol.9 and Vol.8) in order to
increase the impact factor in Scopus.

4- Please provide English translation of the title of non English sources as at the below:

Eg.

Bussieres, E.-L., St-Germain, A., Dube, M., & Richard, M.-C. (2017). Efficacite et efficience des
programmes de transition a la vie adulte: Une revue systematique [Effectiveness and efficiency of adult
transition programs: A systematic review]. Canadian Psychology/ Psychologie Canadienne, 58(1), 354—365.
https://doi.org/10.1037/cap0000104

https://mail.google.com/mail/u/0/?ik=004749466d&view=pt&search=all&permthid=thread-f%3A169195510626 3199724 &dsqt=1&simpl=msg-f%3A1691...

3/6


https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.3&disp=attd&realattid=177b177985ffd64d7403&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.4&disp=attd&realattid=177b177985ffd72eec14&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.5&disp=attd&realattid=177b177985ffd8f1dc35&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.6&disp=attd&realattid=177b177985f133e6d4b6&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.7&disp=attd&realattid=177b177985f371b5e7&safe=1&zw
https://mail.google.com/mail/u/0/?ui=2&ik=004749466d&view=att&th=177b177d174aabe7&attid=0.8&disp=attd&realattid=177b177985f1ebf3fd8&safe=1&zw
mailto:editor@eu-jer.com
http://www.eu-jer.com/
https://eu-jer.com/citation-guide
https://doi.org/10.1037/cap0000104

15/10/21 22.18 Email Universitas Negeri Yogyakarta - Corrections request for the manuscript ID# 2011240749

Note: If all of the corrections don’t be completed, the paper will be refused. If you object to any correction,
please explain this in your correction report.

Please confirm when you get this email. We are looking forward to hearing you.
Best regards,

Ahmet Savas, Ph.D.

Editor-in-Chief, European Journal of Educational Research
editor@eu-jer.com

WWW.€eu-jer.com

Syukrul Hamdi UNY <syukrulhamdi@uny.ac.id> 20 Februari 2021 22.26
Kepada: Editor - European Journal of Educational Research <editor@eu-jer.com>

Dear. Editor of EU-JER

Thank you for the information. We will immediately revise the article according to the suggestions of the reviewers. Thank
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Best regards
Syukrul Hamdi
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citation count exceeded the desired limit value. As the journal management, we have decided not to cite our journal in
the articles published in our journal since the next issues. In this case, we request that you do not cite our journal in
your article and delete the citations and references related our journal, if any. | am sorry about the inconsistency.

We are looking forward to getting your revised paper.
Best regards,

Ahmet C. Savas, Ph.D.

Editor, European Journal of Educational Research
editor@eu-jer.com

Www.eu-jer.com

On 2/17/2021 6:01 PM, Editor - European Journal of Educational Research wrote:
Dear Dr. Syukrul Hamdi,

After a thorough double-blind review, | am pleased to inform you that your manuscript entitled
“Implementation of Four-tier Instruments Based on the Rasch Model in Evaluating Students’ Learning
Progress" (Manuscript EU-JER ID#2011240749) can be published on condition that corrections are
made.

Please consider the reviewers' reports and emendations about your paper, please edit your manuscript
and resend the finalized paper via email to us as soon as possible. In addition, we request to fill out the
attached correction report what you have done as a word file. Please also highlight the edited parts (or
use track changes mode in word).

After we check your manuscript, we will send you the acceptance letter. The deadline for sending your
finalized paper is March 10, 2021 in order to publish in our next issue.

1- A native speaker should check the language of the whole paper as a proofreading lastly.
2- Please check all references for compatibility to APA 7 style (Please see the citation guide page in our
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3- Please try to use at least 2 references from our journal (especially from Vol.9 and Vol.8) in order to
increase the impact factor in Scopus.

4- Please provide English translation of the title of non English sources as at the below:

Eg.

Bussieres, E.-L., St-Germain, A., Dube, M., & Richard, M.-C. (2017). Efficacite et efficience des
programmes de transition a la vie adulte: Une revue systematique [Effectiveness and efficiency of adult
transition programs: A systematic review]. Canadian Psychology/ Psychologie Canadienne, 58(1), 354—
365. https://doi.org/10.1037/cap0000104

Note: If all of the corrections don’t be completed, the paper will be refused. If you object to any correction,
please explain this in your correction report.

Please confirm when you get this email. We are looking forward to hearing you.
Best regards,

Ahmet Savas, Ph.D.

Editor-in-Chief, European Journal of Educational Research

editor@eu-jer.com
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Dear Dr. Hamdi ,

Thank you for your kind reply.

We are looking forward to getting your revised paper.
Best regards,

Ahmet C. Savas, Ph.D.

Editor, European Journal of Educational Research
editor@eu-jer.com
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Dear. Editor of EU-JER

Thank you for the information. We will immediately revise the article according to the suggestions of the
reviewers. Thank you

Best regards
Syukrul Hamdi

Pada tanggal Sab, 20 Feb 2021 pukul 19.20 Editor - European Journal of Educational Research
<editor@eu-jer.com> menulis:
Dear Dr. Hamdi,

As you may remember, we asked you to cite our journal in your article before in order to increase our
impact factor. However, we have now seen that we have achieved the impact value we wanted in Scopus
and we gladly saw that our citation count exceeded the desired limit value. As the journal management,
we have decided not to cite our journal in the articles published in our journal since the next issues. In
this case, we request that you do not cite our journal in your article and delete the citations and
references related our journal, if any. | am sorry about the inconsistency.

We are looking forward to getting your revised paper.
Best regards,
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On 2/17/2021 6:01 PM, Editor - European Journal of Educational Research wrote:

Dear Dr. Syukrul Hamdi,

After a thorough double-blind review, | am pleased to inform you that your manuscript
entitled “Implementation of Four-tier Instruments Based on the Rasch Model in Evaluating
Students’ Learning Progress" (Manuscript EU-JER ID#2011240749) can be published on
condition that corrections are made.

Please consider the reviewers' reports and emendations about your paper, please edit your
manuscript and resend the finalized paper via email to us as soon as possible. In addition,
we request to fill out the attached correction report what you have done as a word file.
Please also highlight the edited parts (or use track changes mode in word).

After we check your manuscript, we will send you the acceptance letter. The deadline for
sending your finalized paper is March 10, 2021 in order to publish in our next issue.

1- A native speaker should check the language of the whole paper as a proofreading lastly.
2- Please check all references for compatibility to APA 7 style (Please see the citation guide
page in our web site: https://eu-jer.com/citation-guide).

3- Please try to use at least 2 references from our journal (especially from Vol.9 and Vol.8)
in order to increase the impact factor in Scopus.

4- Please provide English translation of the title of non English sources as at the below:
Eg.

Bussieres, E.-L., St-Germain, A., Dube, M., & Richard, M.-C. (2017). Efficacite et efficience
des programmes de transition a la vie adulte: Une revue systematique [Effectiveness and
efficiency of adult transition programs: A systematic review]. Canadian Psychology/
Psychologie Canadienne, 58(1), 354—-365. https://doi.org/10.1037/cap0000104

Note: If all of the corrections don’t be completed, the paper will be refused. If you object to
any correction, please explain this in your correction report.

Please confirm when you get this email. We are looking forward to hearing you.
Best regards,

Ahmet Savas, Ph.D.

Editor-in-Chief, European Journal of Educational Research

editor@eu-jer.com
Www.eu-jer.com
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Subject:Corrections request for the manuscript ID# 2011240749
Date:Wed, 17 Feb 2021 18:01:43 +0300
From:Editor - European Journal of Educational Research <editor@eu-jer.com>
To:Syukrul Hamdi UNY <syukrulhamdi@uny.ac.id>

Dear Dr. Syukrul Hamdi,

After a thorough double-blind review, | am pleased to inform you that your manuscript entitled “Implementation of Four-
tier Instruments Based on the Rasch Model in Evaluating Students’ Learning Progress" (Manuscript EU-JER
ID#2011240749) can be published on condition that corrections are made.

Please consider the reviewers' reports and emendations about your paper, please edit your manuscript and resend the
finalized paper via email to us as soon as possible. In addition, we request to fill out the attached correction report what
you have done as a word file. Please also highlight the edited parts (or use track changes mode in word).

After we check your manuscript, we will send you the acceptance letter. The deadline for sending your finalized paper is
March 10, 2021 in order to publish in our next issue.

1- A native speaker should check the language of the whole paper as a proofreading lastly.

2- Please check all references for compatibility to APA 7 style (Please see the citation guide page in our web site:
https://eu-jer.com/citation-guide).

3- Please try to use at least 2 references from our journal (especially from Vol.9 and Vol.8) in order to increase the impact
factor in Scopus.

4- Please provide English translation of the title of non English sources as at the below:

Eg.

Bussieres, E.-L., St-Germain, A., Dube, M., & Richard, M.-C. (2017). Efficacite et efficience des programmes de transition
a la vie adulte: Une revue systematique [Effectiveness and efficiency of adult transition programs: A systematic review].
Canadian Psychology/ Psychologie Canadienne, 58(1), 354—365. https://doi.org/10.1037/cap0000104

Note: If all of the corrections don’t be completed, the paper will be refused. If you object to any correction, please explain
this in your correction report.

Please confirm when you get this email. We are looking forward to hearing you.
Best regards,

Ahmet Savas, Ph.D.

Editor-in-Chief, European Journal of Educational Research
editor@eu-jer.com

WWW.eu-jer.com
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Implementation of Four-tier muttiple-choice INStruments Based
on the Rasch Model in Evaluating Students’ Learning
Progress

Abstract: The purpose of this study was to developing and implementation four-tier multiple-choice
(hereinafter, 4TMC) instrument with Rasch model to evaluate students’ learning progress in
explaining the concept of change of state of matter. The data were obtained through development and
validation technigues on 20 4TMC items (distributed to 427 students. On each item, the study applied
diagnostic-summative assessment and certainty response index. The students’ conceptual
understanding level was categorized based on the combination their answer choices; the measurement
generated Partial-Credit polytomous Rasch model [datd. The data were further processed by
WINSTEPS version 4.5.3 software to equate the data interval rate. Analysis of differences based on
class level of students using Analysis of Variants (One-way ANOVA). The result revealed that the
integration of 4TMC test and Rasch modeling was effective to be treated as the instrument to measure
students’ learning progress. One-way ANOVA test indicates a difference among the students’
competence based on the academic level, in which Feount (6, 0142442) > Fupie (2,39308); df = 422;
p <0.05. On top of that, it was discovered that low-ability students see very slow progress due to the
lack of knowledge as well as a misconception in explaining the concept as mentioned abovel

Keywords: Learning progress. four-tier, change of state of matter, Rasch model.

Introduction

Central to the notion of science learning is the development of students’ scientific
understanding of basic concepts of sciences (Hadenfeldt et al., 2013), particularly, change of
state of matter (Emden et al., 2018). Aside from the issue, several studies have also
highlighted the students’ inability to provide an epistemological explanation of basic concepts
of sciences (Chi et al., 2018). Efforts to solve the issues, however, have shown little progress,
as the students might have more complex perceptions regarding the alternative concept they
understand (Morell et al., 2017).

Education practitioners have recommended the utilization of learning progress concept as the

instructional method to provide guidance and direction and to adjust the curriculum with the
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learning process and assessment (Claesgens et al., 2009; Duncan & Hmelo-Silver, 2009;
Rogat et al., 2011). Learning progress is defined as a sophisticated and systematic way of
thinking. This method is applicable for a learning process, in which the students will undergo
gradual progress when learning a topic in a long duration. Its effectiveness is highly
dependent on the learning process and the students’ learning experience (Duschl et al., 2011).
The concept involves certain sets of gradual levels that represent conceptual understanding,
ranging from low level up to comprehensive level.

The notion of learning progress is highly distinctive to each student and is dependent to one’s
learning experience (Rogat et al., 2011); therefore, there is no learning roadmap that is
suitable for all kinds of students (Smith et al., 2006). Each student constructs one’s
understanding in a different way; moreover, the construction process is varied depending on
the students’ conceptual understanding level (Aktan, 2013). This is to say that each student
undergoes a different rate of learning progress, understanding level, and knowledge
construction. Simply put, the development of scientific comprehension among students is not
linear (Neumann et al., 2013). Therefore, this study regards each level of students’ conceptual
understanding as a success in progressing for more advanced level of understanding
(Hadenfeldt et al., 2013). A student who faces difficulty in a certain level of understanding
will see a lack of progress to a more advanced level. This in turn hinders the student’s ability
to construct an epistemological explanation on the basic concepts of science.

Efforts to diagnose the epistemological problems, as mentioned previously, are feasible to
conduct if the extent of students’ conceptual understanding is formulated. Within this context,
the learning progress is treated as the method to evaluate students’ conceptual understanding.
The diagnostic information generated is reliable to be treated as a reference for the teachers in
developing accurate and valid instructional components to guide the students to progress to
the next level. Despite the potentials, this study deems that it is challenging for the teachers to

construct such an accurate instrument.



Among the diagnostic instruments that are considered applicable is the 4TMC] instrument. It is Commented [L4]: need explanation first and
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the development of two-tier multiple-choice test recommended by Treagust (1988) and
Chandrasegaran et al., (2007). The use of two-tier instrument is familiar in identifying
students’ understanding in select topics such as electrochemistry (Lu & Bi, 2016), covalent
bond (Peterson, Treagust, & Garnett, 1989), and chemical equilibrium (Tyson et al., 1999).
Despite its reputation in academia, the two-tier test has raised criticism due to its sole focus
on the facts and negligence towards students’ understanding (Klassen, 2006). Therefore,
several experts propose the renewed version of the test by adding distractor answer choices to
strengthen the diagnostic value of the items (Herrmann-Abell & DeBoer, 2011; Sadler, 1998).
In addition, some have highlighted the test’s weakness in cases where students’ tended to pick
the answer choice and the reasoning randomly. This illustrates that the students were
uncertain and possessed several misconceptions in the first tier question. In such cases,
teachers faced difficulty in differentiating between guessed answers and misconceptions
(Habiddin & Page, 2019; Hasan et al., 1999).

The criticism laid against the model has sparked the innovation of three-tier and four-tiers
instruments. Both instruments feature two multi-level questions, also similar with two-tier
test. In the three-tier test, however, the measurement of students’ certainty level is conducted
simultaneously in both first and second-tier questions; in the meantime, the measurement is
conducted separately in the first two tiers (Caleon & Subramaniam, 2010). The value of
students’ certainty rate ranges from one (very uncertain) to five (very certain).

Three-tier test lacks validity in measuring the students’ certainty rate regarding both the
answer choice and the reasoning, whether or not the value of certainty rate refers only to the
answer choice, to the reasoning, or both. Such weakness will in turn obstructs the evaluation
and classification process of students’ responses (Arslan et al., 2012). In the four-tier
instrument, the measurement of certainty rate also involves the answer choice in the first tier

and the reasoning in the third tier (Arslan et al., 2012; Loh et al., 2014). Regarding this



feature, four-tier test is considered more accurate than the three-tier test. Students who pick
wrong answer choices with high certainty indicate that they have a very high misconception
on the measured item (Hoe & Subramaniam, 2016).

Four-tier instruments are used in studies discussing topics such as physics education (Caleon
& Subramaniam, 2010), chemical thermodynamics (Sreenivasulu & Subramaniam, 2013),
transition metal (Sreenivasulu & Subramaniam, 2014), acid-base reaction (Hoe &
Subramaniam, 2016), and chemical kinetics (Habiddin & Page, 2019). However, it is worth
noticing that studies on chemistry topic which employ four-tiers instruments tend to focus on
describing alternative conception. To put it another way, the higher the certainty rate is, the
stronger the students’ alternative conception will be. Despite its potentials, the scholarly
discussion has overlooked the implementation of a four-tier diagnostic instrument to measure
students’ learning progress. Therefore, further analysis is essential on the application of
4TMC test in several domains analyzes by Rasch model approach.

The use of Rasch model has been introduced since the 2000s in the science education
research; it features the instrument that integrates diagnostic assessment and summative
assessment (Liu, 2012; Wei et al., 2012). On top of that, the diagnostic assessment approach
is introduced to conduct an in-depth analysis of the construction process of students’
conceptual understanding (Claesgens et al., 2009; Hadenfeldt et al., 2013; Lu & Bi, 2016).
This study employs 4MTC test and Rasch modeling as a diagnostic tool to evaluate students’
learning progress in explaining the change of state of matter. The study focus revolves around
two research questions: 1) How is the effectiveness of 4TMC instrument to evaluate the
students’ learning progress in explaining concepts of change of state of matter. 2) How is the
learning progress in students ranging from the senior high school level up to the senior

(fourth) year of college in explaining the concepts?
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Methodology

Development Model

This research used a development research referring to the test development model from
Wilson. Wilson (2005, 2008) introduces four steps of measurement instrument development:
The first step is to the learning progress variable focused on a characteristic measured at a
particular time unit. The second step comprises the design process of items or tasks used to
measure students’ responses. Moreover, the third step involves outcome space, in which the
students’ responses are categorized into all items related with the learning progress variable.
On top of that, the fourth step employs measurement model, such as Rasch model. This
recommendation is proven valid to be implemented in developing measurement instrument
for different construct variables (Barbera, 2013; Chi et al., 2018; Hadenfeldt et al., 2013;
Laliyo, Botutihe, & Panigoro, 2019; Lu & Bi, 2016; Wei et al., 2012; Wilson, 2009; Wind,
Tsai, Grajeda, & Bergin, 2018). The study conducted development of measurement
instruments by referring to Wilson’s recommendation (2005, 2008) and adopted Treagust’s
framework (1988) of item development. The present study also included two questions related
to certainty rate (Arslan et al., 2012; Habiddin & Page, 2019: Hasan et al., 1999). The
obtained data were analyzed by Rasch model approach.

Construct Map: Determining Level of Understanding

The first step was to develop the construct of measured variables. The study involved four
concepts of change of state of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and
liquid-solid (LS). These concepts were implemented in a gradual manner through five levels
of conceptual understanding (Table 1). Such method functions as the pathway of conceptual
development that involves learning objectives from the lowest to the highest level of
conceptual understanding (Duncan & Hmelo-Silver, 2009; Lofgren & Helldén, 2009;
Hadenfeldt et al., 2013; Rogat et al., 2011). In other words, the set of levels, as mentioned

previously, was adjusted to the students’ needs so as to develop their conceptual
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understanding. This took into account that each student might progress on different and non-
linear development of conceptual understanding; therefore, the levels, as illustrated in Table
1, was considered valid to illustrate the ideal conceptual development pathway (Neumann et
al., 2013).

Table 1. Level of Conceptual Understanding in Explaining Concept of Change of State of
Matter

. Change of State of Matter/ltem
Conceptual Understanding Level LG SL G LS

5 Submicroscopic diagram of change of 5LG- 10SL- 15SG 20LS

state of matter 5 5 -5 -5

4 Correlation between state of matter and 4LG- 9SL-4 14SG 19LS
the process of change of state of matter 4 -4 -4

3 Process of change of state of matter 3LG- 8SL-3 13SG 18LS
3 -3 -3

2 Concept of state of matter 2LG- 7SL-2 12SG 17LS
2 -2 -2

1 Factual phenomenon of state of matter 1LG- 6SL-1 11SG 16LS
1 -1 -1

Description: (LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Item Design and Assessment Scheme

The second phase involved an item design. In the 4TMC instrument, all the items consisted of
four-tier multiple-choices. To put it another way, each item contains four questions that
combine between diagnostic-summative test (Hoe & Subramaniam, 2016; Lu & Bi, 2016;
Treagust, 1988) with certainty response index (hereinafter, CRI) test (Arslan et al., 2012;
Hasan et al., 1999). The first-tier questions (Q1) aimed to identify whether or not the students
understand the content. Moreover, questions in the second tier (Q2) were employed to clarify
the students’ certainty regarding their answers in the Q1. Third-tier questions (Q3) functioned
to diagnose the students’ reasoning regarding their answers in the Q1. Further, questions in
the second tier (Q4) were employed to clarify the students’ certainty regarding their answers
in the Q3. Q1 and Q3 questions in each item involved five answer choices; one among them
was the correct answer, while three were the distractor, and another answer choice was open-
ended answer choice. This open-ended option allows the students to decide the answer by

themselves, should they find no correct answer as in accordance with their conceptual



understanding. In the meantime, the Q2 and Q4 questions involved two close-ended answer
choices; the first choice was for those who are uncertain of their answer, and the second
choice was for the students who are very certain of their answer (Arslan et al., 2012). The
distractor choices were employed in Q1 and Q3 questions to validate the diagnostic strength
of the questions (Herrmann-Abell & DeBoer, 2011; Sadler, 1998). Therefore, in the Q1 and
Q3 tiers, the students would have only 0.20 or 20 percent probability of choosing the correct
answer.

Outcome Space and Data Collection

The third step involved the design of the outcome space of the correlation between items and
construct maps (Bond & Fox, 2007; Wilson, 2009). The item validation was conducted
independently by three expert validators to evaluate the extent of correlation between answer
choices in Q1-Q3 in each item and the level of students’ conceptual understanding. The
validators were asked to clarify that the questions are easy to understand and the students’
lack of linguistic competence would not hinder them from providing the right answer. The
validators also required to ensure that the questions are in accordance with the syllabus,
particularly with the students’ conceptual understanding as based on the construct map. The
questions in each item were also validated in several aspects, such as: ambiguity, time
allocation, directiveness towards a particular answer, and subjective or emotional expression.
Fleiss k measure was employed to acquire information on the validators’ approval. From the
measure, it was generated that the « value = 0,97, indicating that the three validators agreed
that the 4TMC items were valid in correlating between the answer choices and the students’
conceptual understanding.

The next step was to acquire data based on the measurement instrument. The instrument was
distributed fto] 427 students in Gorontalo, Indonesia. The students comprised 171 (40.05%)
senior high school students (or students A), 83 (19.44%) university freshmen majoring

chemistry education (or students B), 66 (15.45%) second-year university students majoring
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chemistry education (or students C), 55 (12.88%) third-year university student majoring
chemistry education (or students D), and 52 (12.18%) fourth-year university students
majoring chemistry education (or students E). Based on gender, the female participants
comprised 369 participants (86.41%), and the male counterparts consisted of 58 participants
(13,58%). The participants were given no particular educational treatments and had stated
their voluntary consent to participate in the research.

Rasch Model Measurement and Data Analysis

The fourth step was to conduct the [Rasch model measurement. This step was implemented to
define the correlation between the score generated and the students’ conceptual understanding
level as elaborated within the construct map. The involvement of Rasch model measurement
lay on the assumption that the item difficulty level is dependent on the students’ answer, and
that the students’ understanding is dependent on the estimation of item difficulty (Linacre,
2012).

Raseh partial credit model (PCM) was employed to evaluate the learning progress through
structured questions; this took into account that the instrument items involved gradual and
structured questions (Bond and Fox, 2007; Masters, 1982; Sumintono and Widhiarso, 2015;
Wilson, 2009). The model was stated into the following formula:
In[P_nik /(1 — P_nik )] — B_.n — D_ik , in which Pnix refers to the probability of student n
with B, ability to pick correct response in the level k of item i; while Di refers to the
difficulty level k of item i, or the threshold point for the test taker who scores k, not k -1.

Analysis of differences based on class level of students using One-way ANOVA.

Results and Discussion
Results

Effectiveness of Measurement Instruments
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Unidimensionality is an essential indicator to evaluate the 4TMC instrument’s ability to
measure students’ capability of explaining the concept of change of state of matter. This
indicator is measured by Principal Component Analysis of the residuals to estimate the extent
of variance to which the instrument is able to measure what it is supposed to measure
(Sumintono & Widhiarso, 2014). he result of raw variance explained by measures of data is
38.9%, the number almost approaches the expectation value of 39.2%. The numbers indicate
that the minimum unidimensionality requirements of 20% are achieved, and simultaneously,
the limit of Rasch unidimension is met (approaching 40%) (Linacre, 2012; Ling Lee, Chinna,
& Sumintono, 2020). Moreover, the instrument’s unexplained variance values are below 7%
and considered as ideal (not exceeding 15%), signifying that the item independence rate in
instrument falls into “good” category.

The second step is to measure the consistency between the item difficulty level and students’
conceptual understanding. The research discovers several interesting cases regarding the
difference between the items and students’ conceptual understanding: Firstly, there are four
items identified (LG, SL, SG and LS) that measure similar constructs within each level of
conceptual understanding. Despite being in the same conceptual understanding level, the
items’ logit is completely different. For instance, four items were discovered in level 3, each
with varying logit (8SL-3 (-0.33) < 18LS-3 (-0.29) < 3LG-3 (+0.15) < 13SG-3 (+0.30)). The
numbers indicate that overall, students are more capable of explaining the concept of SL state
change compared to LS, LG, and SG. This condition also occurs in the level 4, in which each
item has varying logit (19LS-4 (-0.37) < 9SL-4 (+0.04) = 14SG-4(+0.04) < 4LG-4 (+0.07)).
Such a finding shows that the students find it easier to explain the correlation between the
state of matter and the change process in LS compared to either SL, SG, or LG. Two sample
cases above have illustrated that the students’ conceptual understanding differs between the

change process of LG (evaporation), SG (sublimation), SL (melting), and LS (freezing).



Moreover, it is found that the items in higher conceptual understanding levels tend to have
lower logit than those at a lower level. As an instance, the logit of item 19SL-4 in level 4 (-
0.37) is smaller than that of item 13SG-3 in level 3 (+0.30). This signifies that students find it
harder to explain the item 13SG-3 compared to item 19SL-4. Thirdly, in the same concept of
change of state (for example, LS), the logit of item 17LS-2 in level 2 (-0.40) is smaller than
that of item 16LS-1 in level 1 (-0.16). As illustrated by the number, students find it easier to
explain the SL concept in level 2 rather than to explain the concept’s macroscopic fact in level
1. The findings above indicate that the students’ conceptual understanding is not consistent
with the item sequence. Moreover, the findings also suggest that the item difficulty level (LG,
SL, SG, and LS; particularly SL (melting) and LS (freezing)) do not match the level in the
construct map.

