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ABSTRACT

The present research aims to explore developmental patterns in reasoning abilities and science
motivation as well as their relationship with students’ background variables in different grade
levels. Three cross-sectional investigations assessed 2241 students in 16 public schools in
Vietnam.

The first study explored development in students’ inductive reasoning and science
motivation in 5™, 7", 9 and 11 graders. The findings showed that the older age groups tended
to achieve higher scores than their younger counterparts on the inductive reasoning test, but
students’ science motivation gradually dropped grade by grade. Multi-model Bayesian
inference discovered that inductive reasoning, science performance, and parental involvement
were the main predictors of science motivation. Furthermore, path analyses showed that
inductive reasoning has an indirect effect on science motivation via a science performance
variable. The second study, which assessed reasoning abilities and science motivation of 6%,
gth, 10", and 11'" graders, revealed that students’ scores on inductive reasoning and scientific
reasoning tests improved across grade levels. Path analyses suggested that inductive reasoning,
scientific reasoning, father’s education, and parental involvement are chief factors in predicting
STEM achievement. The third study developed a scientific reasoning test to measure control
of variables strategy in physics in the 8 to 12t"-grade students. The reliability and validity of
the test were confirmed by the Rasch model. Development of control of variables strategy in
physics in students was observed, but students’ motivation toward learning physics reduced
slightly through grade levels.

No significant difference was found between males and females in reasoning abilities and
science motivation, but a significant difference was indicated in physics motivation, favouring
boys. Effects of multimedia on psychometric characteristics of the cognitive tests were
confirmed by measurement invariance regarding administration modes, supporting the online
groups on the item bundles constructed of figure-related materials. The implications for
enhancing reasoning proficiencies and science motivation are also discussed further in each

study.
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CHAPTER 1. INTRODUCTION

1.1 Introduction

In light of contemporary frameworks for the 21st century, researchers, employers and policy
makers called attention to the need for competencies in communication, collaboration, digital-
related competencies and social skills. Creativity and problem-solving have been considered
as key competencies in the 21st century (Binkley et al., 2012; Chu et al., 2017; Voogt & Roblin,
2012). Human reasoning is a considerable topic of widespread study since the time of Aristotle
and still a much interesting field in psychological, theoretical, and empirical research today.
Reasoning plays an essential role in both educational contexts and the workplace in modern
society, where more information and knowledge created in a shorter time leads us to an
increasing pressure to manage. Amongst forms of reasoning, inductive reasoning (IR), one of
the main elements of fluid intelligence, and scientific reasoning (SR) are increasingly
considered in school contexts.

IR has been one of the most frequently studied constructs in reasoning field, and recent
social changes and expectations concerning the outcomes of education have further highlighted
its relevance. Previous studies have suggested that there is a close association between IR, on
the one hand, and problem-solving and academic success, on the other (Csapo, 1997; Molnar
et al., 2013; Schweizer et al., 2013). IR has been shown to play a central role in a wide range
of learning activities (Hamers et al., 1998). As a main component of intelligence, IR assists
students in decision-making and establishing causal relationships (Leighton & Sternberg,
2004).

Meanwhile, the term SR has been used as a domain-specific approach of reasoning skills
in science subjects. SR refers to both in the science subject and in separated STEM subjects
(Zimmerman, 2000). According to Lawson (2009), content knowledge and SR are two
foundational pillars of scientific literacy, so science education mainly aims to develop both
content knowledge and SR ability of students.

Various studies have also provided evidence of the direct and indirect relationships
between motivation towards science learning and science achievement among students from
primary to tertiary education (e.g. Chan & Norlizah, 2018; Dermitzaki et al., 2013; Glynn et
al., 2009, 2011; Kambeyo, 2018). Academic motivation has been considered as a supportive
factor in enhancing students’ performance. Motivation in learning science is not only the main

factor in predicting science attitude, but it can also predict academic success (Cavas, 2011;
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Dermitzaki et al., 2013). Science motivation has a consequential influence on reasoning ability
(Kambeyo, 2018; Tee et al., 2018) and learning strategies (Patrick et al., 2009), and it plays as
a predictive factor of science performance (Chan & Norlizah, 2018; Patrick et al., 2009).
Research on relationship between IR and SM and interaction of SR with other factors in
predicting student motivation and performance in schools are still scarce in educational
context. Additionally, a broad range of measurement data, through longitudinal studies (e.g.
Hwang et al., 2016; Robinson et al., 2019) and cross-sectional studies (e.g. Csap6, 1997;
Dorfman & Fortus, 2019; J0zsa et al., 2017), often offer a deeper understanding of individuals’
differences in developmental pattern in students’ cognitive abilities and motivation, which
plays an important role in personalized support in enhancing children’s academic performance
in educational contexts.

In Vietnam, thinking skills are embedded in the core curricula at the general educational
level. The national educational program aims to develop students’ thinking proficiency through
implicit discipline curricula rather than designing specific programs explicitly. Consequently,
there are no explicit programs that focus on developing thinking skills. Though one core
criterion for completing general education is for children to pass the national high school
examination, little or no attention has been paid on investigating students’ thinking skills on
this examination. However, Vietnamese students achieved high scores in the Program for
International Student Assessment (PISA) by the Organization for Economic Co-operation and
Development (OECD), which mainly measures content-related knowledge, skills, and their
application in practical contexts. For example, in the 2015 PISA cycle, Vietnamese students
achieved significantly better than the OECD average in science, with a mean score of 525
(OECD mean: 493), and not significantly different from the OECD average in science and
reading (OECD, 2016). Vietnam is also among the countries where motivation for learning
science is above the OECD average (OECD, 2016), but PISA surveys only show the results of
15-year-old students’ motivation. Further studies are therefore needed to gain insights into
patterns of students’ motivation toward learning science in other grade levels. Vietnam did not
participate in the PISA problem-solving assessments, and relatively little is known about how
schools have succeeded in developing thinking in general. Moreover, students learn science as
a separate subject starting from their first year of secondary education (6th grade), and one of
the requirements of the national education programs is to ensure that around 10% of the physics
curriculum in high schools includes experimental lab activities (MOET, 2009). Nonetheless,
students’ scientific reasoning has been rarely assessed on tests either at the regional levels or

at the national levels (e.g., national examinations) in Vietnam.
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No empirical studies were broadly conducted to explore general reasoning skills and SM
in Vietnam. With this as a backdrop, the main goals of our investigations are to validate the
adapted test instruments for assessing reasoning skills and science motivation and to explore
the patterns of students’ reasoning and SM across grade levels. Gender differences in reasoning
and SM are observed in different grade cohorts. We also examine interactions of relevant
factors (e.g., age, gender, science achievement, parental involvement in schoolwork and
parents’ education level) in predicting reasoning capacities, SM and STEM achievement in
Vietnamese students. The present study is expected to draw a partial picture of students’
thinking skills and motivation toward science learning and to provide initial empirical

foundations for further research as well as to support the developmental work of teachers.
1.2 The context of study

The national education system in Vietnam consists of four levels (Vietnam National Assembly,
2006). Educational levels and training degrees in the national education system are as follows:
early childhood education with nursery and kindergarten; general education with primary
education, lower secondary education, and upper secondary education; professional education
with professional secondary education and vocational training; and higher education with
college undergraduate, master’s and doctoral courses. Within general education, primary
education is compulsory for all children aged 6 to 10 years. Lower secondary education lasts
four years (6" to 91" grades) for children aged 11 to 15 years, while students aged 15 to 18 years

can enrol in upper secondary education (Figure 1.1).
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Figure 1.1. The structure of the national educational system in Vietnam.

The core subjects in primary schools include Vietnamese language, Mathematics, Natural
and Social Sciences, Moral Education (civics), Physical Education, Arts and Foreign language.
In secondary education, the compulsory subjects include Vietnamese language and Literature,
History, Geography, Civics, Art, Music, Physical Education, Foreign language, Mathematics,
Physics, Chemistry, Biology and Technology. Vocational and social activities are also
scheduled in in-class or out-door settings during the academic year. To continue upper
secondary education, 9th-grade students have to be successful in a provincial examination.
After completing high school, 121" graders are required to take the National High School
Graduation Examination to earn a diploma, called the High School Graduation Certificate
before enrolling to a university or college.

Schools in Vietnam have focused on forming three major general competencies:
autonomous and independent learning, communication and cooperation, and creativity and
problem-solving (MOET, 2017). Although teachers are fully aware of the benefits of teaching
to develop thinking skills, they regard it as extraneous to the requirements of testing, the criteria
for teacher evaluation and the general expectations of many parents (Du, 2015). Consequently,
teaching and learning in Vietnamese schools have been criticized for being exam-based.

Though such focus of teaching and learning did help students pass the exams with high results,



their practical abilities of applying their acquired knowledge seemed to be limited (Nhat et al.,
2018).

The current general education curriculum has been introduced throughout the country
starting from the 2002-2003 school year. Objectives, content, curricula, textbooks and
regulations on completion requirements as well as other relevant matters are implemented
similarly in both non-public and public schools (UNESCO, 2011). Therefore, the cross-
sectional assessments can provide useful information about how well learning science and
teaching thinking skills can be integrated into subject-specific areas at different grade levels.
This may be meaningful in practice vis-a-vis boosting students’ reasoning capacities and

motivation and in proposing improved programmes in future.
1.3 The present dissertation

Our studies aim to address some aspects of assessment of reasoning capacity and science
motivation of students. First, we review and synthesize the findings from previous empirical
studies related to reasoning capacities and science motivation. Such research is expected to
outline the main trends and identify the various measures that are widely used when assessing
reasoning skills around the world. The literature review attempts to examine the relationships
between theoretical concepts and the empirical paradigms regarding the construction of the
instrument tests, psychometric approaches and technology issues to measure reasoning
capacity in school settings. The relationship between cognitive abilities and science motivation
was reviewed from the former studies. Consequently, this may provide insights into the current
trend of assessing reasoning and motivation, the main relevant factors (demography and
cognition) influencing the reasoning ability and their interaction in explaining academic
achievement.

To this end, a set of three cross-sectional studies were proposed to assess reasoning
abilities and science motivation of secondary school students. The first empirical study focuses
on exploring developmental patterns of IR and SM across grade levels and their association in
predicting children’s science achievement. Examining relationships of IR and other latent
factors of SM offers an in-depth information into reasoning and motivation among individuals,
which plays an important role in personalized learning support in enhancing children’s
academic success in schools.

The second cross-sectional investigation focuses on exploring the developmental curves
of inductive reasoning, scientific reasoning abilities, and their roles in predicting students’

performance in learning STEM disciplines across grade levels. Students with a better IR ability
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are likely to earn higher scores on SR tests (Csap0, 1999) and be more active in inquiry
activities in learning science (Gerber et al., 2001), and vice versa, IR is a foundational skill in
boosting SR (Adey et al., 2007). Assessment of the IR and SR and their interaction with
background variables may offer a deeper insight into the relationship cognitive capacities and
motivation. It also partly provides evidence for evaluating the extent of the present curricula in
terms of optimum cognitive development in school-age children.

In line with the first two studies, in the third research, we considered examining students’
SR and motivation in learning physics. Control of variables strategy (CVS) is a leading
component of SR related to domain-general experimentation to evaluate an experimental
system to draw valid conclusions. The purposes of this study are to develop, validate the test
to measure CVS in physics, and explore development of this ability in secondary school
students in Vietnamese context. The study also outlines basic rationales of assessment of CVS
and explores latent predictors of item difficulty as a practical reference for teachers who
consider designing assessment-based learning activities in classroom and hands-on tasks in
school labs.

Additionally, technology-based assessment (TBA) has become a contemporary trend in
education and has gradually replaced paper-and-pencil (PP) assessment in recent years. Across
these empirical studies, the effects of administration modes are also observed by testing
measurement equivalence in the test, task and item levels. This may show the initial

correspondence of feasibility of applying TBA in Vietnamese context.
1.4 The construct of the dissertation

As mentioned in the main research purposes above, the thesis, which mainly focuses on
assessing the aspects of IR, SR and SM, is organized into eight chapters.

Chapter 1 highlights general core facets of research problems in the project. It provides
main points from former studies in reasoning and science motivation in educational settings
around the world as well as introduces the study context in Vietnam. The first chapter shows a
general sketch of our research project.

Chapter 2 presents the main characteristics and trends in measuring IR and SR around the
world through a systematic review and thematic analysis with 63 empirical studies from 1997
to 2020. The non-verbal analogical problem was indicated as the most popular task in
evaluating IR, while control of variables task was most frequently applied in assessing SR in
school contexts. These findings also show that students’ reasoning abilities can be efficiently

enhanced through school disciplines. In addition, motivational factors and assessment of
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science motivation were underlined in this chapter. Although the underlying concepts of
motivation are controversial, most of the studies reported that students’ motivation toward
science learning had a close relationship with their academic performance in schools. A part of
these findings has been accepted to publish in International Journal of Innovation and
Learning (Van Vo & Csap0, in press)

In Chapter 3, we discuss the main methods applied in three empirical studies. The chapter
introduces a cross-sectional investigation as a main approach in a series of these studies. The
test instruments are presented in this chapter, including the IR test, SR test, CVS test in physics,
science motivation questionnaire, student motivation and attitude toward physics learning and
the background questionnaire. Moreover, we summarized the main methods for data analysis
and interpretation such as the principal component analysis (PCA), confirmatory factor
analysis (CFA), Rasch model measurement, differential item difficulty (DIF), path analysis
and multiple linear regression models with Bayesian model averaging (BMA) approach.

Chapter 4 illustrates the first empirical study that aims to investigate the development of
IR and patterns of students’ motivation across the 5™, 71, 9t and 11" grades. The initial
findings showed that students’ performance improved steadily grade by grade, whereas their
motivation toward learning science gradually fell through the grade levels. The main factors
contributing to individual IR capacity and science motivation are also discussed in this chapter.
The findings of development of IR across grade levels had published in the Thinking Skills and
Creativity journal (Van Vo & Csap6, 2020), while the results related to an investigation of
students’ science motivation and its interaction with IR, were accepted as a research article in
the European Journal of Psychology of Education (Van Vo & Csap0, 2021a).

The findings of the second study are reported in Chapter 5, which showed the
developmental curves of IR, SR capacities and SM in students in the 6, 8", 10", and 11%
grades. The developmental curves in IR and SR were simulated across grade cohorts, while the
students” SM seems to reduce in the upper grade cohorts. Furthermore, the predictive roles of
IR, SR and SM on children’s STEM achievement are discussed in this chapter.

Chapter 6 details the third empirical study which considers assessing scientific reasoning
in CVS in physics in secondary school students. This chapter presents the development and
validity of the CVS test to measure three subskills of CVS related to content knowledge in
basic physics (mechanics, thermodynamics, and electricity). A part of these results has been
published in the International Journal of Science Education (Van Vo & Csapd, 2021b). In
general, students’ CVS proficiency progressed during secondary education years, but their

motivation toward physics learning tended to reduce during secondary education level.
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Relationships between CVS, motivation and content knowledge in physics were also examined
in this study.

Since tudents took the cognitive tests in either PP or online formats, Chapter 7 discusses
effects of media delivery modes in terms of students’ performance and tests’ psychometric
properties across three empirical data. The examinations of the equivalence of dual test
versions were conducted in both internal structural factors and DIF analyses. We employed
classical statistics and Rasch model measurement to compare students’ score results and
psychometric properties of the tests at the test, task, and item levels.

Finally, Chapter 8 summarizes the general conclusion and discussion across these

investigations. The limitations and future directions are also discussed in the last chapter.
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CHAPTER 2. REVIEW OF THE LITERATURE

2.1 Assessing inductive reasoning and scientific reasoning
2.1.1 Introduction

Globalization and the rapid development of Information and Communications Technology
(ICT) are continuously transforming in most aspects of modern life, work, and school. New
conceptions of knowledge and students’ skills are expected to meet the demands of future jobs.
In a comparison of a number of frameworks for 21st-century competencies, Voogt and Roblin
(2012) strongly recommended the need for competencies, such as communication,
collaboration, ICT-related competencies and social awareness. Creativity, critical thinking, and
problem-solving have also become important competencies in the 21st century.

Assessment plays a pivotal role in the teaching and learning process as well as in school
administration. Assessment involves the process of measuring, collecting, and using evidence
about the outcomes of students’ learning, provides feedback for students in their learning
processes, and helps teachers and other stakeholders make evidence-based decisions (Hattie &
Timperley, 2007). Traditional assessment methods seem to fail to measure high-level skills,
attitudes, and even knowledge of collaborative learning in a fast-changing world (Griffin et al.,
2012). Most of the researchers have agreed that current assessment models, which are mostly
focused on measuring separate knowledge, fail to assess 21st-century competencies, and called
for new assessment established for an authentic and complex task (Pepper, 2011; Voogt &
Roblin, 2012). Learners’ abilities are implicitly present in a range of variables and a
combination of several factors. The structure of the new assessment should involve dynamic
procedures and rich-environment instruments to collect several relevant types of information
about the learners’ application of competencies, which consist of outcomes, processes, and
rationales (Pepper, 2011). TBA will become a major feature in the educational setting. This
coming technological transformation makes it possible to assess wider-ranging student
performance, including assessing core reasoning skills (Osborne, 2013).

Research on assessing reasoning has been an established field of inquiry for many decades,
and improved instruments have made it possible to measure a variety of reasoning skills and
explore their development and the links between relevant factors. Empirical research has
identified the importance of reasoning skills in the operation of higher-order cognitive skills
(Csapo, 1997; Molnér et al., 2013; Schweizer et al., 2013) and in learning most school subjects,
such as mathematics (Nunes & Csap06, 2011), science (Adey, & Csap0, 2012; Hamers et al.,
1998) and foreign languages (Nikolov & Csap6, 2018; Soodmand Afshar et al, 2014) as well

22



as other subjects. Reasoning also assists students in decision-making, problem-solving,
understanding causal relationships among different domains, and achieving academic success
in school curricula. Some previous studies have focused on reviewing the development of SR
and problem-solving strategies (Zimmerman, 2000) while others investigated the role of IR
enhancement (Klauer and Phye, 2008), scientific reasoning (e.g. Engelmann et al., 2016) and
control of variables strategy (Schwichow et al., 2016) through reporting findings of the
intervention studies. Still, others have analyzed instruments for assessing SR (Opitz et al.,
2017). Though several theoretical frameworks and comprehensive studies have explored the
place of reasoning skills in general intelligence (Carroll, 1993; Leighton & Sternberg, 2004), a
systematic review from empirical studies has not been thoroughly conducted in educational
contexts.

Thus, the section synthesizes findings of a systematic literature review to outline the main
trends and identify the various measures that are used to assess reasoning in educating sittings
around the world. The review also focuses on exploring the relationship between reasoning and
academic performance and main relevant factors under different cultural conditions.
Consequently, we hope to provide insights into the current trends in assessing reasoning and
recommend possibilities for future studies in educational settings. The following five research
guestions guide our review:

(1) How is reasoning assessed in school contexts around the world?

(2) What are the most popular problem tasks used to assess reasoning in educational

contexts?

(3) What are the trends of applying the psychometric modelling and technology in

assessing reasoning?

(4) To what extent are learners’ reasoning abilities influenced by gender, age differences

and educational programs?

(5) To what extent do reasoning and academic performance relate to other relevant

factors?
2.1.2 The concepts of reasoning

Human reasoning has been a focal topic of widespread study since the time of Aristotle. It
continues to be the main concern of both psychological theory and empirical research
nowadays. In the literature, reasoning has undergone a variety of definitions. Evans (1993)
defined reasoning as “the central activity in intelligent thinking. It is the process by which

knowledge is applied to achieve most of our goals” (p. 561). Perret (2015) highlighted that
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reasoning does not operate automatically; this process requires utilizing attentional resources
and intellectual effort to justify inferences. Additionally, Sternberg (1986) viewed reasoning
as an extensive mental phenomenon which can be measured through problems besides other
skills. In reasoning, we are from “what is already known to infer a new conclusion or to
evaluate a proposed conclusion” (Sternberg & Sternberg, 2012, p. 507), and it is considered an
essential component of critical thinking (Bonney & Sternberg, 2011). Although many different
definitions of reasoning can be found in the literature, it can broadly be defined as the goal-
driven process of drawing conclusions which inform problem-solving and decision-making
efforts (Leighton & Sternberg, 2004).

One of the most popular criteria to classify forms of reasoning distinguishes two main
types: deductive and inductive reasoning (Sternberg, 1986; Sternberg & Sternberg, 2012;
Wesiak, 2003). IR, one of the most widely researched cognitive skills, is a cognitive process
based on particular facts or individual cases to induce a general conclusion (Adey & Csapd,
2012; Sternberg & Sternberg, 2012). It plays a significant role in understanding science and
applying knowledge in unfamiliar situations (Csap0, 1997). It has been regarded as one of the
seven primary mental abilities to contribute to intelligent behaviour (Kinshuk et al., 2006). In
many cases, it provided a valid foundation for the understanding of regularities. As mentioned
by Klauer and Phye (2008), new concepts and knowledge in our daily life are generated based
on regularities and uniformities. Therefore, IR plays an more important role when complex or
unfamiliar problems occur, where no specific content knowledge might be applicable.
Inductive processes can be applied to generate hypothetical rules based on observation, and
these relational systems of problems can be modelled (Perret, 2015). In contrast to IR,
deductive reasoning is a cognitive process that concludes a logically specific conclusion from
general information (Sternberg & Sternberg, 2012). The development of deductive reasoning
was closely linked to awareness of cognitive processes and cognitive control (Demetriou et al.,
2011).

With a growing emphasis on science education, a further form of reasoning has become a
focal research topic, and the term SR has been used in a domain-specific approach in science
subjects. SR is defined as an active procedure of interrelating a series of cognitive and
metacognitive processes (i.e. reasoning) to generate, test, and revise theories and hypotheses
(Zimmerman, 2007). As broadly defined by Osborne (2013), scientific reasoning is the use of
reasoning in science, so it involves reasoning with requisite scientific knowledge Inquiry
activities support enhancing the process of knowledge acquisition and knowledge application,

which contributes to the development of SR abilities (Lawson, 2009). SR plays a core role in
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science subjects in general and in separate subjects (mathematics, physics, biology and
chemistry) (Zimmerman, 2000). Although reasoning abilities are naturally present in early
childhood, these capacities can be cultivated in the long term through the stimuli and
information process in educational contexts (Koksal-tuncer & Sodian, 2018; Zimmerman,
2000, 2007). Therefore, the main goals of an interdisciplinary approach among subjects tend

to focus on developing both content knowledge and SR ability in school-age children.
2.1.3 Assessing reasoning abilities

Assessing reasoning often involves a series of scenarios in which students are observed in a
step-by-step process through their responses in each situation. In the past, an individual
interview method was regularly applied to examine reasoning or thinking ability via Piaget’s
clinical technique (Adey & Csapd, 2012). Researchers then developed reliable and valid
classroom tests of cognitive development in PP and computer-based formats. A variety of tasks
have been developed to assess the kinds of reasoning, considering the latent factors
contributing to individual differences in reasoning. Generally, most of the test instruments have
been developed and adapted based on certain popular tasks as follows.

Regarding inductive reasoning, the problem tasks may be grouped into four main groups:
analogies, series completions, classifications and geometric matrices (verbal, numeral, and
figural element) (Adey & Csap0, 2012; Klauer & Phye, 2008; Sternberg, 1986; Sternberg &
Sternberg, 2012). Analogy tasks take the form “A is to B as C is to D” and are most commonly
used in intelligence tests (Sternberg, 1986). A standard format has a structure of a three-term
stem (“A is to B as C is?”) and a set of answer options. To get the correct alternative, test-
takers should find the relation between the terms A and B, then apply the rules to term C, which
has the same rules to the former pair stems. The item difficulty of the analogy tasks may depend
on the type of semantic relation between the pairs, the number of relevant elements or concepts
in the stem, the detectability of the given relation and even the materials of elements. A series
completion task requires participants to extrapolate to find a missing member of a given series
of elements (numbers, letters, words, or geometric figures). In the task, a set of elements is
ordered according to one or more relations between the elements. The person being tested must
explore the rules from the relationships in the series. The number of elements, pattern
presentation, and number of relation rules can influence the item difficulty of series completion
problems (Wesiak, 2003). Classification tasks take several forms. The task is composed of a
series of elements in which one element is the correct alternative. The basis for solving

classification items needs similar approach as in analogy and series completion problems: test
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takers should explore the comprehension of meanings and of semantic relations among given
elements. Participants discover the rules in a set of elements and may be requested to identify
elements (words, figures, or numbers) that belong or do not belong to the rules. Finally,
geometric-figural matrix tasks refer to a series of figures which are arranged in a matrix. These
tasks are usually composed of a diagram with given figures set into rows and columns with one
cell missing. Participants need to extrapolate the relationships among the figures in the matrix
(rows and columns) to find the figures in the missing cell which correctly fits the whole matrix.
Geometric-figural matrix items are most frequently found in intelligence tests such as Raven’s
Standard Progressive Matrices (RPM) (McCallum, 2017).

Deductive reasoning (DR) tasks can be grouped into two types, conditional and syllogistic
reasoning (Sternberg & Sternberg, 2012). In conditional reasoning, a problem-solver completes
the task using an if-then proposition to draw a valid conclusion. Wason’s four-card task is an
example of conditional reasoning. Syllogisms are deductive arguments concluded from two
premises. The most well-known syllogism is the categorical syllogism.

With regard to scientific reasoning, several kinds of problem tasks have been proposed,
most frequently named conservation, control of variables, proportions and ratios, probability,
correlational reasoning and hypothetical-deductive reasoning (e.g. Adey & Csap0, 2012; Han,
2013; Lawson, 2000; Lawson et al., 2000). Conservation requires the ability to identify a
quantity that remains unchanged if nothing is added or taken away although the appearance of
an object is changed. Conservation may be in number, matter (mass), weight, and volume of
liquid (Adey & Csapd, 2012). The control of variables task consists of a complex reasoning
pattern or strategy within several reasoning schemes (Adey & Csap0, 2012). This task is used
to determine whether an experiment can reach a conclusive result when some conditions of
variables are changed. Proportions and ratios tasks contain some complex analogical and
inductive forms of reasoning (Csap0, 1997; Nunes & Csapd, 2011). The task requires a sense
of covariation and multiple comparisons in processing several pieces of information. The
mathematical relation among quantities may be assumed to be linear or nonlinear. A probability
task involves probabilistic inferences based on existing events and estimating likelihoods of
future events (Adey & Csapd, 2012). Meanwhile, correlational reasoning tasks require
exploring probabilistic relationships between two features or variables appearing in a certain
number of cases. The strength of the association may be different based on the ratio of the
particular cases. For example, two variables may be either independent of or related to each
other. A correlation task is often employed to describe the degree of dependence between two

or more variables (Han, 2013). A hypothetical-deductive reasoning task usually starts with a
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general concept of all latent factors that might affect an outcome and production of a
hypothesis. Based on the hypothesis, deductions are reasoned to predict what might occur in
an experiment (Han, 2013). This capacity is very important in learning STEM disciplines
(Kalinowski & Willoughby, 2019). Additionally, combinatorial reasoning is considered as a
type of scientific reasoning task (Adey & Csap0, 2012). It operates by combining and
evaluating the possibilities that satisfy the conditions explicitly given or inferred from
particular situations. Combinatorial reasoning related to hypothetical-deductive reasoning and
probability, applied in in different fields such chemistry, biology, physics, communications,
and number theory. As discussed above, the term SR refers applying cognitive abilities,
including forms of reasoning in specific-domain of science subjects, so some researchers (e.g.,
Korom et al., 2017) considered IR tasks which the elements are constructed of science content
as a kind of scientific reasoning problem tasks. To solve these tasks, participants are required

to execute the IR skill into specific content knowledge of science.
2.1.4 Method of the literature review

We refer to the Preferred Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement (Moher et al., 2009) to ensure that our review was systematic, following five steps

as summarized in Figure 2.1.

Defining main purposes
Exploring instruments, tasks and predictors

\ 4

Setting up criteria
Empirical studies, reasoning tasks, published 1997-2020

!

Searching for and screening potential studies
Keywords, abstract and full text

\ 4

Appraising included studies
Topic relevance, methodological quality and methodological
relevance

\ 4

Analysing and synthesizing findings
Coding, recording key information, addressing research questions

Figure 2.1. Flowchart for the literature review procedure based on the PRISMA protocol.
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We conducted a review of existing studies, focusing on empirical research. The basic
principle of selecting an article to be reviewed was based on whether it assesses reasoning or
uses reasoning tasks to explore the relation between reasoning and other factors of academic
achievement. To draw a general picture of the research topic, we followed the procedure of
selecting studies in accordance with the PRISMA statement (Moher et al., 2009). We selected
articles or academic documents based on the four inclusion criteria. First, empirical studies
assessing the reasoning of students (qualitative, quantitative, or mixed) were included. Second,
studies had to apply at least one assessment instrument of reasoning tasks (IR, DR, and SR).
Third, they must focus on the relationship between reasoning and academic performance and/or
other factors. Fourth, selected papers had to be published in English between 1997 and 2020.

Table 2.1. The results of the initial search in the major electronic databases.

Database Search Limiters Hits
Content type: peer-reviewed journals 425
JSTOR Subject: education
Full text: available
ERIC Peer-reviewed journals 128

Publication type: journal articles
Full text: available

Google Perform search with all the words in the title 35
Scholar
ProQuest Peer-reviewed journals 239

Dissertations for higher degrees (PhD, EdD)
Full text: available
ScienceDirect  Article type: research articles 380
Peer-reviewed journals
Full text: available
Total 1207

Note. All searches were limited to publications in English since 1997.

Academic papers were searched in electronic databases using the following search terms
for the title, keywords, and abstract section: (“reasoning” OR “scientific reasoning” OR
“inductive reasoning” OR “deductive reasoning” OR “high order thinking”) AND
(“Assessment” OR “technology-based assessment” OR “computer-based assessment” OR
“mobile-based assessment”). The major electronic databases were searched in the review:
ScienceDirect, Google Scholar, Taylor and Francis, ProQuest, Education Resources
Information Center (ERIC) and JSTOR. Each search was limited to empirical studies in peer-
reviewed papers. Through the search strategy, around 1207 references were retrieved which

are presented in Figure 2.2. After removing over 357 duplicates, the titles and abstracts of the
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remaining 850 articles were screened individually for pre-selection purposes using the
inclusion criteria. Through the screening procedure, 105 empirical studies were selected for

further reconsideration based on the four inclusion criteria.

— I Search terms
§" : (“reasoning” OR “scientific
= ;  reasoning” OR “inductive teasoning”
=h Databfiz S,?arc;h | OR “deductive reasoning” OR “high
8 (n=1207) | order thinking”)
g' |  AND
| (“Assessment” OR “technology-
|  based assessment” OR “computet-
Duplicates removed I  based assessment” OR “mobile-based
% (n=850) : assessment”)
& )
=8 I Duplicate (n=357)
= I
Titles and abstracts screened 1
(n=850) !
1 Not empirical studies and not
g | assessing reasoning tasks
g I (n=745)
g. |
= |
< I
Full texts screened "
(n=105) |
Check our inclusion criteria and
— I I weight quality and relevance.
= [ Documents removed (n=42)
g Included in synthesis :
@
g (n=63) !
|

Figure 2.2. Literature search flowchart.

