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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.  

 

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 

Conceptual Understanding Level 
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 

change of state of matter 
4LG-4 9SL-4 14SG-4 19LS-4 

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*) 

Questions 
Conceptual  Understanding                       Category Rating 

Q1 Q2 Q3 Q4 
Correct Certain Correct Certain CCCC Scientific Knowledge SK 5 
Correct Certain Incorrect Certain CCIC Misconception False Positive MFP 4 

Incorrect Certain Correct Certain ICCC 
Misconception False 
Negative 

MFN 3 

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 IUCC 
Incorrect Uncertain Correct Uncertain IUCU 
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 κ measure was 
employed to acquire information on the validators’ approval. From the measure, it was generated that the κ 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 which Pnik refers to the probability of student n with Bn ability to pick correct response in the level k of item i; while 
Dik 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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Figure 2. 13SG-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 I (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).  

Take a look as this picture! 
 

 
 (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 Q1? 
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 
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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).  

 

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 

Corr. MNSQ ZSTD MNSQ ZSTD 
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 
12SG-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 .11 .95 -.9 1.08 1.2 .48 
9SL-4 .04 1.01 .2 1.05 .7 .45 
16LS-1 -.16 1.00 .1 1.02 .3 .51 
4LG-4 .07 .97 -.5 1.01 .1 .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 

Corr. MNSQ ZSTD MNSQ ZSTD 
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.  

 
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 
(N=427) 

Item 
(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 (µ > 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.  

 

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) > Ftable (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 
Understanding 
Level 

Students’ Education Level (Mean, SD) 

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) 
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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 
Level  

N 
Item mean (logit) at level 3 
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 13SG-3 comprehension 

Grade N 
Conceptual Understanding Category - Item 13SG-3 (%) 
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. 



836  LALIYO ET AL. / Implementation of Four-Tier Instruments Based on the Partial Credit Model 
 

 

Figure 7. Probability Category Curve of item 13SG-3 of group A, and 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 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.  



838  LALIYO ET AL. / Implementation of Four-Tier Instruments Based on the Partial Credit Model 
 

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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