Measurement reliability

In Rasch fanalysis, the indicator of reliability is observed from the quality of students’
response patterns, the instrument, and the interaction between person-item. Within this study,
item separation and person separation values are employed as the indicators. The separation
index is also converted to Cronbach-equivalent value with an estimation of 0-1. The summary
of measurement instrument statistics is displayed in Table 2 as follows:

Table 2. Summary of fit statistics

Student Item

(N=427) (N=20)
Mean 0.26 0.00
Standard Error 0.02 0.09
Standard Deviation (SD) 0.48 0.41
Reliability 0.82 0.99
Infit mean-square 1.02 1.03
Outfit mean-square 1.05 1.05
Infit ZSTD 0.00 0.00
Outfit ZSTD 0.10 0.30
Point Raw Score to measure correlation 0.99 -0.99
Separation index (reliability) 2.10 9.54

Cronbach Alpha (KR-20): 0.84
Data Points : 8540

Chi-Square : 21173

df : 8091 (p = 0.0000)
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From the table 2, it is generated that the total data points are 8540 with a Chi-square value of
21173 and the degree of freedom (df) of 8091 (p = 0.0000). These numbers indicate that the
measurement is deemed as “very good” and “significant”. The column of students and item in
the table suggest whether or not the students and the item are considered fit. The average
measure value of students is +0.26 logit (1 > 0.00), signifying that the students in overall are
competent to explain the concept of change of state of matter. If the separation index value of
students (+2.10 logit) is inputted into the person strata (H) formula, or H = [(4*separation) +
1]/3, thus, the generated H value = +3.13 (Linacre, 2012; Sumintono & Widhiarso, 2015).
The person strata value (H) of 3 suggests that the students are classifiable into three groups of
conceptual understanding (high, moderate, and low). On top of that, if the item’s separation
index value (+9.54) is processed by the same formula (H), the generated value is 13. Such a
number shows that the items in the instrument are classifiable into 14 levels of difficulty.
Moreover, the data illustrate that the items are deemed accurate and capable of measuring the
students’ competence in explaining the focused topic.

From the analysis result of students’ answer pattern, the research generates Infit and Outfit
MNSQ values of 1.02 and 1.05, respectively, with expectation value of 1.0. This clarifies that
the students’ answer pattern towards the instrument is categorized as “good”. In addition, the
result generates Infit ZSTD and outfit ZSTD value of 0.0 and 0.10, respectively, with an
expectation value of 0.0; the numbers depict that the overall students’ answer pattern is in
accordance with the model. Moreover, the overall reliability of students section is 0.82,
categorized as “good”. From the instrument item assessment, it is generated that the Infit and
Outfit MNSQ values are 1.03 and 1.05, respectively, with the expectation value of 1.0, and
the Infit and Outfit ZSTD values are 0.0 and 0.3, with the expectation value of 0.0. The
numbers suggest that the overall instrument is deemed as “good”, proven by the instrument

reliability value of 0.99. The KR-20 (alpha Cronbach) value results in 0.84, thus signifying a



good interaction between the students and the item. As acquired from the findings, the actual
data in this study have met the Rasch model requirements, meaning that further analysis is
considered as valid to conduct.

Level of Students’ Learning Progress

The second problem of the research is: “How is the learning progress of the participants
ranging from senior high school to fourth college year in explaining the focused topic?”. To
elaborate on that matter, the study employs data generated from the development process of

4TMC instrument to measure the students’ conceptual understanding level.
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Figure 1 Mean student performance level by grade

(Senior high school students = A, first-year college students = B, second-year college students
= C, third-year college students = D, fourth-year college students = E)

Figure 1 displays the average competence calculated in the form of logs based on the
students’ academic level, ranging from A to E. The figure shows an increasing trend in
students’ competence development based on their respective academic level (ABCDE).
Moreover, it is discovered that the group E shows better learning progress compared to the
other groups (D, C, B, and A). Despite that, the One-way ANOVA test indicates a difference
among the students’ competence based on the academic level, in which Feount (6, 0142442) >
Fraole (2,39308); df = 422; p <0.05. The research, therefore, conducted a post hoc Bonferroni
test to identify which group that experience significant learning progress. As extracted from

the statistical result, group A and B undergo significant learning progress, while group C, D,



and E do not experience such significant advancement. This contradicts the common notion
that the group CDE are college students with longer formal education experience compared to
group A or B. Such finding indicates that the group CDE find it hard to explain the concept of
change of state of matter.

Comparison of average competence between groups ABCDE is conducted to map out the
difference in the students’ learning progress in each conceptual understanding level
(displayed in Table 3). The students’ competence is calculated based on four items in each
level of conceptual understanding. As an example, in the level 1, the students’ competence is
measured by referring to the mean of item 1LG-1, 6SL-1, 11SG-1, and 16SL-1; the same also
applies in the next levels. Based on Table 4, it is found that the students’ competence in level
1 (0.77 logit, SD = 0.86) is higher than their competence in level 2 (0.69 logit, SD = 0.95); the
same also applies in the next levels. The findings above indicate that the students’ conceptual
understanding has not developed optimally. On top of that, the item sequence in level 1 is
easier to explain compared to that in level 2. The same condition also applies in the next
levels. Students find it harder to explain concepts of change of state of matter as the learning
progress level increases. Simply put, the students’ learning progress level is different in each
level of conceptual understanding.

Table 3

Measurement of students’ average competence in each level of conceptual understanding

Conceptual Students’ Education Level (Mean, SD)

Understanding A ABDCE

! ovel (a7 BN C(N=66) D(N=55) E(N=5) (Neash
0.69 105

1 08¢ 080071) 061(081) 129095 0 0.77 (0.86)
0.58 0.83

2 Qon 086075 068(086) 105(100) oo 0.69 (0.95)
0.19 1.10

3 (095 O6L(LO0) 033(113) 084(09) 13 0.51 (1.10)

4 024 53068 051(112) 0.70(086) 21 0.41 (0.57)

(Loo) 053(0:68) 0.51(1.12) 070(0. 0.71) 41 (0.

5 -1.16 -0.80 -0.86 -0.48 -0.58 -0.84 (1.41)




(1.59) (1.46) (1.51) (0.85) (151)

The difference in students’ learning progress levels in each conceptual understanding level
depicts that longer formal education experience does not necessarily guarantee that the
student will have better learning progress in explaining the focused topic. For instance, Table
4 illustrates the comparison of item logit size in level 3 that is calculated based on the
students’ academic level.

Table 4 Average item logit in level 3

Item mean (logit) at level 3

Education N
Level 1336' 3LG-3 18LS3 8SL-3
A 171 051 033 -022  -061
B 83 055 040 043  -051
C 66 061 019 015  -0.66
D 55 033 020 015  -0.46
E 52 057 006 -030  -0.33

Discussion|

The result shows that: firstly, based on the logit size, the items are put in the following order:
13SG-3 > 3LG-3 > 18 SL-3 > 8SL-3. This is to say that it is harder for the students to explain
the concept in item 13SG-3 compared to 3LG-3, 18SL-3, and 8SL-3. Secondly, the students’
competence in each item is different and not in sequential order based on the education level
(ABCDE). The finding leads to an assumption that all students in group E are supposed to
perform better in explaining the item sequence in level 3 than those in group D, C, B, and A,
since they progressed through longer education experience. However, the calculation result
shows a different insight. In the item 13SG-3, students in group C are the most competent
among all group (C (0.61) > E (0.57) > B (0.55) > A (0.51) > D (0.33)), while in the item
8SL-3, group E students are the most competent ( E (-0.33) > D (-0.46) > B (-0.51) > A (-

0.61) > C (-0.66)). Such a finding indicates that the students’ competence is varied despite

Commented [L14]: the results of the
discussion are associated with the steps
to answer the research objectives (1) and
(2) in this study




being at the same level. To put it another way, longer formal education tends to have an
insignificant effect on the development of students’ conceptual understanding.
Table 5

Category of item 13SG-3 comprehension

Conceptual Understanding Category - Item 13SG-3

Grade N (%)
LOK AM MFN MFP K
A 171 36 21 3 20 19
B 83 19 36 8 5 31
C 66 36 27 2 8 27
D 55 13 24 4 7 53
E 52 23 12 6 12 48

How is the students’ learning progress level in the same item? Table 5 displays the percentage
data of students’ competence in explaining item 13SG-3 based on five categories of
conceptual understanding (LOK, AM, MFN, MFP, and SK). In the SK category, students in
group D perform better among all groups (D (53%) > E (48%) > B (31%) > C (27%) >A
(19%)). Simply put, more than half students in group D are capable of explaining the item
13SG-3 compared to students in other groups. Meanwhile, in LOK, students in group A and C
show higher percentage among all groups (A (36%) = C (36%) > E (23%) > B (19%) > D
(13%)). In other words, more than one-third of students in group A or C is incapable of
explaining the item 13SG-3 compared to students in other groups due to the limited
knowledge on the item. Moroever, in AM, group B shows highest percentage among all
groups (B (36%) > C (27%) > D (24%) > A (21%) > E (12%)); it signifies that more than
one-fourth of students in group B are incapable of explaining item 13SG-3 compared to other
groups due to the misconception on the item. Such findings indicate that the high percentage
in LOK and AM category is seen as one of the reasons why the students’ competence is
different in explaining the same item 13SG-3. To put it another way, the students’ learning
progress does not develop optimally in explaining item 13SG-3 due to lack of knowledge

(LOK) or misconception (AM) on the item.
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Figure 2(a) Probability Category Curve of item 13SG-3 of group A, and Figure 2(b)
Probability Category Curve of item 13SG-3 of group D (Category: LOK = Lack of
Knowledge, AM = All-Misconception, MFN = Misconception False Negative, MFP =
Misconception False Positive, SK = Scientific Knowledge)

Figure 2 illustrates the comparison of the probability category curve (PCC) of students in
group A and D in item 13SG-3. The five curve shapes are the visual representation of the
distribution of five categories of students’ conceptual understanding. From the curves, one
can identify which groups that tend to show LOK and AM category traits. It is worth noting
that the curve 2(a) and 2(b) tend to be different based on the MFP curve shape, while others
are relatively similar. The MFP curve of students A has a higher probability compared to that
of students D; simply put, a senior high school student tends to show stronger MFP category
compared to a third-year college student. The notion is supported by the finding that senior
high school students are relatively incapable of providing correct reason on item 13SG-3
compared to third-year college students. On the other hand, students with low ability in group
D tend to show similar curve shape of LOK, AM, and MFN with group A. This implies that
both groups’ conceptual understanding in the item is relatively similar. In other words, the

learning progress of group D, particularly in students with low ability, has not developed



optimally despite the fact that that group D consists of third-year college students that
progressed through three years of formal education experience in university.

This echoes previous findings that the learning progress is highly dependent on the students’
learning process and experience (Duschl et al., 2011; Park et al., 2017; Wilson, 2009).
Learning progress is defined as a sophisticated and systematic way of thinking, in which the
students will undergo gradual progress when learning a topic for a long time interval. Such a
systematic way of thinking is formed by the learning practices and education experience
(Emden et al., 2018). On top of that, the research findings are in line with previous studies
that highlighted that students have distinctive comprehension formed by their own experience
(Chi et al., 2018; Emden et al., 2018; Hoe & Subramaniam, 2016; Jin, Mikeska, Hokayem, &
Mavronikolas, 2019; Rogat et al., 2011; Testa et al., 2019). Such distinctive knowledge has
not been explored by evaluation or intervention through learning roadmaps that are in
accordance with remedial learning (Smith et al., 2006). In spite of that, it is considered
essential to conduct a further analysis that focuses on the modification of conceptual
understanding category and analysis variation that is able to define the characteristics of
students’ alternative conception. The development procedures, as explained in the
methodology, has resulted in 4TMC instrument; however, instrument development is seen as
an essential continuous process (Wilson, 2009, 2012).

Based on the research findings, the study identifies several important notes on the
development of the 4TMC instrument. Firstly, further analysis of the characteristic of
students’ response behavior is necessary to conduct regarding the item clarity and the
measured concept. The findings have implied that the percentage of LOK and AM
understanding category is relatively dominant and tends to increase along with the level of
conceptual understanding. Hence, the development of the concept level requires taking into
consideration any potential term use that might confuse the students. A further study on the

identification of commonly-understood terms or concepts is therefore essential. Secondly, a



separate analysis is required to diagnose the factors contributing to the students’ lack of
knowledge and misconception. Regarding that, further analysis can be conducted by applying
the analysis methods developed by previous studies (Caleon & Subramaniam, 2010; Hoe &
Subramaniam, 2016; Oon & Subramaniam, 2013). Thirdly, it is discovered that the concepts
LG, SG, SL and LS were interpreted differently by the students. Despite being in the same
conceptual understanding level, the items’ difficulty level are completely different. Therefore,
an evaluation on answer choices requires one to focus on the representation of understanding
at the same level.

One of the features of the Rasch model is that the model facilitates one to identify any
correlation between the construct map and the students” competence in ways that the students’
competence can be analyzed by referring to the difference in item difficulty level. The 4TMC
instrument indicates that there are students with very high ability as well as students with low
ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate
on the difference in students’ competence. The insight is applicable in the learning process of
chemistry subject. The instrument is expected to be beneficial for teachers in developing a
formative test to identify the students’ progress of conceptual understanding. On top of that,
teachers are able to implement the instrument as a diagnostic instrument to evaluate students’
conceptual understanding in providing feedback on their learning progress. Further, the
teachers will be able to develop instructional strategies that are specifically designed to tackle
the students’ difficulty in developing an epistemological explanation regarding the concept of

change of state of matter.

(Conclusions
The result revealed that the integration of the 4TMC test and Rasch modeling is effective and
valid to be treated as the diagnostic instrument to measure students’ learning progress.

Moreover, it is discovered that students in group A, B, C, D, and E, particularly those with
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low ability, are hampered in developing an epistemological explanation of the concept. This
blames the students’ lack of certainty in their answer and reason; thus, assumed as having lack
of knowledge or misconception. The low-ability students’ curve shape of LOK and AM is
consistent in the competence interval of less than 0.1 logit. On the other hand, the students’
ability gets lower as the conceptual understanding level increases. Such finding indicates that
the learning process and education experience provide a limited contribution for the students

in developing a systematic way of thinking regarding the concept of change of state of matter.

Recommendations

The Based on the results of the study, there are several recommendations for researchers and
teachers. For researchers, the findings of this research can be followed up to examine more in
how students build their understanding gradually in explaining the concept of particles in
substance form changes. The study can be conducted by developing tests that aim to evaluate
and diagnose the process of student knowledge formation and development while being able
to identify at the level of education where the confusion of understanding occurs. The
evaluation becomes more objective, not only reviewed from the student's point of ability but
can be reviewed from the teacher's ability. The model of Rasch's multi-faced item response
pattern approach becomes one of the important parts recommended for such objectives. In this
way, students' ability to develop epistemological knowledge, and their ability to significantly
actualize the knowledge gained can be measured well.

On the other hand, for teachers, the results of this study along with the stages of analysis
approach used can be a reference in evaluating the progress of learners' learning, as well as
determining alternative thinking frameworks of students in explaining the concept of

substance change. The information serves as strategic feedback in formulating instructional



strategies and preparing remedial learning, especially for students who have difficulty in

developing epistemological explanations of substance changes.

Limitations

The limitations of the research are primarily related to the misrepresentation of student
reasoning, which may arise in its efforts to connect phenomena and concepts measured in
each item. In this context, the student may not excel to explain, because of his incapableness
in using his heuristic reasoning. This instrument is not equipped with items that evaluate the
heuristic abilities of the student in question. However, researchers decided to record this
incompetence as a misconception or vague knowledge. For further research, it is
recommended that the instrument be equipped with items that measure students' emotional

and heuristic reasoning according to the conceptual framework to be evaluated.
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Implementation of Four-tier Instruments Based on the
Rasch Model in Evaluating Students’ Learning Progress

[Abstract; The purpose of this study was to developing and implementation four-tier multiple-choice
(hereinafter, 4TMC) instrument with Rasch model to evaluate students’ learning progress in
explaining the concept of change of state of matter. [The data were obtained through development and
validation techniques on 20 4TMC items distributed to 427 students. On each item, the study applied
diagnostic-summative assessment and certainty response index. The students’ conceptual
understanding level was categorized based on the combination their answer choices; the measurement
generated Partial-Credit polytomous Rasch model data. The data were further processed by
WINSTEPS version 4.5.3 software o equate the data interval rate. Analysis of differences based on
class level of students using Analysis of Variants (One-way ANOVA). The result revealed that the
integration of 4TMC test and Rasch modeling was effective to be treated as the instrument to measure
students’ learning progress. One-way ANOVA test indicates a difference among the students’
competence based on the academic level, in which Feount (6, 0142442) > Frpe (2,39308); df = 422;
p <0.05. On top of that, it was discovered that low-ability students see very slow progress due to the
lack of knowledge as well as a misconception in explaining {the concept as mentioned above, |

Keywords: Learning progress. four-tier, change of state of matter, Rasch model.

(Introduction

Central to the notion of science learning is the development of students’ scientific
understanding of basic concepts of sciences (Hadenfeldt et al., 2013), particularly, change of
state of matter (Emden et al., 2018). Aside from the issue, several studies have also
highlighted the students’ inability to provide an epistemological explanation of basic concepts
of sciences (Chi et al., 2018). Efforts to solve the issues, however, have shown little progress,
as the students might have more complex perceptions regarding the alternative concept they
understand (Morell et al., 2017).

Education practitioners have recommended the utilization of learning progress concept as the
instructional method to provide guidance and direction and to adjust the curriculum with the

learning process and assessment (Claesgens et al., 2009; Duncan & Hmelo-Silver, 2009;
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Rogat et al., 2011). Learning progress is defined as a sophisticated and systematic way of
thinking. This method is applicable for a learning process, in which the students will undergo
gradual progress when learning a topic in a long duration. Its effectiveness is highly
dependent on the learning process and the students’ learning experience (Duschl et al., 2011).
The concept involves certain sets of gradual levels that represent conceptual understanding,
ranging from low level up to comprehensive level.

The notion of learning progress is highly distinctive to each student and is dependent to one’s
learning experience (Rogat et al., 2011); therefore, there is no learning roadmap that is
suitable for all kinds of students (Smith et al., 2006). Each student constructs one’s
understanding in a different way; moreover, the construction process is varied depending on
the students’ conceptual understanding level (Aktan, 2013). This is to say that each student
undergoes a different rate of learning progress, understanding level, and knowledge
construction. Simply put, the development of scientific comprehension among students is not
linear (Neumann et al., 2013). Therefore, this study regards each level of students’ conceptual
understanding as a success in progressing for more advanced level of understanding
(Hadenfeldt et al., 2013). A student who faces difficulty in a certain level of understanding
will see a lack of progress to a more advanced level. This in turn hinders the student’s ability
to construct an epistemological explanation on the basic concepts of science.

[Efforts to diagnose the epistemological problems, as mentioned previously, are feasible to
conduct if the extent of students’ conceptual understanding is formulated. Within this context,
the learning progress is treated as the method to evaluate students’ conceptual understanding.
The diagnostic information generated is reliable to be treated as a reference for the teachers in
developing accurate and valid instructional components to guide the students to progress to
the next level. Despite the potentials, this study deems that it is challenging for the teachers to

construct such an accurate instrument.]
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Among the diagnostic instruments that are considered applicable is the 4TMC instrument. It is
the development of two-tier multiple-choice test recommended by Treagust (1988) and
Chandrasegaran et al., (2007). The use of two-tier instrument is familiar in identifying
students’ understanding in select topics such as electrochemistry (Lu & Bi, 2016), covalent
bond (Peterson, Treagust, & Garnett, 1989), and chemical equilibrium (Tyson et al., 1999).
Despite its reputation in academia, the two-tier test has raised criticism due to its sole focus
on the facts and negligence towards students’ understanding (Klassen, 2006). Therefore,
several experts propose the renewed version of the test by adding distractor answer choices to
strengthen the diagnostic value of the items (Herrmann-Abell & DeBoer, 2011; Sadler, 1998).
In addition, some have highlighted the test’s weakness in cases where students’ tended to pick
the answer choice and the reasoning randomly. This illustrates that the students were
uncertain and possessed several misconceptions in the first tier question. In such cases,
teachers faced difficulty in differentiating between guessed answers and misconceptions
(Habiddin & Page, 2019; Hasan et al., 1999).

The criticism laid against the model has sparked the innovation of three-tier and four-tiers
instruments. Both instruments feature two multi-level questions, also similar with two-tier
test. In the three-tier test, however, the measurement of students’ certainty level is conducted
simultaneously in both first and second-tier questions; in the meantime, the measurement is
conducted separately in the first two tiers (Caleon & Subramaniam, 2010). The value of
students’ certainty rate ranges from one (very uncertain) to five (very certain).

Three-tier test lacks validity in measuring the students’ certainty rate regarding both the
answer choice and the reasoning, whether or not the value of certainty rate refers only to the
answer choice, to the reasoning, or both. Such weakness will in turn obstructs the evaluation
and classification process of students’ responses (Arslan et al., 2012). In the four-tier
instrument, the measurement of certainty rate also involves the answer choice in the first tier

and the reasoning in the third tier (Arslan et al., 2012; Loh et al., 2014). Regarding this



feature, four-tier test is considered more accurate than the three-tier test. Students who pick
wrong answer choices with high certainty indicate that they have a very high misconception
on the measured item (Hoe & Subramaniam, 2016).

Four-tier instruments are used in studies discussing topics such as physics education (Caleon
& Subramaniam, 2010), chemical thermodynamics (Sreenivasulu & Subramaniam, 2013),
transition metal (Sreenivasulu & Subramaniam, 2014), acid-base reaction (Hoe &
Subramaniam, 2016), and chemical kinetics (Habiddin & Page, 2019). However, it is worth
noticing that studies on chemistry topic which employ four-tiers instruments tend to focus on
describing alternative conception. To put it another way, the higher the certainty rate is, the
stronger the students’ alternative conception will be. Despite its potentials, the scholarly
discussion has overlooked the implementation of a four-tier diagnostic instrument to measure
students’ learning progress. Therefore, further analysis is essential on the application of
4TMC test in several domains analyzes by Rasch model approach.

The use of Rasch model has been introduced since the 2000s in the science education
research; it features the instrument that integrates diagnostic assessment and summative
assessment (Liu, 2012; Wei et al., 2012). On top of that, the diagnostic assessment approach
is introduced to conduct an in-depth analysis of the construction process of students’
conceptual understanding (Claesgens et al., 2009; Hadenfeldt et al., 2013; Lu & Bi, 2016).
(This study employs 4MTC test and Rasch modeling as a diagnostic tool to evaluate students’
learning progress in explaining the change of state of matter. The study focus revolves around
two research questions: [1) How is the effectiveness of 4TMC instrument to evaluate the
students’ learning progress in explaining concepts of change of state of matter. 2) How is the
learning progress in students ranging from the senior high school level up to the senior

(fourth) year of college in explaining the concepts?
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Methodology

Development Model

This research used a development research referring to the test development model from
Wilson. Wilson (2005, 2008) introduces four steps of measurement instrument development:
The first step is to the learning progress variable focused on a characteristic measured at a
particular time unit. The second step comprises the design process of items or tasks used to
measure students’ responses. Moreover, the third step involves outcome space, in which the
students’ responses are categorized into all items related with the learning progress variable.
On top of that, the fourth step employs measurement model, such as Rasch model. This
recommendation is proven valid to be implemented in developing measurement instrument
for different construct variables (Barbera, 2013; Chi et al., 2018; Hadenfeldt et al., 2013;
Laliyo, Botutihe, & Panigoro, 2019; Lu & Bi, 2016; Wei et al., 2012; Wilson, 2009; Wind,
Tsai, Grajeda, & Bergin, 2018). The study conducted development of measurement
instruments by referring to Wilson’s recommendation (2005, 2008)| and adopted Treagust’s
framework (1988) of item development. The present study also included two questions related
to certainty rate (Arslan et al., 2012; Habiddin & Page, 2019: Hasan et al., 1999). The
obtained data were analyzed by Rasch model approach. |

Construct Map: Determining Level of Understanding

The first step was to develop the construct of measured variables. The study involved four
concepts of change of state of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and
liquid-solid (LS). These concepts were implemented in a gradual manner through five levels
of conceptual understanding (Table 1). Such method functions as the pathway of conceptual
development that involves learning objectives from the lowest to the highest level of
conceptual understanding (Duncan & Hmelo-Silver, 2009; Lofgren & Helldén, 2009;
Hadenfeldt et al., 2013; Rogat et al., 2011). In other words, the set of levels, as mentioned

previously, was adjusted to the students’ needs so as to develop their conceptual
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understanding. This took into account that each student might progress on different and non-
linear development of conceptual understanding; therefore, the levels, as illustrated in Table
1, was considered valid to illustrate the ideal conceptual development pathway (Neumann et
al., 2013).