After evaluating pre-selected studies based on the inclusion criteria, we referenced the
Weight of Evidence framework (Gough, 2007) to evaluate the remaining 105 studies for their
quality and relevance. Following this framework, studies were appraised using three key areas:
topic relevance, methodological quality, and methodological relevance. After judging the
proposed documents that met the initial inclusion criteria, twelve studies were excluded since
they did not meet the quality and relevance standards for the review. Finally, we included 63
empirical studies in the present investigation.

In line with our research purposes, we built a set of summarized features as a template which
recorded key information about the sample:

1. year of publication
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2. education levels of the participants (we grouped education level into four groups):
a) 1%t grade - 5" grade
b) 61 - 9t grades
c) 10" - 12" grades
d) higher education
3. country context
4. operation modes of the assessment (online, paper-and-pencil, or mixed)
5. research design (quantitative, qualitative, or mixed)
6. learning domain and instrument
7. research aims and main findings.
The main themes that appeared across the reviewed studies were grouped. They were later used
as the major objectives when designing our studies, particularly when addressing the research
questions. A brief overview of the surface features of the selected studies is provided in

Appendix A.
2.1.5 The main properties of the studies selected

Figure 2.3 demonstrates the main characteristics of the studies selected, which were published
between 1997 and 2020. The first nine years (1997 - 2005) produced only seven papers, then
ten articles were published in the following 5-year periods (2006 - 2010). The number of
studies doubled in the subsequent five years from 2011 to 2015. Interestingly, in the last five
years (2016-2020), the popularity of assessing reasoning has grown remarkably with 28
studies.

The studies were conducted in 28 different countries on six continents around the world:
Europe (n = 31, 49.2%), Asia (n = 20; 31.7%), North America (n = 8; 12.7%), South America
(n=2; 3.2%), Australia (n = 2; 3.2%), and Africa (n = 2; 3.2%). European countries contributed
nearly half of the studies (49.2%). The country in which the largest number of studies was
conducted was the US (n = 8), followed by China, Germany, Netherlands (n = 7), and Hungary
(n=5), and Finland and Turkey (n = 3).

Across the studies reviewed, there were 41,228 participants ranging from primary school
to university. The proportion of test-takers classified relied on grade levels that were
tantamount to all age groups. The participants were from the first grade to fifth grades (22.3%),
followed by the group of sixth-ninth grade (25.7%) and tenth-twelfth grade (17.9%), while
nearly 34.2% of the studies involved a higher education population. However, most of the

studies selected (n = 26; 41.3%) conducted in the group of first-fifth grade, followed by the
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sixth-ninth (n = 22; 34.9%) and the tenth-twelfth grade groups (n = 17; 27.0%). Around a fifth
of the reviewed studies (n = 14) targeted university students. In fact, ten studies (n = 10; 15.9%)

administered their projects across different grade levels.
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Figure 2.3. Summary of the surface characteristics of the studies reviewed.
For the mode of assessment operation, PP was the most popular administration mode (n =
31; 49.2%) and around 20% (n = 22.2) of the studies made use of an online platform. About
17.5% of the papers did not report the mode of assessment, while approximately 11.1% (n =

7) used both online and PP test instruments.
2.1.6 The construction of instruments for assessing reasoning

As for the combination of form of reasoning and learning domain, 37 of 63 studies reviewed

(58.7%) assessed IR across subjects of learning, while 29 of 63 studies (around 46.0%)
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measured SR in both specific domains (mathematics, physics, biology, chemistry and social
studies) and science as a general domain. Just around 9 (14.3%) studies investigated students’
reasoning using a combination of different kinds of reasoning. However, surprisingly, a
minority of the studies (under 10%) were conducted with DR tests.

Table 2.2 showed the proportion of IR tasks in accordance with subtest groups mentioned
above and the materials constructed elements across the reviewed studies. The results revealed
that analogy items have been mostly used in the assessment of IR with 75.7% of studies,
followed by series completion and, making up to 64.9% studies applying this kind of task as a
main tool to measure IR. Geometric-figure matrix and classification were also frequently found
in many instruments in which series completion (56.8%) is more popular than the classification
task (24.3%).

Table 2.2. Proportion of tasks and materials in assessing IR (N = 37).

Problem task Material
AN SE CL GM Verbal ~ Number  Geometry figure
N 28 24 9 21 7 13 29 32
% 757 649 243 56.8 18.9 35.1 78.4 86.5

Note. AN: Analogies, SE: series completion, CL.: classification, GE: geometric-figure matrix.

Regarding materials for constructing problems, elements in IR tasks are made of words,
numbers, and figures (e.g., geometry, animal, toy, and artifact). The figural object task was the
most common one chosen to assess IR abilities of children (Csap6 et al., 2014; Csap6 et al.,
2009; Hamers et al., 1998; Jeotee, 2012; Kambeyo & Wu, 2018; Kyllonen et al., 2019; Muniz
etal., 2012; Roberts et al., 2000; Schroeders & Wilhelm, 2010; Stevenson et al., 2013; Van Vo
& Csapd, 2020; Wesiak, 2003). Up to 86.5 percent of the selected studies implemented the
figure as a main material in assessing IR capacity. Number is also a favourite element selected
by developers when designing IR problems. Nearly 35% of the reviewed studies utilized the
numeric materials for the main tests in their research (e.g. Buhner et al., 2008; Csapd, 1997;
Csapé et al., 2009; Kambeyo & Wu, 2018; Korom et al., 2017; Kyllonen et al., 2019; Nikolov
& Csapo, 2018; Van Vo & Csap0, 2020; Wesiak, 2003). The tasks with numeric materials are
not only to assess thinking skills, but they are probably also helpful to investigate the
participants’ mathematical competency in general. The young students tended to perform well
or better on simplified abstract items (Figure 2.4) and figural material elements than on
contextualized items (e.g. Roberts et al., 2000; Van Vo & Csap0, 2020). Hence, studies used
the figural and geometric objects as their main instruments (e.g. Blum et al., 2016; Kyllonen et
al., 2019; Muniz et al., 2012; Schroeders & Wilhelm, 2010; Stevenson et al., 2013; Tunteler et
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al., 2008; Tzuriel & George, 2009; Van Vo & Csapd, 2020; Vogelaar et al., 2019; Wang, 2008),
accounting for more than 80%. Although non-verbal tasks were the most common items
composed to assess IR (18.9%), verbal elements play a particular role in many learning tasks
in school contexts. The reason is that the children’s development in scientific concepts does
not separate them from the ability to verbally process information (de Koning et al., 2002).
Thus, the verbal material was suitable to use in assessment for learning IR in schools. Some
studies involved verbal tasks to assess students’ IR capacity, such as Kyllonen et al. (2019),
Csap0 (1997), Csapo et al. (2009), Wesiak (2003), de Koning et al. (2002), Nikolov and Csap6
(2018), Vainikainen et al. (2015) and Strobel et al. (2019).
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Figure 2.4. Samples of simplified geometric analogy items (from Roberts et al., 2000).

Regarding SR, most the included studies seem to refer to the Lawson Classroom Test of
Scientific Reasoning (LCTSR) as a practical framework to adapt and develop their instruments
to assess scientific reasoning skills. However, the ratio of tasks or subtests in the instruments
may be different depending upon the individual purposes in particular contexts. The control of
variables strategy is beyond a SR task since it is considered as a core strategy in learning
science, with more than 75% of studies including the tasks in the main tests. Figure 2.5 presents
a sample item of SR in control of variables. Physics, chemistry and biology were the most
popular school disciplines in which SR studies were conducted.

Regarding item format, multiple-choice structure is still the most popular form of assessing
reasoning, but it has become more diverse with visualized presentation in a rich-technology
environment, and some testing programs simulated the experiments as real-life phenomena. In
spite of the most frequent usage of selected-response format, approximately 90% of studies
reviewed, a few studies (under 10%) implemented constructed-response format for the second

items of two-tier questions in their SR tests. The constructed-response items were also found
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in dynamic reasoning tests (e.g. Resing et al., 2017; VVogelaar et al., 2019) which offered more
insights into an individual's learning potential than static ones. More detailed technology issues

for assessing reasoning will be discussed in the next section.

Ice-cubes and filling level
Timo has an idea. He assumes that ice-cubes melt faster in a large amount
of water than in a small amount of water. Which of the following

experiments would be a good experiment to test his assumption?

—~
SRR |

10°C 10°C

Figure 2.5. A sample of control of variables task (from Schwichow et al., 2016).

To summarize, the most frequent subtests of IR were the verbal and geometric analogies,
classifications, number series completions and geometric matrices. The main standardized tests
were RPM, Figure Reasoning Test, Vienna Matrices Test, LCTSR and Wason’s four-card task.
In fact, RPM and LCTSR are considered as the core rationales for development of IR tests and

SR tests, respectively.
2.1.7 Psychometric modeling and technology issues in assessment of reasoning

A psychometric model provides the association between theoretical constructs and empirical
assessments. The association between structural quality of an instrument and participants’
response on different items was quantified via psychometric modelling. It allows researchers
to estimate and calculate the quality of instruments and empirical data evidence underlying
assumptions and predictions. Item response theory (IRT) performs as a helpful technique in
the assessment of learning and cognitive potential in educational settings (Stevenson et al.,
2013). The quantitative approach was used in most of the studies selected, in which two studies
applied a mixed method (qualitative and quantitative). Most studies used a non-experimental
approach, and there are some studies applying the quasi-experimental design. Cronbach’s alpha
(alpha coefficient) was most often employed to evaluate internal consistency reliability. The
primary psychometric property analyses included descriptive statistics, an examination of the
internal consistency reliability, validity and then an examination of the correlations between
targeted variables under assisting of popular software applications, such as R, SPSS, Mplus,
LISREL, Winsteps, ConQuest and Microfact. The popular types of inferential statistics in these
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studies were descriptive statistics, such as histograms, pirate plots, means and percentages,
difference inferential statistics (t-test, ANOVA, MANOVA and Mann-Whitney) and
associational inferential statistics with Spearman correlation and chi-square. Amongst
psychometric approaches, Rasch model measurement seemed to be most frequently used to
evaluate the psychometric property of instruments as well as to scale students’ performance in
the empirical studies selected.

The reasoning tests have been designed and administered in technology-rich environments
since 2008. Electronic devices can help to improve cognitive ability testing. It seems that no
significant effects of the test media (computers, notebooks, and PP) were determined in terms
of psychometric properties of the tests. Some studies investigated the transformation from PP
to computer-based testing. Particularly, five studies reported that no significant gender
differences were found between the computerized and PP testing (Csap6 et al., 2014). The
transition from the traditional delivery to an online platform can help to improve the reliability
and standardization of the tests (Csapd et al., 2012). For example, studies by Csapd et al.
(2009), which assessed IR ability of the 11-year-old children, showed that the paper and online
versions were comparable in terms of reliability in both sub-sample and entire sample levels,
but the mean scores favoured the paper-based assessment group. Similarly, no media effects
were found in the RPM Test (Williams & McCord, 2006), and even the reliability of the online
tests was rather higher than that of the paper version (Csap0 et al., 2014). Moreover, Schroeders
and Wilhelm (2010) conducted a study to assess a verbal, a numerical and a figural reasoning
test, which was delivered on computers, notebooks and PP. The authors concluded that only a
small and even uncorrelated effect of administration modes were indicated regarding
intercorrelation of the structures of the reasoning tests. However, these findings informed that
the mean score in the paper format was higher than others. Resing et al, (2017) described that
an electronic device is possible to present a series of tasks to track children’s responses and the
timing of those responses. In computerized simulation assessment, students can operate to
control variables and predict the visualized results reasonably. For instance, an empirical study
by Al-Balushi and his colleagues (2017) showed that applying three-dimensional animated
illustrations at the particulate level of matter allowed students to interact between
submicroscopic entities which are not observable. These findings further indicated that rich-
visualized environment can enhance learners’ reasoning ability.

The most popular online testing platforms were such Testing Assistée par Ordinateur
(TAO) (Luxembourg) (and it adapted versions), platform Concerto v3.9.14 (Germany) (Blum
et al., 2016) and eDia (Hungary) (Csap6 & Molnér, 2019).
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2.1.8 The effects of gender, age and educational programs on reasoning

Gender differences have presented an important objective when assessing reasoning as
indicated in 30% of selected studies. In a comparison of reasoning ability in males and females,
inconsistent findings were reported in different studies in both IR and SR. Particularly, some
papers reported a significant difference in IR between male and female students, favouring
males (Blum et al., 2016; Jeotee, 2012; Kambeyo & Wu, 2018; Kyllonen et al., 2019; Tairab,
2015; Tekkaya & Yenilmez, 2006; Venville & Oliver, 2015). In contrast, another study showed
that girls got higher scores than boys on the IR test (Diaz-Morales & Escribano, 2013).
Meanwhile, other studies found no significant disparities regarding genders in reasoning ability
(Kambeyo, 2018; Molnar, 2011; Salihu et al., 2018; Van Vo & Csap06, 2020), and even no
significant gender differences was found in online training program for enhancing basic math
content through IR tasks (Mousa & Molnér, 2020). For SR, boys performed better than girls
did in some studies (Tairab, 2015; Tekkaya & Yenilmez, 2006; Valanides, 1997), but others
found that there was no significant difference between male and female students (e.g. Mayer
etal., 2014; Piraksa et al., 2014; Thuneberg et al., 2015). Culture may be an underlying factor
impacting these divergent results.

As for the reasoning ability across age or grade levels, around 12.5% of the studies
explored the development of reasoning in school-year children. Developments of students’
reasoning were observed grade by grade during secondary school years, but the growth rates
were different in different pairs of age groups (e.g. Csap6, 1997; Diaz-Morales & Escribano,
2013; Ding, 2018; Edelsbrunner, 2017; Kwon & Lawson, 2000; Molnér et al., 2013; Muniz et
al., 2012; Van Vo & Csap0, 2020). In other words, the age-group or grade level was associated
to IR ability in children (Stevenson et al., 2013). Particularly, IR has improved across education
level system, from the 1%t to 5™ grade and from the 3™ to 11™ grade (Muniz et al., 2012). The
most rapid development was identified at the 6th-7th-grade period (Csap6, 1997; Diaz-Morales
& Escribano, 2013; Molnar et al., 2013). Likewise, students’ scores on SR tests showed a slight
increase from first to third grade, followed by a surge in both 4" and 6™ grades (Edelsbrunner,
2017) and age range of 13-15 years (Ding, 2018), but the growth slope seemed to slightly
reduce after the 91" grade (14 - 15 years) (Kwon & Lawson, 2000). Further, Tairab (2015) found
that students from the 8™, 10" and 12" grades performed differently in SR, with the older
groups tended to achieve higher scores in control of variables. However, scientific reasoning
capacity in university students improved slowly through the entire 4 years in the higher

education level (Ding, 2018; Ding et al., 2016). Overall, the patterns of development in
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reasoning during school showed similar trend across cultures with a noticeable growth during

the middle school years (7 to 9" grades).
2.1.9 Reasoning and academic achievement

More than a third of the studies investigated reasoning ability as a significant predictor of
academic performance. All the studies concluded that students who achieved higher scores on
IR tests tended to receive higher scores in school performance or grade point average (GPA)
(Ariés et al., 2016; Csap0, 1997; Diaz-Morales & Escribano, 2013; Mehraj, 2016; Mollohan,
2015; Stamovlasis et al., 2010; Strobel et al., 2019; Tekkaya & Yenilmez, 2006; Venville &
Oliver, 2015), with the exception of a study conducted at a Thai university (Jeotee, 2012).
Analogical reasoning and SR are the dominant predictors of scientific concept construction and
content knowledge (Chuang & She, 2013). The ability and experience to use the prior
knowledge was strongly correlated with subtests in the SR tests (proportional reasoning,
control of variables and probability reasoning) (Hejnova et al., 2018). Many studies carried out
how SR is linked to problem-solving and other competencies. A quarter of the articles reviewed
explored the relationships between reasoning and problem-solving. All these findings reported
that there was a positive relationship between IR, SR and problem-solving abilities (Boujaoude
etal., 2007; Csap0, 1997; Jeotee, 2012; Mayer et al., 2014; Molnar et al., 2013; Rudolph et al.,
2018; Vainikainen et al., 2015; Wu & Molnar, 2018).

STEM subjects were the most common disciplines assessed along with reasoning (Boros
& Sas, 2011; Mollohan, 2015; Stender, Venville & Oliver, 2015). Although there was a
significant positive association between non-verbal reasoning and performance on
mathematics and reading tasks (Salihu et al., 2018), reasoning positively affected learning
content knowledge, and vice versa. For example, learning science content from inquiry
activities contributed to cultivating children’s reasoning proficiencies. A high performance in
domain-specific science learning can transfer to domain-general thinking skills, but
general cognitive skills such as IR sometimes plays as a mediating role on inquiry skills for the
development of children’s SR (Stender et al., 2018). Students’ GPA (Thuneberg et al., 2015)
and mathematics achievement (Stevenson et al., 2013; Valanides, 1997) were significant
predictors of students' performance in SR, and SR was the main factor predicting knowledge
concept gains (Kwon & Lawson, 2000; Valanides, 1997). Additionally, a strong relationship
was found between IR and reading in English as a foreign language in which IR affected
stronger than that of socio-economic status (Nikolov & Csapd, 2018). Nonetheless, a study of

Hejnova et al. (2018) showed that dimensions of SR did not correlate significantly with school
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performance either in mathematics and physics. Other findings indicated that there was no or
a weak relationship between SR and GPA in higher education (Ding et al., 2016; Jeotee, 2012;
Mollohan, 2015).

2.2 Reasoning, motivation, and academic achievement
2.2.1 Science motivation and its role in learning science

Several theoretical perspectives have been developed to explain why students are engaged in
an academic activity. The core aspects of educational motivation are students’ goals, the
intrinsic and extrinsic nature of motivation, students’ beliefs about their competencies and
students’ perceived evaluation of academic tasks. Garcia and Pintrich (1995) recommended
that motivation factors include self-perception, effort, intrinsic goal orientation, task value,
self-efficacy, test anxiety, self-regulated learning, task orientation and learning strategies.
According to Glynn et al., (2009), motivation to learn refers to “the disposition of students to
find academic activities relevant and worthwhile and to try to derive the intended benefits from
them” (p. 128). Additionally, Anderman and Dawson (2011) summarized four theoretical
perspectives on performance of motivation: the goal orientation, socio-cognitive, self-
determination and expectancy-value theories. Other scholars have focused on the essential
reasons that students choose to engage in tasks, such as mastery goals and performance goals.
Meanwhile, socio-cognitive theorists often examine the interactions between the learner, the
environment, and other relevant factors. Self-efficacy is one of the main factors in determining
a person’s beliefs about the ability to complete a task, and students with high self-efficacy are
able to execute a learning task regardless of its difficulty (Tuan et al., 2005).

Informed by these different approaches, several instruments have been developed to assess
science motivation in an educational setting. Glynn and his colleagues (2009) developed the
Science Motivation Questionnaire 1l, covering five subscales: intrinsic motivation, self-
determination, self-efficacy, career motivation, and grade motivation (Glynn et al., 2011).
Jozsa (2014) proposed the Subject Specific Mastery Motivation Questionnaire, involving six
school subjects (reading, mathematics, science, English as a foreign language, art, and music)
and school mastery pleasure in 5-point Likert-type items. The students’ motivation towards
science learning (SMTSL) questionnaire (Tuan et al., 2005) was the first subject-specific
assessment tool to assess students’ motivation in science learning. The basic theories behind
the SMTSL are a combination of constructivist learning and motivation in an educational

environment. The questionnaire was composed of 5-point Likert-type questions on self-
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efficacy, active learning strategies, science learning value, performance goals, achievement
goals, and learning environment stimulation.

SM plays an important role in learning science and is a major predictor of science
performance in schools (Cavas, 2011; Chan & Norlizah, 2018; Clark et al., 2014; Glynn et al.,
2009; Tsai et al., 2015). Several studies (Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et
al., 2013; Tuan et al., 2005) have shown that students with higher motivation are likely to
achieve higher performance in learning science, in which self-efficacy is one of the central
factors predicting academic achievement at the primary and secondary education levels
(Bouffard et al., 2001; Britner, 2008; Peetsma et al., 2005). The 5-year panel analysis study in
Korea also found that academic performance and self-efficacy formed a longitudinal causal
relationship (Hwang et al., 2016). Additionally, the Programme for International Student
Assessment (PISA) reported that 15-year-old students who indicated greater motivation scored

higher on PISA school subject tests than their peers within the same country (Mo, 2019).
2.2.2 The effects of age and gender on science motivation

From a socio-cognitive viewpoint, academic motivation is formed from both contextual factors
and student cognition (Anderman & Dawson, 2011; Pintrich & Schunk, 2002). Empirical
studies (e.g. Dorfman & Fortus, 2019; Jozsa et al., 2017) have indicated changing patterns of
science motivation across grade levels. The general findings are that students’ motivation tends
to drop gradually as they move through the school system. A two-year longitudinal study
(Bouffard et al., 2001) showed that students’ experience declined in terms of self-efficacy
belief and learning strategies on reaching secondary school, while Hoffman (2015)
demonstrated that the initial passion for formal learning scattered across the middle school
years (7" to 91 grades) before plummeting in high school. Furthermore, a 5-year longitudinal
study by Gottfried et al. (2001) described academic intrinsic motivation significantly
decreasing in a linear trend over the years, but the reduction rates for motivation depended on
the particular subject areas, with maths showing the largest decline and social studies seeming
unchanged. It appears that the developmental change in students’ motivation in schools may
be related to biological development.

Concerning gender differences, previous studies on SM showed inconsistent findings in
different contexts. No significant gender-related differences have been found in motivation
towards science scales (e.g. intrinsic and extrinsic motivation, self-determination and self-
efficacy) (Britner, 2008; Glynn et al., 2009; Zeyer, 2010; Zeyer & Wolf, 2010), although boys
scored slightly higher points in self-efficacy than girls and girls received higher scores on the
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self-determination scale (Britner, 2008; Glynn et al., 2009). Some studies that implemented the
SMTSL questionnaire found that males did not differ from females in science motivation in
terms of self-efficacy, learning environment stimulation or active learning strategies (Andressa
et al.,, 2016; Cavas, 2011; Chan & Norlizah, 2018), but females were significantly more
motivated regarding science learning values and achievement goal scales (e.g. Cavas, 2011;
Chan & Norlizah, 2018) as well as performance goals (Andressa et al., 2016). Other studies
have indicated that females scored higher on achievement goals (King & Ganotice, 2014) and

on self-efficacy scales in Earth science (Britner, 2008).
2.2.3 Relationship between reasoning and science motivation

The relationship between intelligence and motivation has been considered in previous studies
(e.g. Gagné & St Pere, 2001; Preckel et al., 2008; Spinath et al., 2006). For example, the study
by Spinath and colleagues (2006) demonstrated that children with higher intelligence are likely
to achieve higher academic performance in self-concept, self-efficacy and intrinsic values. A
meta-analysis drawing from 74 empirical studies (Kriegbaum et al., 2018) also concluded that
intelligence and motivation have a positive relationship (r = 0.17) and estimated 16.6% of the
overall explained variance in school attainment. In addition, Chraif and Dumitru (2015)
revealed that students who perform better on IR tests tended to obtain higher points on
motivation surveys than their peers, and an online assessment by Kambeyo (2018) found a
statistically significant correlation between IR and SM though the relationship was not strong.

Moreover, collaborations between parents’ education, cognitive ability and achievement
motivation in affecting academic achievement were examined in a study by Ganzach (2000).
This study also uncovered that children’s cognitive ability has a positive relationship with their
mother’s education but not with their father’s education. A synergistic interaction was also
found between cognitive ability and academic motivation in predicting student achievement in
schools. In other words, the interplay of reasoning and motivation may be an underlying
predictor of school achievement, and both constructs can thus contribute to explaining a higher

proportion of explained variance in total.
2.2.4 Parental influences on student motivation and school achievement

Interactive activities in school and family environments are likely to impact children’s
academic motivation and achievement (Pintrich & Schunk, 2002). Experiences in classrooms
notably impact student motivation and school performance (Bathgate & Schunn, 2017

Hernesniemi et al., 2020). Students’ motivation toward learning is positively tied to parental
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involvement in schooling (Fan et al., 2012; Gonzalez-DeHass et al., 2005) and parents’
education levels (Acharya & Joshi, 2009). There is even a strong link between parental care
(warmth and volitional support) and mastery motivation, in which mothers’ care was a better
predictor of mastery motivation and school achievement (J6zsa et al., 2019). Studies on the
family-school connection have demonstrated the importance of the relationship between
parenting factors and school-related performance (Gonida & Urdan, 2007). As shown in the
PISA 2015 results, parental involvement, consisting of parents’ participation in school-related
activities and parents’ interest in their children’s school activities, was positively related to not
only children’s success in learning science, but also to other areas (OECD, 2017a). A
longitudinal study by Fan and Williams (2010) also confirmed that there was an aggregate
impact of interactive variables, including intrinsic motivation, and parental involvement and
engagement on learning maths and English. Moreover, the interactions between parents’
education, cognitive ability, and achievement motivation in shaping academic achievement
were examined in a study by Ganzach (2000). This supposes that the complex relations
between parental involvement in children’s schooling and academic motivation are reinforced
by the parents’ education levels variable which is directly linked to cognitive ability, and all of

this has an effect on children’s academic performance.
2.3 Studies on comparisons of modes of administration

TBA has been highly beneficial for students, teachers, test administrators and other
stakeholders. TBA supports the collection of reliable data, allows personal administration to
students during the testing process, and saves time when scoring and analyzing the results. It
also permits the direct tracking of students by displaying score reports immediately and storing
them in individual logfiles in an integrated data management system (DiCerbo et al., 2017).
Despite the many benefits of TBA, its equivalence to traditional assessment is still a subject of
debate.

Several studies conducted over the past decade have produced divergent results on the
equivalence of TBA and paper-based tests (Gates & Kochan, 2015; Williamson et al., 2017).
Research by Kim and Huynh (2010) demonstrated that the English-language test being
measured was equivalent in terms of internal consistency across modes of administration and
that most items performed similarly between the paper and online groups using differential
item functioning (DIF) analysis. As for the reading test, the cross-mode equivalence was
confirmed with respect to model construct reliability, and no significant difference was found

for multiple-choice format as regards item difficulty (Buerger et al., 2019). However,
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Schroeders and Wilhelm (2010) found that children achieved higher scores in paper versions
than their peers did in computer test versions. They also found that a significant difference
occurred in science subjects, but the mean scores in mathematics and social studies were not
significantly different between the two modes of administration. Furthermore, a study by
Hassler Hallstedt and Ghaderi (2018) concluded that although students achieved lower scores
on the tablet-based version of a basic math test than they did on the paper-based one, there
were consistent results in terms of validity and reliability across the two test formats.
Meanwhile, findings by Neumann and Neumann (2019) also suggested that the construct
validity of the tablet-based test version was consistent with that of the paper-based one, but the
mean score of the students who took the tablet-based test was higher than that of the group
completing the traditional version.

For cognitive tests, the transition from traditional delivery to an online platform may
increase reliability and standardization (Csap0 et al., 2012). Specifically, the reliability of the
inductive reasoning test showed a good level in both the paper and online formats but favored
the online mode (Csap0 et al., 2014). Moreover, an investigation by Schroeders and Wilhelm
(2010) compared the effects of differing media delivery of reasoning tests (verbal, numerical
and figural). The authors found no significant differences in test reliability across these
different media, but the average score on the paper test was higher than that of the other test.
However, a study by Bailey et al. (2018) did not confirm measurement invariance through the
structural equation modeling approach across the computer-based and paper-based versions,
although the reliability of the spatial test favored the latter. Likewise, Williamson et al. (2017)
found that students tend to perform better on the spatial test in online format (effect sizes: d=
0.27 for the Mental Rotation Test), but they performed significantly better on both subtests on
the reasoning test in the paper-based version (effect sizes: d= 0.2 and 0.30).

In short, the average score seems to favor the paper-based group, although the
psychometric properties of the test, i.e. reliability and validity, are consistent across the two
formats. Most previous empirical studies considered evaluating the validity evidence for the
internal structure of a test and the proposed interpretation of the mean total scores for particular
purposes (Gates & Kochan, 2015; Williamson et al., 2017). It is essential to use multiple
sources of evidence to evaluate the performance of a test. This study tends to employ a
multifaceted approach focusing on invariance measurement, the performance distribution of
the Rasch model scale and DIF analysis to compare equivalence between the two modes of

administration.
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2.4 Conclusion and discussion

The chapter attempts to pinpoint the possible connections between theoretical concepts and the
empirical paradigms to elucidate the construct of the instruments, psychometric approaches in
space of assessing reasoning capacity and science motivation in school settings. We also
investigated the main relevant factors (demography and cognition) influencing the reasoning
ability and science motivation as well as the relationship with academic success of students
across the former studies.

Amongst reasoning forms, IR and SR are mostly interested in studying in school settings
due to its important roles in learning school subjects and the feasibility of being enhanced in
educational contexts (Adey & Csap0, 2012; Klauer & Phye, 2008; Sternberg, 1986; Sternberg
& Sternberg, 2012; Wesiak, 2003). IR, the heart of fluid intelligence (Perret, 2015), and SR,
one of the two foundational pillars of scientific literacy (Lawson, 2009), are increasingly
considered in educational research. The problem tasks for measuring reasoning seemed to
remain unchanged over twenty-three years, but most of them have been transformed from PP
to TBA versions on computers and other electronic devices. As numerous studies claimed,
students should be equipped with well-developed reasoning skills to succeed in 21%-century
life. The relevant research has dramatically broadened in recent years in both domain-general
and domain-specific thinking, especially applying new technology in assessing thinking
proficiency of students.

To assess the ability of IR, a diversity of problem tasks were proposed, but in general they
consist of main task, so-called analogies, series completions and matrices varying through
verbal, geometric, figural and numerical materials. The analogies tasks, constructed of the
materials in geometry and figure, are the most intensively applied in a variety of IR tests. In
fact, the young children seem to be more motivated on the IR tasks which are contextualized
realistically (e.g., furniture, toys, and animals) than those on artifact objects. However, more
studies should continue to investigate the associations among reasoning domains (daily
context, domain-specific and domain-free) to provide more empirical evidence for building the
appropriate schemas in teaching and assessment purposes in school settings.

