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Since secondary school, students have always learned measurement 

accuracy. Understanding measurement uncertainty is crucial, as is acquiring, 

handling, and analyzing measurement data. This study investigates first-year 

students’ knowledge of measurement uncertainty in physics. This study 

utilized a one-group pre- and post-test design within a teacher research or 

self-study framework. This study involved 25 participants from an 

educational program at a university in East Java, Indonesia. The focus in this 

study was on four categories: (a) “repeated distance” (RD), (b) “using 

repeats” (UR), (c) “same mean different spread” (SMDS), and (d) “different 

mean same spread” (DMSS), based on Pollard et al.’s new codebook for the 

Physics Measurement Questionnaire. We observed moderate normalized gain 

in most of the four criteria following the lecture intervention. We also 

conducted a paired t-test and found statistical differences before and after the 

intervention. These results show freshmen struggle with understanding 

uncertainty in physics measurement based on their secondary schools’ 

experiences, highlighting the need for a learning intervention combining 

theory and laboratory practice. These findings underscore the importance of 

enhancing education for future science teachers in secondary schools. 
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1. INTRODUCTION  
Measurement and its uncertainty is one of the most important aspects of physics (Vignal et 

al., 2023; Wan, 2023). Physics in general is an experimental science (Holmes & Wieman, 2018). 

Traditionally, the first year of higher education in science will generally target learning outcomes for 

first-year students to master some basic principles such as measurement and measurement 

uncertainty (Allie et al., 2003; Holmes & Wieman, 2018). Laboratory experiences also require 

measurement skills so that students can explore and interact with concepts and practices in both 

physics and STEM in general (Pollard, Hobbs, et al., 2020; Smith & Holmes, 2021). According to 

recent studies, first-year students frequently struggle to understand scientific techniques and basic 

laboratory skills, which hinders their ability to study and think critically (Mandavgade et al., 2012; 

Wan, 2023). In addition, starting in secondary school, students are taught about measurement and 
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measurement uncertainty, with the expectation that they will have the basic science skills needed for 

higher education. 

One of the biggest challenges in measurement is that students tend to ignore measurement 

uncertainty and error analysis (Aubin et al., 2024; Dounas-Frazer & Lewandowski, 2018). On the 

other hand, many recent research results show that the ability in basic physics introductory 

laboratory is still not comprehensive in mastering laboratory concepts and skills (Carter, 2021). 

Students have a narrow knowledge of the scientific method and minimal laboratory experience at 

school, which is key for laboratory-engaged learning (El Masri et al., 2021; Kuang et al., 2020).  

This has led to a transformation of the learning process for first-year students, emphasizing the 

development of experimentation skills, thinking skills, and attitudes (Holmes & Wieman, 2018; 

Walsh et al., 2019; Wilcox & Lewandowski, 2017). Despite this shift of focus, there is still a gap in 

the research for how such competencies can be developed most appropriately, especially for the 

fields of measurement uncertainty and error analysis. While these are foundational competencies in 

physics, they are actually foundational in support of all scientific study. No explicit pedagogical 

conceptual frameworks and interventions have been provided to systematically address persistent 

shortcomings in these definitions and their practice by students.  

The learning process at the higher education level is inseparable from the previous education 

process, although the college entrance examination questions tend to be significantly less in line with 

the curriculum standards in physics (Han & Xiang, 2024). In general, the transformation of learning 

at the global level in the introductory physics laboratory is to provide space for students to be 

actively involved in the authentic inquiry process (Werth, West, et al., 2023). The transformation 

process that occurs at the global level also needs attention from higher education educators in 

Indonesia. Not many studies have been conducted to measure the achievement of student learning 

outcomes, especially related to measurement skills and measurement uncertainty. Specifically, the 

purpose of this study is to investigate the knowledge of freshmen students who will become science 

teachers about measurement uncertainty in physics (science). Assessment and evaluation of 

measurement ability and measurement uncertainty are very important in laboratory skills for students 

in STEM fields in general. The relevance of this research is to attempt filling the gap; students may 

not go well through their scholastic and professional careers in STEM without an important scientific 

competency, such as measurement skills and its uncertainty. In addition, there are not many studies 

that measure the ability of freshmen students from education study programs in terms of 

measurement and measurement uncertainty. 

 

2. METHOD 
This study applied teacher research or self-study (Fraenkel et al., 2023). The research design 

we used was a one-group pre- and post-test design with interventions during the learning process 

(Betul Cebesoy & Karisan, 2020). The intervention was in the form of learning flexibility by 

combining practical activities (real laboratory and simulation) and concepts in General Physics 

Course. This study involved 25 first-year students in a science teacher education study program at 

one of the universities in East Java. The participants involved in this study have given consent and 

all data are kept confidential according to the FAIR principle (Wilkinson et al., 2016). The 

instrument used in this study was the Physics Measurement Questionnaire (PMQ) (Allie et al., 1998; 

Buffler et al., 2001; Pollard, Werth, et al., 2020). Four categories or indicator in PMQ were 

investigated in this study, namely (a) “repeated distance”-RD, (b) “using repeats”-UR, (c) “same 

mean different spread”-SMDS, and (d) “different mean same spread”-DMSS. All categories derive 

their foundation from Pollard et al.’s new PMQ codebook (Pollard, Hobbs, et al., 2020; Pollard, 

Werth, et al., 2020). The PMQ instrument was validated at a large-scale international level with the 

second highest validation or silver research validation category (5-6 categories) (PhysPort 

Assessments, n.d.). 