Table 1. Level of Conceptual Understanding in Explaining Concept of Change of State of
Matter

. Change of State of Matter/ltem
Conceptual Understanding Level LG SL G LS

5 Submicroscopic diagram of change of 5LG- 10SL- 15SG 20LS

state of matter 5 5 -5 -5

4 Correlation between state of matter and 4LG- 9SL-4 14SG 19LS
the process of change of state of matter 4 -4 -4

3 Process of change of state of matter 3LG- 8SL-3 13SG 18LS
3 -3 -3

2 Concept of state of matter 2LG- 7SL-2 12SG 17LS
2 -2 -2

1 Factual phenomenon of state of matter 1LG- 6SL-1 11SG 16LS
1 -1 -1

Description: (LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Item Design and Assessment Scheme

The second phase involved an item design. In the 4TMC instrument, all the items consisted of
four-tier multiple-choices. To put it another way, each item contains four questions that
combine between diagnostic-summative test (Hoe & Subramaniam, 2016; Lu & Bi, 2016;
Treagust, 1988) with certainty response index (hereinafter, CRI) test (Arslan et al., 2012;
Hasan et al., 1999). The first-tier questions (Q1) aimed to identify whether or not the students
understand the content. Moreover, questions in the second tier (Q2) were employed to clarify
the students’ certainty regarding their answers in the Q1. Third-tier questions (Q3) functioned
to diagnose the students’ reasoning regarding their answers in the Q1. Further, questions in
the second tier (Q4) were employed to clarify the students’ certainty regarding their answers
in the Q3. Q1 and Q3 questions in each item involved five answer choices; one among them
was the correct answer, while three were the distractor, and another answer choice was open-
ended answer choice. This open-ended option allows the students to decide the answer by

themselves, should they find no correct answer as in accordance with their conceptual



understanding. In the meantime, the Q2 and Q4 questions involved two close-ended answer
choices; the first choice was for those who are uncertain of their answer, and the second
choice was for the students who are very certain of their answer (Arslan et al., 2012). The
distractor choices were employed in Q1 and Q3 questions to validate the diagnostic strength
of the questions (Herrmann-Abell & DeBoer, 2011; Sadler, 1998). Therefore, in the Q1 and
Q3 tiers, the students would have only 0.20 or 20 percent probability of choosing the correct
answer. |

(Outcome Space and Data Collection

The third step involved the design of the outcome space of the correlation between items and
construct maps (Bond & Fox, 2007; Wilson, 2009). The item validation was conducted
independently by three expert validators to evaluate the extent of correlation between answer
choices in Q1-Q3 in each item and the level of students’ conceptual understanding. The
validators were asked to clarify that the questions are easy to understand and the students’
lack of linguistic competence would not hinder them from providing the right answer. The
validators also required to ensure that the questions are in accordance with the syllabus,
particularly with the students’ conceptual understanding as based on the construct map. The
questions in each item were also validated in several aspects, such as: ambiguity, time
allocation, directiveness towards a particular answer, and subjective or emotional expression.
Fleiss k measure was employed to acquire information on the validators’ approval. From the
measure, it was generated that the k value = 0.97, indicating that the three validators agreed
that the 4TMC items were valid in correlating between the answer choices and the students’
conceptual understanding.

The next step was to acquire data based on the measurement instrument. The instrument was
distributed to 427 students in Gorontalo, Indonesia. [The students comprised 171 (40.05%)
senior high school students (or students A), 83 (19.44%) university freshmen majoring

chemistry education (or students B), 66 (15.45%) second-year university students majoring
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chemistry education (or students C), 55 (12.88%) third-year university student majoring
chemistry education (or students D), and 52 (12.18%) fourth-year university students
majoring chemistry education (or students E). Based on gender, the female participants
comprised 369 participants (86.41%), and the male counterparts consisted of 58 participants
(13,58%)/ The participants were given no particular educational treatments and had stated
their voluntary consent to participate in the research.

Rasch Model Measurement and Data Analysis

The fourth step was to conduct the Rasch model measurement. This step was implemented to
define the correlation between the score generated and the students’ conceptual understanding
level as elaborated within the construct map. The involvement of Rasch model measurement
lay on the assumption that the item difficulty level is dependent on the students’ answer, and
that the students’ understanding is dependent on the estimation of item difficulty (Linacre,
2012).

Rasch partial credit model (PCM) was employed to evaluate the learning progress through
structured questions; this took into account that the instrument items involved gradual and
structured questions (Bond and Fox, 2007; Masters, 1982; Sumintono and Widhiarso, 2015;
Wilson, 2009). The model was stated into the following formula:
In[P_nik /(1 — P_nik )] — B_.n — D_ik , in which Pnix refers to the probability of student n
with B, ability to pick correct response in the level k of item i; while Di refers to the
difficulty level k of item i, or the threshold point for the test taker who scores k, not k -1.

Analysis of differences based on class level of students using One-way ANOVA.

Results and Discussion
Results|

Effectiveness of Measurement Instruments
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Unidimensionality is an essential indicator to evaluate the 4TMC instrument’s ability to
measure students’ capability of explaining the concept of change of state of matter. This
indicator is measured by Principal Component Analysis of the residuals to estimate the extent
of variance to which the instrument is able to measure what it is supposed to measure
(Sumintono & Widhiarso, 2014). he result of raw variance explained by measures of data is
38.9%, the number almost approaches the expectation value of 39.2%. The numbers indicate
that the minimum unidimensionality requirements of 20% are achieved, and simultaneously,
the limit of Rasch unidimension is met (approaching 40%) (Linacre, 2012; Ling Lee, Chinna,
& Sumintono, 2020). Moreover, the instrument’s unexplained variance values are below 7%
and considered as ideal (not exceeding 15%), signifying that the item independence rate in
instrument falls into “good” category.

The second step is to measure the consistency between the item difficulty level and students’
conceptual understanding. The research discovers several interesting cases regarding the
difference between the items and students’ conceptual understanding: Firstly, there are four
items identified (LG, SL, SG and LS) that measure similar constructs within each level of
conceptual understanding. Despite being in the same conceptual understanding level, the
items’ logit is completely different. For instance, four items were discovered in level 3, each
with varying logit (8SL-3 (-0.33) < 18LS-3 (-0.29) < 3LG-3 (+0.15) < 13SG-3 (+0.30)). The
numbers indicate that overall, students are more capable of explaining the concept of SL state
change compared to LS, LG, and SG. This condition also occurs in the level 4, in which each
item has varying logit (19LS-4 (-0.37) < 9SL-4 (+0.04) = 14SG-4(+0.04) < 4LG-4 (+0.07)).
Such a finding shows that the students find it easier to explain the correlation between the
state of matter and the change process in LS compared to either SL, SG, or LG. Two sample
cases above have illustrated that the students’ conceptual understanding differs between the

change process of LG (evaporation), SG (sublimation), SL (melting), and LS (freezing).



Moreover, it is found that the items in higher conceptual understanding levels tend to have
lower logit than those at a lower level. As an instance, the logit of item 19SL-4 in level 4 (-
0.37) is smaller than that of item 13SG-3 in level 3 (+0.30). This signifies that students find it
harder to explain the item 13SG-3 compared to item 19SL-4. Thirdly, in the same concept of
change of state (for example, LS), the logit of item 17LS-2 in level 2 (-0.40) is smaller than
that of item 16LS-1 in level 1 (-0.16). As illustrated by the number, students find it easier to
explain the SL concept in level 2 rather than to explain the concept’s macroscopic fact in level
1. The findings above indicate that the students’ conceptual understanding is not consistent
with the item sequence. Moreover, the findings also suggest that the item difficulty level (LG,
SL, SG, and LS; particularly SL (melting) and LS (freezing)) do not match the level in the
construct map.

Measurement reliability

In Rasch analysis, the indicator of reliability is observed from the quality of students’
response patterns, the instrument, and the interaction between person-item. Within this study,
item separation and person separation values are employed as the indicators. The separation
index is also converted to Cronbach-equivalent value with an estimation of 0-1. The summary
of measurement instrument statistics is displayed in Table 2 as followst

Table 2. Summary of fit statistics

Student Item

(N=427) (N=20)
Mean 0.26 0.00
Standard Error 0.02 0.09
Standard Deviation (SD) 0.48 0.41
Reliability 0.82 0.99
Infit mean-square 1.02 1.03
Outfit mean-square 1.05 1.05
Infit ZSTD 0.00 0.00
Outfit ZSTD 0.10 0.30
Point Raw Score to measure correlation 0.99 -0.99
Separation index (reliability) 2.10 9.54

Cronbach Alpha (KR-20): 0.84
Data Points : 8540

Chi-Square : 21173

df : 8091 (p = 0.0000)
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From the Table 2, it is generated that the total data points are 8540 with a Chi-square value of
21173 and the degree of freedom (df) of 8091 (p = 0.0000). These numbers indicate that the
measurement is deemed as “very good” and “significant”. The column of students and item in
the table suggest whether or not the students and the item are considered fit. The average
measure value of students is +0.26 logit (1 > 0.00), signifying that the students in overall are
competent to explain the concept of change of state of matter. If the separation index value of
students (+2.10 logit) is inputted into the person strata (H) formula, or H = [(4*separation) +
1]/3, thus, the generated H value = +3.13 (Linacre, 2012; Sumintono & Widhiarso, 2015).
The person strata value (H) of 3 suggests that the students are classifiable into three groups of
conceptual understanding (high, moderate, and low). On top of that, if the item’s separation
index value (+9.54) is processed by the same formula (H), the generated value is 13. Such a
number shows that the items in the instrument are classifiable into 14 levels of difficulty.
Moreover, the data illustrate that the items are deemed accurate and capable of measuring the
students’ competence in explaining the focused topic.

From the analysis result of students’ answer pattern, the research generates Infit and Outfit
MNSQ values of 1.02 and 1.05, respectively, with expectation value of 1.0. This clarifies that
the students’ answer pattern towards the instrument is categorized as “good”] In addition, the
result generates Infit ZSTD and outfit ZSTD value of 0.0 and 0.10, respectively, with an
expectation value of 0.0; the numbers depict that the overall students’ answer pattern is in
accordance with the model. Moreover, the overall reliability of students section is 0.82,
categorized as “good”. From the instrument item assessment, it is generated that the Infit and
Outfit MNSQ values are 1.03 and 1.05, respectively, with the expectation value of 1.0, and
the Infit and Outfit ZSTD values are 0.0 and 0.3, with the expectation value of 0.0. The
numbers suggest that the overall instrument is deemed as “good”, proven by the instrument

reliability value of 0.99. The KR-20 (alpha Cronbach) value results in 0.84, thus signifying a
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good interaction between the students and the item. As acquired from the findings, the actual
data in this study have met the Rasch model requirements, meaning that further analysis is
considered as valid to conduct.

Level of Students’ Learning Progress

The second problem of the research is: “How is the learning progress of the participants
ranging from senior high school to fourth college year in explaining the focused topic?”. To
elaborate on that matter, the study employs data generated from the development process of

4TMC instrument to measure the students’ conceptual understanding level.
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Figure 1 Mean student performance level by grade

(Senior high school students = A, first-year college students = B, second-year college students
= C, third-year college students = D, fourth-year college students = E)

Figure 1 displays the average competence calculated in the form of logs based on the
students’ academic level, ranging from A to E. The figure shows an increasing trend in
students’ competence development based on their respective academic level (ABCDE).
Moreover, it is discovered that the group E shows better learning progress compared to the
other groups (D, C, B, and A). Despite that, the One-way ANOVA test indicates a difference
among the students’ competence based on the academic level, in which Feount (6, 0142442) >
Fraole (2,39308); df = 422; p <0.05. The research, therefore, conducted a post hoc Bonferroni
test to identify which group that experience significant learning progress. As extracted from

the statistical result, group A and B undergo significant learning progress, while group C, D,



and E do not experience such significant advancement. This contradicts the common notion
that the group CDE are college students with longer formal education experience compared to
group A or B. Such finding indicates that the group CDE find it hard to explain the concept of
change of state of matter.

Comparison of average competence between groups ABCDE is conducted to map out the
difference in the students’ learning progress in each conceptual understanding level
(displayed in Table 3). The students’ competence is calculated based on four items in each
level of conceptual understanding. As an example, in the level 1, the students’ competence is
measured by referring to the mean of item 1LG-1, 6SL-1, 11SG-1, and 16SL-1; the same also
applies in the next levels. Based on Table 4, it is found that the students’ competence in level
1 (0.77 logit, SD = 0.86) is higher than their competence in level 2 (0.69 logit, SD = 0.95); the
same also applies in the next levels. The findings above indicate that the students’ conceptual
understanding has not developed optimally. On top of that, the item sequence in level 1 is
easier to explain compared to that in level 2. The same condition also applies in the next
levels. Students find it harder to explain concepts of change of state of matter as the learning
progress level increases. Simply put, the students’ learning progress level is different in each
level of conceptual understanding.

Table 3

Measurement of students’ average competence in each level of conceptual understanding

Conceptual Students’ Education Level (Mean, SD)

Understanding A ABDCE

! ovel (a7 BN C(N=66) D(N=55) E(N=5) (Neash
0.69 105

1 08¢ 080071) 061(081) 129095 0 0.77 (0.86)
0.58 0.83

2 Qon 086075 068(086) 105(100) oo 0.69 (0.95)
0.19 1.10

3 (095 O6L(LO0) 033(113) 084(09) 13 0.51 (1.10)

4 024 53068 051(112) 0.70(086) 21 0.41 (0.57)

(Loo) 053(0:68) 0.51(1.12) 070(0. 0.71) 41 (0.

5 -1.16 -0.80 -0.86 -0.48 -0.58 -0.84 (1.41)




(1.59) (1.46) (1.51) (0.85) (151)

The difference in students’ learning progress levels in each conceptual understanding level
depicts that longer formal education experience does not necessarily guarantee that the
student will have better learning progress in explaining the focused topic. For instance, Table
4 illustrates the comparison of item logit size in level 3 that is calculated based on the
students’ academic level.

Table 4 Average item logit in level 3

Item mean (logit) at level 3

Education N
Level 1326' 3LG-3 18LS3 8SL-3
A 171 051 033 -022  -061
B 83 055 040 043  -051
C 66 061 019 015  -0.66
D 55 033 020 015  -0.46
E 52 057 006 -030  -0.33

Discussion

The result shows that: firstly, based on the logit size, the items are put in the following order:
13SG-3 > 3LG-3 > 18 SL-3 > 8SL-3. This is to say that it is harder for the students to explain
the concept in item 13SG-3 compared to 3LG-3, 18SL-3, and 8SL-3. Secondly, the students’
competence in each item is different and not in sequential order based on the education level
(ABCDE). The finding leads to an assumption that all students in group E are supposed to
perform better in explaining the item sequence in level 3 than those in group D, C, B, and A,
since they progressed through longer education experience. However, the calculation result
shows a different insight. In the item 13SG-3, students in group C are the most competent
among all group (C (0.61) > E (0.57) > B (0.55) > A (0.51) > D (0.33)), while in the item
8SL-3, group E students are the most competent ( E (-0.33) > D (-0.46) > B (-0.51) > A (-

0.61) > C (-0.66)). Such a finding indicates that the students’ competence is varied despite



being at the same level. To put it another way, longer formal education tends to have an
insignificant effect on the development of students’ conceptual understanding.
Table 5

Category of item 13SG-3 comprehension

Conceptual Understanding Category - Item 13SG-3

Grade N (%)
LOK AM MFEN MFP SK
A 171 36 21 3 20 19
B 83 19 36 8 5 31
C 66 36 27 2 8 27
D 55 13 24 4 7 53
E 52 23 12 6 12 48

How is the students’ learning progress level in the same item? Table 5 displays the percentage
data of students’ competence in explaining item 13SG-3 based on five categories of
conceptual understanding (LOK, AM, MFN, MFP, and SK). In the SK category, students in
group D perform better among all groups (D (53%) > E (48%) > B (31%) > C (27%) >A
(19%)). Simply put, more than half students in group D are capable of explaining the item
13SG-3 compared to students in other groups. Meanwhile, in LOK, students in group A and C
show higher percentage among all groups (A (36%) = C (36%) > E (23%) > B (19%) > D
(13%)). In other words, more than one-third of students in group A or C is incapable of
explaining the item 13SG-3 compared to students in other groups due to the limited
knowledge on the item. Moroever, in AM, group B shows highest percentage among all
groups (B (36%) > C (27%) > D (24%) > A (21%) > E (12%)); it signifies that more than
one-fourth of students in group B are incapable of explaining item 13SG-3 compared to other
groups due to the misconception on the item. Such findings indicate that the high percentage
in LOK and AM category is seen as one of the reasons why the students’ competence is
different in explaining the same item 13SG-3. To put it another way, the students’ learning
progress does not develop optimally in explaining item 13SG-3 due to lack of knowledge

(LOK) or misconception (AM) on the item.
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Figure 2(a) Probability Category Curve of item 13SG-3 of group A, and Figure 2(b)
Probability Category Curve of item 13SG-3 of group D (Category: LOK = Lack of
Knowledge, AM = All-Misconception, MFN = Misconception False Negative, MFP =
Misconception False Positive, SK = Scientific Knowledge)

Figure 2 illustrates the comparison of the probability category curve (PCC) of students in
group A and D in item 13SG-3. The five curve shapes are the visual representation of the
distribution of five categories of students’ conceptual understanding. From the curves, one
can identify which groups that tend to show LOK and AM category traits. It is worth noting
that the curve 2(a) and 2(b) tend to be different based on the MFP curve shape, while others
are relatively similar. The MFP curve of students A has a higher probability compared to that
of students D; simply put, a senior high school student tends to show stronger MFP category
compared to a third-year college student. The notion is supported by the finding that senior
high school students are relatively incapable of providing correct reason on item 13SG-3
compared to third-year college students. On the other hand, students with low ability in group
D tend to show similar curve shape of LOK, AM, and MFN with group A. This implies that
both groups’ conceptual understanding in the item is relatively similar. In other words, the

learning progress of group D, particularly in students with low ability, has not developed



optimally despite the fact that that group D consists of third-year college students that
progressed through three years of formal education experience in university.

This echoes previous findings that the learning progress is highly dependent on the students’
learning process and experience (Duschl et al., 2011; Park et al., 2017; Wilson, 2009).
Learning progress is defined as a sophisticated and systematic way of thinking, in which the
students will undergo gradual progress when learning a topic for a long time interval. Such a
systematic way of thinking is formed by the learning practices and education experience
(Emden et al., 2018). On top of that, the research findings are in line with previous studies
that highlighted that students have distinctive comprehension formed by their own experience
(Chi et al., 2018; Emden et al., 2018; Hoe & Subramaniam, 2016; Jin, Mikeska, Hokayem, &
Mavronikolas, 2019; Rogat et al., 2011; Testa et al., 2019). Such distinctive knowledge has
not been explored by evaluation or intervention through learning roadmaps that are in
accordance with remedial learning (Smith et al., 2006). In spite of that, it is considered
essential to conduct a further analysis that focuses on the modification of conceptual
understanding category and analysis variation that is able to define the characteristics of
students’ alternative conception. The development procedures, as explained in the
methodology, has resulted in 4TMC instrument; however, instrument development is seen as
an essential continuous process (Wilson, 2009, 2012).

Based on the research findings, the study identifies several important notes on the
development of the 4TMC instrument. Firstly, further analysis of the characteristic of
students’ response behavior is necessary to conduct regarding the item clarity and the
measured concept. The findings have implied that the percentage of LOK and AM
understanding category is relatively dominant and tends to increase along with the level of
conceptual understanding. Hence, the development of the concept level requires taking into
consideration any potential term use that might confuse the students. A further study on the

identification of commonly-understood terms or concepts is therefore essential. Secondly, a



separate analysis is required to diagnose the factors contributing to the students’ lack of
knowledge and misconception. Regarding that, further analysis can be conducted by applying
the analysis methods developed by previous studies (Caleon & Subramaniam, 2010; Hoe &
Subramaniam, 2016; Oon & Subramaniam, 2013). Thirdly, it is discovered that the concepts
LG, SG, SL and LS were interpreted differently by the students. Despite being in the same
conceptual understanding level, the items’ difficulty level are completely different. Therefore,
an evaluation on answer choices requires one to focus on the representation of understanding
at the same level.

One of the features of the Rasch model is that the model facilitates one to identify any
correlation between the construct map and the students” competence in ways that the students’
competence can be analyzed by referring to the difference in item difficulty level. The 4TMC
instrument indicates that there are students with very high ability as well as students with low
ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate
on the difference in students’ competence. The insight is applicable in the learning process of
chemistry subject. The instrument is expected to be beneficial for teachers in developing a
formative test to identify the students’ progress of conceptual understanding. On top of that,
teachers are able to implement the instrument as a diagnostic instrument to evaluate students’
conceptual understanding in providing feedback on their learning progress. Further, the
teachers will be able to develop instructional strategies that are specifically designed to tackle
the students’ difficulty in developing an epistemological explanation regarding the concept of
change of state of matter.

l

Conclusions ]|

The result revealed that the integration of the 4TMC test and Rasch modeling is effective and
valid to be treated as the diagnostic instrument to measure students’ learning progress.

Moreover, it is discovered that students in group A, B, C, D, and E, particularly those with
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low ability, are hampered in developing an epistemological explanation of the concept. This
blames the students’ lack of certainty in their answer and reason; thus, assumed as having lack
of knowledge or misconception. The low-ability students’ curve shape of LOK and AM is
consistent in the competence interval of less than 0.1 logit. On the other hand, the students’
ability gets lower as the conceptual understanding level increases. Such finding indicates that
the learning process and education experience provide a limited contribution for the students

in developing a systematic way of thinking regarding the concept of change of state of matter.

Recommendations

The Based on the results of the study, there are several recommendations for researchers and
teachers. For researchers, the findings of this research can be followed up to examine more in
how students build their understanding gradually in explaining the concept of particles in
substance form changes. The study can be conducted by developing tests that aim to evaluate
and diagnose the process of student knowledge formation and development while being able
to identify at the level of education where the confusion of understanding occurs. The
evaluation becomes more objective, not only reviewed from the student's point of ability but
can be reviewed from the teacher's ability. The model of Rasch's multi-faced item response
pattern approach becomes one of the important parts recommended for such objectives. In this
way, students' ability to develop epistemological knowledge, and their ability to significantly
actualize the knowledge gained can be measured well.

On the other hand, for teachers, the results of this study along with the stages of analysis
approach used can be a reference in evaluating the progress of learners' learning, as well as
determining alternative thinking frameworks of students in explaining the concept of

substance change. The information serves as strategic feedback in formulating instructional



strategies and preparing remedial learning, especially for students who have difficulty in

developing epistemological explanations of substance changes.

Limitations

The limitations of the research are primarily related to the misrepresentation of student
reasoning, which may arise in its efforts to connect phenomena and concepts measured in
each item. In this context, the student may not excel to explain, because of his incapableness
in using his heuristic reasoning. This instrument is not equipped with items that evaluate the
heuristic abilities of the student in question. However, researchers decided to record this
incompetence as a misconception or vague knowledge. For further research, it is
recommended that the instrument be equipped with items that measure students' emotional

and heuristic reasoning according to the conceptual framework to be evaluated.
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Implementation of Four-tier Instruments Based on the
Rasch Model in Evaluating Students’ Learning Progress

Abstract: The purpose of this study was to developing and implementation four-tier multiple-choice
(hereinafter, 4TMC) instrument with Rasch model to evaluate students’ learning progress in
explaining the concept of change of state of matter. The data were obtained through development and
validation techniques on 20 4TMC items distributed to 427 students. On each item, the study applied
diagnostic-summative assessment and certainty response index. The students’ conceptual
understanding level was categorized based on the combination their answer choices; the measurement
generated Partial-Credit polytomous Rasch model data. The data were further processed by
WINSTEPS version 4.5.3 software to equate the data interval rate. Analysis of differences based on
class level of students using Analysis of Variants (One-way ANOVA). The result revealed that the
integration of 4TMC test and Rasch modeling was effective to be treated as the instrument to measure
students’ learning progress. One-way ANOVA test indicates a difference among the students’
competence based on the academic level, in which Feount (6, 0142442) > Frpe (2,39308); df = 422;
p <0.05. On top of that, it was discovered that low-ability students see very slow progress due to the
lack of knowledge as well as a misconception in explaining the concept as mentioned above.

Keywords: Learning progress. four-tier, change of state of matter, Rasch model.

Introduction

Central to the notion of science learning is the development of students’ scientific
understanding of basic concepts of sciences (Hadenfeldt et al., 2013), particularly, change of
state of matter (Emden et al., 2018). Aside from the issue, several studies have also
highlighted the students’ inability to provide an epistemological explanation of basic concepts
of sciences (Chi et al., 2018). Efforts to solve the issues, however, have shown little progress,
as the students might have more complex perceptions regarding the alternative concept they
understand (Morell et al., 2017).

Education practitioners have recommended the utilization of learning progress concept as the
instructional method to provide guidance and direction and to adjust the curriculum with the

learning process and assessment (Claesgens et al., 2009; Duncan & Hmelo-Silver, 2009;



Rogat et al., 2011). Learning progress is defined as a sophisticated and systematic way of
thinking. This method is applicable for a learning process, in which the students will undergo
gradual progress when learning a topic in a long duration. Its effectiveness is highly
dependent on the learning process and the students’ learning experience (Duschl et al., 2011).
The concept involves certain sets of gradual levels that represent conceptual understanding,
ranging from low level up to comprehensive level.

The notion of learning progress is highly distinctive to each student and is dependent to one’s
learning experience (Rogat et al., 2011); therefore, there is no learning roadmap that is
suitable for all kinds of students (Smith et al., 2006). Each student constructs one’s
understanding in a different way; moreover, the construction process is varied depending on
the students’ conceptual understanding level (Aktan, 2013). This is to say that each student
undergoes a different rate of learning progress, understanding level, and knowledge
construction. Simply put, the development of scientific comprehension among students is not
linear (Neumann et al., 2013). Therefore, this study regards each level of students’ conceptual
understanding as a success in progressing for more advanced level of understanding
(Hadenfeldt et al., 2013). A student who faces difficulty in a certain level of understanding
will see a lack of progress to a more advanced level. This in turn hinders the student’s ability
to construct an epistemological explanation on the basic concepts of science.

Efforts to diagnose the epistemological problems, as mentioned previously, are feasible to
conduct if the extent of students’ conceptual understanding is formulated. Within this context,
the learning progress is treated as the method to evaluate students’ conceptual understanding.
The diagnostic information generated is reliable to be treated as a reference for the teachers in
developing accurate and valid instructional components to guide the students to progress to
the next level. Despite the potentials, this study deems that it is challenging for the teachers to

construct such an accurate instrument.



Among the diagnostic instruments that are considered applicable is the 4TMC instrument. It is
the development of two-tier multiple-choice test recommended by Treagust (1988) and
Chandrasegaran et al., (2007). The use of two-tier instrument is familiar in identifying
students’ understanding in select topics such as electrochemistry (Lu & Bi, 2016), covalent
bond ((Peterson, Treagust, & Garnett, 1989), and chemical equilibrium (Tyson et al., 1999).
Despite its reputation in academia, the two-tier test has raised criticism due to its sole focus
on the facts and negligence towards students’ understanding (Klassen, 2006). Therefore,
several experts propose the renewed version of the test by adding distractor answer choices to
strengthen the diagnostic value of the items (Herrmann-Abell & DeBoer, 2011; Sadler, 1998).
In addition, some have highlighted the test’s weakness in cases where students’ tended to pick
the answer choice and the reasoning randomly. This illustrates that the students were
uncertain and possessed several misconceptions in the first tier question. In such cases,
teachers faced difficulty in differentiating between guessed answers and misconceptions
(Habiddin & Page, 2019; Hasan et al., 1999).