In line with a review paper of Opitz et al. (2017), multiple-choice format is still the most
popular one to assess IR and SR, but it becomes more diverse in rich-technology media. As
transformation into a multimedia environment, the selected-response has been more flexible
and interactive in the graphic interface, in which participants can drag and drop the

alternative responses to solve the problem tasks. The terms ‘“draggable”, “droppable”,
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“sortable” and “clickable” have become the most commonly used terminology-related terms
in test development within new electronic devices such as smartphones, tablets and wearable
devices. Touch screen or drag-and-drop method is a potential approach for both test-takers
responding and tracking their processes. Nevertheless, constructed-response format still plays
a typical role in particular cases of estimating reasoning ability. For instance, the second item
in two-tier questions in constructed-response format is still useful for evaluating the
respondents’ explanation in SR tasks.

Rasch measurement is a mostly used psychometric modelling chosen in practicing to test
models and interpreting the results in reasoning studies. The findings are in line with a review
study by Edelsbrunner and Dablander (2019), which exposed that the major psychometric
approach for weighing the quality of test items was the infit parameter in Rasch model
measurement. Researchers tend to draw interpretations based on not only the infit values for
single items to test a good fit model, but also considered classical statistics indices such as
discrimination values, percentage of correct answer for inferential purposes. The Wright map
is most frequently used to visualize the relationship between participant response and item
difficulty. These psychometric approaches could be replicated in investigation of IR and SR.
More complex assessments and multivariate analyses are required to describe the relationships
between reasoning and other cognitive, non-cognitive, and environmental factors. Systematic
modelling structures are called for to establish causal relationships between them.

Gender difference is inconsistent across reviewed studies, but the finding is in line with
recent meta-analytic study of Waschl and Burns (2020) for adults, showing that in most
situations, effect size was so small, implying no significant gender differences. Other studies
revealed that males seem to be favoured on IR tests with figural material. Although this study
indicated that the influence of the choice of test battery can cause sex differences, the culture
may be one of the silent factors impacting these conflicting results.

Scientific reasoning is often assessed along with IR to examine the relationship between
these relevant variables. General thinking in terms of IR and SR are closely tied in predicting
scientific concept construction and content knowledge (Chuang & She, 2013). The IR and prior
knowledge was main factors in explaining children’ SR ability (Hejnova et al., 2018). Thus,
assessing the kinds of reasoning contribute to not only understanding the interaction between
these kinds of reasoning, but also partly estimating the success of current curricula in enhancing
thinking skills for students.

Despite the former studies identified reasoning capacity progressed across the grades with

different rates, the results also showed that the reasoning proficiency in children develops most

44



rapidly in the middle school level, recommending that the lower secondary school is the most
appropriate time to promote thinking skills. Thus, parents and teachers should be aware of the
opportunity to boost children’s reasoning skills in those years. Both physical and social
experience influenced scientific reasoning ability (Kwon & Lawson, 2000), so teachers can
facilitate more inquiry-based activities through learning science topics to enhance both general

cognitive skills and knowledge gains.
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CHAPTER 3. METHODOLOGY OF EMPIRICAL STUDIES

3.1 Cross-sectional investigation

An effective developmental study requires longitudinal surveys and takes as long as the
developmental process that is being observed. Therefore, developmental programs spanning
several years are expensive, require stable long-term funding, and are therefore rare. However,
if the environmental conditions for development are constant or change relatively slowly
compared to the developmental process under observation, these processes may be estimated
through cross-sectional assessment. Though cross-sectional data are more biased if the period
covered is longer and the assessed age groups are influenced by different environmental factors
(e.g. Baltes, 1968; Maxwell & Cole, 2007), they can provide acceptable estimates of real
developmental process when surveying schoolchildren who develop within slowly changing
educational systems.

Longitudinal studies of motivation usually take less than 2 years (e.g. 2 months in a study
by Datu et al. (2018); 3 months in Schwartz and Waterman (2006); 4 months in Bathgate and
Schunn (2017) and 21 months in Chapman (1988)), while studies covering 3 or more years are
very rare (e.g. 3 years in Becker et al. (2010); and 8 years in Gottfried et al. (2001)). As for IR,
its development has also been studied both in cross-sectional (Csapd, 1997; Molnar et al., 2013;
Van Vo & Csapd, 2020) and longitudinal investigations (Ifenthaler & Seel, 2011). Cross-
sectional study of the present study conducted in four to five cohorts. Although cross-sectional
studies may not provide intact developmental data, the grade-level differences observed may
offer a satisfactory estimate of the main trajectories in the Vietnamese context, where the
current national education curricula have been consistently implemented across the country

since 2002. Table 3.1 provides the brief of three cross-sectional studies in this project.
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Table 3.1. A series of cross-sectional studies.

Timeline Main aims Instruments Samples
September - Validating the - IR test 5t 7t 9" and
& October  instruments - SMTSL questionnaire 11" grades
2019 - Exploring the trajectories - Background N =701

of IR and SR questionnaire

- Examining latent factors
predicting individuals’ IR

October & - Exploring developments

November  of IR and SR across cohorts

2019 - Investigating the
interaction among IR, SR,
SM and parental factors in
predicting students’ STEM
achievement

- IR test

- SMTSL questionnaire
- Background
questionnaire

6, 8" 10", and
11" grades
N =733

January & - Developing and

February validating the CVS test in

2020, 2021  physics
- Investigating
development and
relationships of CVS and
physics motivation in
secondary school students
- Exploring factors
contributing to explaining
individual CVS capacity,

- CVS test

- SMTSL questionnaire
- Background
questionnaire

gth oth 10t 11th,
and 12" grades
N =807

3.2 Instruments
3.2.1 Reasoning tests

3.2.1.1 Inductive reasoning test

Klauer and Phye (2008) pointed out that IR refers to discovering regularities by finding

similarities, dissimilarities, or a combination of both with regard to the attributes of or relations

to or between objects. Inspired by the point, the IR tasks were composed of domain-general

and non-verbal material with 4 subtests: figure analogies (FA), figure series completion (FS),

number analogies (AN) and number series completion (NS). The item pool was developed by

the Research Group on the Development of Competencies at the University of Szeged. The

original items included four subtests in Hungarian translated into English and other languages.

Several empirical studies were conducted with school-age populations to establish its reliability

and predictive validity across cultures, such as in in Hungary (Csap0, 1997; Pésztor, 2016;
Pasztor et al, 2017) and Finland (Csapé et al., 2019; Molnar & Csap0, 2011), Namibia
(Kambeyo, 2018), China (Wu & Molnar, 2018) and Indonesia (Saleh & Molnar, 2018).
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The foundational criteria for selecting items were based on the structure of each item and
evidence from previous studies. Firstly, we investigated the composition and the rules in each
item because one item typically contains certain kinds of figure or numbers. We were
concerned about the diversity of the items and avoided tasks which contained similar rules or
constructions of the test. Then, we referenced the item difficulty from empirical studies. The
test was expected to measure the appropriate abilities covering all students in the sample.
Finally, the 32-item IR test was adapted and translated from English into Vietnamese, with a
subtest consisting of eight items. A correct answer was assigned 1 point, and an incorrect
answer was assigned 0 points for all the items.

The online test was developed within the Electronic Diagnostic Assessment System
(eDia), a platform created by the Center for Research on Learning and Instruction at the
University of Szeged (Csapd & Molnéar, 2019; Molnar & Csapd, 2019). The eDia platform
supports the entire item writing and test editing process as well as delivering tests and providing
feedback. The eDia system is an easy-to-use diagnostic instrument containing item banks to
support personalized teaching and learning in reading, mathematics and science. Students may
access eDia using a standard Internet browser, such as Mozilla Firefox and Google Chrome,
with the IT infrastructure available at schools (desktop computers and mobile devices). Beyond
its main function, the online platform may be used for completing sophisticated research tasks,
such as logfile analysis (Greiff et al., 2018; Csapé & Molnar, 2019).

Figure 3.1. presents examples of IR tasks available on the eDia platform. The exact same

layout was used in the PP version (See Appendix B).

OOO®GO = = [
—
@ & ® =B
Figure series completion task Figure analogies task
2 =2 5 =% 30 124 7]11]f16

8 —>

B 26 17 20 19 22 21 29
28 18 48 40 38

Number analogies task Number series completion task
Figure 3.1. Examples of items on the inductive reasoning test.
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3.2.1.2 Scientific reasoning test

We composed 18 items to measure SR, covering main tasks such as conservation,
classification, proportional reasoning, correlational reasoning and IR with elements
constructed of science content. The content knowledge of the test items is related to basic
concepts of science subjects in secondary educational curricula in Vietnam. Most of the items
were adapted and translated into Vietnamese from the original test of Korom et al. (2017).
Two items were adapted from LCTSR (Lawson, 2000) and the scientific reasoning test by
Hanson (2016), and only one new item was composed by the authors. The items were modified
into multiple-choice format and each item contained a correct answer and three distractors. We
used a multiple-choice format because it is the most popular one in measuring SR (Opitz et al.,
2017), and it can provide the opportunity to increase the precision when measuring a larger
number of respondents with smaller effect sizes than other question formats (Schwichow,
Croker, et al., 2016). We also tried to minimize the impact of students’ reading ability levels
by reducing the texts and presenting more visualized representations with figures and graphs.
The Figure 3.2 illustrates two items in the SR test (see Appendix C).

SRO1. Put the pictures in the right order, selecting ONLY one option below.

S )
Pt o
@ (ID) (IID) Iv)
A. (D) — (I) — (III) — (IV) B. (II) — (IV) — () — (IID)
C. () — (IV) — (1) — (I) D. (IV) — (II) — (III) — (I)

a) A series completion with discipline content task.
SM13. Minh, Tram and Diing marked cities as travel destinations at a distance of 10 cm
from the capital city on maps using different scales. Which city should be best
approached by bicycle, car or plane? Choose the appropriate means of transport for each

child.

students | Scale of the map A. Minh: bicycle, Tram: car, Diing: plane.

Minh 1:1,500,000 B. Minh: car, Tram: bicycle, Diing: plane.
Trim 1:40,000 C. Minh: plane, Tram: car, Diing: bicycle.
Diing 1:11,600,000 D. Minh: car, Tram: plane, Diing: bicycle.

b) A proportional reasoning task.
Figure 3.2. Examples of (a) a series completion with discipline content task and (b) a

proportional reasoning task in the SR test.
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3.2.1.3 Control of variables strategy in physics test

The control of variables in physics (CVSP) test involves 24 items, including three subskills of
CVS: Identifying controlled experiments, interpreting the outcome of a controlled experiment
and understanding the determinacy of confounded experiments. The content of test items is
related to physics including basic concepts matching to secondary educational curricular in
Vietnam such as mechanics, heat and thermodynamics, and electricity and electromagnetism.
The 24-item test covers both cognitive processes in terms of CVS and domain-content in
physics.

We developed the test items in the multiple-choice format, comprising a stem with three
distractors and one correct answer. A correct answer and incorrect answer were scored 1 and 0
points, respectively. The test specification and development are discussed further in Section
6.3.1.

3.2.2 Student questionnaire
3.2.2.1 Students’ motivation toward science learning questionnaire

Our study adapted the SMTSL questionnaire developed by Tuan, Chin and Shieh in 2005. Tuan
et al. (2005) supposed that self-efficacy, science learning value, learning strategies, individual
learning goals and learning environment stimulation are foundational elements of motivational
factors in assessing students’ science learning motivation. The questionnaire was therefore
developed based on these components. The self-efficacy subscale measures students’ beliefs
about their capacity to perform well on science learning tasks (e.g., | am sure that I can do well
on science tests). The active learning strategies subscale focuses on how students apply the
various strategies to acquire new knowledge based on their personal experience (e.g., When
learning new science concepts, | connect them to my previous experiences). Science learning
value refers to what students can achieve in their daily lives when they attend science courses,
such as scientific reasoning, problem-solving skills, and science knowledge (e.g., | think that
learning science is important because it stimulates my thinking). Performance goals denote
students’ goals in science learning such that they compete with other students and draw their
teacher’s attention. The achievement goals subscale assesses students’ satisfaction with their
performance in science learning (e.g., During a science course, | feel most fulfilled when | am
able to solve a difficult problem). In the current study, our adapted instrument focused on

achievement goals. The performance goals subscale was not included in this study because we
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reduced the number of items to match the limited time of the 45-minute period suggested by
principals at the participating schools. The learning environment stimulation subscale entails
the curriculum, instruction, and the learning environment, which influences students’ science
learning motivation (e.g., | am willing to participate in this science course because the teacher
does not put a lot of pressure on me).

Various empirical studies (e.g. Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et al.,
2013; Shaakumeni & Csapd, 2018; Tuan et al., 2005) have provided evidence that the
instrument we have selected is reliable and valid in cross-cultural contexts. For example,
Cronbach’s alpha for the entire questionnaire in Taiwan was 0.89 and ranged from 0.70 to 0.89
for each subscale (Tuan et al., 2005), it was 0.87 in Turkey, ranging from 0.54 to 0.85 for the
scales (Cavas, 2011), and it was 0.68 to 0.82 in Greece (Dermitzaki et al., 2013), 0.84 in
Malaysia (Chan & Norlizah, 2018), and 0.79, ranging from 0.66 to 0.77, in Namibia
(Shaakumeni & Csap06, 2018). In this study, we employed the adapted questionnaire and
analysed 18 items on five subscales: self-efficacy, active learning strategies, science learning

value, achievement goals and learning environment stimulation.
3.2.2.2 Students’ motivation and attitude in learning physics questionnaire

The questionnaire was adapted and translated into Vietnamese languge from the student
questionnaire in TIMSS 2015 (separate science subjects: Physics in school) (Hooper et al.,
2013; TIMSS, 2015). The questionnaire involves three main motivational scales as follows:
students like learning physics, students’ views on engaging in physic lessons, and students’
confidence in learning physics.

The students like learning physics (hereafter referred as “Like learning” or “LL”) scale
measures how much students like learning physics in the school based on their level of
agreement with the nine statements. In this scale, students responded to the following question
“How much do you agree with these statements about learning physics?”” with nine statements
(e.g., “I enjoy learning physics”, “I wish | did not have to study physics”, “I learn many
interesting things in physics”).

The students’ views on engaging teaching in physic lessons (hereafter referred as
“Engaging teaching” or “ET”) scale was used to ask students’ perspectives on the physic
lessons in schools. The scale starts with the question “How much do you agree with these
statements about your physics lessons?”” with the following ten items (e.g., “I know what my
teacher expects me to do”, “My teacher is easy to understand”, “I am interested in what my

teacher says”).
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The students’ confidence in learning physics scale (hereafter referred as “Confidence in
learning” or “CL”) was used to estimate how confident students feel about their ability in
physics. It was composed of the question “How much do you agree with these statements about
physics?”, followed by the possible levels of agreement along with the nine statements (e.g.,
“I usually do well in physics”, “I learn things quickly in physics”, “I am good at working out
difficult physics problems”). There are four possible options (“Agree a lot”, “Agree a little”,

“Disagree a little”, and “Disagree a lot™) to respond to each statement.
3.2.2.3 Background questionnaire

We adapted the student questionnaire from PISA 2015 (OECD, 2015) and translated into
Vietnamese language. The questionnaire was designed to collect data related to students’
background, parents’ education level and parental involvement in schooling. Students were
asked to respond to items by weighing their perceptions about parent’s involvement regarding
parental support, engagement, and interests in school activities. In this part, students also
reported their scores of the discipline tests in the previous semester. The background
questionnaire is placed in the first section of each test instrument. The questionnaire was

embedded into both PP and online versions.
3.3 Data analysis
3.3.1 Factor analysis

Principal component analysis (PCA) is a popular statistical method for reducing data with
several dimensions or variables. Such method uses linear combinations of the variables to
project the data with fewer dimensions. PCA is a classical multivariate statistical method that
is used to interpret the variation in high-dimensional interrelated dataset. PCA reduces the high-
dimensional interrelated data to low-dimension by linearly transforming the old variable into a
new set of uncorrelated variables called principal components when retaining the most possible
variation. The eigenvalues can help to retain the number of principal components. In general,
principal components with eigenvalues > 1 contribute greater variance and should be retained
for further analysis. Using the scree plot as the structure to analyse the criterion found, and
factor loadings of the items is at least above .30.

Confirmatory factor analysis (CFA) is one of the appropriate methods to evaluate the
construct validity of the adapted instruments with the Structural Equation Modelling (SEM)
approach. We utilized CFA to evaluate the construct validity of the adapted instruments as a

criterion for further analysis with the Rasch model. CFA is often conducted to assess the fit of
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the model using the standardized root mean squared residual (SRMR), the root mean square
error of approximation (RMSEA), the comparative fit index (CFl), and the Tucker—Lewis
index (TLI). Fit indices refer to a measure of how well the rotated matrix matches the original
matrix. It involves goodness-of-fit statistics (TLI, CFI), which require large values and
compares a reproduced correlation matrix to a real correlation matrix. Residual statistics
(RMSEA, SRMR), which are expected to have small values, look at the residual matrix. The
RMSEA is also used to calculate the “probability of a close fit” or p-close statistic. The CFlI
assesses the relative improvement in the fit of a model compared with the baseline model, and
ranges between 0 and 1. Other index is weighted root mean square residual (WRMR), which
was proposed as being suitable with non-normal outcomes. A model is accepted when the
WRMR value is equal to or less than 1.0 for the model (Yu, 2002). The popular cut-off criterion
is used mostly to assess the model fit in educational research: RMSEA < 0.06, CFI > 0.90,
SRMR < 0.08 (Hu & Bentler, 1999). Confirmatory factor analysis was also performed to
investigate the equivalence of the factor structure of the test across the administration modes.

3.3.2 Rasch model measurement

IRT is an encouraging technique for data analysis in assessing learning and cognitive potential
in educational settings (Stevenson et al., 2013). Rasch model is a psychometric modelling
measurement chosen for investigating test models and interpreting the results. The Rasch
model, named after George Rasch, considers the relationship between the type of error made
and the ability of the student during the assessment. Rasch’s approach was used to examine the
relationship between the test-takers’ abilities and their responses to the test items. This
psychometric model presents the probability of a person solving an item predicted from the
relationship between the person’s ability level in describing a latent trait and the item’s
difficulty level on the same continuum (Andrich & Marais, 2019). A “logit” scale was applied
to express item difficulty on a linear scale that can essentially broaden from negative infinity
to positive infinity. This model plays an important role in test development progression. The
model Rasch model can be used to scale dichotomous and polytomous items (Partial Credit
analysis).

As reviewed from a study by Edelsbrunner and Dablander (2019), the major psychometric
approach in assessment of scientific reasoning is Rasch modelling with a focus on drawing
interpretations based on both item infit statistics and classical statistics (e.g. discrimination
values and percentage of correct answer). Therefore, in the present study, we employed the
Rasch model in ACER ConQuest software with dichotomous items (Adams & August, 2010)
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to convert the raw score data to a linear scale. Such outputs of the program provide the main
parameters of model fit statistics and reliability, item-model fit, item ability distribution fit, and
some main classical statistics indices.

Regarding dimensional model fit, the efficacy of the possible models in Rasch model
analysis is often based on three indices: the deviance, the Akaike information criterion (AIC)
and the Bayesian information criterion (BIC). The deviance is —2 log(L), with L being the
maximum of the likelihood function given the model. The AIC and BIC are calculated from
the deviance: AIC = deviance + 2n, and BIC = deviance + log(N) n, with n,, being
the number of parameters and N being the number of persons (Wilson et al., 2008). By
comparing the final deviances, AIC and BIC of the models, a model that gets the
lower coefficients implies a better fit. In each model, the cut-off standard for the acceptable
value of the infit index is in the range of 0.77 - 1.30 (Griffin, 2010). An item is considered as
an infit one in the Rasch measurement model if it meets this criterion. A good item is denoted
that the probability of students who have a correct answer for that item will increase with their
proficiencies. A Wright map is the most visualized means to explore the relation between

participants’ response and item difficulty.
3.3.3 Differential item functioning and differential bundle functioning

The differential item functioning (DIF) analysis was utilized to examine statistical
characteristics of an item. DIF examination provides evidence about functions by comparing
different abilities for members of individual groups to detect whether an item is fair or not
among the groups. This approach can be used to compare students’ performances between
subgroups such as gender and administration modes at the item level.

In the dissertation, we employed DIF analysis in the dichotomously scored items via
Angoff's delta plot method (see Angoff, 1982) with the R deltaPlotR package (Magis & Facon,
2014). The main assets of the approach are that it is a simple and straightforward method,
which relies on the particular items themselves, does not require intensive addition of other
power indices, so it can easily handle with small samples of respondents without relying on
asymptotic assumptions. The perpendicular distances of all delta points to the major axis are
calculated. If an item is located above the major axis (large positive distances), it is estimated
to be easier for respondents in the reference group, and vice versa. A small distance implies
that the item difficulty is similar across groups, indicating as a no DIF item. To test
measurement invariance for polytomous items, we used the R lordif package (Choi etal., 2011)

after testing the presence of DIF under the logistic regression framework. Pseudo R? statistics
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was suggested as magnitude measures and classified DIF as negligible (< 0.13), moderate
(between 0.13 and 0.26), and large (> 0.26).

Furthermore, we also conducted differential bundle functioning (DBF) or item bundle DIF
analysis which is the natural extension of the DIF approach. The framework for a studied DBF
often includes a bundle of items connected with the corresponding content area that matches
the test specifications and the associated subtest consisting of the remaining items. In the
current study, we applied the framework of Douglas et al. (1996), which used the Simultaneous
Item Bias Test (SIBTEST) method (see Shealy & Stout, 1993) to examine DIF in bundles.
Douglas, Roussos, and Stout (1996) proposed a multidimensionality-based DIF analysis
paradigm including DBF. The basic principle for a recognition of a differential functioning
bundles is that those items are identified through a common secondary ability in addition to the
target items. The R mirt package (Chalmers, 2012) was applied to assess DBF within the
function of the SIBTEST. The SIBTEST provides an estimate of the unidirectional DIF index
(Bs)- A negative S, indicates a DBF favouring the focal group and a positive S, implies a DBF
favoring the reference group (Douglas et al., 1996; Shealy & Stout, 1993).

3.3.4 The symmetric log-logistic model

There are several forms of the sigmoid curves to simulate the developmental process in
nonlinear regression approach. One of the most common curves is the symmetric log-logistic

model as follows:
d—-c
y=¢ T 1+exp(b(log(x)— log(ED50)))

Where:

y: the response,

(3.1)

c: the lower limit of the response when the dose x approaches infinity,

d: the upper limit when the dose x approaches 0,

b: the slope around the point of inflection,

EDS50: the dose required to reduce the response half-way between the upper and lower
limit.

The parameters of a sigmoid curve can be tailored to R drc package (Ritz et al., 2015). We
manipulated the feature of the development by fitting the scores with a logistic function in
Equation 3.1, in which x and y represent grade levels and student scores, respectively. In the
logistic model, to identify the grade level where the most rapid change happens in students’

scores, we computed the derivative of the logistic equation at x = ED50.
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3.3.5 Bayesian model averaging

To examine the better predictors, performing Bayesian estimation analysis with Bayesian
model averaging (BMA) is often used to identify these potential models. The approach can
potentially indicates significant improvements in comparison with the existing methods in
terms of both predictive and explanatory ability (Genell et al., 2010; Hair et al., 2010). First, in
the BMA technique all the best possible models were evaluated according to model fit
measured by the Bayesian information criterion (BIC) based on posterior model probabilities.
Then, for each explanatory variable the posterior effect probability was computed by averaging
over the posterior model probabilities of all models fit. Finally, the average mean and standard
deviation of each regression coefficient was estimated by weighted averaging of coefficients
under each separate model (see Genell et al., 2010; Raftery et al., 2020). In the current project,
we employed the BMA analysis with linear regression models in R package BMA (Raftery et

al., 2020). The best models were recommended based on the BIC for each manipulation.
3.3.6 Path analysis

Beyond the estimation of causal effects of the certain variables, understanding how these
variables exert their influence on the outcomes is important in analysing causal mechanisms in
applied research. In general, this method involves a set of linear regression models fitted and
the estimates of “mediation effects” computed from the fitted models in the SEM approach.
The single mediator model (X - M — Y)is illustrated in Equation 3.2 to 3.4 and Figure 3.4
(MacKinnon et al., 2012):

&

Independent
Variables (X)

a) a direct effect. b) a mediating effect.

Figure 3.3. Path analysis with direct and indirect effects.

Y =i1+cX + e, (3.2)
Y = iz + C’X + b M + €,, (33)
Y = i3 + aX + 83, (3.4)
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Where:

X is the independent variable,

Y is the dependent variable,

M is the mediator,

i;,1i,, and i5 are intercepts,

ey, €5, and ey are residuals.

Equation 1 presents the coefficient c representing the total effect (Figure 3.4a). In Equation
2, the coefficient ¢’ denotes the relation between X and Y controlling for M, representing the
direct effect. The coefficient b denotes the relation between M and Y controlling for X. In
Equation 3, the coefficient a indicates the relation between X and M. Equations 3.3 and 3.4 are
represented in Figure 3.4, demonstrating a single mediator model, which depicts how the total
effect of X on Y is apportioned into a direct effect relating X to Y ( path ¢’) and an indirect effect
on Y through a mediated effect of M. Path a represents the effect of X on the proposed mediator,
while path b is the effect of mediator M on Y that is partially out the effect of X. The total effect
of X onY can be expressed as the sum of the direct and indirect effects: ¢ = ¢ + ab (Preacher
& Hayes, 2008). The Sobel test is frequently used to test whether a mediator carries the
influence of an independent variable to a dependent variable. R, SPSS, Mplus and SAS
programs are available packages, functions or macros plus for mediation effects. In the present
studies, we implemented either lavaan package (Rosseel, 2012) and Mplus 7 (Muthén &
Muthén, 2012) to employ the path analyses in the mediator models.

Other popular statistical tests such as t-test, analysis of variance (ANOVA) and Tukey’s
honestly significant difference (Tukey’s HSD) test were used to examine differences between
subsamples. In the case, we utilized the R psych package (Revelle, 2019) and ggplot2 package
(Wickham, 2016) to calculate and visualize the findings.
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CHAPTER 4. EXPLORING INDUCTIVE REASONING AND
STUDENTS’ MOTIVATION TOWARD SCIENCE LEARNING
ACROSS GRADE LEVELS

4.1 Introduction

IR is one of the primary mental abilities of the fluid intelligence (Kinshuk et al., 2006), and the
most broadly researched amongst cognitive skills. Numerous empirical studies investigated the
relationship between IR ability and academic performance (e.g. Ariés etal., 2016; Csapd, 1997,
Diaz-Morales & Escribano, 2013; Mehraj, 2016; Mollohan, 2015; Stamovlasis et al., 2010;
Strobel et al., 2019; Venville & Oliver, 2015). The previous studies showed that IR was one of
the main predictors of school performance.

The importance of motivation in learning has also been examined in several studies. Most
studies have determined that positive motivation in learning not only promotes students’
academic performance during their school years, but is also one of the main prerequisites for
their success in future (e.g. Duckworth et al., 2011; Eccles & Wigfield, 2002; OECD, 2017b).
The former studies (e.g. Glynn et al., 2011; Chan & Norlizah, 2018; Dermitzaki et al., 2013;
Glynn et al., 2009, 2011; Kambeyo, 2018) found that SM and science achievement are closely
tied regardless of education levels. Therefore, enhancing SM has been an important goal of
formal education and contributed to promoting science literacy for tomorrow’s citizens.

Assessing IR and SM s likely to provide useful information for educational reform
processes, policymakers and teachers. Particularly, a broadly accessible measurement data
from a longitudinal (e.g. Hwang et al., 2016; Robinson et al., 2019) and cross-sectional
assessment (e.g. Dorfman & Fortus, 2019; Jozsa et al., 2017) can offer a deeper understanding
insight into effective factors of IR and SM. It may be meaningful to estimate the efficacy of
current curricula in terms of enhancing IR ability and supporting students’ motivation as well
as proposing improved programme practice in schools in the future.

Moreover, researchers (e.g. Anderman & Dawson, 2011; Pintrich & Schunk, 2002) have
agreed that children’s academic motivation is as a result of relative dynamic factors of both
dispositional and contextual variables. Some components of motivation arise from individual
characteristics, and others emerge from direct and indirect interactions in families, schools and
society. The existing studies discussed associations between students’ motivation with
common understudied factors, such as age (e.g. Heckhausen et al., 2010), gender (e.g. Britner,
2008; Cavas, 2011; Chan & Norlizah, 2018), intelligence (e.g. Kriegbaum et al, 2018) and
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parental involvement (e.g. Fan et al., 2012) and academic achievement (Ganzach, 2000;
Gonida & Urdan, 2007). IR is also closely tied to science achievement (e.g. Csapo, 1997; Diaz-
Morales & Escribano, 2013; Mehraj, 2016; Mollohan, 2015; Venville & Oliver, 2015).
Whether IR and SM establish an interactive relationship in predicting science performance is
still an unexplored question.

This cross-sectional study therefore attempts to fill the gaps in the literature by exploring
patterns of IR, SM across grade cohorts. We also investigate the relationships between IR, SM,
grade level, parental factors and other relevant variables. Our efforts are expected to draw a
partial developmental pattern of IR and SM among children and relevant factors explaining

individuals’ IR and SM in Vietnamese context.
4.2 Research questions and hypotheses

The study aims to evaluate the adapted instrument, investigate the students’ performances in
IR and SM in different grade cohorts. We also identify dominant factors affected by IR and
SM among individuals in school contexts. Therefore, the adapted test instruments were

employed to answer the following research questions and hypotheses:

RQL1.1: What is the evidence for the validity and reliability of the adapted instruments (IR
test and SMTSL questionnaire) in Vietnamese context?

H1.1: It is expected that the psychometric properties are acceptable for the IR test (e.g.
Csap6 et al., 2019; Kambeyo, 2018; Molnar & Csap0, 2011; Wu & Molnar, 2018)
and SMTL questionnaire (e.g. Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et
al., 2013; Shaakumeni & Csap0, 2018; Tuan et al., 2005).

RQ1.2: How are the IR capacities and SM different among grade cohorts?

H1.2: We hypothesized that students in upper grade perform better than did their
counterparts in the lower grade on the IR test (Csapd, 1997; Diaz-Morales &
Escribano, 2013; Molnéar & Csap0, 2011; Molnér et al., 2013). Students’ motivation
is assumed just have a slight decrease through grade levels (e.g. Dorfman & Fortus,
2019; Jozsa et al., 2017).

RQ1.3: Is there a significant difference between boys and girls on the IR test and the
SMTSL questionnaire?

H1.3: No gender difference between boys and girls is expected to observe on the IR test
(Jeotee, 2012; Kambeyo, 2018; Molnar, 2011; Tekkaya & Yenilmez, 2006; Venville

& Oliver, 2015), but females are supposed to be significantly more motivated
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towards science learning than males (e.g. Cavas, 2011; Chan & Norlizah, 2018; King
& Ganotice, 2014).

RQ1.4: Which factors contribute to individual IR abilities among students?