Results In line with the new codebook, the data from the PMQ were assessed in four, 

different areas by Pollard et al. (Pollard, Hobbs, et al., 2020; Pollard, Werth, et al., 2020). These four 

areas were employed to assess the success of the intervention using normalized gain (Bao, 2006; 

Christman et al., 2024; Hake, 1998). Ultimately, the success of the intervention was gauged with a 

mean difference test and effect size according to the pretest and posttest scores. In order to account 

for the possible errors in the results of these inferential statistical tests (Benjamin & Berger, 2019; 
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Sellke et al., 2001), the Vovk-Sellke Maximum p-ratios or VS-MPR will be computed and reported. 

The higher the VS-MPR result, the lesser effect the errors have on the results of the statistical 

significance of the mean difference test. Cohen’s d effect size is typically characterized into three: 

small, moderate, and large (R. Wei et al., 2019). 

 

3. RESULTS AND DISCUSSION 
Based on the data from the intervention’s results, learning flexibility was implemented in the 

General Physics Course by integrating practical exercises and concepts. The majority of freshmen or 

first-year students reported improvements in their understanding of measurement and its uncertainty. 

It is likely due to the intervention throughout the course. These teaching methods helped teachers 

clarify the concepts by allowing students to engage with combining practical activities (real 

laboratory and simulation) and concepts, which in turn deepened their comprehension of how to 

accurately measure quantities and account for uncertainties. According to the PMQ instrument, the 

process of increasing freshmen learning outcomes is classified into four categories: RD, UR, SMSD, 

and DMSS. According the test result, the normalized gain (<g>) distribution of freshmen students’ 

learning outcomes related to measurement and its uncertainty is presented in Figure 1. 

 
Figure 1. Distribution of <g> Freshmen’s Learning Outcomes 

 

Based on the data in Figure 1, it appears that first-year students have successfully improved 

their learning outcomes in the RD and UR categories, followed by the SMSD and DMSS categories. 

In the RD category, first-year students have been able to realize that repeated measurements are 

needed to minimize the error or uncertainty of the average measurement results, and are able to 

identify outliers from the dataset of measurement results. In the UR category, first-year students have 

been able to master that if the data distribution is relatively small, then writing the measurement 

results can use the average value. In addition, in the UR category, they must also report the average 

and uncertainty and range of the measurement data obtained. In the SMDS category, first-year 

students have been able to distinguish measures of data distribution that can affect uncertainty 

caused by external factors such as data outliers, human error, and other factors. In the DMSS 

category, some first-year students still experience problems related to datasets that have the same 

range, but different mean values. First-year students are still not well articulated regarding the 

similarity of mean values and ranges and how to analyze the overlap between the mean values and/or 

distribution of two datasets as well as how to use statistics in determining the accuracy of 

measurements. These results are in line with previous research: students frequently overlook 

measurement uncertainty, leading to flawed conclusions in laboratory settings, and despite 

recognizing the importance of uncertainty, they also struggle to apply their understanding of 

measurement uncertainty effectively in practical scenarios (Lu et al., 2023; Wan, 2023). Despite their 
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reasoning improving, they still have problems with some scenarios (case of DMSS) (Werth, Pollard, 

et al., 2023). 

In general, more than 50% of freshmen obtained <g> at a high level for RD and UR 

categories. On the other hand, in the SMDS and DMSS categories, more than 50% of freshmen 

obtained <g> at a medium level. No first-year students obtained <g> at a low level for RD, UR, 

SMDS, and DMSS categories. This suggests that the intervention process can change students’ 

paradigms regarding measurement and its uncertainty (Pollard, Hobbs, et al., 2020; Pollard, Werth, 

et al., 2020). In general, the use of learning flexibility between practical activities and concepts can 

help first-year students to articulate substantive and procedural concepts as well as hand-on, mind-

on, and heart-on activities together (Inan & Inan, 2015; Kota et al., 2019; Lee & Hong, 2024). This 

learning process also emphasizes the activity of reviewing the results of laboratory practice reports 

conducted by first-year students. The emphasis on experimental activities also enhances reasoning 

and the development of habits of mind and strategies in students (Holmes & Lewandowski, 2020; 

Wilcox & Lewandowski, 2017). 