The criticism laid against the model has sparked the innovation of three-tier and four-tiers
instruments. Both instruments feature two multi-level questions, also similar with two-tier
test. In the three-tier test, however, the measurement of students’ certainty level is conducted
simultaneously in both first and second-tier questions; in the meantime, the measurement is
conducted separately in the first two tiers (Caleon & Subramaniam, 2010). The value of
students’ certainty rate ranges from one (very uncertain) to five (very certain).

Three-tier test lacks validity in measuring the students’ certainty rate regarding both the
answer choice and the reasoning, whether or not the value of certainty rate refers only to the
answer choice, to the reasoning, or both. Such weakness will in turn obstructs the evaluation
and classification process of students’ responses (Arslan et al., 2012). In the four-tier
instrument, the measurement of certainty rate also involves the answer choice in the first tier

and the reasoning in the third tier (Arslan et al., 2012; Loh et al., 2014). Regarding this
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feature, four-tier test is considered more accurate than the three-tier test. Students who pick
wrong answer choices with high certainty indicate that they have a very high misconception
on the measured item (Hoe & Subramaniam, 2016).

Four-tier instruments are used in studies discussing topics such as physics education (Caleon
& Subramaniam, 2010), chemical thermodynamics (Sreenivasulu & Subramaniam, 2013),
transition metal (Sreenivasulu & Subramaniam, 2014), acid-base reaction (Hoe &
Subramaniam, 2016), and chemical kinetics (Habiddin & Page, 2019). However, it is worth
noticing that studies on chemistry topic which employ four-tiers instruments tend to focus on
describing alternative conception. To put it another way, the higher the certainty rate is, the
stronger the students’ alternative conception will be. Despite its potentials, the scholarly
discussion has overlooked the implementation of a four-tier diagnostic instrument to measure
students’ learning progress. Therefore, further analysis is essential on the application of
4TMC test in several domains analyzes by Rasch model approach.

The use of Rasch model has been introduced since the 2000s in the science education
research; it features the instrument that integrates diagnostic assessment and summative
assessment (Liu, 2012; Wei et al., 2012). On top of that, the diagnostic assessment approach
is introduced to conduct an in-depth analysis of the construction process of students’
conceptual understanding (Claesgens et al., 2009; Hadenfeldt et al., 2013; Lu & Bi, 2016).
This study employs 4MTC test and Rasch modeling as a diagnostic tool to evaluate students’
learning progress in explaining the change of state of matter. The study focus revolves around
two research questions: 1) How is the effectiveness of 4TMC instrument to evaluate the
students’ learning progress in explaining concepts of change of state of matter. 2) How is the
learning progress in students ranging from the senior high school level up to the senior

(fourth) year of college in explaining the concepts?



Methodology

Development Model

This research used a development research referring to the test development model from
Wilson. Wilson (2005, 2008) introduces four steps of measurement instrument development:
The first step is to the learning progress variable focused on a characteristic measured at a
particular time unit. The second step comprises the design process of items or tasks used to
measure students’ responses. Moreover, the third step involves outcome space, in which the
students’ responses are categorized into all items related with the learning progress variable.
On top of that, the fourth step employs measurement model, such as Rasch model. This
recommendation is proven valid to be implemented in developing measurement instrument
for different construct variables (Barbera, 2013; Chi et al., 2018; Hadenfeldt et al., 2013;
Laliyo, Botutihe, & Panigoro, 2019; Lu & Bi, 2016; Wei et al., 2012; Wilson, 2009; Wind,
Tsai, Grajeda, & Bergin, 2018). The study conducted development of measurement
instruments by referring to Wilson’s recommendation (2005, 2008) and adopted Treagust’s
framework (1988) of item development. The present study also included two questions related
to certainty rate (Arslan et al., 2012; Habiddin & Page, 2019: Hasan et al., 1999). The
obtained data were analyzed by Rasch model approach.

Construct Map: Determining Level of Understanding

The first step was to develop the construct of measured variables. The study involved four
concepts of change of state of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and
liquid-solid (LS). These concepts were implemented in a gradual manner through five levels
of conceptual understanding (Table 1). Such method functions as the pathway of conceptual
development that involves learning objectives from the lowest to the highest level of
conceptual understanding (Duncan & Hmelo-Silver, 2009; Lofgren & Helldén, 2009;
Hadenfeldt et al., 2013; Rogat et al., 2011). In other words, the set of levels, as mentioned

previously, was adjusted to the students’ needs so as to develop their conceptual
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understanding. This took into account that each student might progress on different and non-
linear development of conceptual understanding; therefore, the levels, as illustrated in Table
1, was considered valid to illustrate the ideal conceptual development pathway (Neumann et
al., 2013).

Table 1. Level of Conceptual Understanding in Explaining Concept of Change of State of
Matter

. Change of State of Matter/ltem
Conceptual Understanding Level G SL SG s
5 Submicroscopic diagram of change of 5LG-5 10SL-5 15SG-5 20LS-5
state of matter
4 Correlation between state of matter and 4LG-4  9SL-4 14SG-4 19LS-4
the process of change of state of matter
3 Process of change of state of matter 3LG-3 8SL-3 13SG-3 18LS-3
2 Concept of state of matter 2LG-2  7SL-2  125G-2 17LS-2
1 Factual phenomenon of state of matter  1LG-1  6SL-1  11SG-1 16LS-1
Description: (LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Item Design and Assessment Scheme

The second phase involved an item design. In the 4TMC instrument, all the items consisted of
four-tier multiple-choices. To put it another way, each item contains four questions that
combine between diagnostic-summative test (Hoe & Subramaniam, 2016; Lu & Bi, 2016;
Treagust, 1988) with certainty response index (hereinafter, CRI) test (Arslan et al., 2012;
Hasan et al., 1999). The first-tier questions (Q1) aimed to identify whether or not the students
understand the content. Moreover, questions in the second tier (Q2) were employed to clarify
the students’ certainty regarding their answers in the Q1. Third-tier questions (Q3) functioned
to diagnose the students’ reasoning regarding their answers in the Q1. Further, questions in
the second tier (Q4) were employed to clarify the students’ certainty regarding their answers
in the Q3. Q1 and Q3 questions in each item involved five answer choices; one among them
was the correct answer, while three were the distractor, and another answer choice was open-
ended answer choice. This open-ended option allows the students to decide the answer by
themselves, should they find no correct answer as in accordance with their conceptual
understanding. In the meantime, the Q2 and Q4 questions involved two close-ended answer

choices; the first choice was for those who are uncertain of their answer, and the second



choice was for the students who are very certain of their answer (Arslan et al., 2012). The
distractor choices were employed in Q1 and Q3 questions to validate the diagnostic strength
of the questions (Herrmann-Abell & DeBoer, 2011; Sadler, 1998). Therefore, in the Q1 and
Q3 tiers, the students would have only 0.20 or 20 percent probability of choosing the correct
answer.

Outcome Space and Data Collection

The third step involved the design of the outcome space of the correlation between items and
construct maps (Bond & Fox, 2007; Wilson, 2009). The item validation was conducted
independently by three expert validators to evaluate the extent of correlation between answer
choices in Q1-Q3 in each item and the level of students’ conceptual understanding. The
validators were asked to clarify that the questions are easy to understand and the students’
lack of linguistic competence would not hinder them from providing the right answer. The
validators also required to ensure that the questions are in accordance with the syllabus,
particularly with the students’ conceptual understanding as based on the construct map. The
questions in each item were also validated in several aspects, such as: ambiguity, time
allocation, directiveness towards a particular answer, and subjective or emotional expression.
Fleiss k measure was employed to acquire information on the validators’ approval. From the
measure, it was generated that the k value = 0.97, indicating that the three validators agreed
that the 4TMC items were valid in correlating between the answer choices and the students’
conceptual understanding.

The next step was to acquire data based on the measurement instrument. The instrument was
distributed to 427 students in Gorontalo, Indonesia. The students comprised 171 (40.05%)
senior high school students (or students A), 83 (19.44%) university freshmen majoring
chemistry education (or students B), 66 (15.45%) second-year university students majoring
chemistry education (or students C), 55 (12.88%) third-year university student majoring

chemistry education (or students D), and 52 (12.18%) fourth-year university students



majoring chemistry education (or students E). Based on gender, the female participants
comprised 369 participants (86.41%), and the male counterparts consisted of 58 participants
(13,58%). The participants were given no particular educational treatments and had stated
their voluntary consent to participate in the research.

Rasch Model Measurement and Data Analysis

The fourth step was to conduct the Rasch model measurement. This step was implemented to
define the correlation between the score generated and the students’ conceptual understanding
level as elaborated within the construct map. The involvement of Rasch model measurement
lay on the assumption that the item difficulty level is dependent on the students’ answer, and
that the students’ understanding is dependent on the estimation of item difficulty (Linacre,
2012).

Rasch partial credit model (PCM) was employed to evaluate the learning progress through
structured questions; this took into account that the instrument items involved gradual and
structured questions (Bond and Fox, 2007; Masters, 1982; Sumintono and Widhiarso, 2015;
Wilson, 2009). The model was stated into the following formula:
In[P_nik /(1 — P_nik )] — B_n — D_ik , in which Pnix refers to the probability of student n
with B, ability to pick correct response in the level k of item i; while Di refers to the
difficulty level k of item i, or the threshold point for the test taker who scores k, not k -1.

Analysis of differences based on class level of students using One-way ANOVA.

Results and Discussion

Results

Effectiveness of Measurement Instruments

Unidimensionality is an essential indicator to evaluate the 4TMC instrument’s ability to
measure students’ capability of explaining the concept of change of state of matter. This

indicator is measured by Principal Component Analysis of the residuals to estimate the extent



of variance to which the instrument is able to measure what it is supposed to measure
(Sumintono & Widhiarso, 2014). he result of raw variance explained by measures of data is
38.9%, the number almost approaches the expectation value of 39.2%. The numbers indicate
that the minimum unidimensionality requirements of 20% are achieved, and simultaneously,
the limit of Rasch unidimension is met (approaching 40%) [(Linacre, 2012; Ling Lee, Chinna,
& Sumintono, 2020). Moreover, the instrument’s unexplained variance values are below 7%
and considered as ideal (not exceeding 15%), signifying that the item independence rate in
instrument falls into “good” category.

The second step is to measure the consistency between the item difficulty level and students’
conceptual understanding. The research discovers several interesting cases regarding the
difference between the items and students’ conceptual understanding: Firstly, there are four
items identified (LG, SL, SG and LS) that measure similar constructs within each level of
conceptual understanding. Despite being in the same conceptual understanding level, the
items’ logit is completely different. For instance, four items were discovered in level 3, each
with varying logit (8SL-3 (-0.33) < 18LS-3 (-0.29) < 3LG-3 (+0.15) < 13SG-3 (+0.30)). The
numbers indicate that overall, students are more capable of explaining the concept of SL state
change compared to LS, LG, and SG. This condition also occurs in the level 4, in which each
item has varying logit (19LS-4 (-0.37) < 9SL-4 (+0.04) = 14SG-4(+0.04) < 4LG-4 (+0.07)).
Such a finding shows that the students find it easier to explain the correlation between the
state of matter and the change process in LS compared to either SL, SG, or LG. Two sample
cases above have illustrated that the students’ conceptual understanding differs between the
change process of LG (evaporation), SG (sublimation), SL (melting), and LS (freezing).
Moreover, it is found that the items in higher conceptual understanding levels tend to have
lower logit than those at a lower level. As an instance, the logit of item 19SL-4 in level 4 (-
0.37) is smaller than that of item 13SG-3 in level 3 (+0.30). This signifies that students find it

harder to explain the item 13SG-3 compared to item 19SL-4. Thirdly, in the same concept of
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change of state (for example, LS), the logit of item 17LS-2 in level 2 (-0.40) is smaller than
that of item 16LS-1 in level 1 (-0.16). As illustrated by the number, students find it easier to
explain the SL concept in level 2 rather than to explain the concept’s macroscopic fact in level
1. The findings above indicate that the students’ conceptual understanding is not consistent
with the item sequence. Moreover, the findings also suggest that the item difficulty level (LG,
SL, SG, and LS; particularly SL (melting) and LS (freezing)) do not match the level in the
construct map.

Measurement reliability

In Rasch analysis, the indicator of reliability is observed from the quality of students’
response patterns, the instrument, and the interaction between person-item. Within this study,
item separation and person separation values are employed as the indicators. The separation
index is also converted to Cronbach-equivalent value with an estimation of 0-1. The summary
of measurement instrument statistics is displayed in Table 2 as follows:

Table 2. Summary of fit statistics

Student Item

(N=427) (N=20)
Mean 0.26 0.00
Standard Error 0.02 0.09
Standard Deviation (SD) 0.48 0.41
Reliability 0.82 0.99
Infit mean-square 1.02 1.03
Outfit mean-square 1.05 1.05
Infit ZSTD 0.00 0.00
Outfit ZSTD 0.10 0.30
Point Raw Score to measure correlation 0.99 -0.99
Separation index (reliability) 2.10 9.54

Cronbach Alpha (KR-20): 0.84
Data Points : 8540

Chi-Square : 21173

df : 8091 (p = 0.0000)

From the table 2, it is generated that the total data points are 8540 with a Chi-square value of
21173 and the degree of freedom (df) of 8091 (p = 0.0000). These numbers indicate that the

measurement is deemed as “very good” and “significant”. The column of students and item in



the table suggest whether or not the students and the item are considered fit. The average
measure value of students is +0.26 logit (u > 0.00), signifying that the students in overall are
competent to explain the concept of change of state of matter. If the separation index value of
students (+2.10 logit) is inputted into the person strata (H) formula, or H = [(4*separation) +
1]/3, thus, the generated H value = +3.13 (Linacre, 2012; Sumintono & Widhiarso, 2015).
The person strata value (H) of 3 suggests that the students are classifiable into three groups of
conceptual understanding (high, moderate, and low). On top of that, if the item’s separation
index value (+9.54) is processed by the same formula (H), the generated value is 13. Such a
number shows that the items in the instrument are classifiable into 14 levels of difficulty.
Moreover, the data illustrate that the items are deemed accurate and capable of measuring the
students’ competence in explaining the focused topic.

From the analysis result of students’ answer pattern, the research generates Infit and Outfit
MNSQ values of 1.02 and 1.05, respectively, with expectation value of 1.0. This clarifies that
the students’ answer pattern towards the instrument is categorized as “good”. In addition, the
result generates Infit ZSTD and outfit ZSTD value of 0.0 and 0.10, respectively, with an
expectation value of 0.0; the numbers depict that the overall students’ answer pattern is in
accordance with the model. Moreover, the overall reliability of students section is 0.82,
categorized as “good”. From the instrument item assessment, it is generated that the Infit and
Outfit MNSQ values are 1.03 and 1.05, respectively, with the expectation value of 1.0, and
the Infit and Outfit ZSTD values are 0.0 and 0.3, with the expectation value of 0.0. The
numbers suggest that the overall instrument is deemed as “good”, proven by the instrument
reliability value of 0.99. The KR-20 (alpha Cronbach) value results in 0.84, thus signifying a
good interaction between the students and the item. As acquired from the findings, the actual
data in this study have met the Rasch model requirements, meaning that further analysis is
considered as valid to conduct.

Level of Students’ Learning Progress



The second problem of the research is: “How is the learning progress of the participants
ranging from senior high school to fourth college year in explaining the focused topic?”. To
elaborate on that matter, the study employs data generated from the development process of

4TMC instrument to measure the students’ conceptual understanding level.
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Figure 1 Mean student performance level by grade

(Senior high school students = A, first-year college students = B, second-year college students
= C, third-year college students = D, fourth-year college students = E)

Figure 1 displays the [average competence lcalculated in the form of logs based on the
students’ academic level, ranging from A to E. The figure shows an increasing trend in
students’ competence development based on their respective academic level (ABCDE).
Moreover, it is discovered that the group E shows better learning progress compared to the
other groups (D, C, B, and A). Despite that, the One-way ANOVA test indicates a difference
among the students’ competence based on the academic level, in which Feount (6, 0142442) >
Fraole (2,39308); df = 422; p <0.05. The research, therefore, conducted a post hoc Bonferroni
test to identify which group that experience significant learning progress. As extracted from
the statistical result, group A and B undergo significant learning progress, while group C, D,
and E do not experience such significant advancement. This contradicts the common notion
that the group CDE are college students with longer formal education experience compared to
group A or B. Such finding indicates that the group CDE find it hard to explain the concept of

change of state of matter.
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Comparison of average competence between groups ABCDE is conducted to map out the
difference in the students’ learning progress in each conceptual understanding level
(displayed in Table 3). The students’ competence is calculated based on four items in each
level of conceptual understanding. As an example, in the level 1, the students’ competence is
measured by referring to the mean of item 1LG-1, 6SL-1, 11SG-1, and 16SL-1; the same also
applies in the next levels. Based on Table 4, it is found that the students’ competence in level
1 (0.77 logit, SD = 0.86) is higher than their competence in level 2 (0.69 logit, SD = 0.95); the
same also applies in the next levels. The findings above indicate that the students’ conceptual
understanding has not developed optimally. On top of that, the item sequence in level 1 is
easier to explain compared to that in level 2. The same condition also applies in the next
levels. Students find it harder to explain concepts of change of state of matter as the learning
progress level increases. Simply put, the students’ learning progress level is different in each
level of conceptual understanding.

Table 3

Measurement of students’ average competence in each level of conceptual understanding

Conceptual Students’ Education Level (Mean, SD)
Understanding
Level A (N=171) B (N=83) C (N=66) D (N=55) E (N=52) ABDCE (N=427)
1 0.69 (0.86) 0.80 (0.71)  0.61 (0.91) 1.29 (0.95) 1.05 (0.90) 0.77 (0.86)
2 0.58 (1.04) 0.66 (0.75)  0.68 (0.86) 1.05 (1.00) 0.83 (0.97) 0.69 (0.95)
3 0.19 (0.95) 0.61 (1.00)  0.33(1.13) 0.84 (0.92) 1.10 (1.24) 0.51 (1.10)
4 0.24 (1.00) 0.53 (0.68)  0.51(1.12) 0.70 (0.86) 0.51 (0.71) 0.41 (0.57)
5 -1.16 (1.59) -0.80(1.46) -0.86(1.51) -0.48(0.85) -0.58(1.51) -0.84 (1.41)

The difference in students’ learning progress levels in each conceptual understanding level
depicts that longer formal education experience does not necessarily guarantee that the
student will have better learning progress in explaining the focused topic. For instance, Table
4 illustrates the comparison of item logit size in level 3 that is calculated based on the
students’ academic level.

Table 4 Average item logit in level 3



Education Item mean (logit) at level 3

Level 13SG-3 3LG-3  18LS-3  8SL-3
A 171 0.51 033 -0.22 -0.61
B 83 0.55 0.40 -0.43 -0.51
C 66 0.61 019 -0.15 -0.66
D 55 0.33 020 -0.15 -0.46
E 52 0.57 0.06  -0.30 -0.33

Discussion|

The result shows that: firstly, based on the logit size, the items are put in the following order:
13SG-3 > 3LG-3 > 18 SL-3 > 8SL-3. This is to say that it is harder for the students to explain
the concept in item 13SG-3 compared to 3LG-3, 18SL-3, and 8SL-3. Secondly, the students’
competence in each item is different and not in sequential order based on the education level
(ABCDE). The finding leads to an assumption that all students in group E are supposed to
perform better in explaining the item sequence in level 3 than those in group D, C, B, and A,
since they progressed through longer education experience. However, the calculation result
shows a different insight. In the item 13SG-3, students in group C are the most competent
among all group (C (0.61) > E (0.57) > B (0.55) > A (0.51) > D (0.33)), while in the item
8SL-3, group E students are the most competent ( E (-0.33) > D (-0.46) > B (-0.51) > A (-
0.61) > C (-0.66)). Such a finding indicates that the students’ competence is varied despite
being at the same level. To put it another way, longer formal education tends to have an
insignificant effect on the development of students’ conceptual understanding.

Table 5

Category of item 13SG-3 comprehension

Conceptual Understanding Category - Item 13SG-3

Grade N (%)
LOK AM MFN MFP SK
A 171 36 21 3 20 19
B 83 19 36 8 5 31
C 66 36 27 2 8 27
D 55 13 24 4 7 53
E 52 23 12 6 12 48
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How is the students’ learning progress level in the same item? Table 5 displays the percentage
data of students’ competence in explaining item 13SG-3 based on five categories of
conceptual understanding (LOK, AM, MFN, MFP, and SK). In the SK category, students in
group D perform better among all groups (D (53%) > E (48%) > B (31%) > C (27%) >A
(19%)). Simply put, more than half students in group D are capable of explaining the item
13SG-3 compared to students in other groups. Meanwhile, in LOK, students in group A and C
show higher percentage among all groups (A (36%) = C (36%) > E (23%) > B (19%) > D
(13%)). In other words, more than one-third of students in group A or C is incapable of
explaining the item 13SG-3 compared to students in other groups due to the limited
knowledge on the item. Moroever, in AM, group B shows highest percentage among all
groups (B (36%) > C (27%) > D (24%) > A (21%) > E (12%)); it signifies that more than
one-fourth of students in group B are incapable of explaining item 13SG-3 compared to other
groups due to the misconception on the item. Such findings indicate that the high percentage
in LOK and AM category is seen as one of the reasons why the students’ competence is
different in explaining the same item 13SG-3. To put it another way, the students’ learning
progress does not develop optimally in explaining item 13SG-3 due to lack of knowledge

(LOK) or misconception (AM) on the item.
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Figure 2(a) Probability Category Curve of item 13SG-3 of group A, and Figure 2(b)
Probability Category Curve of item 13SG-3 of group D (Category: LOK = Lack of
Knowledge, AM = All-Misconception, MFN = Misconception False Negative, MFP =
Misconception False Positive, SK = Scientific Knowledge)

Figure 2 illustrates the comparison of the probability category curve (PCC) of students in
group A and D in item 13SG-3. The five curve shapes are the visual representation of the
distribution of five categories of students’ conceptual understanding. From the curves, one
can identify which groups that tend to show LOK and AM category traits. It is worth noting
that the curve 2(a) and 2(b) tend to be different based on the MFP curve shape, while others
are relatively similar. The MFP curve of students A has a higher probability compared to that
of students D; simply put, a senior high school student tends to show stronger MFP category
compared to a third-year college student. The notion is supported by the finding that senior
high school students are relatively incapable of providing correct reason on item 13SG-3
compared to third-year college students. On the other hand, students with low ability in group
D tend to show similar curve shape of LOK, AM, and MFN with group A. This implies that
both groups’ conceptual understanding in the item is relatively similar. In other words, the

learning progress of group D, particularly in students with low ability, has not developed



optimally despite the fact that that group D consists of third-year college students that
progressed through three years of formal education experience in university. |

This echoes previous findings that the learning progress is highly dependent on the students’
learning process and experience (Duschl et al., 2011; Park et al., 2017; Wilson, 2009).
Learning progress is defined as a sophisticated and systematic way of thinking, in which the
students will undergo gradual progress when learning a topic for a long time interval. Such a
systematic way of thinking is formed by the learning practices and education experience
(Emden et al., 2018). On top of that, the research findings are in line with previous studies
that highlighted that students have distinctive comprehension formed by their own experience
(Chi et al., 2018; Emden et al., 2018; Hoe & Subramaniam, 2016; Jin, Mikeska, Hokayem, &
Mavronikolas, 2019; Rogat et al., 2011; Testa et al., 2019). Such distinctive knowledge has
not been explored by evaluation or intervention through learning roadmaps that are in
accordance with remedial learning (Smith et al., 2006). In spite of that, it is considered
essential to conduct a further analysis that focuses on the modification of conceptual
understanding category and analysis variation that is able to define the characteristics of
students’ alternative conception. The development procedures, as explained in the
methodology, has resulted in 4TMC instrument; however, instrument development is seen as
an essential continuous process (Wilson, 2009, 2012).

Based on the research findings, the study identifies several important notes on the
development of the 4TMC instrument. Firstly, further analysis of the characteristic of
students’ response behavior is necessary to conduct regarding the item clarity and the
measured concept. The findings have implied that the percentage of LOK and AM
understanding category is relatively dominant and tends to increase along with the level of
conceptual understanding. Hence, the development of the concept level requires taking into
consideration any potential term use that might confuse the students. A further study on the

identification of commonly-understood terms or concepts is therefore essential. Secondly, a
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separate analysis is required to diagnose the factors contributing to the students’ lack of
knowledge and misconception. Regarding that, further analysis can be conducted by applying
the analysis methods developed by previous studies (Caleon & Subramaniam, 2010; Hoe &
Subramaniam, 2016; Oon & Subramaniam, 2013). Thirdly, it is discovered that the concepts
LG, SG, SL and LS were interpreted differently by the students. Despite being in the same
conceptual understanding level, the items’ difficulty level are completely different. Therefore,
an evaluation on answer choices requires one to focus on the representation of understanding
at the same level.

One of the features of the Rasch model is that the model facilitates one to identify any
correlation between the construct map and the students” competence in ways that the students’
competence can be analyzed by referring to the difference in item difficulty level. The 4TMC
instrument indicates that there are students with very high ability as well as students with low
ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate
on the difference in students’ competence. The insight is applicable in the learning process of
chemistry subject. The instrument is expected to be beneficial for teachers in developing a
formative test to identify the students’ progress of conceptual understanding. On top of that,
teachers are able to implement the instrument as a diagnostic instrument to evaluate students’
conceptual understanding in providing feedback on their learning progress. Further, the
teachers will be able to develop instructional strategies that are specifically designed to tackle
the students’ difficulty in developing an epistemological explanation regarding the concept of

change of state of matter.

Conclusions
The result revealed that the integration of the 4TMC test and Rasch modeling is effective and
valid to be treated as the diagnostic instrument to measure students’ learning progress.

Moreover, it is discovered that students in group A, B, C, D, and E, particularly those with



low ability, are hampered in developing an epistemological explanation of the concept. This
blames the students’ lack of certainty in their answer and reason; thus, assumed as having lack
of knowledge or misconception. The low-ability students’ curve shape of LOK and AM is
consistent in the competence interval of less than 0.1 logit. On the other hand, the students’
ability gets lower as the conceptual understanding level increases. Such finding indicates that
the learning process and education experience provide a limited contribution for the students

in developing a systematic way of thinking regarding the concept of change of state of matter.