H1.4: We assume that grade level (school-age group), school performance, father’s
education level, mother’s education level are latent predictors of individual IR
ability.

RQL1.5: To what extent is IR ability related to SM?

H1.5: It is expected that a close relationship is established between IR and SM (Cavas,
2011; Huetal., 2016; Tee et al., 2018).

RQ1.6: Which factors contribute to explaining individual SM among students?

H1.6: We assume that IR, student age (or grade level), gender, science achievement,
mother’s education level, father’s education level and parental involvement are the

main underlying factors predicting students’ SM.
4.3 Method
4.3.1 Participants

The study assessed 701 students at public secondary schools in An Giang Province (Vietnam).
We attempted to select schools that can represent the quality of the students in the area. We
selected 20 classes randomly from six schools in total, and students in the intact class
participated in this study. As presented in Table 4.1, the properties of four cohorts in the
research involved over 130 students for each grade group with the distribution of students by
grade levels and demographic characteristics. The study was conducted in August and
September 2019. Students spent 45 min to complete the test instrument under examination
conditions. We administered the test instrument as part of the regular school timetable.
Students took the online test in their school computer labs, and others did the test in PP mode
in their regular classrooms (see more testing equivalence at Section 7.6).

Table 4.1. The study samples.

Grade N Male/female ~ Mean age Agerange  No. of

ratio (%) (years) (Years) classes
5 157 49.7/50.3 10.3 9.8-10.8 4
7 222 48.2/51.8 12.2 11.8-13.3 6
9 135 42.2/57.8 14.1 13.8-14.6 5
11 187 48.1/51.9 16.2 14.8-155 5
Total 701 47.4/52.6 13.2 9.8-155 20
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4.3.2 Instruments

Instrument of this study involves three parts (background, SMTSL questionnaire and IR test).
The background part was adapted from the student survey for PISA 2015 (OECD, 2016) (see
Section 3.2.2.3). The science motivation questionnaire consisted of five subscales: self-
efficacy, active learning strategies, science learning value, achievement goals and learning
environment stimulation (see Section 3.2.2.1). The 32-item IR test was adapted, which includes
four tasks: figure series completion, figure analogies, number series, and number analogies (see
Section 3.2.1.1).

Two experts and three secondary school teachers supported to review the adapted test
instruments. The final version of the test instruments was implemented to field testing as a pilot
study with ten students in two different schools. These students had similar traits with our
proposed study sample. Then, each of the items in the pilot study was discussed and modified

again before the data collection for the main study took place.
4.3.3 Procedure and data analysis

For the paper-based assessment, the students were given a test booklet containing a
questionnaire section and an answer sheet. The teachers guided the students through the
appropriate practice items step by step following our procedures in their daily classrooms under
the supervision of their teachers. For online administration, the students accessed the eDia
platform and registered for the online instrument with a personal code (see Csapé & Molnar,
2019). The students completed the test and questionnaire in the schools’ labs with computers
or other electronic devices (iPad or smartphone). Two teachers observed and provided
technology support in the computer rooms.

CFA was employed to test the model to empirical data with Mplus 7 (Muthén & Muthén,
2012) before doing further analyses with Rasch model. The data were analysed by the Rasch
model in ACER ConQuest software for polytomous items with partial credit model (PCM)
analysis for the SMTSL questionnaire (Adams & Wu, 2010) and dichotomous items for the
inductive reasoning test (Adams & August, 2010). The results were scaled in maximum
likelihood estimation (MLE) in Rasch model measurement. All the data sets further were
manipulated in R software application version 3.5.3 (R Core Team, 2019), including the
common package libraries such as psych (Revelle, 2019), yarrr (Phillips, 2017) and sciplot
(Morales, 2020).
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4.4 Results
4.4.1 Test score reliability

Item internal consistency reliability estimates were calculated using R software with the psych
package (Revelle, 2019). Cronbach’s alpha values were calculated for the subtests and the
whole test. The NS task achieved the highest alpha value of .81, and the lowest alpha
coefficient, .69, was found for the NA. Cronbach’s alpha was .88 for the whole test. No items
were deleted to increase the reliability of the test. All the items appeared to be worth retaining.
In general, the Cronbach’s alpha in the adapted test indicated an acceptable level of internal

consistency reliability.
4.4.2 Validity of the inductive reasoning test
4.4.2.1 Confirmatory factor analysis

The results of CFA showed that the model was a good fit to the values for the cut-off criteria:
CFl =.908, TLI = .901, RMSEA = .050 CI (.046, .054) and WRMR = 1.50. In addition, 4-
factor model was examined for the IR test with CFA, indicating that it was a well fit to the
data, with: CFl = .972, TLI = .970, RMSEA =.028 CI (.023, .032) and WRMR = 1.052. As
expected, the indicators all showed significant positive factor loadings with a significant level
(see Figure 4.1). Overall, the model fit was at an acceptable level in both unidimensional and
4-dimensional structures, since the results for the indices were a good fit based on the cut-off

standards.
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a) Unidimensional construct b) 4-dimensional construct
Figure 4.1. Standardized factor covariances, item loadings from confirmatory factor analysis

of (a) unidimensional and (b) 4-dimensional constructs for the IR test.

4.4.2.2 Rasch analysis

We analysed the data with item response modelling to investigate whether the IR test can
measure students’ IR proficiencies across school grades. The results of the Rasch analysis
indicated a good fit model with the infit for single items (weighted mean squares, MNSQ)
ranging from 0.84 to 1.22 (M = 0.98, SD = 0.09). The average item difficulty was fixed on 0
logits (SD = 1.0), representing the zero point of the scale, while the item difficulties ranged
from —1.79 to 2.29. The quality of items on the test is good, while the discrimination values
for most of the items were higher than 0.3 (for 31 out of 32 items) (Ebel & Frisbie, 1991). The
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relation between the average item difficulty of O logits and the average person proficiency of
1.08 logits on the MLE scale implied that students’ proficiency in IR was higher than the
average item difficulty. The final deviance in unidimensional model was 21,283.138 with 33
parameters estimate (AIC = 21,349.14, BIC = 21,377.03), while it is 21,390.177 with 42
parameters estimated in the four-dimensional model (AIC = 21,474.18, BIC = 21,509.7). The
deviance in the four-dimensional model were higher than that in the unidimensional model,
recommending that the unidimensional model had a better fit than the four-dimensional one.
Overall, participants successfully completed 66.6% of the IR items (21.3 out of 32 items) on
average. The psychometric properties of the items ordered from most difficult to least difficult
are summarized in Table 4.2.

Table 4.2. The psychometric properties of the IR test in the Rasch model.

Correct Unidimensional model 4-dimensional model
ltem  Subtest a”(f,/o"‘;er Dis. Difficulty Infit Dis. Difficulty Infit
1 FS 83.98 0.47 ~1.06  0.96 0.07 140 131
2 FS 84.41 0.44 -1.10  0.98 0.46 -0.46 091
3 FS 83.71 0.51 -1.03 087 0.45 050 0.89
4 FS 90.71 0.45 179  0.89 0.52 -0.44 0.84
5 FS 71.71 0.42 -0.14  1.07 0.45 -117 0.86
6 FS 78.57 0.39 061 107 0.42 0.40 0.98
7 FS 64.29 0.35 0.30 1.15 0.39 -0.04 0.98
8 FS 73.00 0.43 022 104 0.36 0.81 1.05
9 FA 90.00 0.43 -169  0.94 0.44 036 1.11
10 FA 89.14 0.42 ~-158  0.94 0.43 -115 0.96
11  FA 75.29 0.52 -0.37  0.98 0.43 -1.06 0.96
12  FA 64.14 0.46 031  1.05 0.52 020 0.96
13 FA 57.54 0.41 070 1.11 0.46 092 1.03
14 FA 82.29 0.49 089  0.96 0.41 130 1.13
15 FA 80.86 0.56 -0.77 087 0.49 035 097
16 FA 85.71 0.53 120  0.86 0.57 024 087
17 NA 81.86 0.44 —0.86 0.98 0.53 -1.13 0.95
18 NA 84.86 0.54 -1.12 084 0.44 -0.75 0.99
19 NA 81.29 0.53 081 092 0.54 -1.04 0.86
20 NA 88.14 0.48 -1.46 093 0.54 -0.70 091
21 NA 73.86 0.55 028 092 0.48 139 0.86
22 NA 27.71 0.33 228 114 0.56 -0.10 0.89
23 NA 32.43 0.32 200 1.14 0.33 271 114
24  NA 27.57 0.22 229 122 0.31 240 114
25 NS 61.00 0.50 0.48  0.99 0.22 119 134
26 NS 66.14 0.55 0.19 0.91 0.49 -0.80 1.04
27 NS 49.86 0.56 1.07  0.87 0.55 111  0.94
28 NS 42.29 0.53 146 093 0.56 -0.15 0.93
29 NS 48.43 0.51 1.14  0.99 0.52 029 092
30 NS 42.43 0.52 145  0.94 0.49 -0.07 0.99
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31 NS 41.14 0.52 1.52 0.93 0.51 029 0.93
32 NS 36.14 0.48 1.79 0.98 0.49 035 0.95

Note. FS: figure series completion; FS: figure analogies; NA: number analogies; NS: number

series completion, Dis.: Discrimination.

The Wright person-item map depicted in Figure 4.2 shows the level of ability of students
on the left-hand side and the difficulty of the items on the right. This item-person map describes
the distribution of item difficulty estimates and person ability estimates on one scale, making
it possible to compare items and persons directly within the context of the study and judge if
the difficulty of the items was appropriate for the actual participants. If a student is located at
the same level as an item, this suggests that the student has a 50% chance of responding to that
item correctly (p =.5). If the student is plotted higher than the item, then the chances of success
increase (p > .5) and will continue to increase as the distance between the person and the item
widens. Similarly, if the item is placed higher than the student, the student will not be likely to
succeed; indeed, the chances of success decrease if the distance between the item and the
person increases (Griffin, 2010). The distance of the item from the top of the ruler correlates
to its difficulty relative to the other items. In this study, the most difficult items (22 and 24) are
shown at the top on the right of the y-axis. Item 4 is the easiest since it stands at the bottom of
the right-hand side of the map.

A general pattern of item difficulty can clearly be seen within the abilities of the test-taking
population in Figure 4.2. The item-person map summarizing the test performance of the sample
confirms that many of the test-takers are quite beyond the higher limit of the test. Item 4 is too
easy and falls outside the abilities of the students. According to Griffin (2010), good items have
to cover all the areas on the ruler when measuring the ability spectrum of all students. All in
all, despite the existence of a little misfit for items, this test appears to have performed well as
ameasurement instrument. The test is appropriate for the assessment of IR for the study sample.
The items selected for this study did cover most of the persons on the scale, so it seems that

the test is well-targeted for this group of test-takers.
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Figure 4.2. Wright map of persons and items for the (a) unidimensional and (b) 4-
dimensional models.

Note. FS: figure series completion; FS: figure analogies; NA: number analogies; NS: number
series completion

4.4.3 Differences in students’ performance among grade cohorts

This study also aims to investigate the effects of grade levels on students’ performance on the
IR test. We composed pirate plots to visualize the distribution of achievements among students
in the study. A pirate plot can easily show raw data, descriptive statistics and inferential
statistics in one plot. These pirate plots for each group included a box plot with the mean, 95%
shaded highest density intervals, the jittered individual data points and symmetric kernel
densities. They provided more information than regular bar plots and box plots (Phillips, 2016,
2017). Figure 4.3 depicts students’ latent abilities on the IR test across grade cohorts. Because
the intervals among the sample did not overlap, we can confidently conclude that students’
mean abilities on the test showed a remarkable improvement across cohorts. In the 5"-grade
group, there was a combination of a number of students who received a very low score and the
smallest number of students who achieved a high score. On average, the 5 graders yielded a
score of 0.24 logits. The mean scores in the 7"~ and 9™-grade groups were around 0.92, but
their distribution of scores showed a different pattern. The 7™-grade cohort had both the

highest- and lowest-performing participants. It appeared that there was an equivalent
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proportion of students who achieved higher mean scores and lower scores in this group. In the
9t-grade group, the number of students achieving a higher mean score (M = 1.25) was larger
than that of those who received a lower mean score. Among the 11 graders, the average mean
remained at about 1.86, but there were still some students receiving under 0. The distribution
is spread out and has its highest density because of the higher rate of students of high ability.
In the study, we plotted the smooth curve to present the trend in students’ performance on the
IR test across grade groups (with the ggplot2 package, see Wickham, 2016). Figure 4.3
illustrates the change of students’ IR from the 5™ to 11" grades. In general, students’
achievement on the IR test grew gradually throughout the grade levels. The strongest growth
occurred from the 51 to 7™ grades with Cohen's d effect size of 0.54, and the trend slowed
down at the 7t to 9™ grades (Cohen's d = 0.26). The growth rate tended to speed up again from
the 9 to 11" grades (Cohen’s d = 0.50).
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Figure 4.3. Differences in the students’ performance on the IR test regarding grade cohorts.
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As regards children’s reasoning proficiency on each subtest, students achieved different
proficiency on different kinds of subtests. Students’ latent abilities were lowest on the NS
subtest (M = 0.3, SD =1.9) and highest on the FA subtest (M = 2.0, SD = 1.6), followed by the
FS (M =15, SD = 1.5) and the NA (M = 0.5, SD = 1.6) subtests.

Figure 4.4 depicts the smooth curves in four different subtests that students exhibited
throughout grade cohorts. Overall, there was different achievement among students on the
different tasks across school grades. It is easy to recognize that students performed better on
the subtests constructed with figures, such as the FS and FA subtests. Participants showed the

highest proficiency levels on the FA task, followed by the FS task throughout the sample
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cohorts. The results of test-takers on the NA task showed a different pattern, since it fluctuated
from the 7 to the 9™ grades. The 7"-grade students achieved very high, even higher than the
9™ graders did, on the NA subtest. In contrast, there was a linear increase in the students’
performance on the NS task from just under —1.0 in the 5™ grade to around 1.0 in the 11" grade.

Student achievement on the NS seemed to strongly depend on school grade levels.

—o= |R =i~ FS FA NA  we= NS

v}

MLE scale

1

[42]
-
0

Grade

Figure 4.4. Development of reasoning across grade levels on the test and subtests.

Note. IR: inductive reasoning test; FS: figure series completion task; FS: figure analogies
task; NA: number analogies task; NS: number series completion task.

Furthermore, the ANOVA analysis was conducted to compare the effect of school grade
groups on students’ proficiency on the subtests and the test. The results revealed significant
disparities among the grade cohorts on both the subtests and entire test: FS task [F(3, 697) =
20.78, p < .01], FA task [F(3, 697) = 25.61, p <. 01], NA task [F(3, 697) = 36.83, p <.01], NS
task [F(3, 697) = 44.63, p <. 01] and entire test [F (3, 697) =51.76, p <.01]. To identify whether
there were significant differences in pairs of grades on the test and subtests, Tukey’s HSD
analysis was performed, and the results were summarised in Table 4.3.

A significant difference was found for all pairs of grade levels on the IR test with effect
size from small to medium, except for a pair in the 71" and 9™ grades. As regards the subtests,
the students in the upper grades performed significantly better than ones in the lower grades on
the NS subtest. This also happened on the NA subtest, except for a 7"- and 9™-grade pair,
where the 7™ graders achieved a higher mean score than the 9" graders did. The general trend

in students’ performance on the FS subtest and the FA subtest was similar across grade levels.

68



However, the school grade difference was not found on the FS task in the pairs of 11"~ and 9t-
grades. Overall, the results indicated that the students from the higher grades tended to perform
significantly better on the numerical tasks than the students from younger cohorts did, but
students earned a higher score on the figural tasks than they did on the numerical tasks.

Table 4.3. Tukey HSD’s multiple comparisons.

Subtest 7th & 5t gth & 7t 11t & 9t

AM Cohens’ d AM Cohens’ d AM Cohens’ d
FS 0.39 0.26* 0.45 0.32** 0.27 0.20
FA 0.70 0.44%** 0.31 0.21* 0.35 0.26*
NA 0.93 0.57*** —-0.27 0.17 1.08 0.73***
NS 0.68 0.37*** 0.72 0.38*** 0.69 0.40***
IR 0.66 0.54%** 0.27 0.26** 0.63 0.50***

Note. AM: Mean difference.
*p<.05, **p< .001, ***p< .001.

4.4.4 Gender differences in inductive reasoning

The general trend was that males and females showed an equivalent proficiency in each cohort
(Figure 4.5). The mean scores stayed at around 0.2 and 1.0 for the 5" grade and 7™ grade,
respectively. In the 9™ grade and 11™ grade, the average score among males and females was
at a similar level, but these distributions displayed different patterns. In comparison with girls
in the 9™ grade, the larger part of the density of the male sample shifted toward both the
minimum and maximum scores. This demonstrated that the standard deviation was larger in
the male cohort. In contrast, male students in the 11" grade had a smaller standard deviation

than the females.
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Figure 4.5. Comparing performance among males and females.
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We applied the t-test to compare abilities between males and females. Table 4.4 presented
the results of the t-test in the four cohorts and whole sample. No significant difference was
found on the IR test between boys and girls in the whole sample and in individual cohorts (p >
.05). This also suggested that students’ abilities in each cohort did not differ significantly on
the IR test regarding gender. In other words, it was estimated that males and females had an
equivalent ability level in IR.

Table 4.4. The t-test to compare inductive reasoning test results between males and females.

Male Female
Grade N Mean (SD) N Mean (SD) t p Cohens’ d
5 78 0.27 (1.14) 79 022(124) 027 791 0.04
7 107 0.96 (1.27) 115 0.88(1.26) 0.51 .610 0.07
9 57 1.33 (1.64) 78 119(1.13) 057 572 0.10
11 90 1.83 (0.88) 97 1.88(123) -034 .731 0.05
All 332 1.09 (1.35) 369 1.07(1.35 031 .754 0.02

Moreover, no gender difference was indicated for the single subtests. As provided in Table
4.5, all p-values were larger than .05. In other words, gender had no significant impact on
performance among students on the subtests. However, it is surprising that male students
achieved a slightly higher mean score than female students on tasks with figural material, but
this was not found on tasks with numerical material, where female students achieved a higher
mean score than male students. Standard deviations for the males’ abilities appeared somewhat
higher than those of the females.

Table 4.5. The t-test to compare latent abilities between males and females on each subtest.

Subtest Male Female
Mean (SD)  Mean (SD) t P Cohens’ d
Figure series completion 1.82(1.43) 1.71(1.48) 1.05 292 0.08
Figure analogies 1.84(1.64) 1.78(1.48) 0.49 .621 0.03
Number analogies 0.87(1.68) 0.84(1.67) 0.20 .840 0.02
Number series completion -0.08 (1.88) —0.07 (2.01) -0.11  .915 0.01

4.4.5 Predicting students’ inductive reasoning performance

Stepwise multiple regression was used to explore how the latent factors predicted IR ability in
individuals. The results of a stepwise multiple regression analysis were presented in Table 4.6.
School grade group, school performance in the previous semester and parents’ educational
level significantly explained 32.0% of the variance on the IR test, F (680) = 79.0, p < .001.

School performance grade in the previous semester was the best predictor with standardized
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beta regression coefficients of .65 each, followed by school grade groups with .33 each.

Parents’ educational level significantly affected IR ability in children. Specifically, the effect

of educational level among students’ fathers on IR outweighed that of their mothers’ education

in the study sample.

Table 4.6. Hierarchical regression summary for prediction of inductive reasoning (N = 701),
R2= .32, adjusted R?=.31.

Model M1 M2 M3 M4
Predictor yis yis yis Yij
School grade 26%** ICH Rataie 33FF* 33F*F*
School performance JBFF* 69*** B5***
Mother’s education A7Fr* A1*
Father’s education 14**

Note. AR?= .18 for M1, AR?= .11 for M2, AR?= .02 for M3, AR?= .01 for M4;
* < .05, ** p< 01, *** p< 001

4.4.6 Validity and reliability of the SMTSL questionnaire

As suggested by Dermitzaki et al. (2013), we employed the fit testing for the SMTSL
questionnaire with a bifactor model to the empirical data. The bifactor model involves four
independent motivational factors, including self-efficacy (SE), active learning strategies (AL),
science learning value (LV), achievement goals, (AG) learning environment stimulation (LE),
and science motivation in general (SM). The results showed that the model fit is acceptable but
not excellent, with cut-off criteria (3?(139) = 763.3116, p < .001, CFI >.901, RMSEA <. 080,
WRMR = 1.627). All the indicators provided significant positive factor loadings as depicted in
Figure 4.6.

We used the internal consistency index of McDonald’s omega (®) in R package psych
(Revelle, 2019) for reliability estimates, since it is less biased than Cronbach’s alpha in this
case (Dunn et al., 2014). Internal consistency reliability was generally adequate, with an omega
of .87 for the whole items. It was also an acceptable level for the single subscales: SE (o =
.69), AL (» =.80), LV (o = .56), AG (0= .74) and LE (o = .74).

Furthermore, DIF analysis was used to test measurement invariance with respect to gender
with the R lordif package (Choi et al., 2011). The McFadden’s R? is set at 0.01 as a criterion
for rejecting the null hypothesis of no DIF. All pseudo R? values were below 0.01, and p-values
of the goodness-of-fit statistics above 0.05, indicating no item were flagged as DIF item
regarding gender. Overall, these results suggest that the models were well supported with the

empirical data. The results are consistent with the characterisation of motivational factors
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proposed in the literature (Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et al., 2013;
Shaakumeni & Csapd, 2018; Tuan et al., 2005).
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Figure 4.6. Bifactor model of the SMTSL questionnaire.

4.4.7 Differences in science motivation among students between grade levels

Figure 4.7 illustrates the differences of students’ motivation in each subscale and science
motivation in general between grade cohorts. We plotted the smooth curves (the dotted line) to
visualize the patterns of students’ science motivation across grade levels (See more at
Wickham, 2016). Generally, students’ science motivation gradually decreased across grade
levels.

As regards separate subscales, the students seemed to get the lowest scores on the LE scale
across the grade groups. The younger grades (5™ and 7™) achieved the highest score on AL
scale. The scores for this scale fell sharply from 4.26 in the 5" grade to under 3.81 in the 11
grade. There was a noticeable reduction in the scores for SE from above 4.23 in the 5™ grade
to just 3.46 in the 11™ grade. Although the scores fluctuated toward the AG and LV scales, the
older children scored a little lower than the younger ones. The younger groups (5™ and 7t
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graders) seemed to receive higher self-efficacy and motivation scores in learning science, while

the older groups tended to be more concerned about the values and aims of learning science.
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Figure 4.7. Changes of science motivation on the subscales across grade cohorts.

Note. SE: self-efficacy; AL: active learning strategies; LV: science learning value; AG:

achievement goals; LE: learning environment stimulation; SM: science motivation in general.

Overall, the students showed a high positive perceived motivation towards learning
science. The highest score was recorded for the AL (M = 4.10, SD = 0.54), followed by AG
(M =3.98, SD = 0.56) and the SE subscale (M = 3.89, SD = 0.79). The LV had an average
score of 3.77 (SD = 0.65), while LE had the lowest score (M = 3.78, SD = 0.65).

In addition, we manipulated the ANOVA analysis to explore the influence of grade levels
on the individual subscales and whole questionnaire. Except in the AG subscale, a significant
difference was found between the grade cohorts in most subscales: SE [F(3) = 46.81, p<.001],
AL [F(3) = 32.65, p <.001], LV [F(3) = 4.27, p = .005], LE [F(3) = 10.99, p < .001] and SM
in general [F(3) = 5.40, p < .001]. Tukey’s HSD analysis was used to identify which grades
showed significant differences statistically. Table 4.7 provides the results of Tukey HSD’s
multiple comparisons between grades. Despite the older students being lower than that of the
younger ones in general science motivation, the value and achievement goal of children in

science subjects seemed unchanged among students in different grades.
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Table 4.7. Tukey HSD’s multiple comparisons.

7th & 5th gth & 7th 11th & gth
Subscale AM Cohens’ d AM Cohens’ d AM Cohens’ d
SE —-0.08 0.11 -0.49 0.70%** -0.20 0.25*
AL 0.00 0.00 -0.20 0.39** -0.25 0.50***
LV -0.11 0.18 —0.02 0.04 -0.11 0.17
LE -0.18 0.29* —0.04 0.06 -0.17 0.27*
SM -0.09 0.23 -0.14 0.35** -0.17 0.38**

Note. SE: self-efficacy; AL: active learning strategies; LV: science learning value; LE:

learning environment stimulation; SM: science motivation in general.
*p<.05, **p<.01, ***p<.001.
4.4.8 Gender difference in students’ motivation toward science learning

Figure 4.8 illustrates the performance of male and female students on each motivation subscale
and general scale. It seems that girls had higher scores than boys on most of the subscales of
motivation, except on the LE subscale. Furthermore, the t-test showed that a significant
disparity was only found on the achievement goals subscale, with the girls achieving higher
scores (M = 4.05, SD = 0.53) than the boys (M = 3.89, SD = 0.61), t(760.5) = 3.50, p < .001.
Girls did not differ significantly from boys in most of the subscales and general science

motivation in this study.
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Figure 4.8. Comparison of science motivation among males and females on each subscale.
Note. SE: self-efficacy; AL: active learning strategies; SL: science learning value; AG:
achievement goals; LE: learning environment stimulation; SM: General science motivation.

Reflecting differences for each subscale among the grade cohorts, Figure 4.9 demonstrates

performance patterns among males and females across the grade levels. A fluctuation in
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motivation level among boys and girls can be observed on the individual subscales, but the

general tendency was that girls reported higher motivation than boys, especially on the AG and

LE subscales. The males performed lower than the females on all the subscales, except in the

11™ grade, where the boys achieved higher scores than the girls.
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Figure 4.9. Performance of males and females on each subscale and whole questionnaire

among grade cohorts.

Additionally, we continued to examine the gender difference with the t-test within each

subscale across school grade cohorts. No significant gender difference was found between

males and females on any subscale across grade levels (p > .05), except in the 9th grade where

girls reported higher scores on achievement goal [t(107.6) = 2.24, p = .027] and in the 11th
grade with a higher point for boys in LE subscale [t(177.2) = 2.25, p = .025]. It may be
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concluded that students’ motivation toward science learning is not dependent on gender in the

current study.
4.4.9 Relationship between inductive reasoning and science motivation

Pearson’s product-moment coefficient was calculated to investigate the relationship between
IR and SM. Table 4.8 summarizes the correlation between these variables on the individual
subscales and on science motivation scale in general. Overall, the relationship between IR and
SM was not strong. There was a positive correlation between the two variables across the
grades, except in the 11™ grade. IR was found to be positively correlated with most of the
subscales in the 51, 7t and 9™ grades. In the 11"-grade cohort, IR was negatively related to
both the subscale and general scale. It appears that the self-efficacy subscale has a clearer link
to IR than to other ones, while AG and LE subscales showed no significant relation to IR.

Table 4.8. Correlation (Pearson) between IR and SM.

Grade
Scale 5 ~t g 110
Self-efficacy 15 22" 29" —.06
Active learning strategy 13 27 .08 -.02
Science learning value .01 21" .09 —.08
Achievement goals 10 .04 .05 .02
Learning environment stimulation .09 .00 —-.10 —-.14
General science motivation 16" 1.2™ 14 -.07

Note. “p<.05, “'p<.01, ""p<.001.
4.4.10 Main factors predicting science motivation

STEM achievement was referred through manipulating an average of four school subjects
(math, physics, chemistry and biology) in the last semester. We included inductive reasoning
(IR), student age (AG, a representation of grade level), gender (GE), school difference (SC),
STEM achievement (STEM), mother’s education level (ME), father’s education level (FE) and
parental involvement (P1) as the explanatory variables in our exploration.

We employed the BMA analysis (see Section 3.3.5) to explore the proposed model with
linear regression models in R package BMA (Raftery et al., 2020). The best models were
recommended based on the BIC values for each manipulation. For instance, when exploring
latent predictors for the SE subscale, the model, which included IR, AG, STEM and PA, was
suggested, since it had the posterior model probability (21.7%) and the lowest BIC index
(-678.14) and explained around 21.0% of explained variance. Similarly, we employed a BMA

76



analysis for other scales and found that the most frequent variables in these models were IR,
AG, SA, ME and PI, while SC and FE were absent in most of the models.

Furthermore, we implemented a path analysis in SEM approach to test for direct and
indirect effects. After investigating several models, the one with five main explanatory
variables of motivation has proven the best. Finally, our results offered a general model
illustrated simply in Figure 4.10, which presents significant relations between latent variables.

Results also show that the models fit well the present data on all the scales (Table 4.9).
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Figure 4.10. The general model of relations between explanatory variables predicting SM.
Note. ME: mother’s education level; IR: inductive reasoning; AG: student age; PA: parental
involvement; STEM: STEM achievement; SM: science motivation in general. S: regression
coefficient.

As regards the role of IR in students’ SM, it seems that IR showed a direct and indirect
effect on motivation, in which STEM achievement was expected as a mediator. The mediated
relationship was examined with the Sobel test, and it was determined that the mediating effect
was significant on the subscales for SE (Z = 2.87, p =.004), LV (Z = 2.40, p = .017) and SM
in general (Z =2.23, p =.026). IR has a positive relation with all the SM subscales, except the
LE subscale, where students who achieved a higher score in IR reported lower motivation.
Mother’s education level directly affects student motivation, but a relationship between the two
variables is established through parental involvement. Age has a negatively significant
relationship with SA, SE and AL factors, but it is positively linked to IR.
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Table 4.9. The model fits and regression coefficients in predicting science motivation.

Scale x#*(5) p  CFI RMSEA SRMR 4 P s

SE 1849 .002 .952 .079 046 A7 10%* - 30%%x  1g%e*
AL 1618 006 .962 .072 042 09% 04 23k 3pwex
LV 1765 .003 .941 .075 042 14 06 .03 20%x
AG 1638 006 .942 .072 042  -06 .02  -.03 20%**
LE 1594 007 .946 .071 041 .08 ~11*  -01 g
SM 1594 .007 .960 .071 042 A2%*% 03 Q9% 3wk

Note. SE: self-efficacy; AL: active learning strategies; LV: science learning value; LE:

learning environment stimulation; SM: science motivation in general.
*p<.05, **p<.01, ***p<.001.
4.5 Discussion and conclusion

The results indicated that the adapted version of the IR test demonstrated as a reliable
instrument for measuring reasoning in school age groups in the 5", 7", 9™ and 11 grades. This
suggests that the IR test may be used in a broad age range (hypothesis H1.1 is confirmed).
Similarly to previous paper-based IR tests, for example, in a cross-sectional study, Csapd
(1997) used the earlier version of an IR test from the 3" grade to the 11" grade. The average
person proficiency in IR was higher than the average item difficult, and participants completed
most of the items correctly. The item-person map shows that the construction of the IR test
needs to be improved to measure students’ performance at the higher end of the proficiency
continuum. The present study demonstrates that the test, comprising figural and numerical
material, was a reliable tool to assess IR. Students tended to achieve a better performance with
high scores on items with figural material than items with numerical material. These findings
correspond with that of the study conducted by Roberts et al. (2000).