If viewed from a macro perspective, then based on the results of PMQ scores before and 

after the intervention, the effectiveness of the intervention carried out during self-study can be 

analyzed. Data normality testing, based on the difference between posttest and pretest. The results of 

data normality testing are presented in Figure 2. Based on the data in Figure 2, it is known that the 

difference between posttest and pretest scores is normally distributed (AD = 0.450; p-value                

= > 0.05). The data distribution is also entirely within the confidence interval (CI: 95%). These 

results then informed inferential statistical tests to determine statistical differences and the 

effectiveness of the intervention. The appropriate inferential statistical test to test the difference 

between the posttest and pretest results is the t-test. The t-test results based on the data in Table 1, 

showed that there was a statistical difference from the mean of the posttest to the posttest (t = 63.645; 

p-value = <0.05). This result corroborates the improvement of first-year students’ learning outcomes 

related to measurement and its uncertainties. In order to minimize the bias factor due to errors that 

might affect the results of the t-test, it is necessary to test the p-value. The results of testing the t-

test’s p-value based on the VS-MPR value concluded that there is a small chance that errors affect 

the significance of the p-value. A large VS-MPR value indicates that the chance of the significance 

of the p-value being affected by errors is very small (4.071×10
+25

).  The VS-MPR is more likely to 

favor the alternative hypothesis than the distinct hypothesis, validating the interpretation of the p-

value (Benjamin & Berger, 2019). 

 

 
Figure 2. Probability Plot of Posttest Minus Pretest 
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Table 1. Paired Samples t-test Result 

Data t df 
p-

value 
VS-MPR* 

Cohen’s 

d 
SE Cohen’s d 

Posttest – Pretest 63.645 24 < .001 4.071×10
+25

 12.729 1.540 

Note.  For all tests, the alternative hypothesis specifies that Posttest is greater than Pretest. *Vovk-

Sellke Maximum p -Ratio: Based on a two-sided p -value, the maximum possible odds in favor of H₁ 

over H₀ equals 1/(-e p log(p )) for p ≤ .37 (Sellke et al., 2001). 

The effectiveness of the intervention in changing the paradigm and insight of first-year 

students about measurement and its uncertainty can also be seen from the effect size. Based on the 

Cohen’s d value in Table 1, it is concluded that the Cohen’s d value ≥ 0.5 (R. Wei et al., 2019) which 

means that there is a large effect size of the intervention. Visualization of the difference between 

posttest and pretest which resulted in a significant difference in mean scores and a large effect size as 

well as normalized gain which was at high criteria for the RD and UR categories, and moderate 

criteria for SMDS and DMSS is presented in Figure 3. Raincloud plots can visually represent raw 

data, probability size, and important summary statistics (Allen et al., 2021). Raincloud plots of 

posttest and pretest data in Figure 3 further strengthen interpretation and minimize bias based on 

normalized gain, t-test, and Cohen’s d effect size (Christman et al., 2024; Coletta & Steinert, 2020). 

The intervention in self-study that has been carried out in the form of learning flexibility by 

combining practical activities and concepts in General Physics Course shows effective and 

promising results for course transformation in the first year at the higher education level. 

 
Figure 3. Raincloud Plot of Posttest and Pretest 

 

The transformation of education and learning that is currently the mainstream of global 

higher education must also receive attention from Higher Education Institutions in Indonesia. 

Learning related to laboratory skills is also undergoing transformation in response to technological 

developments, industry demands, career diversification and alignment of student and graduate views, 

as well as renewed focus from researchers (Holmes & Lewandowski, 2020; Sulaiman et al., 2023). 

The laboratory-based education process is not only about “doing inquiry,” but also emphasizes 

aspects of the process of science and the use of scientific method differentiation as a unity of 

scientific practice skills (Mutlu, 2020; Tran et al., 2018; B. Wei et al., 2022). In addition, we must 

emphasize or reconnect between the history of science and procedural learning, like how teachers 

used scientist’s laboratory notes or historical experiment data when teaching students about 

measurement and its uncertainty (Thomas Becker et al., 2024), and the teacher helps in guiding 

students to establish their trajectory of sensemaking and adopt a model-based view of measurement 

as integrated into scientific investigation practice (Ha et al., 2024; Tang et al., 2024). Transformation 

of the learning process in first-year students’ courses based on self-study or teacher research is 
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needed with connection to the practice of sciences. Scaffolding, the role of the educator, and the 

design of learning activities are critical to ensure that first-year students can use scientific inquiry 

skills and are able to collaborate in the classroom (Davidson et al., 2022; Penn & Ramnarain, 2022; 

Soysal, 2022; Werth, West, et al., 2023). 

 

4. CONCLUSION  
Based on the results of the study, it was found that the interventions applied during self-

study or teacher research for basic measurement and uncertainty determination skills (RD and UR 

categories) experienced high improvement, while those for higher skills (SMDS and DMSS 

categories) were at a moderate level. Overall, based on the normalized gain analysis, t-test, VS-MPR, 

Cohen’s d effect size, and raincloud plot, it can be concluded that after the intervention, the first-year 

students managed to improve their insights and learning outcomes related to measurement and its 

uncertainties. This result reinforces that the experience and laboratory skills, or scientific inquiry 

skills, acquired in secondary school are relatively minimal and not yet solid. This further strengthens 

the need to evaluate the learning process for freshmen in educational study programs by re-designing 

learning activities and providing space for students to be actively involved in the authentic inquiry 

process. This is important in order to obtain future teachers who are able to design and transform 

learning in a sustainable manner. 
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