Recommendations

The Based on the results of the study, there are several recommendations for researchers and
teachers. For researchers, the findings of this research can be followed up to examine more in
how students build their understanding gradually in explaining the concept of particles in
substance form changes. The study can be conducted by developing tests that aim to evaluate
and diagnose the process of student knowledge formation and development while being able
to identify at the level of education where the confusion of understanding occurs. The
evaluation becomes more objective, not only reviewed from the student's point of ability but
can be reviewed from the teacher's ability. The model of Rasch's multi-faced item response
pattern approach becomes one of the important parts recommended for such objectives. In this
way, students' ability to develop epistemological knowledge, and their ability to significantly
actualize the knowledge gained can be measured well.

On the other hand, for teachers, the results of this study along with the stages of analysis
approach used can be a reference in evaluating the progress of learners' learning, as well as
determining alternative thinking frameworks of students in explaining the concept of

substance change. The information serves as strategic feedback in formulating instructional



strategies and preparing remedial learning, especially for students who have difficulty in

developing epistemological explanations of substance changes.

Limitations

The limitations of the research are primarily related to the misrepresentation of student
reasoning, which may arise in its efforts to connect phenomena and concepts measured in
each item. In this context, the student may not excel to explain, because of his incapableness
in using his heuristic reasoning. This instrument is not equipped with items that evaluate the
heuristic abilities of the student in question. However, researchers decided to record this
incompetence as a misconception or vague knowledge. For further research, it is
recommended that the instrument be equipped with items that measure students' emotional

and heuristic reasoning according to the conceptual framework to be evaluated.

Acknowledgments

The researchers would like to express their gratitude towards the Directorate of Research and
Community Service, Ministry of Research and Technology of Republic of Indonesia, for the
financial support through the University Basic Research Excellence Grant Program in the

Research and Community Service Office of Universitas Negeri Gorontalo, 2020.

References

Aktan, D. C. (2013). Investigation of students’ intermediate conceptual understanding levels:
The case of direct current electricity concepts. European Journal of Physics, 34(1), 33—
43. https://doi.org/10.1088/0143-0807/34/1/33

Arslan, H. O., Cigdemoglu, C., & Moseley, C. (2012). A three-tier diagnostic test to assess
pre-service teachers’ misconceptions about global warming, greenhouse effect, ozone
layer depletion, and acid rain. International Journal of Science Education, 34(11), 1667—
1686. https://doi.org/10.1080/09500693.2012.680618

Bond, T. G., & Fox, C. M. (2007). Applying The Rasch Model: Fundamental Measurent in
the Human Sciences (2" Ed.). Routledge Taylor & Francis Group



Caleon, I. S., & Subramaniam, R. (2010). Do students know what they know and what they
don’t know? Using a four-tier diagnostic test to assess the nature of students’ alternative
conceptions. Research in Science Education, 40(3), 313-337.
https://doi.org/10.1007/s11165-009-9122-4

Chandrasegaran, A. L., Treagust, D. F., & Mocerino, M. (2007). The development of two tier
multiple-choice diagnostic instrument for evaluating secondary school students’ ability
to describe and explain chemical reactions using multiple levels of representation.
Chemistry Education Research and Practice, 8(3), 293-307

Chi, S., Wang, Z., Luo, M., Yang, Y., & Huang, M. (2018). Student progression on chemical
symbol representation abilities at different grade levels (Grades 10-12) across gender.
Chemistry Education Research and Practice, 19(4), 1055-1064.
https://doi.org/10.1039/c8rp00010g

Claesgens, J., Scalise, K., Wilson, M., & Stacy, A. (2009). Mapping student understanding in
chemistry: The perspectives of chemists. Science Education, 93(1), 56-85.
https://doi.org/10.1002/sce.20292.

Duncan, R. G., & Hmelo-Silver, C. E. (2009). Learning progressions: Aligning curriculum,
instruction, and assessment. Journal of Research in Science Teaching, 46(6), 606-609.
https://doi.org/10.1002/tea.20316

Duschl, R., Maeng, S., & Sezen, A. (2011). Learning progressions and teaching sequences: A
review and analysis. Studies in Science Education, 47(2), 123-182.
https://doi.org/10.1080/03057267.2011.604476

Emden, M., Weber, K., & Sumfleth, E. (2018). Evaluating a learning progression on
“Transformation of Matter” on the lower secondary level. Chemistry Education
Research and Practice, 19(4), 1096-1116. https://doi.org/10.1039/c8rp00137e

Habiddin, & Page, E. M. (2019). Development and validation of a four-tier diagnostic
instrument for chemical kinetics (FTDICK). Indonesian Journal of Chemistry, 19(3),
720-736. https://doi.org/10.22146/ijc.39218

Hadenfeldt, J. C., Bernholt, S., Liu, X., Neumann, K., & Parchmann, I. (2013). Using ordered
multiple-choice items to assess students’ understanding of the structure and composition
of  matter. Journal of  Chemical Education, 90(12), 1602-1608.
https://doi.org/10.1021/ed3006192

Hasan, S., Bagayoko, D., & Kelley, E. L. (1999). Misconceptions and the certainty of
response index (CRI). Physics Education, 34(5), 294-299. https://doi.org/10.1088/0031-
9120/34/5/304

Herrmann-Abell, C. F., & Deboer, G. E. (2016). Using rasch modeling and option probability
curves to diagnose students’ misconceptions. American Eduacational Research
Assossiation, 1-12

Hoe, K. Y., & Subramaniam, R. (2016). On the prevalence of alternative conceptions on acid-
base chemistry among secondary students: Insights from cognitive and confidence
measures. Chemistry Education Research and Practice, 17(2), 263-282.



https://doi.org/10.1039/c5rp00146¢

Jin, H., Mikeska, J. N., Hokayem, H., & Mavronikolas, E. (2019). Toward coherence in
curriculum, instruction, and assessment: A review of learning progression literature.
Science Education, 103(5), 1206-1234. https://doi.org/10.1002/sce.21525

Klassen, S. (2006). Contextual assessment in science education: Background, issues, and
policy. Science Education, 90(5), 820-851. https://doi.org/10.1002/sce.20150

Laliyo, Botutihe, & Panigoro. (2019). The development of two-tier instrument based on
distractor to assess conceptual understanding level and student misconceptions in
explaining redox reactions. International Journal of Learning, Teaching and
Educational Research, 18(9), 216-237. https://doi.org/10.26803/ijlter.18.9.12

Linacre, J. M. (2012). A user’s guide to WINSTEPS® MINIS T E P Rasch-model
computer program: Program manual 3.75.0. https://doi.org/ISBN 0-941938-03-4

Linacre, J. M. (2020). 4 User’s Guide to WINSTEP S® MIN IS T E P Rasch-Model
Computer Programs Program Manual 4.5.1. https://doi.org/ISBN 0-941938-03-4

Ling Lee, W., Chinna, K., & Sumintono, B. (2020). Psychometrics assessment of HeartQoL
questionnaire: A Rasch analysis. European Journal of Preventive Cardiology, 1-6.
https://doi.org/10.1177/2047487320902322

Liu, X. (2012). Developing measurement instruments for science education research. In B.
Fraser, K. G. Tobin, & C. J. McRobbie (Eds.), Second international handbook of science
education (pp. 651-665). Springer Netherlands

Lu, S., & Bi, H. (2016). Development of a measurement instrument to assess students’
electrolyte conceptual understanding. Chemistry Education Research and Practice,
17(4), 1030-1040. https://doi.org/10.1039/c6rp00137h

Morell, L., Collier, T., Black, P., & Wilson, M. (2017). A construct-modeling approach to
develop a learning progression of how students understand the structure of matter.
Journal of Research in Science Teaching, 54(8), 1024-1048.
https://doi.org/10.1002/tea.21397

Neumann, K., Viering, T., Boone, W. J., & Fischer, H. E. (2013). Towards a learning
progression of energy. Journal of Research in Science Teaching, 50(2), 162-188.
https://doi.org/10.1002/tea.21061

Park, M., Liu, X., & Waight, N. (2017). Development of the connected chemistry as
formative assessment pedagogy for high school chemistry teaching. Journal of Chemical
Education, 94(3), 273-281. https://doi.org/10.1021/acs.jchemed.6b00299

Peterson, R. F., Treagust, D. F., & Garnett, P. (1989). Development and application of a
diagnostic instrument to evaluate grade-11 and -12 students’ concepts of covalent
bonding and structure following a course of instruction. Journal of Research in Science
Teaching, 26(4), 301-314. https://doi.org/10.1002/tea.3660260404

Rogat, A., Anderson, C., Foster, J., Goldberg, F., Hicks, J., Kanter, D., ... Wiser, M. (2011).
Developing learning progression in support of the new science standards: A RAPID



workshop series. (4), 163. https://doi.org/10.12698/cpre.2011.Iprapid

Sadler, P. M. (1999). The relevance of multiple-choice testing in assessing science
understanding. In J. J. Mintzes, J. H. Wandersee, & J. D. Novak (Eds.), Assessing
science understanding: A human constructivist view (pp. 251-274). Zaccheus Onumba
Dibiaezue Memorial Libraries.
https://zodml.org/sites/default/files/%5BJoel _J._Mintzes%2C_James_H._Wandersee%?2
C_Joseph_D._No_0.pdf

Smith, C. L., Wiser, M., Anderson, C. W., & Krajcik, J. (2006). Implications of research on
children’s learning for standards and assessment: A proposed learning progression for
matter and the atomic-molecular theory. Measurement: Interdisciplinary Research &
Perspective, 4(1-2), 1-98. https://doi.org/10.1080/15366367.2006.9678570

Sumintono, B., & Widhiarso, W. (2014). Aplikasi model Rasch untuk penelitian ilmu-ilmu
sosial [Application of Rasch model in social science research]. Trim Komunikata.
https://www.researchgate.net/publication/268688933%0AAplikasi

Testa, I., Capasso, G., Colantonio, A., Galano, S., Marzoli, 1., Scotti di Uccio, U., ... Zappia,
A. (2019). Development and validation of a university students’ progression in learning
quantum mechanics through exploratory factor analysis and Rasch analysis.
International Journal of Science Education, 41(3), 388-417.
https://doi.org/10.1080/09500693.2018.1556414

Treagust, D. F. (1988). Development and use of diagnostic tests to evaluate students’
misconceptions in science. International Journal of Science Education, 10(2), 159-169.
https://doi.org/10.1080/0950069880100204

Tyson, L., Treagust, D. F., & Bucat, R. B. (1999). The complexity of teaching and learning
chemical equilibrium. Journal of Chemical Education, 76(2—4), 554-558.
https://doi.org/10.1021/ed077p1560.1

Wilson, M. (2005). Constructing measures: an item response modeling approach. Lawrence
Erlbaum Associates, Inc. https://doi.org/10.4324/9781410611697

Wilson, M. (2008). Cognitive diagnosis using item response models. Zeitschrift Fir
Psychologie / Journal of Psychology, 216(2), 74-88. https://doi.org/10.1027/0044-
3409.216.2.74

Wilson, M. (2009). Measuring progressions: Assessment structures underlying a learning
progression. Journal of Research in Science Teaching, 46(6), 716-730.
https://doi.org/10.1002/tea.20318

Wilson, M. (2012). Responding to a challenge that learning progressions pose to
measurement practice. In A. C. Alonzo & A. W. Gotwals (Eds.), Learning progression
in science (pp. 317-344). https://doi.org/10.1007/978-94-6091-824-7



ISSN: 2165-8714

Review Form

http://www.eu-jer.com/

European Journal of Educational Research

' Manuscript ID: | EU-JER_ID# |

Date:

Manuscript Title:

Implementation of Four-tier Instruments Based on the Rasch Model in
Evaluating Students’ Learning Progress

| Conclusions are clearly stated

A?OUT MANUSCRIPT . Accept Weak Refuse ‘ '\!Ot
(Mark with "X" one of the options) Available

‘ Language is clear and correct ’ \ \ ‘
| Literature is well written \ \ \ |
| References are cited as directed by APA \ \ X \ |
' The research topic is significant to the field | | | |
' The article is complete, well organized and clearly written | | X | |
' Research design and method is appropriate | | | |
' Analyses are appropriate to the research question | | | |
' Results are clearly presented | | X | |
| A reasonable discussion of the results is presented \ \ X \ |

| | | |

| | |

‘ Recommendations are clearly stated

‘ GENERAL REMARKS AND RECOMMENDATIONS TO THE AUTHOR

2-  Why did you ignore gas-solid(GS) and gas-liquid(GL)?

4- Please discuss each finding with more updated international literature.

3- There are findings in the discussion section please move it to the findings section.

The manuscript is related to the implementation of four-tier instruments based on the Rasch Model in evaluating students’
learning progress about states of matter. It has some structural deficits. The following recommendations are presented:
1- Please double-check that all citations are in the text and the references are fitting to APA 7.

| THE DECISION (Mark with "X" one of the options)

| Accepted: Correction not required

| Accepted: Minor correction required

| Conditionally Accepted: Major Correction Required (Need second review after corrections)

' Refused

| Reviewer Code: R2611 (The name of referee is hidden because of blind review)




EuropeanJournal of EducationalResearch

ISSN: 2165-8714
http://www.eu-jer.com/

Review Form

Manuscript ID: EU-JER_ID#2011240749 Date: 02/07/2021
Implementation of Four-tier Instruments Based on the Rasch Model in Evaluating Students’
Learning Progress

ABOUT MANUSCRIPT Accept Weak Refuse Not
(Mark with "X" one of the options) P Available

ManuscriptTitle:

Language is clear and correct

x

Literature is well written

References are cited as directed by APA X
The research topic is significant to the field

The article is complete, well organized and clearly written

Research design and method is appropriate

Analyses are appropriate to the research question

Results are clearly presented

X | X[ X| X| X| X

A reasonable discussion of the results is presented

Conclusions are clearly stated X

Recommendations are clearly stated X
GENERAL REMARKS AND RECOMMENDATIONS TO THE AUTHOR

1 Abstract
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2 Introduction

2.1 1 will suggest dividing the introduction into several parts (e.g., students' understanding of matters, learning progressions,
4TMC) to make it easier for readers to understand.

2.2 The literature review cannot well elicit the research motivation and problems of this study. As a reader, | am interested in
why an instrument in the-4TMC format was used to diagnose and investigate the progressions of students' conceptual
understanding of the change of matter states.

2.3 The notion of "learning progress" should be replaced by "learning progressions."

2.4 The authors stated that "Four-tier instruments are used in studies discussing topics such as .." and "that studies on
chemistry topic which employ four-tiers instruments tend to focus on describing alternative conception." However, as |
know, the greatest strength of 4TMC is that it can provide cognitive and confidence measures (e.g., Sreenivasulu&
Subramaniam, 2014) at the same time. The cognitive measures can be interpreted as students' conceptual
understanding or students' proficiency in practices, which are the focus of many previous LP studies. | appreciate the
author's contribution to introducing 4TMC in LP studies; however, it is not clear how does the 4TMC test differ from
other instruments used in previous LP studies.

3 Methodology

3.1 The study involved four concepts of change of state of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and liquid-
solid (LS). Why do the other two types of change of state of matter (i.e., gas-liquid (GL) and gas-solid (GS)) were not
touched in the current study?

3.2 What is the basis of the five levels of conceptual understanding? Do the hypothesized based on previous studies (e.g.,
Hadenfeldt et al., 2013 or their research published in JRST Hadenfeldt, J. C., Neumann, K., Bernholt, S., Liu, X,
&Parchmann, |. (2016). Students' progression in understanding the matter concept. Journal of Research in Science
Teaching. http://onlinelibrary.wiley.com/doi/10.1002/tea.21312/pdf)? The author should learn the process of how
Hadenfeldt et al. (2013, 2016) develop the levels of conceptual understanding.

3.3 It would be nice to provide examples for item design and explain the process of items and their options to match the
assumed levels of understanding.

3.4 Why do you choose the participants comprised of both high school students and college students? Does the level of
conceptual understanding match the course they are studying? More background information about the participants
should be provided.
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3.4 The author stated that "The involvement of Rasch model measurement lay on the assumption that the item difficulty
level is dependent on the students' answer, and that the students' understanding is dependent on the estimation of item
difficulty (Linacre, 2012)." This statement may be incorrect. In Rasch modeling, person and item measures are
independent.

3.5 The PCM model should be written in a separate line. The statistical package used for Rasch analysis and ANOVA were not
identified in the manuscript.

4. Results and Discussion

4.1 The evidence for the unidimensionality was inadequate. The eigenvalue of the 1st contrast produced by the PCA on Rasch
residuals should be provided.

4.2 The sequence of results of the Rasch analysis should be modified. See an example in Yang, He, and Liu (2017). Yang, Y.,
He, P., & Liu, X. (2017). Validation of an Instrument for Measuring Students' Understanding of Interdisciplinary Science in
Grades 4-8 over Multiple Semesters: A Rasch Measurement Study. International Journal of Science and Mathematics
Education, 1-16.

4.3 The measures and fit statistics of items and the Wright map should be provided. The match between item measures and
person measures can establish evidence for your instrument.

4.4 The authors stated that "Moreover, the findings also suggest that the item difficulty level (LG, SL, SG, and LS; particularly
SL (melting) and LS (freezing)) do not match the level in the construct map." | will suggest the authors modify the items
(or the hypothesized levels of conceptual understanding) before subsequent inferential statistics.

4.5 The representation of the data in figure 1 is quite different from that in the current literature. The standard deviation was
always plotted as an error line on the mean value.

4.6 The item characteristic curves plotted in Figure 2 suggested that the current study's scoring method may be questionable.

Overall comment:

For me, it becomes not apparent why we need a new study on Rasch analysis of a four-tier instrument for assessing students'
progression on the change of state matter. | will suggest the author focus more on the instrument's content (i.e., the
change of state matter) or the methodology of scoring issues faced by 4TMC. In my opinion, the latter issue may be more
significant for the science education community. Students' response to a 4TMC item can be classified into five categories,
i.e., Lack of Knowledge, All-Misconception, Misconception False Negative, Misconception False Positive, Scientific
Knowledge. However, it is unclear to what extent do these categories can be distinguished based on students' latent
ability estimated by the Rasch model. Further studies should be conducted to reevaluate the scoring methods of 4TMC.
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Implementation of Four-tier Multiple-choice Instruments
Based on the Partial Credit Model in Evaluating Students’
Learning Progress. .

Abstract: One of the issues that hinder the students’ leaming progress is the inability to construct an
epistemological explanation of a scientific phenomenon. Four-tier multiple-choice (hereinafter,
4TMC) instrument and Partial-Credit Model model were employed to elaborate on the diagnosis
process’ of theaforementioned problém! The purpose of this study was to developing and
implementation four-tier multiple-choice instrument with Partial-Credit Model to evaluate students’
learning progress in explaining the concept of change of state of matter. This research used a
development research referring to the test development model from Wilson. The data were obtained

through development and validation techniques on 20 4TMC items tested to 427 students. On each
item, the study applied diagnostic-summative assessment and certainty response index. The students’
conceptual understanding level was categorized based on the combination their answer choices; the
measurement generated Partial-Credit Model for 1 parameter logistic (IPL) data. Analysis of
differences based on class level of students using Analysis of Variants (One-way ANOVA). This study
succeeded in developing 20 valid and reliable 4TMC instruments. The result revealed that the
integration of 4TMC test and Partial-Credit Model was effective to be treated as the instrument to
measure students’ learning progress. One-way ANOVA test indicates a difference among the students’
competence based on the academic level. On top of that, it was discovered that low-ability students see
very slow progress due to the lack of knowledge as well as a misconception in explaining the Concept

Keywords: Learning progress. four-tier, change of state of matter, Partial-Credit Model.

Introduction

Central to the notion of science learning is the development of students’ scientific
understanding of basic concepts of sciences (Hadenfeldt et al., 2013), particularly, change of
state of matter (Emden et al., 2018). Aside from the issue, several studies have also
highlighted the students’ inability to provide an epistemological explanation of basic concepts

of sciences (Chi et al., 2018). Efforts to solve the issues, however, have shown little progress,



as the students might have more complex perceptions regarding the alternative concept they
understand (Morell et al., 2017).

Education practitioners have recommended the utilization of learning progress concept as the
instructional method to provide guidance and direction and to adjust the curriculum with the
learning process and assessment (Claesgens et al., 2009; Duncan & Hmelo-Silver, 2009;
Rogat et al., 2011). Learning progress is defined as a sophisticated and systematic way of
thinking. This method is applicable for a learning process, in which the students will undergo
gradual progress when learning a topic in a long duration. Its effectiveness is highly
dependent on the learning process and the students’ learning experience (Duschl et al., 2011).
The concept involves certain sets of gradual levels that represent conceptual understanding,
ranging from low level up to comprehensive level.

The notion of learning progress is highly distinctive to each student and is dependent to one’s
learning experience (Rogat et al., 2011); therefore, there is no learning roadmap that is
suitable for all kinds of students (Smith et al., 2006). Each student constructs one’s
understanding in a different way; moreover, the construction process is varied depending on
the students’ conceptual understanding level (Aktan, 2013). This is to say that each student
undergoes a different rate of learning progress, understanding level, and knowledge
construction. Simply put, the development of scientific comprehension among students is not
linear (Neumann et al., 2013). Therefore, this study regards each level of students’ conceptual
understanding as a success in progressing for more advanced level of understanding
(Hadenfeldt et al., 2013). A student who faces difficulty in a certain level of understanding
will see a lack of progress to a more advanced level. This in turn hinders the student’s ability
to construct an epistemological explanation on the basic concepts of science. Within this
context, the learning progress is treated as the method to evaluate students’ conceptual

understanding. The diagnostic information generated is reliable to be treated as a reference for



the teachers in developing accurate and valid instructional components to guide the students
to progress to the next level.

Among the diagnostic instruments that are considered applicable is the four-tier multiple-
choice (4TMC) instrument. It is the development of two-tier multiple-choice test
recommended by Treagust (1988) and Chandrasegaran et al., (2007). The use of two-tier
instrument is familiar in identifying students’ understanding in select topics such as
electrochemistry (Lu & Bi, 2016), covalent bond (Peterson et al., 1989), and chemical
equilibrium (Tyson et al., 1999). Despite its reputation in academia, the two-tier test has
raised criticism due to its sole focus on the facts and negligence towards students’
understanding (Klassen, 2006). Therefore, several experts propose the renewed version of the
test by adding distractor answer choices to strengthen the diagnostic value of the items
(Herrmann-Abell & DeBoer, 2011; Sadler, 1998). In addition, some have highlighted the
test’s weakness in cases where students’ tended to pick the answer choice and the reasoning
randomly. This illustrates that the students were uncertain and possessed several
misconceptions in the first tier question. In such cases, teachers faced difficulty in
differentiating between guessed answers and misconceptions (Habiddin & Page, 2019; Hasan
etal., 1999).

The criticism laid against the model has sparked the innovation of three-tier and four-tiers
instruments. Both instruments feature two multi-level questions, also similar with two-tier
test. In the three-tier test, however, the measurement of students’ certainty level is conducted
simultaneously in both first and second-tier questions; in the meantime, the measurement is
conducted separately in the first two tiers (Caleon & Subramaniam, 2010). The value of
students’ certainty rate ranges from one (very uncertain) to five (very certain).

Three-tier test lacks validity in measuring the students’ certainty rate regarding both the
answer choice and the reasoning, whether or not the value of certainty rate refers only to the

answer choice, to the reasoning, or both. Such weakness will in turn obstructs the evaluation



and classification process of students’ responses (Arslan et al., 2012). In the four-tier
instrument, the measurement of certainty rate also involves the answer choice in the first tier
and the reasoning in the third tier (Arslan et al., 2012; Loh et al., 2014). Regarding this
feature, four-tier test is considered more accurate than the three-tier test. Students who pick
wrong answer choices with high certainty indicate that they have a very high misconception
on the measured item (Hoe & Subramaniam, 2016).

Four-tier instruments are used in studies discussing topics such as physics education (Caleon
& Subramaniam, 2010), chemical thermodynamics (Sreenivasulu & Subramaniam, 2013),
transition metal (Sreenivasulu & Subramaniam, 2014), acid-base reaction (Hoe &
Subramaniam, 2016), and chemical kinetics (Habiddin & Page, 2019). However, it is worth
noticing that studies on chemistry topic which employ four-tiers instruments tend to focus on
describing alternative conception. To put it another way, the higher the certainty rate is, the
stronger the students’ alternative conception will be. Despite its potentials, the scholarly
discussion has overlooked the implementation of a four-tier diagnostic instrument to measure
students’ learning progress. Therefore, further analysis is essential on the application of
ATMC test in several domains analyzes by Partial-Credit Model approach.

The use of Partial-Credit Model has been introduced since the 2000s in the science education
research; it features the instrument that integrates diagnostic assessment and summative
assessment (Liu, 2012; Wei et al., 2012). On top of that, the diagnostic assessment approach
is introduced to conduct an in-depth analysis of the construction process of students’
conceptual understanding (Claesgens et al., 2009; Hadenfeldt et al., 2013; Lu & Bi, 2016).
This study employs 4MTC and Partial-Credit Model as a diagnostic tool to evaluate students’
learning progress in explaining the change of state of matter, besides focusing on the Concept
of Change of State of Matter, this research employs in-depth analysis using Item Response

Theory, namely Partial Credit Model.



One of the features of the Partial-Credit Model is that the model facilitates one to identify any
correlation between the construct map and the students’ competence in ways that the students’
competence can be analyzed by referring to the difference in item difficulty level. The 4TMC
instrument indicates that there are students with very high ability as well as students with low
ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate
on the difference in students’ competence. The insight is applicable in the learning process of
chemistry subject. The instrument is expected to be beneficial for teachers in developing a
formative test to identify the students’ progress of conceptual understanding. On top of that,
teachers are able to implement the instrument as a diagnostic instrument to evaluate students’
conceptual understanding in providing feedback on their learning progress. Further, the
teachers will be able to develop instructional strategies that are specifically designed to tackle
the students’ difficulty in developing an epistemological explanation regarding the concept of
change of state of matter. The study focus revolves around three research questions: 1) What
is the quality of the developed 4TMC instrument based on the Partial-Credit Model?. 2).
How is the effectiveness of 4TMC instrument to evaluate the students’ learning progress in
explaining concepts of change of state of matter. 3) How is the learning progress in students
ranging from the senior high school level up to the senior (fourth) year of college in

explaining the concepts?