Analogously, CFA and PCM analysis also confirmed hypothesis H1.1 in which the
instrument provides an adequate fit to the data and is suited to measuring SM in the Vietnamese
context. The results are consistent with past studies using the same questionnaire in other
contexts: Namibia (Shaakumeni & Csap0, 2018), Malaysia (Chan & Norlizah, 2018), Turkey
(Cavas, 2011), and Greece (Dermitzaki et al., 2013). The results revealed that Vietnamese
students showed high motivation in learning science and positive attitudes toward science.

Students’ performance on the IR test increased across school grade cohorts. The findings

are seemingly consistent with the findings of Csap6 (1997), Molnar and Csap6 (2011), Molnér
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et al. (2013), Diaz-Morales and Escribano (2013) and Csap0 et al. (2019). A series of these
measurements concluded that the development of IR was significant across grade levels. This
is relatively responding to the hypothesis H1.2. The fastest development happened between the
age group of 12-14 years or during the middle school educational level, but the acceleration of
improvement seemed to slow down after 14 years. This suggests that it is the most effective
time to enhance IR. Thus, teachers should be aware of this opportunity and actively search for
means to boost students’ reasoning skills during those years through their school subjects.

As regards gender, no statistically significant difference was found in IR and SM. Boys
and girls showed no significant difference in their performance in single grade cohorts and
even for the whole study sample. For the IR test, the results were in line with previous studies
in Namibia (Kambeyo, 2018) and Spain (Diaz-Morales & Escribano, 2013), although males
achieved a slightly higher mean score compared to females, in agreement with the general
conclusion of the meta-analysis performed by Waschl and Burns (2020). However, although
there was no significant difference between the boys and girls in science motivation in general,
a slight difference was observed in favour of the females. These findings are in keeping with a
study by Jézsa (2014) in Hungary. Nevertheless, the studies in Turkey (Cavas, 2011) and
Malaysia (Chan & Norlizah, 2018) found that females reported significantly higher scores than
males. The findings partly endorsed the hypothesis H1.3.

These findings have contributed to an increased understanding of latent factors predicting
the IR ability of children. Learning in the disciplines mirrored in the school performance in the
previous semester prominently enhanced IR. Along with the age group factor, parents’
education level impacts appreciably on individuals in terms of IR. Students’ IR proficiency is
especially affected by the educational levels of their fathers. The hypothesis H1.4 is confirmed.
However, the results are inconsistent with the outcome of the previous study, in which mothers’
educational level had a stronger impact than that of the fathers (Csap6, 2001) or parents’
educational level had no influence on students’ achievement on the IR test at all (Kambeyo,
2018). These differences in the impact of parents’ education may be attributed to cultural
differences and to the different impact of the socio-economic status of the families, as is
routinely reported in the PISA surveys. In the PISA 2015 assessment, Vietnam was among
those countries where the impact of students’ socio-economic status on performance was the
lowest (OECD, 2016).

As regards the change of motivation in the different grade cohorts, the results were mostly
consistent with the literature (Bouffard et al., 2001; Dorfman & Fortus, 2019; Jézsa et al.,

2017), indicating that student motivation tended to decrease gradually during secondary school
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education. The current study also found that students’ science motivation dropped from
primary to upper secondary education. In other words, the hypothesis H1.2 is confirmed. When
reaching upper secondary education, students tend to be less motivated than those in the early
secondary grades on most of the subscales. Nonetheless, the students showed an unchanged
motivation toward values and purpose of learning science, but their positive perspectives on
their own abilities and learning environment declined grade by grade from the primary to the
secondary education levels. This may be due to their being more concerned about the
matriculation examination as a general expectation of their parents after they enter high school
(Du, 2015). The findings play an important role in identifying the priority factors in enhancing
science motivation in school practice. They signal a potentially alarming picture of change in
students’ motivation and call for more facilitators of science inspiration and more concern with
regard to enriching school environment factors in high schools in Vietnam.

Furthermore, the results of the BMA analysis contributed to an increased understanding of
latent factors and models to predict students’ science motivation. Despite a positive correlation
between IR and SM in most of the grade cohorts, the former does not directly affect the latter.
The results support the hypothesis H1.5 and hypothesis H1.6. The analyses confirmed that
students’ motivation in learning science was tied to learning science subjects in schools, and
such students’ achievement in learning science disciplines in the previous semester
meaningfully affected their motivation. The outcomes agree with those of the studies in Taiwan
(Tuan et al., 2005) and Malaysia (Chan & Norlizah, 2018). Interestingly, parental involvement
was observed as one of the core predictors of SM, while parents’ education levels seemed not
to be linked to students’ motivation in schools. Ample parental support and engagement as well
as interest in school activities play a key role in children’s motivation in learning and school
(OECD, 2017b). This is due to the typical culture of the traditional family in Vietnam, where
parents (especially the mother) are greatly interested in the performance and activities of their
children in school (Hoang et al., 2014; Phan, 2004). Additionally, the model provides an
interesting relation between student age and mother’s education level, in which the mothers of
younger student groups seem to have higher education levels than those of older ones. This
reflects the current situation of improvement in females’ education level in Vietnam in recent
years.

However, even though the students reported high motivation toward learning science, this
may cause potential risks to external pressure on students from their parents because the PISA
results showed that those who experience high motivation tend to feel anxious about a test,
even if they were well-prepared (OECD, 2017b). Hence, both schools and families should be
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concerned about how to inspire students’ motivation to learn and reduce excessive fear of
failure. Teachers, school leaders and school psychologists should be aware of these impacts to

create a more supportive learning environment.
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CHAPTER 5. RELATIONSHIP BETWEEN INDUCTIVE REASONING,
SCIENTIFIC REASONING AND SCIENCE MOTIVATION, AND
THEIR ROLES IN PREDICTING STEM PERFORMANCE

5.1 Introduction

Improving students’ general cognitive abilities is one of the main declared goals of education.
International large-scale studies also assess how schools in participating countries enhance
students’ reasoning skills. Reasoning is one of the three cognitive domains on TIMSS (Trends
for International Mathematics and Science Study) (the other two are knowledge and
application), with certain items focusing on reasoning (Martin, 2016). On PISA (Programs for
International Student Assessment), innovative domains (beyond reading mathematics and
science) measure students’ general cognitive skills, such as complex problem-solving (OECD,
2004), creative problem-solving (OECD, 2014) and collaborative problem-solving (OECD,
2017c¢). Science education is an especially important domain of school learning, which offers
outstanding opportunities for improving student’s specific and general cognitive sKills;
conversely, a certain level of reasoning skills is essential for understanding science learning
materials. In the present study, we explore the latter aspect of learning sciences and the decisive
role of reasoning skills. Taking into account the complexity of influencing factors, we also
include further variables, such as motivation and parent involvement.

Children’s academic success derives from an effort-making process involving a number
of interactive factors including personal characteristics (demographic and personality-related),
student motivation, and family and school care (Hellas et al., 2018). Cognitive abilities, such
as inductive reasoning (IR) and scientific reasoning (SR), are inborn and enable students to be
shaped in long-term educational contexts (Adey & Csapd, 2012; Adey & Shayer, 1994; Ariés
et al., 2016; Boujaoude et al., 2007; Kyllonen et al., 2019; Molnar, 2011; Venville & Oliver,
2015). Cognitive development in children results from education and care from early childhood
(Burger, 2010) and is influenced by stimulation both in school programmes and daily activities
(Boros & Sas, 2011; Resing et al., 2017). Previous studies have demonstrated the importance
of IR in learning in most school disciplines (e.g. Adey, & Csap06, 2012; Hamers et al., 1998);
it is closely tied to SR and problem-solving skills (e.g. Molnar et al., 2013; Schweizer et al.,
2013). Cross-sectional data at different grade levels can offer a deeper understanding of
development in reasoning, which plays a principal role in enhancing children’s academic

achievement and the reform process in particular contexts.
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Additionally, previous studies have shown that students with greater motivation to reach
their aims are more likely to succeed than those who are more talented but do not set their own
goals and keep focusing on them (e.g. Duckworth et al., 2011; Eccles & Wigfield, 2002;
OECD, 2017b). In learning science, motivation is not only the main factor in explaining science
attitude, but also an essential predictor of science learning performance (Chan & Norlizah,
2018; Patrick et al., 2009) and academic achievement (Cavas, 2011; Dermitzaki et al., 2013).
Children’s activities in school and family environments have an influence on science
motivation (SM) and achievement (Pintrich & Schunk, 2002). For instance, experiences in a
school environment (Bathgate & Schunn, 2017; Hernesniemi et al., 2020) and parental
involvement in schooling (Fan et al., 2012; Gonzalez-DeHass et al., 2005; Van Vo & Csap0,
2021a) have a positive effect on children’s motivation in learning.

However, the research on links between cognitive abilities, motivation and parental
involvement in predicting school achievement is rather scarce. Previous studies (e.g.
Kriegbaum et al., 2018; Steinmayr & Spinath, 2009) have investigated the interaction between
intelligence and motivation in predicting academic achievement. It seems that motivational
factors have an impact on academic performance beyond intelligence (Steinmayr & Spinath,
2009). Studies on the family-school relationship have also confirmed the importance of
cooperation between students’ parents and school for children’s academic success (Gonida &
Urdan, 2007). Thus, this cross-sectional study aims to investigate the changing patterns of IR,
SR and SM across grade levels. Gender differences in reasoning and SM are also examined in
different grade cohorts. Furthermore, we explore the interactive factors of IR, SR and SM with

the parental involvement variable in predicting students’ STEM achievement.
5.2 Research questions and hypotheses

The foci of our study are to explore the changing patterns and relationship between IR, SR and

SM through grade cohorts. We also investigate the extent to which IR, SR, SM and parental

factors in predicting the STEM performance in secondary school students. Hence, our adapted

test instruments were tailored to address following four research questions and hypotheses:

RQ2.1: What is the evidence for the reliability and validity of the adapted instruments?

H2.1: We expect that the psychometric properties are good for the IR test (Csap6 et al., 2019;
Kambeyo, 2018; Molnar & Csap0, 2011; Wu & Molnér, 2018) and acceptable for the
SR test (Kambeyo, 2018; Korom et al., 2017) and for the SMTSL questionnaire (e.g.
Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et al., 2013; Shaakumeni & Csap0,
2018; Tuan et al., 2005).
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RQ2.2: How do students’ IR, SR and SM performance differ in different school grades?

H2.2: Students in the older cohorts are expected to perform better than those in the younger
ones on the IR test (e.g. Csapd, 1997; Diaz-Morales & Escribano, 2013; Molnér et al.,
2013; Muniz et al., 2012) and on the SR test (Ding, 2018; Korom et al., 2017; Kwon
& Lawson, 2000; Tairab, 2015), while students’ motivation toward learning science is
assumed to be a slight reduce through the lower grades to the upper grades (e.g.
Dorfman & Fortus, 2019; Jozsa et al., 2017).

RQ2.3: Is there any difference between male and female students in IR, SR and SM?

H2.3: It is expected that there is a non-significant difference between males and females in IR
(e.g. Kambeyo, 2018; Molnér, 2011; Salihu et al., 2018) and SR (e.g. Mayer et al.,
2014; Piraksa et al., 2014; Thuneberg et al., 2015), but females are hypothesised to be
significantly more motivated towards science learning than males (Cavas, 2011; Chan
& Norlizah, 2018; King & Ganotice, 2014).

RQ2.4: To what extent do IR, SR, SM and parent involvement in schooling variables interact
in predicting STEM performance?

H2.4: It is supposed that IR, SR, SM and parental factors are main predictors of STEM
performance (e.g. Coletta & Phillips, 2005; Lawson, 2000; Salihu et al., 2018).

5.3 Method
5.3.1 Participants

The study assessed 726 students (boys: 47.9%; girls: 52.1%) in six public schools in the
southern province of An Giang (Vietnam). The average age of the participants was 14.0 years,
with students in 19 classes. As presented in Table 5.1, the study sample included 4 grade
cohorts in the 6™, 8 10™ and 11" grades. We assessed the 11™ graders instead of the 12t grade
students, because it is difficult to approach the final year of secondary schools in the case. Each
cohort consists of at least four classes from two different schools. The main data was collected
between September and October of 2019. The students completed the test instruments in 45
min under the supervision of their teachers and our assistant teachers. The students took the
tests and questionnaires in either paper-and-pencil or online versions. The effects of media

administration modes were further discussed in Chapter 7.

84



Table 5.1. The participants of the study.

Grade n Boy/Girl ratio Mean age Age range No. of classes
(%) (years) (years)
6 139 43.9/56.1 11.3 10.8-12.7 4
8 260 51.5/48.5 13.3 12.8-13.9 6
10 166 49.4/50.6 15.3 14.2-15.9 5
11 161 44.1/55.9 16.4 15.8-17.4 4
All 726 47.9/52.1 14.0 10.8-17.4 19

5.3.2 Instruments

Background Questionnaire: The aim of the questionnaire, which adapted from the student
questionnaire in PISA 2015 round (OECD, 2015), is to collect data on the students’
background, parents’ education level and parental involvement. The students were also asked
to respond to items by scaling their perceptions of their parents’ involvement in terms of
parental support, engagement and interests in school activities (see Section 3.2.23).

Inductive reasoning test: To measure IR, we selected 20 items from the item bank, developed
by the Research Group on the Development of Competencies of the University of Szeged (e.g.,
Csapd, 1997; Pasztor, 2016; Pasztor et al, 2017). The original items cover four subtests: figure
series completion, figure analogies, number series, and number analogies (Korom et al., 2017).
The selection of item criteria was based on the construction and psychometric characteristics
of each item and empirical evidence from the previous studies, including an early study (See
Chapter 4) in Vietnam (Van Vo & Csapd, 2020). Finally, the IR test consists of 20 items with
five items for each subtest (see Section 3.2.1.1).

Scientific reasoning test: We used a 17-item test to measure SR, including main problem tasks:
conservation, classification, proportional reasoning, correlational reasoning and IR tasks with
science-related content materials. The content knowledge of the items related to basic concepts
of science subjects in secondary schools. Most of the items were adapted and translated into
Vietnamese from the original test by Korom et al. (2017) (see Section 3.2.1.2).

SMTSL questionnaire: The questionnaire is adapted from Tuan, Chin and Shieh (2005), that
measures five motivational factors of SM (self-efficacy, science learning value, learning
strategies, individual learning goals and learning environment stimulation). The validity of the
questionnaire initially discussed in Chapter 4. In this study, we employed 18 items in 5-point
Likert format (see Section 3.2.2.1).
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5.3.3 Procedure and data analysis

The draft of the SR test were reviewed by two experts and three secondary school teachers
before we conducted the field study. They focused on checking for any language issues and
the relevance of discipline content in the test items. Three secondary school teachers also
verified the relevance of the content knowledge in the test with the current program in the
secondary education level in Vietham. A pilot study was carried out with the final version
among seven students in two public schools (one secondary school and one high school). We
observed these students while they did the test. The items were then discussed and slightly
adjusted related to language and visualization issues before conducting the main study.

The testing process was administered in either PP or online modes, depending on particular
conditions of the participating schools. Students completed the instrument in 45 min. The PP
mode was administered in the classrooms, and each student received a test booklet and an
answer sheet. Teachers guided the students step by step following our instructional procedure.
For the online testing, students access the eDia platform via a link and an individual code
(Csap6 & Molnér, 2019; Molnar & Csap0, 2019). Two teachers provided technology support
and observed the students during the testing process. The online instruments were operated
through the University of Szeged servers.

The results were scaled in the Rasch model with ACER ConQuest software in
dichotomous items for the IR test (Adams & August, 2010) and in polytomous items with PCM
analysis for the SMTSL questionnaire (Adams & Wu, 2010). Our raw scores were then
converted to MLE scale as output parameters in the Rasch model measurement. The common
packages in R programme version 3.5.3 (R Core Team, 2019) were used in this study: psych
(Revelle, 2019), lavaan package (Rosseel, 2012) and yarrr (Phillips, 2016).

5.4 Results
5.4.1 Reliability and validity of the instruments

As emphasized in the purposes of the present study, we focused on interpreting the results of
the test instruments in the unidimensional model in general. Reliability estimates based on the
internal consistency indicator of McDonald’s omega (o) since it seems less biased than
Cronbach’s alpha in this case (Dunn et al., 2014). Omega values for the IR test, SR test and
SMTSL questionnaire were .82 (Cronbach’s alpha = .80), .64 (Cronbach’s alpha = .61) and .90
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(Cronbach’s alpha = .88), respectively, implying that they are acceptable in terms of internal
consistency reliability.

The unidimensional Rasch model analysis also confirmed that all the items on the tests
fitted the data quite well. According to Griffin (2010), an item is considered as an infit one
when its infit value falls within a range of 0.7 and 1.3. In this study, the infit for individual
items (weighted mean squares, MNSQ) ranged from 0.87t0 1.12 (M =0.99, SD=0.07) on the
IR test (See Appendix E) and from 0.91 and 1.10 (M =1.00, SD =0.04) on the SR test (See
Appendix F). There were 19 out of 20 items on the IR test, and 15 (out of 18 items on the SR
test have got the discrimination value higher than 0.3, denoting that the quality of test items is
acceptable (Ebel & Frisbie, 1991).

Likewise, we scaled the students’ performance on the SMTSL questionnaire in
polytomous items with PCM in a unidimensional Rasch measurement, and its output was a
science motivation score in general (Dermitzaki et al., 2013) (see Chapter 4, Section 4.4.6).
The results showed that items fit the data well, with the infit values ranging from 0.82 to 1.43,
but one item had the infit value higher than 1.3 (See Appendix G).

Furthermore, we used a DIF analysis to examine statistically invariant characteristics at
item level. The R difR package (Magis et al., 2010) was employed for DIF analysis in
dichotomously scored items with the Angoff's Delta method (see Angoff, 1982). The results
showed that no DIF item was found on either test as regards gender or administration modes.
For the SMTSL questionnaire, we conducted a DIF analysis to test measurement invariance
with respect to gender and delivery modalities with the R lordif package (Choi et al., 2011).
McFadden’s R? is set at 0.02 as a criterion for rejecting the null hypothesis of no DIF. All
pseudo R? values were below 0.02 and p-values of the goodness-of-fit statistics above 0.05,
indicating that no DIF items were detected following these criteria on all questionnaire items

regarding gender and administration modes.
5.4.2 Descriptive statistics

On the IR test, the item difficulties ranged from —1.35 to 1.94 with the average item difficulty
at 0 (as defaulted in the program). On average, the person proficiency of 1.36 logits (SD =
1.31) compared to the item difficulty of O logits, implying that the students performed higher
than the item difficulty mean. Item difficulty values on the SR test ranged from —1.35 to 1.94,
while the average person proficiency was 0.62 logits (SD = 0.89), suggesting that the students’

ability was higher than the item difficulty in average. Overall, participants correctly completed
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71.75 % of the items (14.35 out of 20 items) on the IR test and 62.17 % of the items (11.19 out
of 18 items) on the SR test.

The Wright maps were drawn to visualize estimation between item difficulty and the
chances of each person’s success by comparing the relative positions of the items and persons.
The items are presented from easiest (bottom) to most difficult (top) on the right side of the
map, and the left side of the map shows the distribution of the participants. As illustrated in
Figure 5.1, a majority of the students showed high proficiency in reasoning and high motivation
toward learning science. In fact, most of the students felt that the IR test was easier than the
SR test, so more students achieved higher-performance scores on the IR test than they did on
the SR test. The most difficult items were item 5 on the IR test and item 3 on the SR test, while
item 4 on the IR test and item 11 on the SR test seemed the easiest ones. The spectrum of the
students’ ability on the IR test was wider than that of students’ ability on the SR test. However,
item difficulty distributed the most area of the scale and covered all of test-takers’ ability,
indicating that the tests appeared fairly to measure reasoning proficiencies among the

participants.
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Figure 5.1. Wright map of latent distributions and response model parameter estimates.

Note. Each "X' represents (a) 0.1 cases, (b) 0.9 cases and (c) 4.1 cases.
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5.4.3 Performance of students in different cohorts on the tests and questionnaire

The pirate plots were used to depict the performance of participants on the IR, SR tests and
SMTSL questionnaire in different cohorts. Figure 5.2 showed the pirate plots illustrating the
students’ attainment on the (a) IR test, (b) SR test and (c) SMTSL questionnaire.

For the IR test, the students’ mean scores increased remarkably from the 6" (M = 0.73, SD
=1.25), to the 8" (M = 1.29, SD = 1.29) and on to the 10" grades (M = 1.81, SD = 1.17), before
decreasing slightly in the 11" grade (M = 1.59, SD = 1.32) (see Figure 5.2a). In the 6™ grade,
although the mean score was lower than that of other grades, some of the students had high
proficiency on the IR test. Both the highest- and lowest-performing participants seemed to be
in the 8™ grade, and the distribution of scores was balanced in two directions of distribution
shape. On average, the 10" graders yielded a highest score, and most of the students earned
more than 0 with the lowest standard deviation. The bean density in the pirate plot for the 11%"
grade was slightly different from that of other grade groups. Several students achieved scores

of around 3.0 (logits), but some students in the 11™ grade were on the lowest-score list.
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Figure 5.2. Students’ performance on the (a) IR test, (b) SR test, and (c) SMTSL

questionnaire across grade levels.
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In the same trend in IR, the students in the older groups performed better than their younger
counterparts on the SR test, except in the 11" grade (Figure 5.2b). The 6™ graders had an
average score of 0.06 (SD = 0.84), but some students received the lowest points. The students
in the 8" grade gained a mean score of 0.78 (SD = 0.92), a dramatic rise compared to the 6%
graders. Most students who earned the highest scores were in the 8 and 10" grades. The 10™
graders achieved the highest mean points (M =0.90, SD = 0.75), but an increasing trend seemed
to reverse in the 11™ grade (M = 0.55, SD = 0.84).

In contrast, the students’ motivation toward learning science tended to drop slightly across
the grade levels (Figure 5.2c). The 6™ graders achieved the highest score (M = 1.54, SD =
0.86), followed by the 8" graders (M = 1.15, SD = 0.79). However, the students’ motivation
followed the same pattern between at the 10™" (M = 0.87, SD = 0.61) and the 11" grades (M =
0.84, SD = 0.88), but no 10™ graders fell into the lowest-score group, while some of the 11%"
graders scored so high and or achieved so low on the SMTSL questionnaire.

In addition, we employed the ANOVA analysis to explore the effect of grade levels on the
students’ reasoning proficiency and motivation. The results showed that there was a significant
difference between the grade cohorts on the IR test [F(3, 722) = 20.53, p <.001], SR test [F(3,
722) = 29.52, p <.001] and SMTSL questionnaire [F(3, 722) = 25.1, p< .001]. Tukey’s HSD
was implemented as post-hoc analysis to test significant differences in pairs of grades. As
summarised in Table 5.2, the older groups earned higher scores than the younger ones on two
reasoning tests, except for the 11™ grade. The 8™ graders showed a significant improvement
compared to the 6™ graders on both the IR and SR tests. The 10" graders also achieved higher
scores than those in the 8™ grade, but no significant difference was found between these two
grades. Surprisingly, the 11™ graders performed significantly lower than the 10" graders on the
SR test. Generally, the students in all the upper grades were significantly less motivated than
their juniors, excepted between the 11" and 10™, where the 10" and 11" graders showed the
same level of SM.

Table 5.2. Tukey’s HSD in multiple comparisons between grade cohorts.

. . Scientific ] ..
Inductive reasoning . Science motivation
Grade reasoning
AM Cohens’ d AM Cohens’ d AM Cohens’ d
8&6 0.56 0.44%** 0.721 0.81*** —0.40 0.49%**
10&8 0.52 0.42 *** 0.114 0.13 -0.27 0.37**
11&10 -0.22 0.17 —0.352 0.44** -0.03 0.03

Note. AM: Mean difference.
**p< .01, ***p< .001.
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5.4.4 Gender difference in IR, SR and SM

Figure 5.3 demonstrates the differences in the students’ performances on the reasoning tests
and SMTSL questionnaire throughout the grade cohorts. In general, the changing curves for
each gender were nearly the same pattern between the two reasoning tests. However, there was
a slight difference in cognitive development between males and females. The girls appeared to
develop reasoning abilities earlier than the boys, but after the middle school years, the
difference remained unchanged or even dropped slightly in the girl group, while boys showed
an ongoing improvement until the end of the first year in high school. Unlike reasoning skills,
the general trend of student motivation reduced gradually across grade levels. Girls in the 6%
grade seemed more motivated than boys, but boys had a higher mean score than the girls in the
11 -grade group.

Furthermore, we manipulated the t-test to compare IR, SR and SM between males and
females. No significant difference was found between males and females on either the
reasoning tests or the SMTSL questionnaire for the entire sample (Table 5.3). It also showed
the same trend on the reasoning test in each grade cohort, except in the 101" grade, where males
performed significantly better than females. For the SM test, no significant difference was
indicated in the 8™ grade or 10™ grade, but motivation scores differed significantly regarding

gender in the 6™ grade (in favour of girls) and at the 11™ grade (in favour of boys).
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Figure 5.3. Comparison of performance of students in different grade cohorts.

Note. IR: inductive reasoning; SR: scientific reasoning; SM: science motivation.
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Table 5.3. The t-test for comparing performance between boys and girls in IR, SR and SM.

Inductive reasoning Scientific reasoning Science motivation
Grade AM p Cohens’ d AM p Cohens’ d AM p Cohens’ d
6 30 .18 0.24 .06 .68 0.07 -42 .02 0.41
8 —-15 .34 0.11 -23 .05 0.24 .00 .95 0.01
10 44 .02 0.38 41 <01 0.57 .00 .95 0.01
11 -25 .23 0.19 -10 44 0.12 31 .04 0.35
All .06 .53 0.05 03 61 0.04 -.00 .97 0.00

Note. AM: mean difference between boys and girls.
5.4.5 Predicting STEM achievement

We applied a path analysis in the R lavaan package (Rosseel, 2012) to investigate the relevant
predictors explaining the students’ STEM achievement. In this study, we proposed the
exploratory variables, including inductive reasoning (IR), scientific reasoning (SR), science
motivation, mother’s education level (ME), father’s educational level (FE) and parental
involvement in schooling (PI) in predicting the STEM achievement (STEM). We employed
the mean score of four school subject tests in mathematics, physics, chemistry and biology in
the last term as an index of the STEM performance. It may range from 0.0 to a 10.0 based on
a 10-point scale that has officially been introduced in secondary schools in Vietnam. In the
study, the results of these tests were collected using the self-report form in the background
questionnaire. As suggested in the literature, we proposed a hypothesized model as depicted in
Figure 5.4.
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Figure 5.4. A hypothesized model for predicting the STEM achievement.
Note. IR: inductive reasoning; SR: scientific reasoning; SM: science motivation; PI: parental
involvement in schooling; ME: mother’s education level; FE: father’s education level.

After conducting several investigations, the final model in Figure 5.5 with six predictors,
presenting significant relations between factors was demonstrably the best one. The results
confirmed that the model was a good fit to the empirical data, with: ¥?(12) = 24.12, p = .02,
CFI =.979, TLI = .964, SRMR = .047, RMSEA = .050. The model shows that among six the
proposed predictors, only four ones (inductive reasoning, scientific reasoning, science
motivation, and father’s education level) have a direct effect and can explain around 25.5% of
the STEM achievement variance. Unexpectedly, ME does not contribute directly to explaining
STEM achievement with statistical significance, but this variable has a strong link to FE and a
direct effect on PI. In contrast, FE is the best factor in directly predicting STEM achievement,
followed by SM and SR. IR was shown to be the least direct predictor of STEM achievement,
but it also had an indirect effect on STEM achievement through the SR variable. This mediated
relation was examined with the Sobel test, with the determination that the mediating effect was
significant (Z = 3.71, p <.001). In spite of not being a direct predictor, Pl has an indirect effect
on STEM achievement via the mediator of the SM variable, based on the Sobel test (Z = 3.60,
p <.001).

93



.614%**

IR FE ME
\ / >

.128** .390%** .145%* 123%*

A42%** STEM PI

77 J56%*+* L 7ER*E

W / \
SR SM

Figure 5.5. The proposed model for predicting the STEM achievement.
Note. IR: inductive reasoning; SR: scientific reasoning; SM: science motivation; PI: parental
involvement in schooling; ME: mother’s education level; FE: father’s education level.
*p < .05, **p<.01, ***p<.001.

5.5 Discussion and conclusion

The validity and reliability of the adapted tests (hypothesis H2.1) have been confirmed, with
these instruments shown to be potential tools for assessing reasoning students’ proficiency and
SM in the Vietnamese context. However, a few items (e.g., item 3 and item 18) in the SR test
should be reconsidered for future tests. The findings are in line with previous studies
(Dermitzaki et al., 2013; Kambeyo, 2018; Korom et al., 2017; Van Vo & Csap0, 2020). In
general, the students’ proficiencies were estimated higher than the average item difficulty on
the two reasoning tests. In next-generation tests, more difficult items should be involved to
measure high-performance students.

The students’ performance on both the IR and SR tests increased gradually across grade
levels. Specifically, the students’ reasoning improved remarkably through the lower secondary
education level, but the growth rate appeared to reduce in the upper grade cohorts. The
hypothesis H2.2 is partially verified. The results are somewhat consistent with previous studies
on IR (Csap6, 1997; Diaz-Morales & Escribano, 2013; Molnar et al., 2013; Van Vo & Csapd,
2020) and on SR (Ding, 2018; Kwon & Lawson, 2000; Tairab, 2015). Nonetheless, an
inconsistent finding in the current study is that the rate of the decrease in the period of the 10™"
- 11 grades was higher, while previous studies recorded a slight rise between those grades.

The findings partly reflect that the lower secondary curricula seem to be more successful in
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enhancing the students’ optimum development in thinking skills rather than the upper
secondary curricula. Interestingly, although the children achieved higher scores on the IR test,
the developmental trend appears to be similar on both the two tests. This provides evidence of
a close link between the two forms of reasoning skills, in which teaching reasoning through
content knowledge in individual subjects can contribute to developing the general thinking
skills in children. In contrast with reasoning abilities, the students’ motivation toward learning
science dropped gradually through the grade levels. The findings are mostly consistent with
previous research (e.g. Bouffard et al., 2001; Dorfman & Fortus, 2019; Jozsa et al., 2017), but
the changing curve seemed to slightly reverse in high school students.