Methodology

Development Model

This research used a development research referring to the test development model from
Wilson. Wilson (2005, 2008) introduces four steps of measurement instrument development

in figure 1.



STEP 1 STEP 2

The learning progress The design process of
variable focused on a ‘ items or tasks used to
characteristic measured at a measure students’

particular time unit responses
Employs Measurement The students’ responses are
Model categorized into all items
(Rasch Model/ Parcial _ related with the learning
Credit Model) progress variable
STEP 4 STEP 3

Figure 1. Measurement instrument development

This recommendation is proven valid to be implemented in developing measurement
instrument for different construct variables (Barbera, 2013; Chi et al., 2018; Hadenfeldt et al.,
2013; Laliyo, Botutihe, & Panigoro, 2019; Lu & Bi, 2016; Wei et al., 2012; Wilson, 2009;
Wind, Tsai, Grajeda, & Bergin, 2018). The present study also included two questions related
to certainty rate (Arslan et al., 2012; Habiddin & Page, 2019: Hasan et al., 1999). The
obtained data were analyzed by Partial Credit Model (PCM) approach by WINSTEPS version
4.5.3 software.

Construct Map: Determining Level of Understanding

The first step was to develop the construct of measured variables. The study involved four
concepts of change of state of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and
liquid-solid (LS). Gas-liquid (GL) and Gas-Solid (GS) materials were not included in this
study as they are included in the basic level of knowledge. The change of a substance from
gas to solid (GS) is known as freezing, while from gas to liquid (GL) is called condensing.
These two types of changes in the form of substances are very easy to answer by students at a
higher level since the materials have always been presented in textbooks, from high school to
university students, on the topic of changes in the form of the substance. These concepts were
implemented in a gradual manner through five levels of conceptual understanding (Table 1).

Such method functions as the pathway of conceptual development that involves learning



objectives from the lowest to the highest level of conceptual understanding (Duncan &
Hmelo-Silver, 2009; Lofgren & Helldén, 2009; Hadenfeldt et al., 2013; Rogat et al., 2011). In
other words, the set of levels, as mentioned previously, was adjusted to the students’ needs so
as to develop their conceptual understanding. This took into account that each student might
progress on different and non-linear development of conceptual understanding; therefore, the
levels, as illustrated in Table 1, was considered valid to illustrate the ideal conceptual
development pathway (Neumann et al., 2013).

Table 1. Level of Conceptual Understanding in Explaining Concept of Change of State of
Matter

Change of State of Matter/ltem
LG SL SG LS
5 Submicroscopic diagram of change of 5LG-5 10SL-5 15SG-5 20LS-5
state of matter
4  Correlation between state of matter and 4LG-4  9SL-4  14SG-4 19LS-4
the process of change of state of matter
3 Process of change of state of matter 3LG-3 8SL-3 13SG-3 18LS-3
2 Concept of state of matter 2LG-2  7SL-2 12SG-2 17LS-2
1 Factual phenomenon of state of matter 1LG-1 6SL-1 11SG-1 16LS-1
Description: (LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Conceptual Understanding Level

Item Design and Assessment Scheme

The second phase involved an item design. In the 4TMC instrument, all the items consisted of
four-tier multiple-choices. To put it another way, each item contains four questions that
combine between diagnostic-summative test (Hoe & Subramaniam, 2016; Lu & Bi, 2016;
Treagust, 1988) with certainty response index (hereinafter, CRI) test (Arslan et al., 2012;
Hasan et al., 1999). The first-tier questions (Q1) aimed to identify whether or not the students
understand the content. Moreover, questions in the second tier (Q2) were employed to clarify
the students’ certainty regarding their answers in the Q1. Third-tier questions (Q3) functioned
to diagnose the students’ reasoning regarding their answers in the Q1. Further, questions in
the second tier (Q4) were employed to clarify the students’ certainty regarding their answers
in the Q3. Q1 and Q3 questions in each item involved five answer choices; one among them

was the correct answer, while three were the distractor, and another answer choice was open-



ended answer choice. This open-ended option allows the students to decide the answer by
themselves, should they find no correct answer as in accordance with their conceptual
understanding. In the meantime, the Q2 and Q4 questions involved two close-ended answer
choices; the first choice was for those who are uncertain of their answer, and the second
choice was for the students who are very certain of their answer (Arslan et al., 2012). The
distractor choices were employed in Q1 and Q3 questions to validate the diagnostic strength
of the questions (Herrmann-Abell & DeBoer, 2011; Sadler, 1998). Therefore, in the Q1 and

Q3 tiers, the students would have only 0.20 or 20 percent probability of choosing the correct
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Outcome Space and Data Collection

The third step involved the design of the outcome space of the correlation between items and
construct maps (Bond & Fox, 2007; Wilson, 2009). The item validation was conducted
independently by three expert validators to evaluate the extent of correlation between answer
choices in Q1-Q3 in each item and the level of students’ conceptual understanding. The
validators were asked to clarify that the questions are easy to understand and the students’
lack of linguistic competence would not hinder them from providing the right answer. The
validators also required to ensure that the questions are in accordance with the syllabus,
particularly with the students’ conceptual understanding as based on the construct map. The
questions in each item were also validated in several aspects, such as: ambiguity, time
allocation, directiveness towards a particular answer, and subjective or emotional expression.
Fleiss k measure was employed to acquire information on the validators’ approval. From the
measure, it was generated that the k value = 0.97, indicating that the three validators agreed
that the 4TMC items were valid in correlating between the answer choices and the students’
conceptual understanding.

The next step was to acquire data based on the measurement instrument. The instrument was
tested to 427 students in Gorontalo, Indonesia using cluster random sampling technique. The
students comprised 171 (40.05%) senior high school students (or students A), 83 (19.44%)
university freshmen majoring chemistry education (or students B), 66 (15.45%) second-year
university students majoring chemistry education (or students C), 55 (12.88%) third-year
university student majoring chemistry education (or students D), and 52 (12.18%) fourth-year
university students majoring chemistry education (or students E). Based on gender, the female
participants comprised 369 participants (86.41%), and the male counterparts consisted of 58
participants (13,58%). The participants were given no particular educational treatments and

had stated their voluntary consent to participate in the research.



Partial-Credit Model Measurement and Data Analysis

The fourth step was to conduct the Partial-Credit Model measurement. This step was
implemented to define the correlation between the score generated and the students’
conceptual understanding level as elaborated within the construct map. The involvement of
Partial-Credit Model measurement lay on the assumption that the item difficulty level is
dependent on the students’ answer, and that the students’ understanding is dependent on the
estimation of item difficulty (Linacre, 2012).

Partial credit model (PCM) was employed to evaluate the learning progress through structured
questions; this took into account that the instrument items involved gradual and structured
questions (Bond and Fox, 2007; Masters, 1982; Sumintono and Widhiarso, 2015; Wilson,
2009). The model was stated into the following formula:

In[P_nik /(1 — P_nik )] — B_.n — D_ik , in which Py refers to the probability of student n

with B, ability to pick correct response in the level k of item i; while Di refers to the
difficulty level k of item i, or the threshold point for the test taker who scores k, not k -1.

Analysis of differences based on class level of students using One-way ANOVA.

Results and Discussionaz

Results



The item design is illustrated in Figure 2.

Take a look as this picture!

)

(@) (b)

After two weeks, the matter in picture (a) turns into picture (b).

Q1. How is the change process of state of matter as described by the previous pictures?
Evaporation

Naphthalene process

Sublimation

Melting

Depletion

PoooTw

Q2. How certain are you with your answer?
1. Uncertain 2. Very certain

Q3. Why do you choose your answer in the Q1?
a.Because naphthalene occurs in the picture (a), and disappears in the picture (b)




category was adapted from findings reported by Hasan et al., (1999)ia1, Arslan et al., (2012),



Effectiveness of Measurement Instruments

Unidimensionality Unidimensionality is an essential indicator to evaluate the 4TMC
instrument’s ability to measure students’ capability of explaining the concept of change of
state of matter. This indicator is measured by Principal Component Analysis of the residuals
to estimate the extent of variance to which the instrument is able to measure what it is
supposed to measure (Sumintono & Widhiarso, 2014). As displayed in the figure 3, the result
of raw variance explained by measures of data is 38.9%, the number almost approaches the
expectation value of 39.2%. The numbers indicate that the minimum unidimensionality
requirements of 20% are achieved, and simultaneously, the limit of PCM unidimension is met
(approaching 40%) (Linacre, 2012; Ling Lee et al., 2020). Moreover, the instrument’s
unexplained variance values are below 7% and considered as ideal (not exceeding 15%),

signifying that the item independence rate in instrument falls into “good” category.

-- Empirical -- Modeled

Total raw variance in observations = 32.7 1e00.0% 100.8e%

Raw variance explained by measures = 12.7 38.9% 39.2%

Raw variance explained by persons = 3.8 11.7% 11.8%

Raw Variance explained by items = 8.9 27.2% 27.5%

Raw unexplained variance (total) = 20.@ 61.1% 100.0% 60.8%
Unexplned variance in 1st contrast = 2.0 6.2% 10.2%
Unexplned variance in 2nd contrast = 1.6 5.9% 8.1%
Unexplned variance in 3rd contrast = 1.5 4.6% 7.6%
Unexplned variance in 4th contrast = 1.3 4.1% 6.7%
Unexplned variance in 5th contrast = 1.2 3.7% 6.0%

Figure 3 Standardized Residual variance (in Eigenvalue units)[A4]
Gradual Scale PCM analysis offers a unique verification process on the five grade categories
of students’ conceptual understanding (see Table 2). In Figure 4, it is illustrated that the
average observation starts from logit -0.38 in category 1 (lack of knowledge) and increases up
to logit +0.64 in category 5 (scientific knowledge). Such finding indicates that the grade
category of students’ conceptual understanding from 1 to 5 is considered as “very good”.
Moreover, PCM threshold is also employed to identify the grade’s validity; the indicator
highlights a transition that occurs in the students’ decision making process from one grade to

another (Linacre, 2012). The result of PCM-Andrich threshold analysis indicates a consistent



increase from the grade 1 to 5, implying that the grade category of conceptual understanding
implemented as the evaluation scale to assess the students’ competence is categorized as

“very good”.

SUMMARY OF CATEGORY STRUCTURE. Model="R"
|CATEGORY  OBSERVED|OBSVD SAMPLE|INFIT OUTFIT|| ANDRICH |CATEGORY |
|LABEL SCORE COUNT %|AVRGE EXPECT| MNSQ MNSQ||THRESHOLD| MEASURE |

[ el L Fommmmmmm e B e

| 2 1 1743 20| -.38 -.34| .93 99|| NONE |( -1.39)| 1 LOK (Lack of Knowledge)

| 2 2 1173 14| .6 -.e5| 1.19 1.23]]| .21 | -.46 | 2 AM (All-Misconception)

| 3 3 873 1e]| .21 .19| 1.e1 1.e3|]| .37 | .@3 | 3 MFN (Misconception False Negati\
| a a4 1203 14| .33 .41 1.121 1.es]|| -.ez2 | .49 | 4 MFN (Misconception False Positiu
| 5 s 3548 42| .64 .63| 1.ee 1.e4]| -.56 |( 1.31)| 5 SK (Scientific Knowledge)

OBSERVED AVERAGE is mean of measures in categorv. It is not a parameter estimate.

Figure 4. Validity of Grade Scale

Validity

The notion of validity revolves around the question: “does the test measure what it is
supposed to measure?”. That being said, the developed instrument is considered to have good
construct validity if it is able to measure the students’ conceptual understanding in explaining

the concept of change of state of matter (Linacre, 2012, 2020; Sumintono, 2018).

Table 3

Item Statistics: Misfit Order

INFIT OUTFIT PTMEA

Item Measure | s [ zSTD | MNSQ | ZSTD | Corr.

1LG1 -86 1.65 46 162 3.4 36
8SL-3 -33 118 2.4 1.30 2.7 44
11SG-1 -29 117 2.3 1.29 2.8 47
2LG2 -35 127 33 129 26 44
5LG-5 66 121 33 1.25 2.8 47
125G-2 -21 1.10 15 114 15 52
6SL-1 04 1.03 5 112 16 40
19SL-4 -37 1.08 11 08 -2 56
7SL2 11 95 -9 1.08 12 43
9SL4 04 101 2 1.05 7 45
16L5-1 -16 1.00 1 1.02 3 51
4LG-4 07 97 -5 1.01 1 48
17052 ~40 1.00 0 92 -7 51
135G3 30 99 1 96 5 54
145G-4 04 96 -8 88 17 61
155G-5 49 o1 16 86 2.0 55
3LG3 15 85 3.1 o1 13 48
20LS5 57 80 338 90 13 50
10SL5 79 73 43 78 25 43
18L5-3 -29 74 4.0 72 3.2 58

The first step is to ensure that all items match the Partial-Credit Model. Table 3 above
displays the analysis result of statistic items. The study employs three criteria to measure any
misfits or outliers between the students and the items (Linacre, 2012, 2020; Sumintono &
Widhiarso, 2014): 1) the accepted Outfit Mean Square (MNSQ) value is between 0.5 <
MNSQ < 1.5; 2) the accepted Outfit Z-Standard (ZSTD) value is between -2.0 < ZSTD <
+2.0; 3) the accepted Point Measure Correlation (Pt Mean Corr) value is between 0.4 < Pt



Measure Corr. < 0.85. As illustrated in figure 4, it is detected that the item 1LG-1 does not
meet two criteria (Outfit MNSQ and Outfit ZSTD), while the items 8SL-3, 11SG-1, 2LG-2,
and 5LG-5 do not meet the Outfit ZSTD criteria. Moreover, the study does not find any items
with negative results in the Point Measure Correlation criteria. This signifies that there is no
single item that meets all the three criteria; thus, the measurement instrument possesses good
item validity.

The second step is to measure the consistency between the item difficulty level and students’
conceptual understanding. Figure 5 displays Wright Map to represent the item difficulty test
level and students’ conceptual understanding level. The graphical map is a result of empirical
analysis on the answer response of the students in each item. According to the Wright Map
result, all items in the measurement instrument has majorly encompassed the students’
ability. The result indicates that the most difficult item is 10SL-5 (+0.79 logit), while the
easiest item is 1LG-1 (-0.86 logit). However, no equivalent items were found in the
understanding level smaller than -0.86 logit (-0.86 to -0.40 logit) as well as the level higher
than +0.79 logit; therefore, further investigation is required.
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Figure 5 Wright Map: Person-Map-Item

(LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

The research discovers several interesting cases regarding the difference between the items
and students’ conceptual understanding: Firstly, there are four items identified (LG, SL, SG
and LS) that measure similar constructs within each level of conceptual understanding.
Despite being in the same conceptual understanding level, the items’ logit is completely
different. For instance, four items were discovered in level 3, each with varying logit (8SL-3
(-0.33) < 18LS-3 (-0.29) < 3LG-3 (+0.15) < 13SG-3 (+0.30)). The numbers indicate that
overall, students are more capable of explaining the concept of SL state change compared to
LS, LG, and SG. This condition also occurs in the level 4, in which each item has varying
logit (19LS-4 (-0.37) < 9SL-4 (+0.04) = 14SG-4(+0.04) < 4LG-4 (+0.07)). Such a finding
shows that the students find it easier to explain the correlation between the state of matter and
the change process in LS compared to either SL, SG, or LG. Two sample cases above have
illustrated that the students’ conceptual understanding differs between the change process of

LG (evaporation), SG (sublimation), SL (melting), and LS (freezing).



Moreover, it is found that the items in higher conceptual understanding levels tend to have
lower logit than those at a lower level. As an instance, the logit of item 19SL-4 in level 4 (-
0.37) is smaller than that of item 13SG-3 in level 3 (+0.30). This signifies that students find it
harder to explain the item 13SG-3 compared to item 19SL-4. Thirdly, in the same concept of
change of state (for example, LS), the logit of item 17LS-2 in level 2 (-0.40) is smaller than
that of item 16LS-1 in level 1 (-0.16). As illustrated by the number, students find it easier to
explain the SL concept in level 2 rather than to explain the concept’s macroscopic fact in level
1. The findings above indicate that the students’ conceptual understanding is not consistent
with the item sequence. Moreover, the findings also suggest that the item difficulty level (LG,
SL, SG, and LS; particularly SL (melting) and LS (freezing)) do not match the level in the

construct map.

Measurement reliability

In Partial-Credit Model analysis, the indicator of reliability is observed from the quality
of students’ response patterns, the instrument, and the interaction between person-item.
Within this study, item separation and person separation values are employed as the
indicators. The separation index is also converted to Cronbach-equivalent value with an
estimation of 0-1. The summary of measurement instrument statistics is displayed in Table 4.

Table 4. Summary of fit statistics

Student Item

(N=427) (N=20)

Mean 0.26 0.00
Standard Error 0.02 0.09
Standard Deviation (SD) 0.48 0.41
Reliability 0.82 0.99
Infit mean-square 1.02 1.03
Outfit mean-square 1.05 1.05
Infit ZSTD 0.00 0.00
Outfit ZSTD 0.10 0.30
Point Raw Score to measure correlation 0.99 -0.99
Separation index (reliability) 2.10 9.54

Cronbach Alpha (KR-20): 0.84
Data Points : 8540

Chi-Square : 21173

df : 8091 (p = 0.0000)

From the table 4, it is generated that the total data points are 8540 with a Chi-square value of

21173 and the degree of freedom (df) of 8091 (p = 0.0000). These numbers indicate that the



measurement is deemed as “very good” and “significant”. The column of students and item in
the table 4 suggest whether or not the students and the item are considered fit. The average
measure value of students is +0.26 logit (1 > 0.00), signifying that the students in overall are
competent to explain the concept of change of state of matter. If the separation index value of
students (+2.10 logit) is inputted into the person strata (H) formula, or H = [(4*separation) +
1]/3, thus, the generated H value = +3.13 (Linacre, 2012; Sumintono & Widhiarso, 2015).
The person strata value (H) of 3 suggests that the students are classifiable into three groups of
conceptual understanding (high, moderate, and low). On top of that, if the item’s separation
index value (+9.54) is processed by the same formula (H), the generated value is 13. Such a
number shows that the items in the instrument are classifiable into 14 levels of difficulty.
Moreover, the data illustrate that the items are deemed accurate and capable of measuring the
students’ competence in explaining the focused topic.

From the analysis result of students’ answer pattern, the research generates Infit and Outfit
MNSQ values of 1.02 and 1.05, respectively, with expectation value of 1.0. This clarifies that
the students’ answer pattern towards the instrument is categorized as “good” (Linacre, 2012;
Sumintono & Widhiarso, 2014). In addition, the result generates Infit ZSTD and outfit ZSTD
value of 0.0 and 0.10, respectively, with an expectation value of 0.0; the numbers depict that
the overall students’ answer pattern is in accordance with the model. Moreover, the overall
reliability of students section is 0.82, categorized as “good”. From the instrument item
assessment, it is generated that the Infit and Outfit MNSQ values are 1.03 and 1.05,
respectively, with the expectation value of 1.0, and the Infit and Outfit ZSTD values are 0.0
and 0.3, with the expectation value of 0.0. The numbers suggest that the overall instrument is
deemed as “good”, proven by the instrument reliability value of 0.99. The KR-20 (alpha
Cronbach) value results in 0.84, thus signifying a good interaction between the students and
the item. As acquired from the findings, the actual data in this study have met the Partial-

Credit Model requirements, meaning that further analysis is considered as valid to conduct.



Level of Students’ Learning Progress

The second problem of the research is: “How is the learning progress of the participants
ranging from senior high school to fourth college year in explaining the focused topic?”. To
elaborate on that matter, the study employs data generated from the development process of

4TMC instrument to measure the students’ conceptual understanding level.
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Figure 6. Mean student performance level by grade

(Senior high school students = A, first-year college students = B, second-year college students
= C, third-year college students = D, fourth-year college students = E)

Figure 6 displays the average competence calculated in the form of logs based on the
students’ academic level, ranging from A to E. The figure shows an increasing trend in
students’ competence development based on their respective academic level (ABCDE).
Moreover, it is discovered that the group E shows better learning progress compared to the
other groups (D, C, B, and A). Despite that, the One-way ANOVA test indicates a difference
among the students’ competence based on the academic level, in which Feount (6, 0142442) >
Frable (2,39308); df = 422; p <0.05. The research, therefore, conducted a post hoc Bonferroni
test to identify which group that experience significant learning progress. As extracted from
the statistical result, group A and B undergo significant learning progress, while group C, D,
and E do not experience such significant advancement. This contradicts the common notion

that the group CDE are college students with longer formal education experience compared to



group A or B. Such finding indicates that the group CDE find it hard to explain the concept of
change of state of matter.

Comparison of average competence between groups ABCDE is conducted to map out the
difference in the students’ learning progress in each conceptual understanding level
(displayed in Table 3). The students’ competence is calculated based on four items in each
level of conceptual understanding. As an example, in the level 1, the students’ competence is
measured by referring to the mean of item 1LG-1, 6SL-1, 11SG-1, and 16SL-1; the same also
applies in the next levels. Based on Table 5, it is found that the students’ competence in level
1 (0.77 logit, SD = 0.86) is higher than their competence in level 2 (0.69 logit, SD = 0.95); the
same also applies in the next levels. The findings above indicate that the students’ conceptual
understanding has not developed optimally. On top of that, the item sequence in level 1 is
easier to explain compared to that in level 2. The same condition also applies in the next
levels. Students find it harder to explain concepts of change of state of matter as the learning
progress level increases. Simply put, the students’ learning progress level is different in each
level of conceptual understanding.

Table 5

Measurement of students’ average competence in each level of conceptual understanding

Conceptuz_al Students’ Education Level (Mean, SD)
Understanding
Level A (N=171) B (N=83) C (N=66) D (N=55) E (N=52) ABDCE (N=427)
1 0.69 (0.86) 0.80 (0.71)  0.61(0.91) 1.29 (0.95) 1.05 (0.90) 0.77 (0.86)
2 0.58 (1.04) 0.66 (0.75)  0.68 (0.86) 1.05 (1.00) 0.83 (0.97) 0.69 (0.95)
3 0.19 (0.95) 0.61 (1.00)  0.33(1.13) 0.84 (0.92) 1.10 (1.24) 0.51 (1.10)
4 0.24 (1.00) 0.53(0.68) 0.51(1.12) 0.70 (0.86) 0.51 (0.71) 0.41 (0.57)
5 -1.16 (1.59) -0.80(146) -0.86(1.51) -0.48(0.85) -0.58(1.51) -0.84 (1.41)

The difference in students’ learning progress levels in each conceptual understanding level
depicts that longer formal education experience does not necessarily guarantee that the
student will have better learning progress in explaining the focused topic. For instance, Table
6 illustrates the comparison of item logit size in level 3 that is calculated based on the

students’ academic level.



Table 6 Average item logit in level 3

Education N Item mean (logit) at level 3
Level 13SG-3 3LG-3  18LS-3 8SL-3
A 171 0.51 033 -0.22 -0.61
B 83 0.55 040 -043 -0.51
C 66 0.61 019 -0.15 -0.66
D 55 0.33 020 -0.15 -0.46
E 52 0.57 0.06 -0.30 -0.33

Table 7

Category of item 13SG-3 comprehension

Conceptual Understanding Category - Item 13SG-3

Grade N (%)
LOK AM MFEN MFP SK
A 171 36 21 3 20 19
B 83 19 36 8 5 31
C 66 36 27 2 8 27
D 55 13 24 4 7 53
E 52 23 12 6 12 48

Category: LOK = Lack of Knowledge, AM = All-Misconception, MFN = Misconception False
Negative, MFP = Misconception False Positive, SK = Scientific Knowledge

How is the students’ learning progress level in the same item? Table 7 displays the percentage
data of students’ competence in explaining item 13SG-3 based on five categories of
conceptual understanding (LOK, AM, MFN, MFP, and SK). In the SK category, students in
group D perform better among all groups (D (53%) > E (48%) > B (31%) > C (27%) >A
(19%)). Simply put, more than half students in group D are capable of explaining the item
13SG-3 compared to students in other groups. Meanwhile, in LOK, students in group A and C
show higher percentage among all groups (A (36%) = C (36%) > E (23%) > B (19%) > D
(13%)). In other words, more than one-third of students in group A or C is incapable of
explaining the item 13SG-3 compared to students in other groups due to the limited
knowledge on the item. Moroever, in AM, group B shows highest percentage among all
groups (B (36%) > C (27%) > D (24%) > A (21%) > E (12%)); it signifies that more than

one-fourth of students in group B are incapable of explaining item 13SG-3 compared to other



groups due to the misconception on the item. Such findings indicate that the high percentage
in LOK and AM category is seen as one of the reasons why the students’ competence is
different in explaining the same item 13SG-3. To put it another way, the students’ learning
progress does not develop optimally in explaining item 13SG-3 due to lack of knowledge

(LOK) or misconception (AM) on the item.
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Figure 7{a}—. Probability Category Curve of item 13SG-3 of group A, and Figure—7(b}
Probability Category Curve of item 13SG-3 of group D (Category: LOK = Lack of
Knowledge, AM = All-Misconception, MFN = Misconception False Negative, MFP =
Misconception False Positive, SK = Scientific Knowledge)

Figure 7 illustrates the comparison of the probability category curve (PCC) of students in
group A and D in item 13SG-3. The five curve shapes are the visual representation of the
distribution of five categories of students’ conceptual understanding. From the curves, one
can identify which groups that tend to show LOK and AM category traits. It is worth noting
that the curve 2(a) and 2(b) tend to be different based on the MFP curve shape, while others
are relatively similar. The MFP curve of students A has a higher probability compared to that
of students D; simply put, a senior high school student tends to show stronger MFP category
compared to a third-year college student. The notion is supported by the finding that senior

high school students are relatively incapable of providing correct reason on item 13SG-3



compared to third-year college students. On the other hand, students with low ability in group
D tend to show similar curve shape of LOK, AM, and MFN with group A. This implies that
both groups’ conceptual understanding in the item is relatively similar. In other words, the
learning progress of group D, particularly in students with low ability, has not developed
optimally despite the fact that that group D consists of third-year college students that

progressed through three years of formal education experience in university.

Discussion

The result shows that: firstly, based on the logit size, the items are put in the following order:
13SG-3 > 3LG-3 > 18 SL-3 > 8SL-3. This is to say that it is harder for the students to explain
the concept in item 13SG-3 compared to 3LG-3, 18SL-3, and 8SL-3. Secondly, the students’
competence in each item is different and not in sequential order based on the education level
(ABCDE). The finding leads to an assumption that all students in group E are supposed to
perform better in explaining the item sequence in level 3 than those in group D, C, B, and A,
since they progressed through longer education experience. However, the calculation result
shows a different insight. In the item 13SG-3, students in group C are the most competent
among all group (C (0.61) > E (0.57) > B (0.55) > A (0.51) > D (0.33)), while in the item
8SL-3, group E students are the most competent ( E (-0.33) > D (-0.46) > B (-0.51) > A (-
0.61) > C (-0.66)). Such a finding indicates that the students’ competence is varied despite
being at the same level. To put it another way, longer formal education tends to have an
insignificant effect on the development of students’ conceptual understanding.

This echoes previous findings that the learning progress is highly dependent on the students’
learning process and experience (Duschl et al., 2011; Park et al., 2017; Wilson, 2009).
Learning progress is defined as a sophisticated and systematic way of thinking, in which the
students will undergo gradual progress when learning a topic for a long time interval.

Students are able to ask questions, form hypotheses, design experiments to test hypotheses,



collect data, and draw conclusions (Sutiani et al., 2021). Such a systematic way of thinking is
formed by the learning practices and education experience (Emden et al., 2018). Student’s
way of thinking is affected by learning experience, learning motivation, self regulation and
self efficacy to explore understanding of how students go about learning (Haarala-Muhonen et
al., 2016; Karagiannopoulou et al., 2020). On top of that, the research findings are in line with
previous studies that highlighted that students have distinctive comprehension formed by their
own experience (Chi et al., 2018; Emden et al., 2018; Hoe & Subramaniam, 2016; Jin,
Mikeska, Hokayem, & Mavronikolas, 2019; Rogat et al., 2011; Testa et al., 2019). Such
distinctive knowledge has not been explored by evaluation or intervention through learning
roadmaps that are in accordance with remedial learning (Smith et al., 2006). In spite of that,
it is considered essential to conduct a further analysis that focuses on the modification of
conceptual understanding category and analysis variation that is able to define the
characteristics of students’ alternative conception. The development procedures, as explained
in the methodology, has resulted in 4TMC instrument; however, instrument development is
seen as an essential continuous process (Wilson, 2009, 2012).

Based on the research findings, the study identifies several important notes on the
development of the 4TMC instrument. Firstly, further analysis of the characteristic of
students’ response behavior is necessary to conduct regarding the item clarity and the
measured concept. The findings have implied that the percentage of LOK and AM
understanding category is relatively dominant and tends to increase along with the level of
conceptual understanding. Hence, the development of the concept level requires taking into
consideration any potential term use that might confuse the students. A further study on the
identification of commonly-understood terms or concepts is therefore essential. Secondly, a
separate analysis is required to diagnose the factors contributing to the students’ lack of
knowledge and misconception. Regarding that, further analysis can be conducted by applying

the analysis methods developed by previous studies (Caleon & Subramaniam, 2010; Hoe &



Subramaniam, 2016; Oon & Subramaniam, 2013). Thirdly, it is discovered that the concepts
LG, SG, SL and LS were interpreted differently by the students. Despite being in the same
conceptual understanding level, the items’ difficulty level are completely different. Therefore,
an evaluation on answer choices requires one to focus on the representation of understanding
at the same level.

One of the features of the Partial-Credit Model is that the model facilitates one to identify any
correlation between the construct map and the students’ competence in ways that the students’
competence can be analyzed by referring to the difference in item difficulty level. The 4TMC
instrument indicates that there are students with very high ability as well as students with low
ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate
on the difference in students’ competence. The insight is applicable in the learning process of
chemistry subject. The instrument is expected to be beneficial for teachers in developing a
formative test to identify the students’ progress of conceptual understanding. On top of that,
teachers are able to implement the instrument as a diagnostic instrument to evaluate students’
conceptual understanding in providing feedback on their learning progress. Providing
feedback also improves students’ outcome and ability to undestand what they learn, increase
students ability and creative thinking (Goulas & Megalokonomou, 2021; Redifer et al, 2021).
Through this instrument teacher can give learning feedback to control students learning
condition in learning environments both in theory and practice (Dijks et al., 2018; Latifi et al.,
2021; Mahvelati, 2021). Further, the teachers will be able to develop instructional strategies
that are specifically designed to tackle the students’ difficulty in developing an
epistemological explanation regarding the concept of change of state of matter. Through the
development of this instructional strategies, teachers will be better able to focus on the goal
orientation of learning achievement and motivate students to engange in learning activities

(Lee & Keller, 2018; Guo & Leung, 2021; Lin et al., 2021)
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Recommendations

The Based on the results of the study, there are several recommendations for researchers and
teachers. For researchers, the findings of this research can be followed up to examine more in
how students build their understanding gradually in explaining the concept of particles in

substance form changes. The study can be conducted by developing tests that aim to evaluate



and diagnose the process of student knowledge formation and development while being able
to identify at the level of education where the confusion of understanding occurs. The
evaluation becomes more objective, not only reviewed from the student's point of ability but
can be reviewed from the teacher's ability. The model of PCM multi-faced item response
pattern approach becomes one of the important parts recommended for such objectives. In this
way, students' ability to develop epistemological knowledge, and their ability to significantly
actualize the knowledge gained can be measured well.

On the other hand, for teachers, the results of this study along with the stages of analysis
approach used can be a reference in evaluating the progress of learners' learning, as well as
determining alternative thinking frameworks of students in explaining the concept of
substance change. The information serves as strategic feedback in formulating instructional
strategies and preparing remedial learning, especially for students who have difficulty in

developing epistemological explanations of substance changes.

Limitations

The limitations of the research are primarily related to the misrepresentation of student
reasoning, which may arise in its efforts to connect phenomena and concepts measured in
each item. In this context, the student may not excel to explain, because of his incapableness
in using his heuristic reasoning. This instrument is not equipped with items that evaluate the
heuristic abilities of the student in question. However, researchers decided to record this
incompetence as a misconception or vague knowledge. For further research, it is
recommended that the instrument be equipped with items that measure students' emotional

and heuristic reasoning according to the conceptual framework to be evaluated.
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Abstract: One of the issues that hinder the students’ learning progress is the inability to construct an epistemological explanation of
a scientific phenomenon. Four-tier multiple-choice (hereinafter, 4TMC) instrument and Partial-Credit Model were employed to
elaborate on the diagnosis process of the aforementioned problem. This study was to develop and implement the four-tier multiple-
choice instrument with Partial-Credit Model to evaluate students’ learning progress in explaining the conceptual change of state of
matter. This research applied a development research referring to the test development model by Wilson. The data were obtained
through development and validation techniques on 20 4TMC items tested to 427 students. On each item, the study applied
diagnostic-summative assessment and certainty response index. The students’ conceptual understanding level was categorized
based on the combination of their answer choices; the measurement generated Partial-Credit Model for 1 parameter logistic (IPL)
data. Analysis of differences was based on the student level class using Analysis of Variants (One-way ANOVA). This study resulted in
20 valid and reliable 4TMC instruments. The result revealed that the integration of 4TMC test and Partial-Credit Model was effective
to be treated as the instrument to measure students’ learning progress. One-way ANOVA test indicated the differences among the
students’ competence based on the academic level. On top of that, it was discovered that low-ability students showed slow progress
due to the lack of knowledge as well as a misconception in explaining the Concept of Change of State of Matter. All in all, the research
regarded that the diagnostic information was necessary for teachers in prospective development of learning strategies and
evaluation of science learning.
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Introduction

Central to the notion of science learning is the development of students’ scientific understanding of basic concepts of
sciences (Hadenfeldt et al,, 2013), particularly, change of state of matter (Emden et al,, 2018). Aside from the issue,
several studies have also highlighted the students’ inability to provide an epistemological explanation of basic concepts
of sciences (Chi et al., 2018). Efforts to solve the issues, however, have shown little progress, as the students might have
more complex perceptions regarding the alternative concept they understand (Morell et al., 2017).

Education practitioners have recommended the utilization of learning progress concept as the instructional method to
provide guidance and direction and to adjust the curriculum with the learning process and assessment (Claesgens et al.,
2009; Duncan & Hmelo-Silver, 2009; Rogat et al., 2011). Learning progress is defined as a sophisticated and systematic
way of thinking. This method is applicable for a learning process, in which the students will undergo gradual progress
when learning a topic in a long duration. Its effectiveness is highly dependent on the learning process and the students’
learning experience (Duschl et al,, 2011). The concept involves certain sets of gradual levels that represent conceptual
understanding, ranging from low level up to comprehensive level.

The notion of learning progress is highly distinctive to each student and is dependent to one’s learning experience
(Rogat et al., 2011); therefore, there is no learning roadmap that is suitable for all kinds of students (Smith et al., 2006).
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Each student constructs one’s understanding in a different way; moreover, the construction process is varied
depending on the students’ conceptual understanding level (Aktan, 2013). This is to say that each student undergoes a
different rate of learning progress, understanding level, and knowledge construction. Simply put, the development of
scientific comprehension among students is not linear (Neumann et al.,, 2013). Therefore, this study regards each level
of students’ conceptual understanding as a success in progressing for more advanced level of understanding
(Hadenfeldt et al., 2013). A student who faces difficulty in a certain level of understanding will see a lack of progress to
a more advanced level. This in turn hinders the student’s ability to construct an epistemological explanation on the
basic concepts of science. Within this context, the learning progress is treated as the method to evaluate students’
conceptual understanding. The diagnostic information generated is reliable to be treated as a reference for the teachers
in developing accurate and valid instructional components to guide the students to progress to the next level.

Among the diagnostic instruments that are considered applicable is the four-tier multiple-choice (4TMC) instrument. It
is the development of two-tier multiple-choice test recommended by Treagust (1988) and Chandrasegaran et al,,
(2007). The use of two-tier instrument is familiar in identifying students’ understanding in select topics such as
electrochemistry (Lu & Bi, 2016), covalent bond (Peterson et al., 1989), and chemical equilibrium (Tyson et al., 1999).
Despite its reputation in academia, the two-tier test has raised criticism due to its sole focus on the facts and negligence
towards students’ understanding (Klassen, 2006). Therefore, several experts propose the renewed version of the test
by adding distractor answer choices to strengthen the diagnostic value of the items (Herrmann-Abell & DeBoer, 2016).
In addition, some have highlighted the test’s weakness in cases where students’ tended to pick the answer choice and
the reasoning randomly. This illustrates that the students were uncertain and possessed several misconceptions in the
first tier question. In such cases, teachers faced difficulty in differentiating between guessed answers and
misconceptions (Habiddin & Page, 2019; Hasan et al,, 1999).

The criticism laid against the model has sparked the innovation of three-tier and four-tiers instruments. Both
instruments feature two multi-level questions, also similar with two-tier test. In the three-tier test, however, the
measurement of students’ certainty level is conducted simultaneously in both first and second-tier questions; in the
meantime, the measurement is conducted separately in the first two tiers (Caleon & Subramaniam, 2010). The value of
students’ certainty rate ranges from one (very uncertain) to five (very certain).

Three-tier test lacks validity in measuring the students’ certainty rate regarding both the answer choice and the
reasoning, whether or not the value of certainty rate refers only to the answer choice, to the reasoning, or both. Such
weakness will in turn obstructs the evaluation and classification process of students’ responses (Arslan et al,, 2012). In
the four-tier instrument, the measurement of certainty rate also involves the answer choice in the first tier and the
reasoning in the third tier (Arslan et al,, 2012). Regarding this feature, four-tier test is considered more accurate than
the three-tier test. Students who pick wrong answer choices with high certainty indicate that they have a very high
misconception on the measured item (Hoe & Subramaniam, 2016).

Four-tier instruments are used in studies discussing topics such as physics education (Caleon & Subramaniam, 2010),
chemical thermodynamics (Sreenivasulu & Subramaniam, 2013), transition metal (Sreenivasulu & Subramaniam,
2013), acid-base reaction (Hoe & Subramaniam, 2016), and chemical kinetics (Habiddin & Page, 2019). However, it is
worth noticing that studies on chemistry topic which employ four-tiers instruments tend to focus on describing
alternative conception. To put it another way, the higher the certainty rate is, the stronger the students’ alternative
conception will be. Despite its potentials, the scholarly discussion has overlooked the implementation of a four-tier
diagnostic instrument to measure students’ learning progress. Therefore, further analysis is essential on the application
of 4TMC test in several domains analyzes by Partial-Credit Model approach.

The use of Partial-Credit Model has been introduced since the 2000s in the science education research; it features the
instrument that integrates diagnostic assessment and summative assessment (Liu, 2012). On top of that, the diagnostic
assessment approach is introduced to conduct an in-depth analysis of the construction process of students’ conceptual
understanding (Claesgens et al., 2009; Hadenfeldt et al., 2013; Lu & Bi, 2016). This study employs 4MTC and Partial-
Credit Model as a diagnostic tool to evaluate students’ learning progress in explaining the change of state of matter,
besides focusing on the Concept of Change of State of Matter, this research employs in-depth analysis using Item
Response Theory, namely Partial Credit Model.

One of the features of the Partial-Credit Model is that the model facilitates one to identify any correlation between the
construct map and the students’ competence in ways that the students’ competence can be analyzed by referring to the
difference in item difficulty level. The 4TMC instrument indicates that there are students with very high ability as well
as students with low ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate on
the difference in students’ competence. The insight is applicable in the learning process of chemistry subject. The
instrument is expected to be beneficial for teachers in developing a formative test to identify the students’ progress of
conceptual understanding. On top of that, teachers are able to implement the instrument as a diagnostic instrument to
evaluate students’ conceptual understanding in providing feedback on their learning progress. Further, the teachers
will be able to develop instructional strategies that are specifically designed to tackle the students’ difficulty in
developing an epistemological explanation regarding the concept of change of state of matter. The study focus revolves
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around three research questions: 1) What is the quality of the developed 4TMC instrument based on the Partial-Credit
Model?. 2). How is the effectiveness of 4TMC instrument to evaluate the students’ learning progress in explaining
concepts of change of state of matter. 3) How is the learning progress in students ranging from the senior high school
level up to the senior (fourth) year of college in explaining the concepts?

Methodology
Development Model
This research used a development research referring to the test development model from Wilson. Wilson (2005, 2008)

introduces four steps of measurement instrument development in figure 1.

STEP 1 STEP2

The learning progress The design process of
variable focused on a ‘ items or tasks used to
characteristic measured at a measure students’

particular time unit responses
Employs Measurement The students’ responses are
Model ' categorized into all items
(Rasch Model/ Parcial related with the learning
Credit Model) progress variable
STEP 4 STEP3

Figure 1. Measurement instrument development

This recommendation is proven valid to be implemented in developing measurement instrument for different construct
variables (Chi et al., 2018; Hadenfeldt et al., 2013; Laliyo et al,, 2019; Lu & Bi, 2016; Wilson, 2009). The present study
also included two questions related to certainty rate (Arslan et al,, 2012; Habiddin & Page, 2019: Hasan et al., 1999).
The obtained data were analyzed by Partial Credit Model (PCM) approach by WINSTEPS version 4.5.3 software.

Construct Map: Determining Level of Understanding

The first step was to develop the construct of measured variables. The study involved four concepts of change of state
of matter: liquid-gas (LG), solid-liquid (SL), solid-gas (SG), and liquid-solid (LS). Gas-liquid (GL) and Gas-Solid (GS)
materials were not included in this study as they are included in the basic level of knowledge. The change of a
substance from gas to solid (GS) is known as freezing, while from gas to liquid (GL) is called condensing. These two
types of changes in the form of substances are very easy to answer by students at a higher level since the materials have
always been presented in textbooks, from high school to university students, on the topic of changes in the form of the
substance. These concepts were implemented in a gradual manner through five levels of conceptual understanding
(Table 1). Such method functions as the pathway of conceptual development that involves learning objectives from the
lowest to the highest level of conceptual understanding (Duncan & Hmelo-Silver, 2009; Hadenfeldt et al., 2013; Rogat et
al, 2011). In other words, the set of levels, as mentioned previously, was adjusted to the students’ needs so as to
develop their conceptual understanding. This took into account that each student might progress on different and non-
linear development of conceptual understanding; therefore, the levels, as illustrated in Table 1, was considered valid to
illustrate the ideal conceptual development pathway (Neumann et al., 2013).

Table 1. Level of conceptual understanding in explaining concept of change of state of matter

Change of State of Matter/Item

LG SL SG LS

5 Submicroscopic diagram of change of state of matter 5LG-5 10SL-5 15SG-5 20LS-5

4  Correlation between state of matter and the process of 4LG-4 9SL-4 14SG-4 19LS-4
change of state of matter

Conceptual Understanding Level

3 Process of change of state of matter 3LG-3 8SL-3 13SG-3 18LS-3
2 Concept of state of matter 2LG-2 7SL-2 12SG-2 17LS-2
1  Factual phenomenon of state of matter 1LG-1 6SL-1 11SG-1 16LS-1

Description: (LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Item Design and Assessment Scheme
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The second phase involved an item design. In the 4TMC instrument, all the items consisted of four-tier multiple-choices.
To put it another way, each item contains four questions that combine between diagnostic-summative test (Hoe &
Subramaniam, 2016; Lu & Bi, 2016; Treagust, 1988) with certainty response index (hereinafter, CRI) test (Arslan et al.,
2012; Hasan et al,, 1999). The first-tier questions (Q1) aimed to identify whether or not the students understand the
content. Moreover, questions in the second tier (Q2) were employed to clarify the students’ certainty regarding their
answers in the Q1. Third-tier questions (Q3) functioned to diagnose the students’ reasoning regarding their answers in
the Q1. Further, questions in the second tier (Q4) were employed to clarify the students’ certainty regarding their
answers in the Q3. Q1 and Q3 questions in each item involved five answer choices; one among them was the correct
answer, while three were the distractor, and another answer choice was open-ended answer choice. This open-ended
option allows the students to decide the answer by themselves, should they find no correct answer as in accordance
with their conceptual understanding. In the meantime, the Q2 and Q4 questions involved two close-ended answer
choices; the first choice was for those who are uncertain of their answer, and the second choice was for the students
who are very certain of their answer (Arslan et al., 2012). The distractor choices were employed in Q1 and Q3 questions
to validate the diagnostic strength of the questions (Herrmann-Abell & DeBoer, 2016). Therefore, in the Q1 and Q3
tiers, the students would have only 0.20 or 20 percent probability of choosing the correct answer. The item Category of
Grade of Students’ Conceptual Understanding in Table 2.

Table 2 Category of grade of students’ conceptual understanding”

Q1 Q Questcl;;ns Q Conceptual Understanding Category Rating

Correct Certain Correct Certain CCcC Scientific Knowledge SK 5

Correct Certain Incorrect Certain CCIC Misconception False Positive ~MFP 4

Incorrect  Certain Correct Certain ICCC Mlscopceptlon False MFN 3
Negative

Incorrect  Certain Incorrect Certain ICIC All-Misconception AM 2

Correct Certain Correct Uncertain  CCCU Lack of Knowledge LOK 1

Correct Certain Incorrect Uncertain CCIU

Correct Uncertain  Correct Certain cucc

Correct Uncertain  Correct Uncertain CUCU

Correct Uncertain  Incorrect Certain CUIC

Correct Uncertain  Incorrect Uncertain CUIU

Incorrect Certain Correct Uncertain ICCU

Incorrect  Certain Incorrect Uncertain ICIU

Incorrect Uncertain  Correct Certain [UcC

Incorrect Uncertain  Correct Uncertain [UCU

Incorrect Uncertain Incorrect Uncertain IUIU

(*Hasan, Bagayoko and Kelley, 1999; Arslan, Cigdemoglu and Moseley, 2012; Habiddin and Page, 2019)

As an illustration, in the item 13SG-3, a student picks A in Q1, “very certain” in Q2, A in Q3, and “very certain” in Q4; the
combination of the student’s answers is ICIC. The result illustrates that the student’s answer is incorrect in the Q1 and
is very certain of one’s error (Q2). Moreover, s/he also provides an incorrect answer in Q3 and is very certain of one’s
incorrect answer in Q3 (Q4). This indicates that in the item 13SG-3, the student is categorized to have all-misconception
understanding (AM). In the Conceptual Understanding Category table, the category is included in fourth grade.
Incorporation of the students’ answer combinations in each item into the category and grade of students'
understanding would result in specific data that are in accordance with the Partial-Credit Model.

Outcome Space and Data Collection

The third step involved the design of the outcome space of the correlation between items and construct maps (Bond &
Fox, 2007; Wilson, 2009). The item validation was conducted independently by three expert validators to evaluate the
extent of correlation between answer choices in Q1-Q3 in each item and the level of students’ conceptual
understanding. The validators were asked to clarify that the questions are easy to understand and the students’ lack of
linguistic competence would not hinder them from providing the right answer. The validators also required to ensure
that the questions are in accordance with the syllabus, particularly with the students’ conceptual understanding as
based on the construct map. The questions in each item were also validated in several aspects, such as: ambiguity, time
allocation, directiveness towards a particular answer, and subjective or emotional expression. Fleiss k measure was
employed to acquire information on the validators’ approval. From the measure, it was generated that the k value =
0.97, indicating that the three validators agreed that the 4TMC items were valid in correlating between the answer
choices and the students’ conceptual understanding.

The next step was to acquire data based on the measurement instrument. The instrument was tested to 427 students in
Gorontalo, Indonesia using cluster random sampling technique. The students comprised 171 (40.05%) senior high
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school students (or students A), 83 (19.44%) university freshmen majoring chemistry education (or students B), 66
(15.45%) second-year university students majoring chemistry education (or students C), 55 (12.88%) third-year
university student majoring chemistry education (or students D), and 52 (12.18%) fourth-year university students
majoring chemistry education (or students E). Based on gender, the female participants comprised 369 participants
(86.41%), and the male counterparts consisted of 58 participants (13,58%). The participants were given no particular
educational treatments and had stated their voluntary consent to participate in the research.

Partial-Credit Model Measurement and Data Analysis

The fourth step was to conduct the Partial-Credit Model measurement. This step was implemented to define the
correlation between the score generated and the students’ conceptual understanding level as elaborated within the
construct map. The involvement of Partial-Credit Model measurement lay on the assumption that the item difficulty
level is dependent on the students’ answer, and that the students’ understanding is dependent on the estimation of item
difficulty (Linacre, 2012).

Partial credit model (PCM) was employed to evaluate the learning progress through structured questions; this took into
account that the instrument items involved gradual and structured questions (Bond & Fox, 2007; Sumintono &
Widhiarso, 2014; Wilson, 2009). The model was stated into the following formula: In[P_nik/(1 — P_nik)] — B,, — D_ik,
in which Py refers to the probability of student n with B, ability to pick correct response in the level k of item i; while
Di refers to the difficulty level k of item i, or the threshold point for the test taker who scores k, not k -1. Analysis of
differences based on class level of students using One-way ANOVA.

Results

The developed 4TMC instrument adapts the two-level instrument model by Treagust (1988), combined with the CRI
theory by Arslan (2012). The function of CRI (certainty response index) is to ensure that students' choice of answers in
Q1 and Q3 are the answers that they believe in. This is called diagnostic because it investigates the level of student
error in stages, including the ability of students to understand and to use their understanding in explaining the reasons
for their choice of answers. Thus, measurement is conducted both at the level of knowledge and reasoning.

The item design referred to the basic criteria to ensure that the students would be able to identify logical reason in Q3
as based on their answer in Q1; moreover, the item design also aimed to clarify the students’ certainty of their answers
through Q2 and Q4 questions. The 4TMC instrument also allows the students to state their certainty level of Q1 and Q3
answer choices separately. Students with correct understanding regarding the concept of change of state of matter (Q1)
and its reasoning (Q3) will pick the “very certain” answer in the Q2 and Q4. If the students are uncertain of their answer
regarding the content (Q1) but are certain of the reasoning (Q3), this suggests that the students are able to comprehend
the concept/theory but unable to implement such concepts. This study views that it is beneficial to explore potential
combinations of Q1/Q3 answer choices and Q2/Q4 certainty rate implementation to provide in-depth elaboration on
students’ understanding of certain concepts (Habiddin, 2019). The item design is illustrated in Figure 2.
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Take a look as this picture!

L)

(a) (b)

After two weeks, the matter in picture (a) turns into picture (b).
Q1. How is the change process of state of matter as described by the previous
pictures?
a. Evaporation
b. Naphthalene process
c. Sublimation
d. Melting
e. Depletion
Q2. How certain are you with your answer?
1. Uncertain 2. Very certain
Q3. Why do you choose your answer in the Q17
a. Because naphthalene occurs in the picture (a), and disappears in the picture (b)
b. Because naphthalene has changed its state to water vapor
c. Because naphthalene is a solid matter that is able to sublimate
d. Because naphthalene is a solid matter that is able to evaporate
e. Other answer...
Q4. How certain are you with your answer in Q3?
1. Uncertain 2. Very certain

Figure 2. 135G-3 item design.

Each combination of students’ answers in each item was categorized based on the assessment scheme. Every correct
response in Q1 and Q3 is labeled with C (correct) code, and wrong answers were labeled with [ (incorrect) code.
Moreover, in the Q2 and Q4 tier, “very certain” answers are labeled with C (certain) code, and “uncertain” answers were
labeled with U (uncertain) code. Therefore, combination of answer choice in each item was generated and written in
sequence based on the questions in the Q1, Q2, Q3, and Q4. Such combination was treated as a reference in determining
category and grade of students’ conceptual understanding in each item, as shown in Table 2. The students’ conceptual
understanding category was adapted from findings reported by Hasan et al., (1999), Arslan et al., (2012), and Habiddin
(2019).