As regards gender, no significant difference was found on either the reasoning tests or the
SMTSL questionnaire, but the mean scores for males was slightly higher than those of females
on the reasoning tests, and the mean score for females on the SMTSL was rather higher than
that of males. These findings are consistent with previous studies in the same context in
Vietnam (Van Vo & Csapd, 2020, 2021) (Hypothesis H2.3 is corroborated). A significant
difference was only indicated in the 10" grade. A possible reason might be related to the shift
from the lower secondary education to upper secondary education when learning in a new
learning environment and in a new learning program might more or less influence the students’
reasoning capacities. However, the reasoning abilities in girls appeared to develop earlier than
those of boys in early secondary education, with the growth rate slowing among girls when
they entered high schools. The effects of gender on cognitive development in IR and SR offer
some helpful clues to optimize enhancing thinking skills in school practice. Teachers have
recognised the trend and advocate finding more appropriate facilities to maintain student
improvement, especially among female students after the middle school years.

The path analysis showed that cognitive abilities, motivation and parental factors are
important predictors of STEM success. The results confirm the hypothesis H2.4. The findings
are fairly consistent with existing studies (e.g. Fan & Williams, 2010; Steinmayr & Spinath,
2009) and a meta-analysis review by Kriegbaum et al. (2018) as regards the core roles of
intelligence and motivation in predicting academic attainment. Parental factors also contribute
meaningfully to the students’ academic success. Specifically, the father’s education level was
found to be the main predictor of STEM achievement, while the mother’s education level
indirectly influenced children’s motivation through parental involvement in schooling. This is
because parents’ education level is an indication of the educational resources children have at
home (OECD, 2017a). Furthermore, parental involvement in schoolwork is a significant factor

in predicting children’s success in learning STEM subjects. These results are consistent with

95



Ganzach (2000), and they may be explained by the culture in Vietnam, where parents tend to
focus intensely on their children’s performance in school (Hoang et al., 2014; Phan, 2004).

In line with Kambeyo (2018) and Korom et al. (2017), there is a strong, positive correlation
between IR and SR test scores. The current study investigated the relationship between IR
general thinking skills and SR in the domain-specific content of science in Vietnam. Thinking
can be taught directly in specific courses or embedded in the regular school curricula within
the framework of school disciplines (Csapd, 1999). In Vietnam, it is encouraged to integrate
thinking skills into the teaching of individual disciplines. The study showed that the
development of thinking skills can be monitored with the infusion approach. The difference in
children’s reasoning between lower and upper secondary schools may come from the biological
development of children or from different curricula between two education levels. This issue

should be considered in future research.

96



CHAPTER 6. ASSESSING SCIENTIFIC REASONING IN CONTROL
OF VARIABLES STRATEGY AND STUDENTS’ MOTIVATION IN
LEARNING PHYSICS IN SECONDARY SCHOOL STUDENTS

6.1 Introduction

In modern society, there is increasing pressure to manage more information in a shorter time.
Mastery of scientific skills is a core goal of science curricula around the world. However,
students should be trained in general thinking skills of information processes rather than
instructed in extensive content knowledge in individual subjects. TIMSS and PISA have
considered SR the main component of science literacy assessment (Osborne, 2013). CVS is a
leading SR skill that helps learners conduct, predict and evaluate experiments during the
learning process (Chen & Klahr, 1999). The ability to construct arguments and understand
principles of unconfounded evidence is essential in science education. The developmental
psychology of CVS relates directly to the development of SR ability (Kuhn, 2007). CVS is
foundational for science and scientific literacy, which could be promoted in school contexts
(Schwichow, Croker, et al., 2016). Assessment of CVS can clarify children’s cognitive
development in applying reasoning skills and interpreting experiments across various age
groups.

In Vietnam, critical thinking and reasoning are implicitly embedded in core curricula;
experimental and inquiry activities have been compulsory for science teachers. Students learn
science in separate subjects beginning in the first year (6" grade) of secondary education.
Experimental activities account for a major proportion of the science subjects’ programs.
Particularly, the national education program requires around 10% of the physics curriculum in
high schools to involve experimental lab activities (MOET, 2009).

However, students’ CV'S proficiency rarely seems to be assessed on tests at the school and
state levels or even on the national examination in Vietnam. Assessment of CVS is one means
to evaluate the effects of current curricula on developing students’ SR abilities and encourage
schools to develop the students’ SR proficiency. More understanding of children’s cognitive
development plays an important role in improving school practice and reforming the next-
generation curricula. This study attempts to develop and validate the test as an instrument to
measure CVS in physics for secondary school students. Our instruments mainly focus on
assessing the ability of students to identify, interpret and understand whether a variable affects

the behavior of an experimental set. In addition, this study also outlines basic rationales of
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assessing CVS, exploring latent factors predicting item difficulty as a practical reference for
teachers who consider designing assessment-based learning activities in classrooms and hands-
on tasks in school labs. We also investigated the effects of age-group (grade level), gender and
content knowledge on the CVS proficiency in secondary school children. Furthermore, the
development of CVS capacity was observed in its relationship with motivation across grade
levels. Proposed findings were expected to provide insight into developmental patterns of CVS

in school-age children, which may offer useful information for school practice.
6.2 Research questions and hypotheses

The main purposes of this study are to develop a CVS test that involves three sub-skills (ID,
IN and UN) of CVS with the contents related to basic physics in secondary education level, to
examine its psychometric characteristics, and to investigate the developmental patterns of
students’ scientific reasoning in CVS ability and motivation in physics. We also explore the
latent factors that contribute to explaining the individual CVS capacity in Vietnam context.
Thus, the present study addresses the following research questions and hypotheses:

RQ3.1: What is the structure of the test developed to assess secondary school students in the
Vietnamese context?

H3.1: We assumed that the proposed test involves three subskills (ID, IN and UN) of CVS
(Chen, & Klahr, 1999) with the contents related to basic physics in secondary education
level.

RQ3.2: What is the evidence for validity and reliability of the CVSP test?

H3.2: We expect that it is an acceptable level in terms of psychometric properties in the CVSP
test (Schwichow, Christoph, et al., 2016).

RQ3.3: Which latent factors (e.g., subskills, physics-related contents and number of
independent) impact item difficulty in the CVSP test?

H3.3: It is assumed that sub-skills of CVS influence on item difficulty (Schwichow, Christoph,
et al., 2016), but item difficulty is not impacted by physics-related contents difficulty
(Schwichow, Christoph, et al., 2016) or number of independent (Staver, 1986).

RQ3.4: What is the evidence for validity and reliability of the adapted student motivation in
learning physics questionnaire?

H3.4: It is expected that the adapted questionnaire is a reliable and valid measurement tool for
assessing student motivation toward learning physics in Vietnam context (Hooper et
al., 2013).

RQ3.5: To what extent do students’ capacity in CVS develop across grade levels?
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H3.5: We expected that students in the older cohort perform significantly better than students
in the younger groups (Han, 2013; Schwichow et al., 2020; Zimmerman, 2007).

RQ3.6: Do students’ motivation toward physics learning differ in different grade cohorts?

H3.6: It is assumed that there is no significant difference in student motivation among grade
levels.

RQ3.7: Is there a different performance between males and females on the test and
questionnaire?

H3.7: We suppose that no significant difference is found between males and females in the
CVSP test (Mayer et al., 2014; Piraksa et al., 2014) and the physics motivation
questionnaire.

RQ3.8: To what extent are interaction of physics motivation and physics content variables in
predicting students’ CVS proficiency in physics?

H3.8: We expect that motivation and the physics content test are closely associated with CVS
ability (Schwichow et al., 2020; Zhang & Bae, 2020) and contribute to explaining
individual CVS capacity.

6.3 Procedure and method
6.3.1 Development of the control of variable in physics test

Chen and Klahr (1999) classified CVS into four subskills: planning controlled experiments
(PL), identifying controlled experiments (hereafter referred as “ldentifying” or “ID”),
interpreting controlled experiments (hereafter referred as “Interpreting” or “IN”) and
understanding the indeterminacy of confounded experiments (hereafter referred as
“Understanding” or “UN”). PL requires participants to design an experimental system from
given materials in which variables are constrained. This task aims to produce a proposal plan
in which students need to decide which variables to manage and which to observe. In ID tasks,
students must distinguish between testability and causal influences of variables in an
experimental system to decide which suitable variables should be included to reach a particular
conclusion. A problem often begins with a stem, such as a short story that someone needs to
prove or test a hypothesis of a causal association. Participants will choose one among some
alternative options that are presented in the given experimental sets. Only a controlled
experiment is correct, while other distractors represent confounded experiments with more than
one variable changed. When interpreting controlled experiments, the IN task reveals students’
abilities in inferring the outcome of a controlled experiment. A stem of this problem task shows

the possible outcomes of experimental systems. Students who know how to draw suitable
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inferences from a controlled experiment to reach valid outcomes are more likely to get a correct
answer. Participants must prove their profound understanding of the indeterminacy of
confounded experiments. The stem structure in UN task is similar to IN one, but distractors are
confounded, or valid outcomes drawn from an experimental system. To arrive at a correct
answer, students have to understand the components of the given experiment and decide
whether they can draw valid conclusions from those outcomes.

We referred to the process guided by rigorous psychometric standards (Kane, 2016;
Messick, 1995) to develop the test measuring three subskills of CVS in physics for secondary
school students. Particularly, the CVSP test was composed of three subskills of CVS:
Identifying, Interpreting and Understanding. The content of test items involves the knowledge
related to physics, including basic concepts emphasized in the Viethnamese secondary
educational curricula, such as mechanics, heat, thermodynamics, electricity and
electromagnetism. These kinds of problem tasks cover both cognitive processes in terms of
CVS and domain content in physics. Table 6.1 presents the contributions of the test items. Nine
items were adapted from the test instrument developed by Schwichow, Christoph, et al. (2016).
Five items were modified from the American Association for the Advancement of Science
(AAAS) database and TIMSS (1997), while the authors developed ten new items. Table 6.2
provides the referenced sources of the CSVP test.

Table 6.1. Two-dimensional table of specification of the CVSP test.

Content Identifying  Interpreting Understanding  Total
Mechanics 3 2 3 8
Heat and Thermodynamics 2 2 3 7
Electricity and Electromagnetism 3 4 2 9
Total 8 8 8 24

We developed the test items in a multiple-choice format, using a stem with three distractors
and one correct answer. Multiple choice has been the most popular method to measure
scientific reasoning (Opitz et al., 2017), yielding smaller effect sizes than other instrument
formats (Schwichow, Croker, et al., 2016). It can increase precision in assessing more
respondents and facilitate better data collection and scoring than other alternative assessment
formats. Graphical representations minimized the influence of students’ varying reading ability
levels. The test is constructed in three subskills of interpreting, identifying, and understanding.
The test specification involves content coverage of basic physics curricula in Vietnam and the
cognitive process dimension of three subskills of CVS. The first subskill, planning, is not

involved in the current multiple-choice item test because of the limitations of the paper-based
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version. A correct and incorrect answer were initially scored as 1 and 0 points, respectively.

Samples of the test items are presented in Figure 6.1 (see more Appendix D).

Table 6.2. Summary of the characteristics and referenced sources in the CVSP test.

Item  Content Source referenced Note
Identifying controlled experiments
IDO1  Heat and Thermodynamics Schwichow, Christoph, et al. (2016)
IDO2  Mechanics TIMSS (1997) New
image
IDO3  Heat and Thermodynamics Authors
ID0O4  Heat and Thermodynamics Schwichow, Christoph, et al. (2016)
IDO5  Electricity and Authors
Electromagnetism
IDO6  Electricity and Schwichow, Christoph, et al. (2016)
Electromagnetism
IDO7  Mechanics AAAS
IDO8  Mechanics Authors
Interpreting controlled experiments
INO1  Mechanics AAAS New
image
INO2  Electricity and Authors
Electromagnetism
INO3  Electricity and Schwichow, Christoph, et al. (2016)  New
Electromagnetism image
INO4  Mechanics Authors
INO5  Electricity and Schwichow, Christoph, et al. (2016)  New
Electromagnetism image
INO6  Heat and Thermodynamics AAAS
INO7  Mechanics Authors
INO8  Electricity and Authors
Electromagnetism
Understanding the indeterminacy of confounded experiments
UNO1 Electricity and Schwichow, Christoph, et al. (2016)
Electromagnetism
UNO02 Heat and Thermodynamics Schwichow, Christoph, et al. (2016)  New
image
UNO3  Heat and Thermodynamics Schwichow, Christoph, et al. (2016)
UNO04  Mechanics AAAS
UNO5 Mechanics Authors
UNO6  Electricity and Schwichow, Christoph, et al. (2016)
Electromagnetism
UNO7  Mechanics Authors
UNO8 Heat and Thermodynamics Authors
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IDO08. Mr. Long supposes that if a constant force acts on a cart from rest, the cart’s mass may
affect the time that it takes to complete a constant distance. Which set of the following
experiments can test his assumption?
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a) An ID subskill item.
INO2. Alan did the following experiment:

1 1 | 1 L 1
Test 1 Test 2 Test 3
What does her experiment show?
The battery and the wire’s material have an impact on the brightness of the bulb.
The number of batteries has an impact on the brightness of the bulb.

Ways of connecting the batteries impact the brightness of the bulb.
The experiment does not allow any valid conclusion.

b) An IN subskill item.
UNOS. Miss Thi did the following experiments:
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Test 1 Test 2
What can she find out from the series of experiments?
A. A hanging mass affects the spring’s stretch.

B. The spring’s property affects its stretch.
C. A hanging mass and the property of the spring affect the spring’s stretch.
D. The experiments do not allow us to reach any valid conclusion.

¢) An UN subskill item.
Figure 6.1. Examples of items in the CVSP test.
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6.3.2 Investigations of the CVSP test
6.3.2.1 Initial content validity testing

The first draft of our proposed test was sent to two experts in physics education and three
physics high school teachers to review. After modifying the language-translation issues and
comparing the relevant content to the current curricula, the second version of the instrument
was implemented as a pilot study with ten voluntary participants in a high school. We
introduced the aims of our pilot work before students completed the test under our supervision.
Following the trial test, students were asked about language issues and the knowledge

contained in the test. The final version was adjusted to deal with these minor matters.
6.3.2.2 Participants

The main study was conducted with 807 students from the 8 to 12" grades in Vietnam (Table
6.3). The participants had a mean age of 15.5 years with a male-female ratio of 40.6:59.4. We
randomly selected 21 classes in 11 schools. Students voluntarily joined the study after their
teachers introduced the aims of our project. The data was collected in 2020 and 2021. Students
took the test either in paper-and-pencil or online administration modes depending on the
particular circumstances in each participating school. Measurement invariance with respect to
delivery modalities was discussed in the Chapter 7.

Table 6.3. Study participants.

Grade n Male/Female Mean age Age range No. of classes
Ratio (%) (years)
8 178 43.3/56.7 13.6 13.1-14.9 5
9 159 48.4/51.6 14.6 14.1-154 4
10 235 38.7/61.3 15.8 15.3-16.9 6
11 154 43.5/56.5 16.8 16.3-17.5 4
12 81 40.7/59.3 17.8 17.3-19.0 2
All 807 40.6/59.4 15.5 13.1-19.0 21

The background questionnaire was embedded in the first section of the test in both
versions. Students were also asked to report their GPA and the marks they earned on the final
physics tests in the previous semester. In this study, we adapted the student questionnaire in
TIMSS 2015 (Physics in school) (Hooper et al., 2013; TIMSS, 2015) to assess students’
motivation and attitude in learning physics, with three main scales: student like learning
physics, students’ views on engaging in physics lessons, and students’ confidence in learning

physics (see Section 3.2.2.2). The online test was designed in the eDia via the servers of the
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University of Szeged. In principle, students spent around 45 min completing the test and

questionnaire.
6.3.2.3 Statistical analysis

Based on the psychometric guidelines of Kane (2016) and Messick (1995), and the Standards
for Educational and Psychological Testing (American Education Research Association,
American Psychological Association, 1999), the CVSP test development mainly involved
investigating the reliability evidence, dimensionality of the test models, item-model fit in the
Rasch model, and measurement invariance at the item level.

We employed the Rasch model in ACER ConQuest software with dichotomous items
(Adams & August 2010) to convert the raw score data to a linear scale. Such outputs of the
program provide the main parameters of model fit statistics and reliability, item-model fit, item
ability distribution fit, and some main classical statistics indices as well. Regarding
dimensional model fit, the efficacy of the possible models in Rasch model analysis is often
based on three indices: the deviance, AIC and BIC. By comparing the final deviances, AIC and
BIC, a model with the lower coefficients is a better fit. In each model, the cut-off standard for
the acceptable value of the infit index is in the range of 0.77 - 1.30 (Griffin, 2010). An item is
fitted with the Rasch measurement model if it meets this criterion. A good item fit denoted that
the probability of students responding correctly on an item increases with their proficiency. A
Wright map was also considered to explore the relationship between participants’ responses
and item difficulty (see Section 3.3.2).

In addition, ANOVA analysis and Tukey’s HSD test were employed to examine the effects
of subskills, knowledge content, and the number of independent variables on the item
difficulty. We also investigated the association between CVS and content knowledge. In this
case, we utilized the R psych package (Revelle, 2019) and ggplot2 package (Wickham, 2016)
to tailor the outcomes of ANOVA and visualize the pattern of item difficulty in the test.

6.4 Results
6.4.1 Validity and reliability of the CVSP test
6.4.1.1 Unidimensional model and three-dimensional model

To explore the difference in the internal structure of the test, we fitted unidimensional and
three-dimensional models to the dataset. A formal statistical test of these models’ relative fit
can be undertaken by comparing the final deviance of the two models. In the current study, the

unidimensional model got the final deviance value of 22,048.707 with 25 parameters estimate
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(AIC = 22,098.71, BIC = 22,121.38), and the three-dimensional model had 21,989.499 with
30 parameters estimated (AIC = 22,049.5, BIC = 22,2076.71). The deviances in the
unidimensional model were greater than those in the three-dimensional model. Consequently,
we can conclude that the three-dimensional model had a significantly better fit than the

unidimensional one.
6.4.1.2 Item quality and participants’ response

Table 6.4 shows the psychometric properties of the test item in unidimensional and three-
dimensional models. The infit indices ranged from 0.84 to 1.27, and the average value was 0.99
digits (SD = 0.10) in unidimensional model, while three-dimensional model had an infit range
from 0.85 to 1.23 and a mean infit of 1.0 (SD = 0.1), indicating that the test is a reliable
construct and statistical fit. The results showed that item difficulty values were between —1.43
and 2.75 and —1.77 to 2.03 in unidimensional and three-dimension models, respectively.

Table 6.4. Summary of psychometric characteristics of test items.

Correct . . Three-
No. Item Subskill answer Dis. One-dimension dimension

(%) Dif. Infit Dif. Infit
1 IDO1  Identifying 59.36 044 094 1.01 -0.27 1.05
2 ID0O3  Identifying 33.46  0.30 033 1.14 1.08 1.17
3 INO2  Interpreting 28.00 0.21 0.64 1.17 059 1.23
4 IDO2  Identifying 56.01 052 -0.78 0.93 -0.10 0.97
5 ID04  Identifying 68.77 040 143 1.00 -0.78 1.03
6 UNO8  Understanding 41.26 0.28 -0.07 1.14 -0.65 1.09
7 INO5 Interpreting 31.97 0.40 041 104 035 1.05
8 INO7  Interpreting 3829 0.50 0.08 0.96 0.01 0.99
9 IDO5  Identifying 6543 054 125 0.91 -0.59 0.89
10 UNO2  Understanding 50.68 0.55 -0.53 0.93 -1.08 0.89
11 ID06  Identifying 56.88 0.62 -0.82 0.84 -0.14 0.85
12 INO4 Interpreting 3321 055 0.34 0.91 0.28 0.93
13 UNO3  Understanding 7.56 0.17 242 1.02 1.71 0.99
14 IDO7  Identifying 46.22 040 031 1.02 040 1.11
15 INO1  Interpreting 4238 044 -0.13 1.03 -0.20 1.04
16 INO3 Interpreting 49.19 0.60 -0.45 0.87 -0.54 0.90
17 UNO06  Understanding 2045  0.55 1.13 0.86 0.47 0.86
18 INO8 Interpreting 6059 054 -1.01 0.91 -1.11 0.96
19 UNO7  Understanding 570 0.17 275 0.98 2.03 0.99
20 UNO1 Understanding 4696 045 035 1.00 -0.91 0.96
21 UNO04  Understanding 2454  0.40 0.85 1.02 021 0.95
22 ID0O8  Identifying 46.22 052 031 0.93 0.40 0.95
23 UNO5  Understanding 65.55 0.06 -1.26 1.27 -1.77 1.17
24 INO6 Interpreting 27.26 048 0.68 0.92 0.63 0.96

Note. Dis: Discrimination; Dif: item difficulty.
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Figure 6.2 illuminates the Wright map presenting the relationship between individual
responses and item difficulty estimates. It seems that most of the items fall into the middle
score zones of the map. The item mean default was 0.00, and the person mean was located at
—0.08 logits in the unidimensional model, indicating a little low competency among the
participants. Regarding each subskill in the three-dimensional model, the average person
proficiency of +0.70, —0.18, and —0.77 for ID, IN and UN, respectively. Compared to 0.00
digits of average item difficulty as defaulted in the program’s setting, the students seem to be
more proficient in the ID items but lower on IN and UN. They felt that the UN items were the
most difficult. Most of the test items showed a good model fit to the empirical data, suggesting
no redundancy or overlap in the items. The most difficult items were items 19 (UNOQ7) and 13
(UNO03), which scored 2.45 above the item mean, signifying that the students had difficulties
solving these items. This also suggests that respondents seemed to have misconceptions in the

indeterminacy of confounded experiments.
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a) Unidimensional model, x = 1.5 cases. b) Three-dimensional model, x = 5.6 cases.

Note. ID: Identifying controlled experiments, IN: Interpreting controlled experiments,

UN: Understanding the indeterminacy of confounded experiments.

Figure 6.2. Wright map of person-item location distribution in the test.
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6.4.2 Internal consistency estimate and correlations

The full test results showed an MLE person reliability of.80 (Cronbach’s alpha = .81;
McDonald’s omega = .82), Expected - a posteriori/plausible value reliability of .78, and item
reliability of .99. Table 6.5 presents the internal consistency estimates and intercorrelations for
each subskill. For our study’s purposes, these were acceptable levels in terms of internal
consistency reliability in general (Taber, 2018).

There was a significantly positive correlation between the three subskills of CVS, with
Pearson’s correlations ranging from 0.480 to 0.611. The results were consistent and even

somewhat higher than these coefficients in the recent study by Schwichow et al. (2020), which

ranged from 0.33 to 0.56.
Table 6.5. Internal consistency estimates and intercorrelations (Pearson) between subskills.
o ® EAP/PV Identifying  Interpreting
Identifying .66 .70 79
Interpreting .65 .68 .79 B11***
Understanding .55 57 7 A480*** 540***

Note. a.: Cronbach’s alpha; ®: McDonald’s omega; EAP/PV: Expected - a posteriori/plausible

value.
***p < .001.

6.4.3 Impacts of subskills, content and number of independent variables on item
difficulty

As suggested in the literature, the item difficulty was investigated in incorporating subskills,
physics-related content and a number of changeable variables in the experimental set. Figure
6.3 depicts the item difficulty with respect to subskills of CVS. The items belonging to the
understanding task were most difficult (M = 0.618, SD = 1.430), followed by items in the
interpreting (M = 0.071, SD = 0.580) and identifying tasks (M = —0.690, SD = 0.570). One-
sample Kolmogorov-Smirnov test confirmed that this item difficulty data was normally
distributed (D =0.122, p = .864). The ANOVA analysis compared the effect of these subskills
on item difficulty. The results indicated a significant difference in item difficulty among
subskills tasks (F (2, 21) = 3.823, p = .038). Tukey’s HSD test was implemented as a post hoc
analysis to investigate differences in pairs of subskills tasks by making multiple comparisons.
A significant difference was indicated between understanding and identifying items (Cohen’s
d = 1.200, p = .031), but no significant difference was found between the understanding and
interpreting items (p = .267) or between the interpreting and identifying items (p = .494).
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Scale (digits)

Identifyin Interpretin Understandin
- ying - P g - g -

IDO1 D02 IDD3 D04 IDO5 IDOB IDO7 IDO8 INO1 IND2 IND3 INO4 INOS INOS INO7 INDS UND1 UNO2 UND3 UND4 UNDS UNDS UNO7 UNDS
Item

Figure 6.3. The item difficulty and boxplots of items following subskills.

Figure 6.4 illustrates the item difficulties regarding content knowledge. We examined the
impact of the physics-related content on the item difficulty in the test. The mean of item
difficulties of items belonging to electricity and electromagnetism (M = —0.2656, SD = 0.849)
were lower than those belonging to mechanics (M = 0.137, SD = 1.153), and heat and
thermodynamics (M = 0.067, SD = 1.266). Nevertheless, an ANOVA analysis for the three
traits was employed to detect whether the item difficulty depends on the content. The result
revealed that the content knowledge did not significantly affect item difficulty in this study
(F(2,21) =0.334, p=.793).

30

2,51
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Scale (digits)
o

Mechanics Heat and Thermodynamics = Electricity and electromagnetism

ID0Z2 IDO7 ID08 INO1 INO4 INO7 UNO4 UNO5S UNO7 1DO1 IDD3 1D04 INDE UNOZ UNO3 UNOS ID05S 1D06 INOZ2 INO3 INOS INO8 UND1 UNO&
Item

Figure 6.4. Item difficulty and boxplots of item bundles regarding physics-related content.
Figure 6.5 demonstrates the pattern of impact of the proportion of independent variables
on item difficulty. Surprisingly, the item difficulties of items with three variables seemed to be

lower than those with fewer variables. However, we applied an ANOVA analysis to examine
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whether the number of independent variables in an experimental system influenced the item
difficulty. The results showed that the proportion of independent variables did not significantly
impact item difficulty in F (2, 21) = 1.256, p = .342.

3.09

254

204

Scale (digits)

1 variable 2 variables 3 variables
L =

NO3 INO6 INO8 UNO8 ID02 1D03 ID04 D05 IDO7 IDO8 INO1 IND2 INO4 INOS INO7 UNO1 UND3 UNO4 UNOS UNOB UNO7 ID01 ID06 UNO2
Item

Figure 6.5. The item difficulty and boxplots of item bundles in regard to the number of

independent variables.

6.4.4 Validity and reliability of the adapted students’ motivation in learning physics
guestionnaire

6.4.4.1 Principal component analysis

The primary purpose was to identify and calculate scores for the factors underlying each scale
and as suggested by former study (Martin et al., 2016), we implemented PCA as a prior
condition for further analysis. As presented in initial eigenvalues and scree plot in Figure 6.6,
the first principal component explained 59%, 57% and 50% of the variance in the LL, ET and
CL scales, respectively. The second principal component had eigenvalues still over one, but
each just explained around 15% of the variance in each scale. We employed analyses to solve
with one factor and two factors by using varimax rotations of the factor loading matrix. The
first principal component for each scale was considered due to three reasons: (1) it was
supported by the former studies (Hooper et al., 2013); (2) the eigenvalues on the scree plots
tended to level off after two components; and (3) the loading indices in one-principal
component models were higher than 0.30 each. Particularly, the component loadings of each
questionnaire item were positive and sizable, indicating a strong correlation between each item
and the scale. The results of varimax rotation showed standardized loadings ranged from 0.62
to 0.83 for the LL scale, from 0.46 to 0.77 for the ET scale and 0.64 to 0.72 for the CL scale.
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Generally, this suggested that all items should be kept, and the items in each scale were

adequate as a single factor scale.
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Figure 6.6. The scree plot in PCA for each scale.

Reliability coefficients of Cronbach’s alpha for each one-principal component scale were
calculated in the case. These values were .90, .88 and .86 for the LL, ET and CL scales,
respectively. Overall, it is very good in terms of internal consistency reliability at all scales
(Taber, 2018).

6.4.4.2 Rasch model measurement analysis

The results of the PCM (Adams & Wu, 2010) in Rasch measurement revealed that the scales
fit quite well models to the data. As designed as unidimensional models (Martin et al., 2016),
three scales performed consistently in one-dimensional structure.

Generally, all items in the three scales fit well to the present dataset. For the LL scale, the
infit indices ranged from 0.81 to 1.24, and the location parameter (item difficulty) values were
in the range of —0.729 and 0.942 (M = 0.00, SD = 1.00). All infit indices met very well to the
cut-off standards for the ET scale with the infit values ranged from 0.84 to 1.30 (M = 0.99, SD
= 0.15) and CO scale with infit indices ranged from 0.98 to 1.06 (M = 1.02, SD = 0.03). The
item location parameters in the ET scale and CO scale ranged from —0.362 to 0.699 and from
—0.613 to 1.149, respectively. The means of person response were 1.184 digits (SD = 1.965),
1.356 (SD =1.973) and —0.351 (SD = 1.727), indicating that students had positive attitudes to
like learning physics and felt that they received much engagement from their teacher in learning
physics. However, students reported lowest scores in the confidence in the learning physics
scale.

Additionally, we implemented DIF analysis with respect to gender and grade levels by
using ordinal regression methods in R lordif package (Choi et al., 2011) (see Section 3.3.3).

The likelihood ratio y?2test is considered as the detection criterion at the a level of 0.01, while
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the change in McFadden’s R? of 0.02 as a criterion for rejecting the null hypothesis of no DIF.
All pseudo R2 values were below 0.02, and p-values of the goodness-of-fit statistics above

0.05, indicating that no DIF items were detected in all three scales regarding gender.
6.4.4.3 Internal consistency and correlations

Table 6.6 presents the internal consistency estimates and intercorrelations for each scale.
Internal consistency reliability was an adequate level for all single scales (Taber, 2018). A
significantly positive correlation was found between the three scales of physics motivation.
The strongest association was found between LL and CL scales, followed by LL and ET scales.

Table 6.6. Internal consistency estimates and correlations between subskills.

o ® EAP/PV LL ET
LL .89 91 .87
ET .87 .89 .86 .604***
CL .83 .88 .83 646%** AQ7F**

Note. a.: Cronbach’s alpha; ®: McDonald’s omega; EAP/PV: Expected - a posteriori/plausible

value; ***p < 0.001.
6.4.5 Different performance among grade cohorts on the CVSP test

Figure 6.7 illustrates students’ achievements on the CVSP test across grade levels. There were
numerous students who received a very low score in the 8" (M = —1.053, SD = 0.837) and 9%"
grade (M =—0.946, SD = 0.902), and some 9" graders gained very high scores. Distribution in
the 10" graders’ scores was similar to those in the 8" and 9" grades, but it scored somewhat
higher on average (M = —0.443, SD = 0.992). The mean scores of the 11"- and 12™-grade
groups were 0.147 and 0.560 digits (MLE), respectively, but their scores’ distribution showed
in different patterns. The 11"-grade cohort had both the high- and low-performing participants.
It appeared that there was an equivalent proportion of students who achieved higher mean
scores and lower scores in this group. In the 12" grade cohort, there were still some students
who achieved the highest scores on the test, so its distribution shape tended to spread up the

top of the scale.
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Figure 6.7. Differences in performance of grade cohorts on the CVS test.

Furthermore, we applied the four-parameter symmetric log-logistic equation (Kniss AR,
2018) ( see Section 3.3.4) to describe the developmental process in students’ CVS capacities.
The parameters of a sigmoid curve were tailored by the R drc package (Ritz et al., 2015)
and depicted via smooth line graphs in the R ggplot2 (Wickham, 2016). As shown in Figure
6.8, the fitted logistic curve described the empirical data adequately in comparison with the
log-logistic model. Result of comparison in the dose-response model to a more general
ANOVA model which employed an approximate F-test (Kniss AR, 2018), revealed that the
logistic curve fit quite well to the empirical data (F = 0.332, p =.565). In general, development
of children’s CVS in learning physics was statistically significant across grade cohorts, but
growth rates were different between particular cohorts. The most rapid growth was flagged at
the 10" grade as the point of inflexion (ED50 - half maximal effective concentration) (See
Section 3.3.4). This suggested that the fastest development occurred from the 9" grade to 11%"
grade (tanMepso = 2.978).
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Figure 6.8. Developmental curve of CVSP in physics.

6.4.6 Gender difference in CVS

As demonstrated in Figure 6.9, males and females seemed equivalent in CVS ability at each
cohort and whole sample. In the 8™ grade to 10™ grade, the average score of males were a little
higher that of females, and the distributions displayed slightly differently regarding gender,
with the larger part of the density of the male spread out over a wider range. This verified that
the standard deviation was larger in the male cohort. However, males appeared to earn a higher

mean score than females.
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Figure 6.9. Comparison of performance in CVS in physics between males and females.
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Furthermore, we employed the t-test to compare abilities between males and females.
Table 6.7 summarized the results of the t-test for five cohorts and the whole sample. No
significant difference was found on the CVSP test between boys and girls in the whole sample
or single cohorts. This also suggested that boys did not differ significantly from girls on the
CVSP test. In other words, it was estimated that males and females had an equivalent ability
level on the CVSP test. Moreover, Table 6.8 provides the results of the t-test concerning gender
in individual subskills. The results indicated that no gender difference was found on the ID and
IN tasks, but male students performed significantly better than female students on the UN task.

Table 6.7. The t-test to compare CVSP test results regarding gender.

Male Female
Grade N Mean (SD) N Mean (SD) t p
8 77 —0.96 (0.85) 101 —-0.12 (0.83) 1.25 212
9 77 —0.90 (1.04) 82 —0.98 (0.75) 0.58 .560
10 99 —0.39 (1.09) 144 —0.48 (0.92) 0.60 550
11 67 0.15 (0.99) 87 0.15 (1.13) —-0.02 .987
12 33 0.85 (1.25) 48 0.36 (1.32) 1.68 .097
All 345 —0.41 (1.75) 462 —0.50 (1.10) 1.13 .256

Table 6.8. The t-test to compare CVS abilities between males and females on each subtest.

Subtest Male Female
Mean (SD) Mean (SD) t p
Identifying 0.26 (1.54) 0.22 (1.45) 0.41 .683
Interpreting —0.56 (1.50) —0.65 (1.43) 0.85 397
Understanding —0.97 (1.30) -1.18 (1.21) 2.41 016

6.4.7 Physics motivation in students at different grade cohorts

The pirate plots in Figure 6.10 illustrate the students’ performance on the (a) LL, (b) ET and
(c) CL scales across five grade cohorts. Overall, perspectives toward learning physics of
children were positive and quite high. The mean scores seemed to be similar among five
cohorts, except at the 10" grade, where students scored lower on the LL and CO scales. On
average, students scored around 3 points (in 4-point Likert scale) on the LL and ET scales, and
just under 2.5 points on CL scale. The changing trend seemed to be the same pattern in

individual motivational factors across grade levels.
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Figure 6.10. Performance of students in different grade levels on each scale in physics

motivation.

Moreover, the ANOVA was applied to investigate the effect of grade levels on students’
motivation toward learning physics. The results indicated that there was a non-significant
difference between grade levels on the ET scale [F(4, 802) = 2.3, p = .057]. By contrast, a
statistically significant difference between the grade cohorts was found on the LL [F(4, 802) =
7.0, p <.001] and CL scales [F(4, 802) = 10.7, p <.001]. Tukey’s HSD was employed to test
significant differences in pairs of grade levels. Table 6.9 summarises the multiple comparisons,
the younger groups tended to gain higher scores than the older ones on the LL scale. The 10™
graders showed significantly lower scores than those of the 11" and 12t graders on both these

scales.
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Table 6.9. Tukey’s HSD in multiple comparisons on the LL and CL scales.

Grade Like learning Confidence in learning
Mean difference p Mean difference p

8 & 10 0.02 991 0.22 <.001
8&11 -0.20 .005 —-0.04 952
8&12 —0.20 .029 0.03 989
9&38 0.14 112 0.06 .809
9&10 0.16 .023 0.28 <.000
9&11 —0.06 833 0.02 997
9&12 —-0.07 .883 0.09 661
10& 11 -0.22 <.001 —0.26 <.001
10 & 12 —0.23 .007 -0.19 .026
11&12 0.00 1.00 0.07 .833

6.4.8 Gender difference in physics motivation

Figure 6.11 shows performance of males and females on each physics motivation scale across
grade levels. Although a fluctuation in motivation can be observed on the single scales across
grade cohorts, a general tendency was that boys reported higher than girls on most scales,

except in the 11™" grade, where girls achieved higher scores than boys did on the CL scale.
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Figure 6.11. Comparison of students’ performance regarding gender across grade levels.

Furthermore, the t-test was manipulated to compare students’ motivation toward learning

physics with respect to gender. For the entire sample, a significant difference was determined
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between males and females on all three scales, with favouring males (Table 6.10). In fact, the
significant difference was only found at the 8™ and 10™ grades. No significant difference with
respect to gender was found in other grade cohorts, although boys mostly scored higher than
girls.

Table 6.10. Comparing between males and females in motivation toward learning physics.

Grade Like learning Engaging teaching Confidence in learning
AM df d AM df d AM df d
0.21 160.7 0.38* 0.05 159.8 0.09 0.21 158.8 0.35*
0.15 1489 0.20 0.03 1558 0.03 0.09 155.8 0.21

10 0.21 159.7 0.51** 0.14 1356 040* 0.28 187.8  0.58***

11 0.02 1355 0.05 0.00 1254 0.05 -0.07 128.8 0.16

12 0.07 7475 0.11 0.12 589 0.37 -0.13  78.2 0.27

All 0.14 7453 0.29*** 0.08 680.1 0.18* 0.16 7446 0.34***

Note. AM: mean difference between boys and girls. d: Cohens’ d effect size.
*p <0.05, **p < 0.01, ***p < 0.001.

6.4.9 Interaction among grade level, motivation and physics test in predicting CVS

A path analysis was yielded with Mplus 7 (Muthén & Muthén, 2012) to explore underlying
factors explaining students’ CVS capacity. As suggested in the literature, we assumed
exploratory variables such grade level (GR), physics test’s result in previous semester (PH),
like learning scale (LL), engaging learning scale (ET) and confidence in learning (CL) as the
interactive factors in predicting individuals’ CVS abilities.

As illustrated in Figure 6.12, the model presents relationship between understudied
variables in contributing to students’ CVS proficiency in physics. The results revealed that the
model fit very well to the empirical data, with x* (11) = 23.16, p = .017, CFI = .994, TLI =
.984, SRMR =.021, RMSEA = .037. The model enabled to explain around 44.7% of variance
of the CV'S capabilities. GR demonstrated as the strongest factor affecting directly on the CVS,
followed by PH and LL variables. However, ET and CL do not contribute directly to explaining

significantly on the CVS, but CL showed as the main predictor of PH.
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Figure 6.12. Proposed model predicting students’ CVS abilities.

Note. GR: grade level; PH: physics test in previous semester; LL: like learning physics scale;
ET: engaging learning in physics; CL: confidence in learning physics.
***p<.001.

6.5 Discussion and conclusion

The subskills of CVS, such as planning the suitable experimental structure, identifying the
appropriate variables, interpreting the valid outcomes and understanding the contribution of
components in an experimental system, are the core scientific reasoning capacities in learning
physics. As Chen & Klahr (1999) argued, it is very important to know how well present school
practices have affected CVS in school contexts. The current study strived to assess students’
CVS skills at different grade levels. Some validity evidence for the proposed test was provided,
involving content validity for using robust statistical measures to explore the psychometric
properties of the test with the Rasch model and DIF analysis regarding gender. This supports
the hypothesis H3.2. It seems that the CVSP test is well-targeted to assess three subskills of
CVS in physics for secondary school students.

Considering the test dimensionality, interestingly, both the unidimensional model and
three-dimensional model performed well since both fit quite well to the current dataset. The
hypothesis H3.1 is confirmed. The results can be interpreted in terms of single subskills of
CVS contributing to a common underlying one-factor structure. Rasch model analysis
suggested the well-infit individual items in the test, but classical statistics recommended that a
few items need to be reconsidered for future improvement. According to the classification of

Ebel and Frisbie (1991), item 23 (UNO5) is a poor item since its discrimination value was 0.08
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(lower than 2.0), and four items (ID03, INO2, UNO3, UNOQ7) had a discrimination range
between 2.0 and 2.9, prompting minor revision.

Furthermore, subskills’ impacts on item difficulty were illuminated in the Wright persons-
items map of the three-dimensional model and further confirmed statistically by ANOVA
analysis. The cluster of ID items was easier than others, while students felt most challenged by
the items related to their understanding of confounded experiments’ indeterminacy.
Amazingly, although this study included students from five grade levels, physics-related
content knowledge did not significantly influence the item difficulty. These results are
consistent with the literature, which revealed the subskills impacted item difficulty, but the
content knowledge did not (Schwichow, Christoph, et al., 2016). The findings confirm the
hypothesis H3.3. Nevertheless, their study showed that significant differences were detected
both between UN and ID and UN and IN items. In contrast, the present study only found a
significant difference between UN and ID items with a smaller effect size. Adding the
independent variables into an experimental system might make a problem more difficult
because of the higher working memory load. However, the current study revealed no
significant difference among one to three variables in terms of item difficulty. Not surprisingly,
these results are consistent with the study by Staver (1986), which indicated that the effects of
the number of independent variables on item difficulty only happened significantly in the four-
and five-variable items.

Regarding grade level, CVS capacity increased across grade cohorts. The findings are
apparently consistent with the findings of former studies (e.g. Han, 2013; Schwichow et al.,
2020; Zimmerman, 2007). Moreover, the developmental curve was modelled within a four-
parameter symmetric log-logistic equation. The model performed as a good fit to the empirical
data, indicating that the fastest improvement of CVS happened at the 10" grade (15 - 16 years).
The results support the hypothesis H3.5. However, a non-significant difference on the ET scale,
but a significant difference between the grade cohorts was found on the LL and CL scales. The
hypothesis H3.6 is partially confirmed.

Generally, DIF analysis confirmed that the test and questionnaire items were equivalent,
because no DIF was flagged between boys and girls statistically. However, when focusing on
each subskill of CV'S with t-test, we found that males did not differ significantly to females in
the ID and IN subskills, but the UN items seemed to favour the males since scoring significantly
higher than did males. The results were partly in agreement with the previous (Mayer et al.,
2014; Piraksa et al., 2014). For physics motivation, the psychometric properties of the adapted

questionnaire were examined in Vietnam contexts. The results confirm the hypothesis H3.4.
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The findings showed that there was a significant difference in all motivation scales, in which
males reported higher scores than females. The hypothesis H3.7 is not confirmed in the case.

Investigating the relationships between CVS and relevant variables (e.g., physics test,
GPA) and examining the underlying factors predicting the item difficulty are additional
evidence of validity arguments. Most of the findings were consistent with the former studies
in the field (The hypothesis H3.8 is supported). Notably, the study by Valanides (1997)
indicated that achievement in mathematics and GPA contributed considerably to predicting SR
involving CVS tasks, while Schwichow et al. (2020) found that school grade and content
knowledge tests in physics were significantly associated with each subskill of CVS. The path
analysis also confirmed the important role of content knowledge and physics motivation in
predicting CVS ability in children.

6.6 Implications in science education

The study has partly contributed the potential items to the field of assessment of CVS reasoning
ability. It also provided the highlighted construct of problem items that teachers can refer to
when developing the CVS tasks. Teachers can apply appropriate tasks relevant to students’
competencies in classroom settings and labs as hands-on activities. Although males did not
differ statistically from females in CVS tasks generally, there was a slight difference in each
subskill. Consequently, teachers should pay attention during instruction to help male students
improve in 1D tasks and support female students deal with UN tasks more effectively.
Investigating the impact of these subskills, knowledge content and the number of
independent variables on the item difficulty plays a notable role in school practices. The main
challenge of an item is not to exclude knowledge concepts (abstract, complex, and difficult) or
the number of independent variables in an experiment, but it comes from the kind of subskills
of the CVS task. The study also revealed that students developed CVS with the fastest rate
during the first year at high schools. Teachers need to be aware of this tendency to select
suitable activities to enhance students’ CVS skills. Consistent with the previous studies,
students seem not to distinguish between the confounded experiments and controlled
experiments. As Siler and Klahr (2012) discussed, a possible reason for this inclination may
derive from procedural misconceptions. Students often misunderstand the goal of the task as
contriving an outcome rather than finding out about the causal status of a single variable.
Students believe that they can “do it all” in a single experiment. Still, if two variables change

simultaneously, we can examine the effect of each variable on the outcome of an experimental
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system. Therefore, teachers should help students be aware of these possible pitfalls in executing
the CVS tasks.

Nonetheless, the current test did not consider assessing the planning-controlled
experiments skills of students. In principle, developing this kind of problem in the virtual
environment is possible, using simulated real-life experimental tasks in advance (Luecht &
Sireci, 2011). The efforts need to be encouraged for the next generation of the test.
Additionally, no items provide experimental data, so we could not measure the interpreting
skill of students that require a quantitative dataset. According to Han (2013) and Zhou et al.
(2016), CVS tasks with quantitative data can tap into students’ thinking beyond the testability
of the variables that influence the results of an experiment. This kind of stem of items needs to
be considered for future research. Furthermore, the text length and use of visual images may
affect the item difficulty (Stiller et al., 2016), but the current study did not handle the issues.

Future studies would deem the impacts of multiple representations on item difficulty.
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CHAPTER 7. EFFECTS OF MULTIMEDIA ON PSYCHOMETRIC
PROPERTIES OF THE COGNITIVE TESTS: A COMPARISON
BETWEEN TECHNOLOGY-BASED AND PAPER-BASED
ASSESSMENT

7.1 Introduction

ICT has become increasingly relevant in most aspects of modern life, including work and
school. Computers have been important supplementary tools in the teaching and learning
process. As part of this explosion of new technologies, TBA is being used globally on either
computers or other electronic devices, such as smartphones, tablets and other portable devices.
TBA provides evidence of positive results on student learning performance, motivation and
attitudes (Mohamadi, 2018; Nikou & Economides, 2018; Sheard & Chambers, 2014). TBA
offers numerous benefits, such as a higher standardization of test administration, efficient test
scoring, and the likelihood of immediate reporting and interpreting of results (Csapo et al.,
2012; Shute & Rahimi, 2017). A large number of institutions have considered introducing TBA
administration in recent years, and thus TBA has progressively replaced traditional paper-and-
pencil assessment.

Creativity, critical thinking, problem-solving and ICT are all regarded as significant
aptitudes in the 21%t century (Voogt & Roblin, 2012). Moreover, students are expected to
demonstrate these abilities and skills to meet the demands of future jobs. IR and scientific
reasoning in the CVS are closely tied to problem-solving and play an important role in learning
core school disciplines (e.g., Adey & Csapd, 2012; Chen & Klahr, 1999; Van Vo & Csapo,
2021a, 2021b). Modern society is under ever greater pressure to deal with more information in
a shorter amount of time. Assessment of these skills has therefore come under increasing
consideration. Like other testing in educational contexts, these cognitive tests can be used in
testing mechanisms in a virtual environment, so they have gradually transformed from
traditional forms into technology-rich formats.

The paper method is restricted to using static text and graphics, whereas computers are
capable of presenting rich visualizations of figures and even dynamic interactions with test-
takers (Greiff et al., 2018). However, previous studies have reported inconsistent findings when
comparing performance between dual modes of administration (Gates & Kochan, 2015;

Williamson et al., 2017). There are various approaches to investigating equivalent groups in
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these studies, such as construct validity and mean scores from test to item levels (Gates &
Kochan, 2015; Williamson et al., 2017).

In the context of Vietnam, most schools were at the infusing stages of ICT-facilitated
teaching and learning pedagogies, and the conditions in schools were suitable for the necessary
transformation of their ICT-facilitated teaching and learning practices (Maftuh, 2011).
Nevertheless, the development of assessment was thought to be at the applying stage, meaning
that teachers had started learning to use ICT along with traditional methods. In recent years,
schools have been interested in using technology in educational assessment, although paper-
and-pencil mode is still used officially in Vietham. Institutions often offer both paper and TBA
administration because of the inadequacies of the current ICT infrastructure. Specifically, when
novel coronavirus (COVID-19) broke out, it posed a major challenge for the traditional school
environments. Testing administration in education should be in line with the national
restrictions on social interactions due to the pandemic. Therefore, studies comparing the impact
of the paper - based and TBA modes of administration warrant a scholarly inquiry. The main
aim of our study is to investigate the effects of technology in different modalities in cases with

and without supervision on cognitive reasoning tests.
7.2 Research questions

This study aimed to evaluate the extent to which the administration modes affect the cognitive

tests. We are interested in the differences of validity of the internal structure and scores when

comparing the dual delivery modes on the same test, taking into consideration the item, task
and test levels. The following three research questions guided our study:

RQ4.1: Are the adapted tests suitable for students in the Vietnamese context using the two
methods of delivery?

H4.1: We expect the tests are equivalent in term of internal structure validity in two
administration modes (e.g. Hassler Hallstedt & Ghaderi, 2018; Kim & Huynh, 2010;
Neumann & Neumann, 2019; Schroeders & Wilhelm, 2010)

RQ4.2: Is there any evidence of equivalence between the online and PP groups in the cognitive
tests at item and task levels?

H4.2: We hypothesize that it is comparable for two groups’ performance at the item and the
bundle of items (Kim & Huynh, 2010).

RQ4.3: How do the different administration modes affect students’ performance at test level?

H4.3: It is assumed that no statistically significant difference in participants who are the same

prior proficiencies on the test.
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7.3 Data analyses

We involved three main analytical approaches at the item, task and test levels to evaluate the
performance comparability in the two administration means. First, raw scores of each item
were scored 1 and O for correct and incorrect answers, respectively. We then scaled the test
results with the Rasch model, which is based on IRT to examine the relationship between the
test-takers’ abilities and their responses to the test items. Three main indices (final deviance,
AIC and BIC) were referred to compare model fit in Rasch model (see Section 3.3.2).
Furthermore, DIF analysis provides evidence about functions to compare different groups
at the item level. In the study, we employed DIF analysis in dichotomously scored items with
the Angoff's delta plot method (see Angoff, 1982). DBF or item bundle DIF analysis is the
natural extension of the DIF approach. In the current study, we applied the framework of
Douglas, Roussos and Stout (1996), which used the SIBTEST method (Shealy & Stout, 1993)

to examine DIF in bundles (see Section 3.3.3).
7.4 Paper-based and online testing in the IR test
7.4.1 Participants

The data set was drawn from 715 students in six public schools in the southern province of An
Giang (Vietnam). A total of 20 classes were recruited for this study, based on matching the
equivalence of students’ school performance in the last semester from the sample cluster list
of 20 public schools. Table 7.1 presents the basic characteristics of the four student cohorts of
the 6™, 9t 10 and 11" grades.

Table 7.1. Characteristics of the participants in study 1.

Online/PP Online PP
Grade N ratio (%) Male/Female Mean age Male/Female  Mean age
ratio (%) (years) ratio (%) (years)
6 103 42.7/57.3 34.1/65.9 11.3 47.5/52.5 11.2
9 115 43.5/56.5 46.0/54.0 14.3 49.2/50.8 14.2
10 246  56.5/43.5 38.8/61.2 15.1 52.3/47.7 15.2
11 251 41.4/58.6 46.2/53.8 16.2 51.0/49.0 16.2
Total 715 47.1/52.9 41.5/58.5 14.8 50.5/49.5 14.8

Table 7.2 displays the equivalence of students’ ability in terms of school performance
during the previous semester by using Pearson’s chi-squared test. School performance was
computed as average of the 11-13 school subjects in both elective and compulsory subjects. In

Vietnam secondary education level, this index is scaled into five categories: excellent, good,
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fair, weak and poor. Students reported their school performance in the first part of the test. The
distribution of school performance during the last semester showed the same between the
online group and the paper-and-pencil group in the individual cohorts and entire sample.

We conducted this study in the first semester of the academic year 2019-2020. For the PP
group, a test booklet with two single items on each page was given to each student along with
an answer sheet. A teacher introduced the research aims and guided the students through the
appropriate practice steps following our instructions. For the online test, each student received
alink and an individual code to access the test. Two teachers were present to resolve technology
issues during the testing process in the computer room. One item was displayed per screen
page, and the items were presented in a manner similar to the PP version. Students spent around
30 minutes to complete this test and were supervised by their teachers as part of the regular
school timetable. The online testing was administrated within eDia via the server of University
of Szeged (Csap6 & Molnar, 2019).

Table 7.2. Distribution of the online and PP groups based on school performance in the

pI’EViOUS semester.

Grade Mode Poor Weak Fair Good Excellent Total »? p
6 Online N 0 0 1 19 24 44 1.387 .500
% 0.00 0.00 227 43.18 5455 100

PP N O 0 0 25 34 59
% 0.00 0.00 0.00 4237 57.63 100

9 Online N 0 0 7 22 21 50 0.004 .998
% 0.00 0.00 14.00 44.00 42.00 100
PP N O 0 9 29 27 65

% 0.00 0.00 1385 44.62 4154 100 0.240 .887
10 Online N O 0 2 65 72 139
% 0.00 0.00 144 46.76 51.80 100
PP N O 0 1 48 58 107
% 0.00 0.00 093 4486 54.21 100

11 Online N 0 2 12 52 38 104  3.933 .269
% 000 192 1154 50.00 36.54 100
PP N 0 0 12 74 61 147
% 0.00 0.00 816 5034 4150 100

All Online N 0 2 22 158 155 337 2492 .AT7
% 0.00 059 653 46.88 45.99 100
PP N O 0 22 176 180 378

% 0.00 0.00 582 46.56 47.62 100

7.4.2 Instruments

The original IR items were developed in Hungarian and included four tasks. This test has been

used in several empirical studies in cross-cultural contexts to establish its reliability and
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predictive validity for use with school-age populations (e.g., Kambeyo & Wu, 2018; Korom et
al., 2017). The basic criteria to select items were based on the structure of each item and the
empirical evidence from the earlier studies. Ultimately, 20 items were used to measure
students’ IR capacity (see Section 3.2.1.1). The online test was developed using the eDia
platform, an assessment platform developed by the University of Szeged. The eDia is a
browser-based assessment platform. To ensure the same order of the items in both the online

and PP versions, we designed a fixed-length test in the two versions in this study.
7.4.3 Findings of the study 1
7.4.3.1 Reliability and validity

Table 7.3 presents Cronbach’s alpha (o), McDonald’s omega (®) and the Pearson correlation
between the subtests. Generally, the internal consistency reliability was acceptable though not
excellent for both test versions, but the PP format seemed somewhat better than the online one.
There were significant positive correlations between the subtests, with those in the PP format
being stronger than those on the online test, while the strongest one was found between the
figure series completion and figure analogies tasks in both versions.

Table 7.3. Internal consistency indicated by Cronbach’s alpha (o), McDonald’s omega (®)

and the intercorrelations for the subtests.

Online (N=337) PP (N=378)
o ® FS FA NA o ® FS FA NA
FS 57 62 67 .75
FA 60 76 310 57 .62 503
NA 61 69 307 293 50 .55 404 370
NS 50 53 264 322 395 69 .72 435 456 446
Al 76 80 83 .85

Note. p< .001 for all correlation coefficients.

Table 7.4 summarizes the psychometric properties of the IR test comparing the online and
PP groups. In classical statistics, the percentage of correct answers and discrimination values
are acceptable when they are higher than 0.3 (Ebel & Frisbie, 1991) and comparable between
the two groups for most test items, except item 20. The results of the Rasch model analysis
showed that the test items fitted the model to the data quite well in both versions. The infit for
single items (weighted mean squares, MNSQ) ranged from 0.85 to 1.28 (Mean=0.99, SD=0.09)
in the online group and from 0.87 to 1.20 (Mean=1.01, SD=0.11) in the paper-based group.
The item difficulty ranged from —1.79 to 2.52 and from —1.57 to 2.16 on the online and the
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paper-based tests, respectively. Overall, these results suggest that the models were well
supported with the empirical data in both test formats. Furthermore, the unidimensional model
of the online sample resulted in a final deviance of 6,548.59 with 21 parameters
(AIC=6,590.59, BIC=6,601.67), while that of the paper sample was estimated at a final
deviance of 6,847.79 and 21 parameters (Al1C=6,889.79, BIC=6,901.92). Consequently, the
deviance, AIC and BIC of the online group were lower than those of the paper group,
suggesting that the unidimensional model of the online sample fitted better to the empirical
data than that of the PP group.

Table 7.4. Psychometric parameters of the IR test by modes of administration.

No. Item  Correctanswer  Discrimination  Difficulty Infit
Online PP Online PP Online PP Online PP

1 FSO1 83.68 83.86 039 062 084 -0.56 1.01 085
2 FS02 87.83 86.77 032 058 -123 -0.85 1.04 0.86
3 FS03 8249 83.33 043 055 -0.74 -0.52 098 0.88
4 FS04 9228 92.33 037 042 -179 -1.56 089  0.98
5 FS09 24.63 37.83 040 0.33 243  2.16 1.01 1.14
6 FAQ2 91.10 91.53 037 037 -162 -144 0.94 1.06
7 FAO05 59.94 61.11 052 0.53 062 095 096 0.96
8 FAO06 59.94 54.76 052 047 0.62 1.28 0.96 1.05
9 FAQ7 74.78 82.28 048 052 -0.20 -0.42 095 0.9
10 FA10 64.09 76.19 035 0.50 040 0.04 112 0.99
11  NAO1 75.37 82.54 050 035 024 -045 0.96 1.15
12 NAO2 82.49 89.95 053 051 -075 -1.22 087 091
13 NAO3 85.76  86.77 038 041 -103 -0.85 0.96 1.06
14 NAO0S 80.12 80.42 055 050 056 -0.27 0.87 1.04
15 NAO7 33.53 38.10 028 0.25 192 215 1.20 1.28
16 NSO1 87.54 90.21 050 059 -120 -1.25 093 0.93
17 NSO02 72.40 68.31 050 056 006 0.48 0.96 1.00
18 NSO3 60.53 70.11 045  0.50 059 0.44 1.02 1.07
19 NSO05 48.66 59.52 042  0.56 1.17 1.03 1.05 0.98
20 NSO7 23.15 62.96 022 053 252 0.85 118 0.98

7.4.3.2 A comparison online and PP versions by DIF analysis

DIF analysis was conducted with the online group set as a focal group. DIF analysis using
Angoff’s delta method with item purification parameters of the major axis (a=—0.4523,
b=1.0925) in the last iterations and a detection threshold of 1.29 (significance level: 5%)
suggested that 19 items displayed no DIF and only item 20 (NS07) was detected as a DIF item,
these results thus favoring the paper group. Interestingly, most (7 out of 10) of the items with
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figure-related material yielded a positive effect size, while most (6 out of 10) of the items with
number-related material had a negative effect size. In other words, the items comprising figures
tended to favor the online group, while the items containing numbers seemed to favor the PP

group, as depicted in Figure 7.1.
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Figure 7.1. Delta plots for the dual modes of administration of the IR test.
Note: The items are located above the major axis, indicating that they are easier for the

respondents in the reference group (PP group).
7.4.3.3 DBF analysis for comparison between two administration modes

For DBF analysis, the online group was also used as the focal group. Table 7.5 summarizes the
results of the SIBTEST method at the task (item bundle) level. DBF analysis determined that
significant DBF for the bundle of items was found in the figure analogies and figure series
completion tasks, with the online group being favored. However, no DBF was indicated in the
item bundle of the number series completion and number analogies tasks, although it seemed
to favor the paper group. Generally, DBF analysis showed that the performance of the online
group on the bundle of figure-related items was better than that of the PP group, whereas the
results were apparently reversed in the number-related items.
Table 7.5. Summary of the SIBTEST results at task level.

Item bundle No. of items Bs p-value Result favors
Figure analogies 5 —0.317 0.000 Online
Figure series completion 5 —0.455 0.000 Online
Number analogies 5 0.029 0.762 No DBF
Number series completion 5 0.095 0.078 No DBF

7.4.3.4 A descriptive comparison of the students’ performance
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The average proficiency of the participants in the online group was 1.14 (SD=1.19) on the
MLE scale of the Rasch measurement model, and that of the paper group was 1.56 (SD=1.39).
In comparison with average item difficulty, the students’ proficiency was estimated as higher
than item difficulty (set at O logit). The students in the paper-based group found the test a bit
easier than those in the online group. On average, the online participants completed 13.7 out
of 20 items correctly (68.5%), while the students in the PP group did 14.8 out of 20 items
correctly (74.4 %).

The Wright maps in Figure 7.2 present the patterns of the students’ performance in the two
groups. The results from the Wright map also suggest that the participants using the paper-
based test medium tended to complete item 20 easily, as the results indicated the location of
this item in the middle of the scale. However, this was not the case with the online participants
because the map suggests that that item tended to be the most difficult one for them as it stood
at the top of the scale. The finding is consistent with the result of Delta plots analysis, as
discussed above. All items covered most of the participants’ skills, but, in general, the test
seemed easy for the students in both groups. All in all, the students’ achievement on the online

version was a bit lower than that of their peers on the PP version.
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Figure 7.2. The Wright maps for the online and the PP groups.

Note. Each “x” represents 0.6 cases.

Furthermore, we conducted a t-test to examine the difference in performance between the
two groups. Table 7.6 provides a brief account of the students’ performance on the test in the
two modes of administration grouped by grade level. Generally, the average score of the paper-
based group was higher than the mean score of the online group using Cohen’s effect size value
(d=0.32), suggesting a small to medium significance. All the cohorts in the PP group scored
higher than those in the online group, except in the 6! grade, where the students did the online
test better than their peers who took the paper-based test.

Table 7.6. Students’ performances on the IR test by modes of administration.