Each combination of students’ answer in each item was classified based on five categories of conceptual understanding.
The first category is scientific knowledge (SK) with a grade of five; it illustrates that the students possess knowledge
that is scientifically correct. The second category is misconception false positive (MFP) (with a grade of four),
illustrating that the students have a correct claim of understanding, but they are unable to explain the claim. The third
category is misconception false negative (MFN) (with a grade of three), illustrating that the students do not have
correct claims of knowledge, but they are able to explain the claim. This category is considered negative because it is
possible that the answers provided are guessed answer that is coincidentally correct. The fourth category is all-
misconception (AM) with a grade of four; this category signifies that the students are very certain of their incorrect
knowledge. Lastly, the fifth category is lack of knowledge (LOK) with a grade of five, signifying that the students lack
knowledge in a particular item. Such categories were determined by the students’ certainty level in Q2 or Q4. As an
instance, one of the possible answer combinations is as follows: CCCU. This combination illustrates that the student is
correct in Q1, Q2, and Q3, but is uncertain in Q4; the condition signifies that the student’s understanding is ambiguous,
hesitant, and is not based on appropriate scientific knowledge.

Effectiveness of Measurement Instruments

Unidimensionality is an essential indicator to evaluate the 4TMC instrument’s ability to measure students’ capability of
explaining the concept of change of state of matter. This indicator is measured by Principal Component Analysis of the
residuals to estimate the extent of variance to which the instrument is able to measure what it is supposed to measure
(Sumintono & Widhiarso, 2014).



European Journal of Educational Research | 831

-- Empirical -- Modeled

Total raw variance in observations = 32.7 100.0% 100.0%

Raw variance explained by measures = 12.7 38.9% 39.2%

Raw variance explained by persons = 3.8 11.7% 11.8%

Raw Variance explained by items = 8.9 27.2% 27.5%

Raw unexplained variance (total) = 20.0 61.1% 100.0% 60.8%
Unexplned variance in 1st contrast = 2.0 6.2% 10.2%
Unexplned variance in 2nd contrast = 1.6 5.0% 8.1%
Unexplned variance in 3rd contrast = 1.5 4.6% 7.6%
Unexplned variance in 4th contrast = 1.3 4.1% 6.7%
Unexplned variance in 5th contrast = 1.2 3.7% 6.0%

Figure 3 Standardized residual variance (in eigenvalue units)

As displayed in the figure 3, the result of raw variance explained by measures of data is 38.9%, the number almost
approaches the expectation value of 39.2%. The numbers indicate that the minimum unidimensionality requirements
of 20% are achieved, and simultaneously, the limit of PCM unidimension is met (approaching 40%) (Linacre, 2012; Ling
Lee et al,, 2020). Moreover, the instrument’s unexplained variance values are below 7% and considered as ideal (not
exceeding 15%), signifying that the item independence rate in instrument falls into “good” category.

Gradual Scale PCM analysis offers a unique verification process on the five grade categories of students’ conceptual
understanding (see Table 2).

SUMMARY OF CATEGORY STRUCTURE. Model="R"
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OBSERVED AVERAGE is mean of measures in categorv. It is not a parameter estimate.

Figure 4. Validity of Grade Scale

In Figure 4, it is illustrated that the average observation starts from logit -0.38 in category 1 (lack of knowledge) and
increases up to logit +0.64 in category 5 (scientific knowledge). Such finding indicates that the grade category of
students’ conceptual understanding from 1 to 5 is considered as “very good”. Moreover, PCM threshold is also
employed to identify the grade’s validity; the indicator highlights a transition that occurs in the students’ decision
making process from one grade to another (Linacre, 2012). The result of PCM-Andrich threshold analysis indicates a
consistent increase from the grade 1 to 5, implying that the grade category of conceptual understanding implemented
as the evaluation scale to assess the students’ competence is categorized as “very good”.

Validity

The notion of validity revolves around the question: “does the test measure what it is supposed to measure?”. That
being said, the developed instrument is considered to have good construct validity if it is able to measure the students’
conceptual understanding in explaining the concept of change of state of matter (Linacre, 2012, 2020; Sumintono &
Widhiarso, 2014).

Table 3. Item statistics: Misfit order

Item Measure INFIT OUTFIT PTMEA
MNSQ ZSTD MNSQ ZSTD Corr.
1LG-1  -86 1.65 4.6 1.62 3.4 .36
8SL-3 -.33 1.18 2.4 1.30 2.7 44
11SG-1  -.29 1.17 2.3 1.29 2.8 47
2LG-2  -35 1.27 3.3 1.29 2.6 44
5LG-5 .66 1.21 3.3 1.25 2.8 47
128G-2  -21 1.10 1.5 1.14 1.5 .52
6SL-1 .04 1.03 5 1.12 1.6 40
19SL-4 -37 1.08 1.1 .98 -2 .56
7SL-2 a1 .95 -9 1.08 1.2 48
9SL-4 .04 1.01 2 1.05 7 45
16LS-1  -.16 1.00 A 1.02 3 51
4LG-4 .07 97 -5 1.01 Nt 48
17LS-2  -40 1.00 .0 .92 -7 51
13SG-3 .30 .99 -1 .96 -5 .54

14SG-4 .04 .96 -.8 .88 -1.7 .61
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Table 3. Continued

Item Measure INFIT OUTFIT PTMEA
MNSQ ZSTD MNSQ ZSTD Corr.
15SG-5 .49 91 -1.6 .86 -2.0 .55
3LG-3 .15 .85 -3.1 91 -1.3 48
20LS-5 .57 .80 -3.8 90 -1.3 .50
10SL-5 .79 .73 -4.3 .78 -2.5 48
18LS-3  -.29 74 -4.0 72 -3.2 .58

The first step is to ensure that all items match the Partial-Credit Model. Table 3 displays the analysis result of statistic
items. The study employs three criteria to measure any misfits or outliers between the students and the items (Linacre,
2012, 2020; Sumintono & Widhiarso, 2014): 1) the accepted Outfit Mean Square (MNSQ) value is between 0.5 < MNSQ
< 1.5; 2) the accepted Outfit Z-Standard (ZSTD) value is between -2.0 < ZSTD < +2.0; 3) the accepted Point Measure
Correlation (Pt Mean Corr) value is between 0.4 < Pt Measure Corr. < 0.85. As illustrated in figure 4, it is detected that
the item 1LG-1 does not meet two criteria (Outfit MNSQ and Outfit ZSTD), while the items 8SL-3, 11SG-1, 2LG-2, and
5LG-5 do not meet the Outfit ZSTD criteria. Moreover, the study does not find any items with negative results in the
Point Measure Correlation criteria. This signifies that there is no single item that meets all the three criteria; thus, the
measurement instrument possesses good item validity.

The second step is to measure the consistency between the item difficulty level and students’ conceptual
understanding.
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Figure 5 Wright Map: Person-Map-Item
(LG = liquid-gas, SL = solid-liquid, SG = solid-gas, LS = liquid-gas)

Figure 5 displays Wright Map to represent the item difficulty test level and students’ conceptual understanding level.
The graphical map is a result of empirical analysis on the answer response of the students in each item. According to
the Wright Map result, all items in the measurement instrument has majorly encompassed the students’ ability. The
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result indicates that the most difficult item is 10SL-5 (+0.79 logit), while the easiest item is 1LG-1 (-0.86 logit).
However, no equivalent items were found in the understanding level smaller than -0.86 logit (-0.86 to -0.40 logit) as
well as the level higher than +0.79 logit; therefore, further investigation is required.

The research discovers several interesting cases regarding the difference between the items and students’ conceptual
understanding: Firstly, there are four items identified (LG, SL, SG and LS) that measure similar constructs within each
level of conceptual understanding. Despite being in the same conceptual understanding level, the items’ logit is
completely different. For instance, four items were discovered in level 3, each with varying logit (8SL-3 (-0.33) < 18LS-3
(-0.29) < 3LG-3 (+0.15) < 13SG-3 (+0.30)). The numbers indicate that overall, students are more capable of explaining
the concept of SL state change compared to LS, LG, and SG. This condition also occurs in the level 4, in which each item
has varying logit (19LS-4 (-0.37) < 9SL-4 (+0.04) = 14SG-4(+0.04) < 4LG-4 (+0.07)). Such a finding shows that the
students find it easier to explain the correlation between the state of matter and the change process in LS compared to
either SL, SG, or LG. Two sample cases above have illustrated that the students’ conceptual understanding differs
between the change process of LG (evaporation), SG (sublimation), SL (melting), and LS (freezing).

Moreover, it is found that the items in higher conceptual understanding levels tend to have lower logit than those at a
lower level. As an instance, the logit of item 19SL-4 in level 4 (-0.37) is smaller than that of item 13SG-3 in level 3
(+0.30). This signifies that students find it harder to explain the item 13SG-3 compared to item 19SL-4. Thirdly, in the
same concept of change of state (for example, LS), the logit of item 17LS-2 in level 2 (-0.40) is smaller than that of item
16LS-1 in level 1 (-0.16). As illustrated by the number, students find it easier to explain the SL concept in level 2 rather
than to explain the concept’s macroscopic fact in level 1. The findings above indicate that the students’ conceptual
understanding is not consistent with the item sequence. Moreover, the findings also suggest that the item difficulty
level (LG, SL, SG, and LS; particularly SL (melting) and LS (freezing)) do not match the level in the construct map.

Measurement reliability

In Partial-Credit Model analysis, the indicator of reliability is observed from the quality of students’ response patterns,
the instrument, and the interaction between person-item. Within this study, item separation and person separation
values are employed as the indicators. The separation index is also converted to Cronbach-equivalent value with an
estimation of 0-1. The summary of measurement instrument statistics is displayed in Table 4.

Table 4. Summary of fit statistics

Student Item

(N=427) (N=20)
Mean 0.26 0.00
Standard Error 0.02 0.09
Standard Deviation (SD) 0.48 0.41
Reliability 0.82 0.99
Infit mean-square 1.02 1.03
Outfit mean-square 1.05 1.05
Infit ZSTD 0.00 0.00
Outfit ZSTD 0.10 0.30
Point Raw Score to measure correlation 0.99 -0.99
Separation index (reliability) 2.10 9.54

Cronbach’s alpha (KR-20): 0.84
Data Points : 8540

Chi-Square : 21173

df: 8091 (p = 0.0000)

From the Table 4, it is generated that the total data points are 8540 with a Chi-square value of 21173 and the degree of
freedom (df) of 8091 (p = 0.0000). These numbers indicate that the measurement is deemed as “very good” and
“significant”. The column of students and item in the table 4 suggest whether or not the students and the item are
considered fit. The average measure value of students is +0.26 logit (1 > 0.00), signifying that the students in overall are
competent to explain the concept of change of state of matter. If the separation index value of students (+2.10 logit) is
inputted into the person strata (H) formula, or H = [(4*separation) + 1]/3, thus, the generated H value = +3.13 (Linacre,
2012; Sumintono & Widhiarso, 2014). The person strata value (H) of 3 suggests that the students are classifiable into
three groups of conceptual understanding (high, moderate, and low). On top of that, if the item’s separation index value
(+9.54) is processed by the same formula (H), the generated value is 13. Such a number shows that the items in the
instrument are classifiable into 14 levels of difficulty. Moreover, the data illustrate that the items are deemed accurate
and capable of measuring the students’ competence in explaining the focused topic.

From the analysis result of students’ answer pattern, the research generates infit and outfit MNSQ values of 1.02 and
1.05, respectively, with expectation value of 1.0. This clarifies that the students’ answer pattern towards the instrument
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is categorized as “good” (Linacre, 2012; Sumintono & Widhiarso, 2014). In addition, the result generates Infit ZSTD and
outfit ZSTD value of 0.0 and 0.10, respectively, with an expectation value of 0.0; the numbers depict that the overall
students’ answer pattern is in accordance with the model. Moreover, the overall reliability of students section is 0.82,
categorized as “good”. From the instrument item assessment, it is generated that the infit and outfit MNSQ values are
1.03 and 1.05, respectively, with the expectation value of 1.0, and the infit and outfit ZSTD values are 0.0 and 0.3, with
the expectation value of 0.0. The numbers suggest that the overall instrument is deemed as “good”, proven by the
instrument reliability value of 0.99. The KR-20 (Cronbach’s alpha) value results in 0.84, thus signifying a good
interaction between the students and the item. As acquired from the findings, the actual data in this study have met the
Partial-Credit Model requirements, meaning that further analysis is considered as valid to conduct.

Level of Students’ Learning Progress

The second problem of the research is: “How is the learning progress of the participants ranging from senior high
school to fourth college year in explaining the focused topic?”. To elaborate on that matter, the study employs data
generated from the development process of 4TMC instrument to measure the students’ conceptual understanding level.
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Figure 6. Mean student performance level by grade

(Senior high school students = A, first-year college students = B, second-year college students = C, third-year college
students = D, fourth-year college students = E)

Figure 6 displays the average competence calculated in the form of logs based on the students’ academic level, ranging
from A to E. The figure shows an increasing trend in students’ competence development based on their respective
academic level (ABCDE). Moreover, it is discovered that the group E shows better learning progress compared to the
other groups (D, C, B, and A). Despite that, the One-way ANOVA test indicates a difference among the students’
competence based on the academic level, in which Fcount (6, 0142442) > Frapie (2,39308); df = 422; p <0.05. The research,
therefore, conducted a post hoc Bonferroni test to identify which group that experience significant learning progress.
As extracted from the statistical result, group A and B undergo significant learning progress, while group C, D, and E do
not experience such significant advancement. This contradicts the common notion that the group CDE are college
students with longer formal education experience compared to group A or B. Such finding indicates that the group CDE
find it hard to explain the concept of change of state of matter.

Comparison of average competence between groups ABCDE is conducted to map out the difference in the students’
learning progress in each conceptual understanding level (displayed in Table 3). The students’ competence is calculated
based on four items in each level of conceptual understanding. As an example, in the level 1, the students’ competence
is measured by referring to the mean of item 1LG-1, 6SL-1, 11SG-1, and 16SL-1; the same also applies in the next levels.

Table 5 Measurement of students’ average competence in each level of conceptual understanding

Conceptual Students’ Education Level (Mean, SD)

Understanding ABDCE
Level A (N=171) B (N=83) C (N=66) D (N=55) E (N=52) (N=427)
1 0.69 (0.86) 0.80 (0.71) 0.61 (0.91) 1.29 (0.95) 1.05 (0.90) 0.77 (0.86)
2 0.58 (1.04) 0.66 (0.75) 0.68 (0.86) 1.05 (1.00) 0.83 (0.97) 0.69 (0.95)
3 0.19 (0.95) 0.61 (1.00) 0.33 (1.13) 0.84 (0.92) 1.10 (1.24) 0.51 (1.10)
4 0.24 (1.00) 0.53 (0.68) 0.51(1.12) 0.70 (0.86) 0.51 (0.71) 0.41 (0.57)
5 -1.16 (1.59) -0.80 (1.46) -0.86 (1.51) -0.48 (0.85) -0.58 (1.51) -0.84 (1.41)
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Based on Table 5, it is found that the students’ competence in level 1 (0.77 logit, SD = 0.86) is higher than their
competence in level 2 (0.69 logit, SD = 0.95); the same also applies in the next levels. The findings above indicate that
the students’ conceptual understanding has not developed optimally. On top of that, the item sequence in level 1 is
easier to explain compared to that in level 2. The same condition also applies in the next levels. Students find it harder
to explain concepts of change of state of matter as the learning progress level increases. Simply put, the students’
learning progress level is different in each level of conceptual understanding.

The difference in students’ learning progress levels in each conceptual understanding level depicts that longer formal
education experience does not necessarily guarantee that the student will have better learning progress in explaining
the focused topic. For instance, Table 6 illustrates the comparison of item logit size in level 3 that is calculated based on
the students’ academic level.

Table 6. Average item logit in level 3

Education N Item mean (logit) atlevel 3

Level 13SG-3 3LG-3 18LS-3 8SL-3
A 171 0.51 0.33 -0.22 -0.61
B 83 0.55 0.40 -0.43 -0.51
C 66 0.61 0.19 -0.15 -0.66
D 55 0.33 0.20 -0.15 -0.46
E 52 0.57 0.06 -0.30 -0.33

Table 7. Category of item 135G-3 comprehension

Conceptual Understanding Category - Item 13SG-3 (%)

Grade N LOK AM MFN MFP SK
A 171 36 21 3 20 19
B 83 19 36 8 5 31
C 66 36 27 2 8 27
D 55 13 24 4 7 53
E 52 23 12 6 12 48

Category: LOK = Lack of Knowledge, AM = All-Misconception, MFN = Misconception False
Negative, MFP = Misconception False Positive, SK = Scientific Knowledge

How is the students’ learning progress level in the same item? Table 7 displays the percentage data of students’
competence in explaining item 13SG-3 based on five categories of conceptual understanding (LOK, AM, MFN, MFP, and
SK). In the SK category, students in group D perform better among all groups (D (53%) > E (48%) > B (31%) > C (27%)
>A (19%)). Simply put, more than half students in group D are capable of explaining the item 13SG-3 compared to
students in other groups. Meanwhile, in LOK, students in group A and C show higher percentage among all groups (A
(36%) = C (36%) > E (23%) > B (19%) > D (13%)). In other words, more than one-third of students in group A or C is
incapable of explaining the item 13SG-3 compared to students in other groups due to the limited knowledge on the
item. Moreover, in AM, group B shows highest percentage among all groups (B (36%) > C (27%) > D (24%) > A (21%) >
E (12%)); it signifies that more than one-fourth of students in group B are incapable of explaining item 13SG-3
compared to other groups due to the misconception on the item. Such findings indicate that the high percentage in LOK
and AM category is seen as one of the reasons why the students’ competence is different in explaining the same item
13SG-3. To put it another way, the students’ learning progress does not develop optimally in explaining item 13SG-3
due to lack of knowledge (LOK) or misconception (AM) on the item.
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Figure 7. Probability Category Curve of item 135G-3 of group A, and Probability Category Curve of item 135G-3 of group D
(Category: LOK = Lack of Knowledge, AM = All-Misconception, MFN = Misconception False Negative, MFP = Misconception
False Positive, SK = Scientific Knowledge)

Figure 7 illustrates the comparison of the probability category curve (PCC) of students in group A and D in item 13SG-3.
The five curve shapes are the visual representation of the distribution of five categories of students’ conceptual
understanding. From the curves, one can identify which groups that tend to show LOK and AM category traits. It is
worth noting that the curve 2(a) and 2(b) tend to be different based on the MFP curve shape, while others are relatively
similar. The MFP curve of students A has a higher probability compared to that of students D; simply put, a senior high
school student tends to show stronger MFP category compared to a third-year college student. The notion is supported
by the finding that senior high school students are relatively incapable of providing correct reason on item 13SG-3
compared to third-year college students. On the other hand, students with low ability in group D tend to show similar
curve shape of LOK, AM, and MFN with group A. This implies that both groups’ conceptual understanding in the item is
relatively similar. In other words, the learning progress of group D, particularly in students with low ability, has not
developed optimally despite the fact that that group D consists of third-year college students that progressed through
three years of formal education experience in university.

Discussion

The result shows that: firstly, based on the logit size, the items are put in the following order: 13SG-3 > 3LG-3 > 18 SL-3
> 8SL-3. This is to say that it is harder for the students to explain the concept in item 13SG-3 compared to 3LG-3, 18SL-
3, and 8SL-3. Secondly, the students’ competence in each item is different and not in sequential order based on the
education level (ABCDE). The finding leads to an assumption that all students in group E are supposed to perform
better in explaining the item sequence in level 3 than those in group D, C, B, and A, since they progressed through
longer education experience. However, the calculation result shows a different insight. In the item 13SG-3, students in
group C are the most competent among all group (C (0.61) > E (0.57) > B (0.55) > A (0.51) > D (0.33)), while in the item
8SL-3, group E students are the most competent ( E (-0.33) > D (-0.46) > B (-0.51) > A (-0.61) > C (-0.66)). Such a
finding indicates that the students’ competence is varied despite being at the same level. To put it another way, longer
formal education tends to have an insignificant effect on the development of students’ conceptual understanding.

This echoes previous findings that the learning progress is highly dependent on the students’ learning process and
experience (Duschl et al.,, 2011; Park et al., 2017; Wilson, 2009). Learning progress is defined as a sophisticated and
systematic way of thinking, in which the students will undergo gradual progress when learning a topic for a long time
interval. Students are able to ask questions, form hypotheses, design experiments to test hypotheses, collect data, and
draw conclusions (Sutiani et al., 2021). Such a systematic way of thinking is formed by the learning practices and
education experience (Emden et al., 2018). Student’s way of thinking is affected by learning experience, learning
motivation, self regulation and self efficacy to explore understanding of how students go about learning (Haarala-
Muhonen et al., 2016; Karagiannopoulou et al., 2020). On top of that, the research findings are in line with previous
studies that highlighted that students have distinctive comprehension formed by their own experience (Chi et al., 2018;
Emden et al,, 2018; Hoe & Subramaniam, 2016; Jin et al,, 2019; Rogat et al., 2011; Testa et al,, 2019). Such distinctive
knowledge has not been explored by evaluation or intervention through learning roadmaps that are in accordance with
remedial learning (Smith et al, 2006). In spite of that, it is considered essential to conduct a further analysis that
focuses on the modification of conceptual understanding category and analysis variation that is able to define the
characteristics of students’ alternative conception. The development procedures, as explained in the methodology, has
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resulted in 4TMC instrument; however, instrument development is seen as an essential continuous process (Wilson,
2009, 2012).

Based on the research findings, the study identifies several important notes on the development of the 4TMC
instrument. Firstly, further analysis of the characteristic of students’ response behavior is necessary to conduct
regarding the item clarity and the measured concept. The findings have implied that the percentage of LOK and AM
understanding category is relatively dominant and tends to increase along with the level of conceptual understanding.
Hence, the development of the concept level requires taking into consideration any potential term use that might
confuse the students. A further study on the identification of commonly-understood terms or concepts is therefore
essential. Secondly, a separate analysis is required to diagnose the factors contributing to the students’ lack of
knowledge and misconception. Regarding that, further analysis can be conducted by applying the analysis methods
developed by previous studies (Caleon & Subramaniam, 2010; Hoe & Subramaniam, 2016). Thirdly, it is discovered that
the concepts LG, SG, SL and LS were interpreted differently by the students. Despite being in the same conceptual
understanding level, the items’ difficulty levels are completely different. Therefore, an evaluation on answer choices
requires one to focus on the representation of understanding at the same level.

One of the features of the Partial-Credit Model is that the model facilitates one to identify any correlation between the
construct map and the students’ competence in ways that the students’ competence can be analyzed by referring to the
difference in item difficulty level. The 4TMC instrument indicates that there are students with very high ability as well
as students with low ability in each group. Such a gap serves as the basis for qualitative interpretation to elaborate on
the difference in students’ competence. The insight is applicable in the learning process of chemistry subject. The
instrument is expected to be beneficial for teachers in developing a formative test to identify the students’ progress of
conceptual understanding. On top of that, teachers are able to implement the instrument as a diagnostic instrument to
evaluate students’ conceptual understanding in providing feedback on their learning progress. Providing feedback also
improves students’ outcome and ability to understand what they learn, increase students ability and creative thinking
(Goulas & Megalokonomou, 2021). Through this instrument teacher can give learning feedback to control students
learning condition in learning environments both in theory and practice (Dijks et al., 2018; Latifi et al., 2021). Further,
the teachers will be able to develop instructional strategies that are specifically designed to tackle the students’
difficulty in developing an epistemological explanation regarding the concept of change of state of matter. Through the
development of these instructional strategies, teachers will be better able to focus on the goal orientation of learning
achievement and motivate students to engage in learning activities (Lee & Keller, 2021; Guo & Leung, 2021; Lin et al,,
2021)

Conclusions

The article elaborates on the development and validation procedures of the 4TMC instrument with Partial-Credit Model
to evaluate the students’ learning progress in explaining the concept of change of state of matter. In addition, the 4TMC
instrument was tested on its effectiveness in providing reliable and valid information regarding students’ conceptual
understanding.

The result revealed that the integration of the 4TMC test and Partial-Credit Model is effective and valid to be treated as
the diagnostic instrument to measure students’ learning progress. Moreover, it is discovered that students in group A,
B, C, D, and E, particularly those with low ability, are hampered in developing an epistemological explanation of the
concept. This blames the students’ lack of certainty in their answer and reason; thus, assumed as having lack of
knowledge or misconception. The low-ability students’ curve shape of LOK and AM is consistent in the competence
interval of less than 0.1 logit. On the other hand, the students’ ability gets lower as the conceptual understanding level
increases. Such finding indicates that the learning process and education experience provide a limited contribution for
the students in developing a systematic way of thinking regarding the concept of change of state of matter. In spite of
that, it is considered essential to conduct a further analysis that focuses on the modification of conceptual
understanding category and analysis variation that is able to define the characteristics of students’ alternative
conception. The development procedures, as explained in the methodology, has resulted in 4TMC instrument; however,
instrument development is seen as an essential continuous process.

Recommendations

The Based on the results of the study, there are several recommendations for researchers and teachers. For
researchers, the findings of this research can be followed up to examine more in how students build their
understanding gradually in explaining the concept of particles in substance form changes. The study can be conducted
by developing tests that aim to evaluate and diagnose the process of student knowledge formation and development
while being able to identify at the level of education where the confusion of understanding occurs. The evaluation
becomes more objective, not only reviewed from the student's point of ability but can be reviewed from the teacher's
ability. The model of PCM multi-faced item response pattern approach becomes one of the important parts
recommended for such objectives. In this way, students' ability to develop epistemological knowledge, and their ability
to significantly actualize the knowledge gained can be measured well.
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On the other hand, for teachers, the results of this study along with the stages of analysis approach used can be a
reference in evaluating the progress of learners’ learning, as well as determining alternative thinking frameworks of
students in explaining the concept of substance change. The information serves as strategic feedback in formulating
instructional strategies and preparing remedial learning, especially for students who have difficulty in developing
epistemological explanations of substance changes.

Limitations

The limitations of the research are primarily related to the misrepresentation of student reasoning, which may arise in
its efforts to connect phenomena and concepts measured in each item. In this context, the student may not excel to
explain, because of his incapableness in using his heuristic reasoning. This instrument is not equipped with items that
evaluate the heuristic abilities of the student in question. However, researchers decided to record this incompetence as
a misconception or vague knowledge. For further research, it is recommended that the instrument be equipped with
items that measure students' emotional and heuristic reasoning according to the conceptual framework to be
evaluated.
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