Grade Online PP ¢ b Cohen’s
N Mean (SD) N Mean (SD) d

6 44 1.07 (1.04) 59 —0.03 (1.01) 539 <.001 1.07

9 50 0.88 (1.23) 65 1.53(1.23) —2.78 .006 0.52

10 139 1.04 (1.18) 107 1.68(1.27) -4.02 <.001 0.52

11 104 1.41 (1.21) 147 2.12(1.18) 455 <.001 0.59

All 337 1.14 (1.19) 378 156 (1.39) -4.33 <.001 0.32
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7.5 Technology-based and paper-based testing in the CSVP test
7.5.1 Participants

The final data of this study was collected from 731 students from the 8" to 121" grades in nine
secondary schools in Vietnam. As shown in Table 7.7, the mean ages of the students in the
online and paper groups were 15.3 years and 15.5, respectively, and the male-to-female ratio
seemed equivalent in each cohort and the whole sample. The students participated in the study
voluntarily after the teachers introduced the aims of our research project. Most of the data were
collected during March and April 2020. Because of the COVID-19 pandemic, some schooling
activities were restricted, and thus the students took the test individually at home either in PP
or online format without teacher supervision.

Table 7.7. Characteristics of the participants in the study 2.

Online/PP Online PP
Grade N ratio (%) Male/Female Mean age Male/Female Mean age
ratio (%) (years) ratio (%) (years)
8 150 52.0/48.0 54.7/45.3 13.1 50.0/50.0 13.6
9 144 50.7/49.3  50.7/49.3 14.6 50.7/49.3 14.6
10 235 48.9/51.1  47.3/52.7 15.8 50.0/50.0 15.8
11 129  31.0/69.0 33.3/66.7 16.7 29.3/70.7 16.8
12 73 58.9/41.1 55.2/44.8 17.7 61.4/38.6 17.8
Total 731 47.7/52.3 42.1/57.9 15.3 41.9/58.1 15.5

For the purposes of this study, we referred to physics grades in the previous semester to
examine the equivalence of the prior abilities among the students in the two groups. Previous
studies (Hejnova et al., 2018; Schwichow et al., 2020) have indicated that CVS and content
knowledge in physics are closely tied, so we considered the results of the final test in physics
in the previous semester as an index to support the assumption of prior ability equivalence
between the two groups. Table 7.8 presents the summarized results of the t-test for comparing
physics grades in the previous semester between the students in the online group and those in
the PP group. Overall, there was no significant difference between the two groups in terms of

physics achievement in the separate cohorts or in the entire sample.
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Table 7.8. Comparison of students’ achievement in physics in the previous semester.

Grade Online Paper ¢ 5
N Mean (SD) N Mean (SD)

8 78 8.38(1.29) 72 8.13(1.35) 1.16 0.248
9 73 8.18(1.20) 71 7.86(1.18) 1.64 0.102
10 115 7.85(1.57) 120 7.60(1.69) -0.17 0.247
11 40 7.93(1.53) 89 7.91(1.28) 0.07 0.947
12 40 7.73(1.72) 30 8.32(1.14) -1.74 0.086
All 349 8.03(1.47) 382 7.88(1.42) 1.45 0.146

7.5.2 Instruments

The 24-item CVSP test was used to assess CVS in three sub-skills: Identifying, Interpreting
and Understanding. The items were adapted from Schwichow et al. (2016), AAAS (2012), and
TIMSS (1997) and other new items were developed by authors. The content of items related to
the basic physics concepts (mechanics, heat and thermodynamics, and electricity and
electromagnetism) in the secondary educational program in Vietnam. The items were formatted
in the multiple-choice style, involving a stem with one correct answer and three distractors. We
visualized graphical representations to minimize the influence of students’ varying reading

ability levels (see Section 6.3.1)
7.5.3 Findings of the study 2
7.5.3.1 Reliability and validity

The Cronbach’ alpha (o), McDonald’s omega () and Pearson correlation among subskill tasks
were shown in Table 7.9. Both two tests took an acceptable level in terms of internal
consistency reliability, although online testing performed somewhat better in comparison to PP
one. The strongest correlation was found between the identifying and interpreting tasks,

followed by that between the interpreting and understanding tasks on both versions of the test.
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Table 7.9. Internal consistency indicated by Cronbach’s alpha (o), McDonald’s omega (®)

and the intercorrelations for the subscales.

. Online (N=337) PP (N=378)
Sub-skill —— - — -
o o ldentifying Interpreting o o ldentifying Interpreting
Identifying .64 .73 67 .71
Interpreting 69 .75 .608™" 61 .68 .602""
Understanding .52 .63 .472™" 555" A8 58 477 516"
All 81 .84 .80 .82

Note. ™ p< .001.

Table 7.10 summarizes the psychometric properties of the CVSP test in the online and PP
formats. As suggested by Ebel and Frisbie (1991), the discrimination indices were comparable
for both test versions, but six items in the online version and four items in the paper one were
still less than 0.3.

Table 7.10. Psychometric characteristics of the CVSP test by modes of administration.

No. Item  Correct answer Discrimination Difficulty Infit
online PP online PP online PP Online PP

1 IDO1 63.39 56.01 035 0.50 —0.97 —-0.88 1.03 094
2 IDO3 40.71 2744 027  0.30 0.10 0.61 1.13 1.08
3 INO2 3142 2517 023 0.19 0.56 0.71 120 1.22
4 ID02 55.74 56.24 052 054 —0.61 —-0.99 0.96 0.98
5 ID04 7240 6576 035 043 —1.48 —1.46 1.08 1.00
6 UNO8 39.07 43.08 019 0.36 0.21 -0.32 1.22 1.12
7 INO5 39.62 2562 036 042 0.20 0.71 1.08 0.99
8 INO7 39.07 3764 058 0.44 0.20 —-0.03 0.87 1.04
9 ID05 7240 59.64 053 0.52 —1.50 -1.16 090 091
10 UNO2 5792 4467 053 054 —0.71 -0.39 094 091
11 ID06 65.30 4989 055  0.66 —1.06 —0.60 089 0.79
12 INO4 36.34 3061 055 0.54 0.37 0.32 094 0.89
13 UNO3 710 794 014 020 2.60 2.26 1.03 0.99
14 1DO7 4536 46.94 042 040 —0.12 —0.53 1.03 1.05
15 INO1 40.16 4422 047 044 0.15 -0.44 1.01 1.05
16 INO3 5546 4399 0.60 0.59 —0.62 —-0.29 090 0.86
17 UNO6 2158 1950 052 058 1.20 1.03 085 0.83
18 INO8 68.31 5420 052 054 —-1.27 —0.82 092 091
19 UNO7 355 748 027 014 3.47 2.34 098 0.96
20 UNO1 5137 4331 058 0.32 —0.38 -0.21 0.89 1.13
21 UNO4 29.78 20.18 039 0.39 0.67 1.03 1.02 0.98
22 1D08 5246 41.04 052 051 —0.48 —-0.29 092 0.9
23 UNO5 6694 6440 011 0.02 -1.16 -1.28 124 135
24 INO6 30.33 2472 057 0.39 0.62 0.68 0.85 1.03
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Rasch model analysis also suggested that the model fitted the data well at item level for
both test versions. The infit for single items ranged from 0.85 to 1.24 (Mean=1.00, SD=0.12)
and from 0.79 to 1.35 (Mean=1.00, SD=0.12) for the online and the PP version, respectively.
The item difficulty ranged from —1.50 to 3.47 in the online format and from —1.46 to 2.34 in
the paper-based format. Moreover, the final deviance in the unidimensional model of the online
sample is 9,479.76 with 25 parameters estimated (AlC=9,529.76, BIC=9,543.33), and this
value in the paper sample is 10,372.01 with 25 parameters estimated (A1C=10,422.01,
B1C=10,436.56). It is seen clearly that the deviance, AIC and BIC in the paper group were
greater than those in the online group, suggesting that the unidimensional model fitted better

to the online data than the PP one.
7.5.3.2 Measurement invariance with DIF analysis

Figure 7.3 depicts the results of DIF analysis applying Angoff’s delta method when the online
group was defaulted as a focal group. Examination of DIF operated with item purification
parameters of the major axis: a= —3.04, b= 1.17, with a detection threshold of 1.03 and a
significance level of 5%. The findings showed that there was no DIF item that was detected as
a DIF item. Nevertheless, 10 items had a negative effect size, implying the results favor the PP
group, while 14 items were estimated with a negative effect size, suggesting that suggesting

that they were a bit easier for the online group.
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16 18 20
| |
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\
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Figure 7.3. Delta plots for the dual administration modes of the CVSP test.
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7.5.3.3 A comparison by DBF analysis in the CVSP test

The results of the DBF analysis were plotted in Table 7.11 when the online group was
considered as the focal group with the SIBTEST method. Surprisingly, a significant DBF was
indicated in all the bundles of CVS sub-skill items, with the results favoring the online group.
In other words, the students who took the online test appeared to perform better than their peers
who used the PP format in all the item bundles of the identifying, interpreting and
understanding sub-skills.

Table 7.11. Summary of the SIBTEST results by subskills

Item bundle No. of items Bs p-value Result favors
Identifying 8 —-0.709 0.000 Online
Interpreting 8 —0.654 0.000 Online
Understanding 8 —0.248 0.006 Online

7.5.3.4 Comparison of students’ performance in dual media delivery modes

The online participants had an average proficiency of —0.33 digits (SD=1.13) and that of the
PP group was —0.54 (SD=1.16). In comparison to item difficulty (Mean=0.00, SD=1.00),
students’ proficiency was estimated lower, suggesting that students felt the SVP test was
somewhat difficult and that the paper group found the test more difficult than the online group
did. On average, the online participants completed 10.89 out of 20 items (45.38%) correctly,
while the paper group managed 9.63 items (40.13 %).

Additionally, the Wright maps in Figure 7.4 illustrate the contribution of students’
performance in the two groups in relation to item difficulty. Though a general overview did
not show significant differences between the two patterns on the maps, more online participants
scored higher than 0 (digits). Items 13 and 19 were supposed to be the most difficult ones in
both versions. Specifically, item 19 fell out of the spectrum of online test-takers. The locations
of the other items covered the respondents’ proficiency well, but the test seemed somewhat
difficult for both student groups in general. Overall, students” achievement in the online version

was higher than that for students who took the PP test.
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Figure 7.4. The Wright maps for the online and the paper-based groups on the CVS test.
Note. Each “x” represents 0.6 cases.

Furthermore, the t-test was performed to compare students’ performance between the two
groups. Table 7.12 summarizes the results of the t-test on the CVSP test with regard to the two
delivery modalities across the grade levels. Overall, the online group scored higher than the PP
group with a small effect size with Cohen’s value of 0.20. All the younger cohorts (the 8, 9"
and 10" grades) obtained significantly higher scores on the online version than their peers who
took the traditional paper-based test. However, no significant disparity was found between the
two 11™-grade groups, and even the PP group performed significantly higher than the online

group in the 12" grade.

136



Table 7.12. Comparison of the student’s performances on the CVSP test by delivery

modality.
Grade Online PP Cohen’s
N Mean (SD) N Mean (SD) d
8 78 —0.71(0.83) 72 —-1.34(0.71) 496 <.001 0.81
9 73 —0.69(1.13) 71 —-1.14(0.61) 3.01 .003 0.50
10 115 —0.15(1.07) 120 —0.74(0.82) 471 <.001 0.62
11 40 0.19(1.25) 89 0.26(1.02) 0.07 758 0.03
12 40 0.21(1.21) 30 1.20(1.37) —3.18 .002 0.77
All 349 —0.30(1.13) 382 —0.54(1.16) 2.80 .005 0.20

7.5.3.5 Additional analyses

The current version of the eDia platform allows us to measure the response time for each task
as well as for a whole test. The average time to complete the test was 26.4 mins (SD= 10.5
mins). Figure 7.5 depicts the mean response time (seconds) in which online participants
completed each item. The response time for most of the items (19 out of 24) ranged from 30 to
60 seconds, and two items required more than 60 seconds, while there were three items which
students just took under 30 seconds each to handle. It seems that the average response time for
an item in the understanding task was lower than other ones (see box plot in Figure 7.5).
However, the result of the analysis of variance showed that response time did not significantly
affect the execution of sub-skill tasks (F(2, 21)= 2.98, p=.073).
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Figure 7.5. Response time for single items and boxplots for item bundles by subskills.

137




7.6 Discussion and conclusions

When tests evolve from paper-based assessment to TBA, equivalence is often expected no
matter what the modes of administration are. Our study attempted to implement many-sided
analyses to compare the performance of students across different grade levels, taking both
traditional PP and online formats of the inductive reasoning test at the item, task and test levels
into consideration. As regards the average total score, the results seemed to be more supportive
of the PP version under teachers’ supervision because the students performed better than their
peers did via online assessment on the same test. These results were corroborated by the
findings of previous studies (e.g., Schroeders & Wilhelm, 2010; Williamson et al., 2017),
which concluded that the average performance of students on the inductive reasoning test was
lower with digital forms of testing (e.g., using notebooks, tablets and smartphones) than with
a traditional paper-based format. On the other hand, without supervision, the results seemed to
favor the online format as the students who did the online testing performed better than their
friends who participated in the PP version.

Interestingly, across delivery conditions, the results demonstrated that either with or
without supervision, measurement with the Rasch model indicated that the online assessment
had a better fit to the empirical data than the paper one. The results of the measurement
invariance in DIF analysis with Angoff’s delta approach showed the internal validity of the
tests, thus demonstrating that they are acceptably comparable across the two modes of
administration. The reliability and validity of the two tests were equivalent regardless of media
delivery modalities (Hypothesis 4.1 is confirmed). These findings are in line with those of
previous studies (e.g., Csapo et al., 2014; Hassler Hallstedt & Ghaderi, 2018; Schroeders &
Wilhelm, 2010). However, item 20 (NSO7) was identified as a DIF item with regard to the
modes of administration in the first study. Possible reasons include the location of the item or
students’ fatigue or boredom. Item 20 is the last item ordered in the IR test and one of the most
difficult items in the number series completion subtest, which might in turn make students lose
interest in attempting the last one within a series of numbers on the screen. As a result, they
might guess the answer rather than completing it with their own abilities and efforts. In
addition, difficulty-based item order did not impact the item statistics on a paper-and-pencil
multiple-choice test (e.g., difficulty, discrimination and point biserial) (Sad, 2020), but the item
order may influence item properties on an online test. This issue raises an exciting issue for

further research.
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Furthermore, by employing the dimensionality-based approach to identifying clusters of
items, we found that DBF favored the online group in the bundle of figure-related items. The
findings did readly support the hypothesis H4.2. DBF analysis provided an insight into the
tasks when constructing the tests. In the case of these cognitive tests, the study showed that
students appeared to feel it was easier to complete tasks using pictures or graphs than those
with simply numerical elements and words on the online test. This provided clear evidence of
a link between test modality and the materials that made up the test items. It further illuminates
how TBA can be more beneficial when items are composed of visually rich materials.

As regards the age groups of the respondents, the TBA format seemed to favor the younger
cohorts over the older groups, while students at the upper grade levels who took the PP test
clearly achieved higher scores than their peers who participated in the online tests. This may
derive from the levels of digital competence in the younger and older generations, with the
former enjoying the benefit of stronger digital skills than the latter (Oblinger & Oblinger,
2005). Such competence can affect students’ performance on online format tests, since they
are more familiar with the online format than their seniors.

Response time is an additional advantage of technology-based assessment. Investigation
of response time enables us to clarify the solution behavior of test-takers that might effect bias
in test performance (Wise & Kuhfeld, 2021). In this study, it seems that the items (UNO3,
UNO5 and UNQ7) with an average response time of under 30 seconds have a low discrimination
of less than 0.3 each. However, more studies should be conducted to examine the effects of
time response on the psychometric properties of the items.

Although the investigations led to inconsistent findings regarding students’ scores on the
tests (The hypothesis H4.3 is not confirmed), the results showed the potential advantages of a
technology-rich assessment when considering the psychometric characteristics of the tests,
especially students’ self-assessment process at home. Across the studies, the psychometric
properties of the tests and individual items were comparable in dual administration modes and
even leaning toward online versions. The study also provided multifaceted approaches to
examining the testing equivalence and evidence for the feasibility of transferring from paper-
and-pencil to TBA in the Vietnamese context. Future research needs to consider the possible
factors relevant to test modality, familiarity with electronic devices (Schroeders & Wilhelm,
2010), and administration procedures. More sophisticated comparative studies should continue
to explore this as advanced electronic devices are becoming increasingly essential tools both

at school and in the home. The issue of test fairness will continue to be considered as an
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important construct in the upcoming decade (lliescu & Greiff, 2019 ) and the COVID-19

pandemic is currently a significant challenge for traditional modes of delivery.
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CHAPTER 8. GENERAL DISCUSSION AND CONCLUSIONS

8.1 Discussion and Conclusions

Based on the PRISMA guidelines, the systematic review established a bridge between
theoretical concepts and empirical paradigms with a particular emphasis on the construction of
the instruments, psychometric issues and technology approaches to assess reasoning capacities
in school settings. Among several forms of reasoning, IR and SR are increasingly interested in
educational contexts. IR, a central component of fluid intelligence (Perret, 2015) and SR, a
foundational pillar of scientific literacy (Lawson, 2009), have been considered as core
competence to succeed in 21%t-century life. We found that the types of reasoning tasks appeared
unchanged over twenty-three years, but they grew more diverse and gradually evolved from
PP to online formats available in smartphones, tablets, and wearable devices. Using a touch
screen or drag-and-drop method is a potential approach for developing the test item. Such new
technology allows us to create dynamic problem tasks, where children can easily respond to
interactive tasks by touching a screen during the adaptive tests, dynamically functioning based
on the Bayesian network technique (Mahnane & Hafidi, 2016). Such tasks are not only
designed to develop children’s thinking, but also to enhance their mathematics and digital
competencies. The literature review also revealed that reasoning skills are closely associated
with several variables, such as age, discipline performance, parental factors and problem-
solving skills, while gender differences may depend on particular cultures. The findings
provided an orientated vision for the assessment of reasoning skills in future and inspired us to
project three empirical studies in Vietnamese context.

The empirical studies confirmed the quality of the adapted tests and questionnaires by
undergoing the investigations of validity and reliability across grade levels. We also developed
a new test to measure scientific reasoning in CVS in physics for secondary school students in
Vietnamese context. The initial analysis showed that the test served as a reliable instrument
tool to assess the CVS capacity in Vietnamese students. Equivalences are often expected
between different delivery modalities and gender; and thus, our studies also used multifaceted
methods to observe measurement invariance of the tests and questionnaires. The results
demonstrated that no DIF was found in the test instruments with respect to administration
modes and gender. Nevertheless, the DBF analyses resulted in supporting the online format on
the item bundles constructed of figure-related resources. Online format appears to be more

beneficial when items are composed of visually rich materials. Response time was also
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analysed as a plus of TBA accompanying the test development process. The feasibility of
transferring from PP to TBA was examined through the empirical studies. The findings
suggested that the results from the online formats showed a better fit to the data than those
from PP ones. Particularly, within a direct supervision of teachers, the PP version proved to be
better than the online version regarding students’ scores, but the contrasting findings were
found in the testing occasions without the direct supervision of teachers. Surprisingly, the
online versions always had better psychometric properties, compared to the PP ones in these
investigations. Therefore, the studies provided evidence of a possibility of applying TBA in
Vietnam with various potential technical analyses which are in line with the development of
educational instruments.

Students’ performance on the reasoning tests increased grade by grade during secondary
school education. The developmental curves of IR and SR in students showed similarly across
the grade cohorts, in which the most rapid development was observed between the age group
of 12 - 14 years (6™ - 8 grades), but the growth rate apparently slowed down after those years.
These results are mostly in line with the findings of Csap6 (1997), Molnar and Csap0 (2011),
Molnér et al. (2013), Diaz-Morales and Escribano (2013) and Csap0 et al. (2019). Meanwhile,
the development of children’s CVS fitted very well to the symmetric log-logistic curve, and
the fastest growth was detected at the age range of the 14 - 16 years (the 10" grade). The
findings are consistent with the results of previous studies (e.g. Han, 2013; Schwichow et al.,
2020; Zimmerman, 2007). However, the changing patterns of SM in children apparently
fluctuated and even reduced in some motivational components across grade cohorts. Specially,
students’ scores on self-efficacy and active learning strategy scales reduced drastically in the
older groups. Regarding motivation in learning physics, the changing patterns of children’s
motivation showed the similar trend with the science motivation in general, but the reduction
rate tended to be quite lower and levelled-off throughout grade levels. Likewise, among physics
motivation scales, the findings found that children scored lowest points in the scale of the
confidence in learning physics.

Concerning gender differences, although the mean scores of boys were slightly higher than
those of girls on all the reasoning tests, no significant difference was found in any the reasoning
test. These results were in agreement with former studies (e.g. Diaz-Morales & Escribano,
2013; Kambeyo, 2018; Mayer et al., 2014, Piraksa et al., 2014), but these were inconsistent
with some other findings; for instance, girls attained significantly higher scores than boys in
IR (Diaz-Morales & Escribano, 2013) or boys performed better than girls in SM tests (Tairab,
2015; Tekkaya & Yenilmez, 2006; Valanides, 1997). However, there was a statistically
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significant difference in understanding the indeterminacy of confounded experiments subskill
of CVS in the current research, in which males performed better than females. For science
motivation, girls reported higher scores than boys in most of the subscales in the SMTSL
questionnaire, but a significant difference was only indicated in the achievement goals subscale
(favouring for girls). In specific-domain subject, a gender difference was found in the students’
attitude and motivation toward learning physics, in which boys were more motivated than girls
in all three subscales.

Furthermore, the findings revealed that cognitive abilities, motivation, and parental
factors are the important predictors of children’s STEM achievement. The findings seemed to
be in line with the existing studies (e.g. Fan & Williams, 2010; Steinmayr & Spinath, 2009)
and meta-analysis review by Kriegbaum et al. (2018). Parents’ education levels and parental
involvement in schooling impacted meaningfully on their kids’ performance in schools.
Particularly, the father’s education level was denoted as a highest predictor of IR and STEM
achievement as well, while the mother’s education level played as an indirect factor in
predicting children’s motivation and STEM performance through the parental involvement
variable. The mother’s and father’s education levels were proved as educational resources at
home, so these variables were strongly associated to science achievement (OECD, 2017b).
Ample parental support and engagement as well as interest in school activities play a key role
in children’s motivation in learning and engaging in school activities, which has been
confirmed in previous studies (e.g. Fan & Williams, 2010; Fan et al., 2012; Gonzalez-DeHass
et al., 2005; OECD, 2017b). Likewise, parental involvement in schoolwork is a significant
factor explaining the success of children in learning STEM subjects. These results have
seemingly corresponded to those of the study by Ganzach (2000), and this may derive from the
typical culture in Vietnam, where parents tend to consider their kids’ performance in schools
(Hoang et al., 2014; Phan, 2004).

The acquisition of knowledge in individual disciplines contributes importantly to the
development of the domain-general processes in school-age children. The study showed a close
association between two forms of reasoning skills and between CVS and the content
knowledge test, suggesting that teaching reasoning through specific science content knowledge
can contribute to developing the general thinking skills of the students. This was in line with
the existing studies (e.g. Kambeyo, 2018; Korom et al., 2017; Schwichow et al., 2020), which
found a strong, and positive correlation between IR and SR. General thinking can enrich
specific-domain thinking skills and enhance children’s success in learning content knowledge,

and in reverse, children can develop their skills through learning individual subjects. These
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results also confirmed that thinking can be taught either explicitly in specific courses or
embedded in the regular school curricula within the framework of school disciplines (Csapo,
1999), and the study partly provided evidence that students’ reasoning capacities can be
assessed, and their development can be monitored as the way it is practiced in several countries
(Vainikainen, 2014). In addition, this possibility paves the way for estimating the impact of the
teaching and learning activities of the current core curriculum on thinking skills and assessing

the effect of any curricular change in the future.
8.2 Educational implication

The findings of the cross-sectional studies have contributed to an increased understanding
of development of reasoning capacities in school-age children, the latent factors predicting
these abilities and their roles in learning science subjects in schools.

The results revealed that general reasoning proficiencies in children develop most rapidly
at the middle school level, suggesting that lower secondary school is the most appropriate time
to nurture thinking skills in the school curricula. Thus, parents and teachers should be aware
of the golden opportunity to boost children’s reasoning skills in those years by teaching school
subjects and practising daily activities which can enhance their reasoning skills. Because both
physical and social experience influence cognitive ability, teachers can employ inquiry-based
methods through science topics to strengthen both general cognitive skills and knowledge
gains. Moreover, girls tended to develop their reasoning skills earlier than boys at secondary
education level, but the growth seemed to level off during high school years. Teachers and
parents should recognise this trend to find more appropriate facilities to support students’
improvement during those years.

Generally, students were highly motivated to learn science in general and particularly
to learn physics. Students scored high points for the active learning strategies subscale, but a
remarkable reduction was observed at the older age groups in this scale. Students’ scores also
decreased significantly in the self-efficacy scale across grade levels. In other words, students’
beliefs about their own capacity to apply the various strategies to acquire new knowledge
appeared to drop gradually across grade levels. Notably, most of the students in all grade
cohorts reported lowest scores in the learning environment stimulation scale. Similarly,
students’ confidence in learning physics were quite low indicated by the lower mean score,
compared with other scales. Correspondingly, both schools and families should be concerned
about how to inspire children’s motivation to learn science. Teachers, school leaders and school

psychologists should be aware of these trends to find more supportive facilities to improve
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learning environments and enhance children’s confidence in learning science at schools. The
findings are important for identifying the priority factors in enhancing science motivation in
school practice in Vietnam.

Furthermore, our proposed test which was developed to assess scientific reasoning in CVS
in physics for secondary school students not only provided an overall construction of problem
tasks for measuring CVS, but also acknowledged the important role of CVS skill in learning
physics and science. The findings of the investigations of the latent factors impacting on item
difficulty in the CVSP test may provide helpful information for test developers and teachers
who consider to assess students” CVS capacity.

TBA offers several solutions for measuring a broader competency range when using an
adaptive testing and a fix-length format by using touch screen method (Molnar & Csap0, 2011).
The findings showed that the psychometric properties of the test and student’s achievements
tended to be higher on the items with a rich-visualization representation than the items
constructed of textual and numerical materials. This suggests that applying advanced
technology in developing test items is more meaningful when we utilise the multimedia
effectively for problem tasks with rich-visualised representation. Our project was the first
major project which considered assessing a general cognitive skill with online instruments in
Vietnamese context. The practicality of using dual media administration across these studies
may encourage other studies as well as the use of computers for learning and testing purposes.
Therefore, our project is expected to offer insights into the students’ cognitive development
and how thinking skills should be enhanced through the curriculum which the stakeholders

including policymakers, teachers and parents may consider in future.
8.3 Limitations and future directions

Some limitations may be acknowledged in these investigations. The theoretical groundings
are endeavoured based on the popular concepts of reasoning and motivation which may be a
controversial topic in the psychological field. New concepts can be formed in new contexts;
consequently, the definition and classification of reasoning capacity and relevant aspects
presented in our review represent one of several approaches. Some issues can come from the
measures. For example, the IR tests we used in our studies consist of four kinds of non-verbal
tasks that may not cover the full scope of reasoning proficiency. Although non-verbal problem
tasks minimise the effects of culture contexts and language translation issues, verbal problem
tasks play a critical role in learning, but these studies cannot deal with such matters. Future

research should consider the space when assessing students’ reasoning capacity. It is the first
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time that the SR and CVSP tests were used to assess students in the Vietnamese context, so
some items need to be revised in order to improve validity and reliability for next-generation
versions. Moreover, the motivation questionnaires may not cover all the motivational factors.
The next-generation instruments should be modified continually in the Vietnamese version
with a larger sample size.

Other concerns may also arise from the study sample which was conducted in An Giang
province (Vietnam) with cross-sectional investigations. Therefore, the generalization of the
findings should be under caution. Future studies should consider recruiting larger samples
representing different educational contexts. More large-scale assessment and longitudinal
approach need to be managed to weigh the success of the current curricula.

The application of advanced technology is quite sophisticated and diverse; we have
merely noted a few features without covering all aspects of the assessment of reasoning. For
example, the CVSP test did not consider assessing the Planning controlled experiments skills
of students. In principle, developing the kind of problems in the virtual environment is possible,
using simulated real-life experimental tasks in advance (Luecht & Sireci, 2011). However, the
successful adaptation of the test instruments may inspire other researchers to adapt others in
future.

All of all, we hope that researchers, educators, teachers, and parents can find useful
information about the changing patterns of reasoning skills and motivation and practical means

to effectively promote them in school-year children from our project.
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Appendix A. The main properties of the studies selected (N= 63)

Reference Country/ Level Main Instrument Domain Mode
Sample

Csap6 (1997) Hungary 1L, 10 IR, DR, RPM, science g pp
2424 test

Valanides (1997) Cyprus Il SR g pp
469

Hamers et al. (1998) Netherlands I RPM g pp
350

Kwon & Lawson (2000) Korea I, i DR (Wisconsin Card g,s na
210 Sorting Test), LCTSR,

physics

Roberts et al. (2000) Britain I IR (analogies, g pp
445 geometric matrices)

Gerber et al. (2001) United States I, i LCTSR g
550

Wesiak (2003) Austria ", v IR g pp
122

Williams & McCord United States v RPM g mix

(2006) 50

Tekkaya & Yenilmez Turkey I SR, LAQ pp

(2006) 117

Boujaoude et al. (2007) Lebanon i SR, LQ, chemistry test g, pp
68

Tunteler et al. (2008) Netherlands I IR (analogies) g pp
36

Wang (2008) China I IR g on
334

Tzuriel & George (2009) na I IR (analogies) g pp
53 Basic Math, Reading

Bao et al. (2009) United States, IV LCTSR, physics tests g,s na
China
3000

Dilivio (2009) United States v IR (analogies) g on
203

Schroeders & Wilhelm Germany Il IR, SR(verbal, figural, g mi

(2010) 157 and numerical)

Stamovlasis et al. (2010)  Greece I LCTSR, physics test g, pp
329

Boros & Sas (2011) Romania I IR g pp
30

Molnar (2011) Hungary I IR, Klauer’s program g pp
252

Barkl et al. (2012) Australia I IR, DR g,S pp
48

Jeotee (2012) Thailand v IR, DR, PS g pp
333
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Muniz et al. (2012) Brazil I IR g pp
417
Chuang & She (2013) na I LCSRT g, pp
190 IR (Analogical
reasoning) physics test
Stevenson et al. (2013) Netherlands I IR (Dynamic g on
252 Analogical)
- Working Memory
- Math
Diaz-Morales & Spain I, 1l IR, Morningness— g na
Escribano (2013) 887 Eveningness Scale,
Sleep Habits Survey
Molnar et al. (2013) Hungary LI, IR, PS g on
2769
Csapo et al. (2014) Hungary I IR, speech sound g on
435 discrimination test
Mayer et al. (2014) Germany I SR, IR, PS, g pp
155 reading, spatial
abilities
Piraksa et al. (2014) Thailand i LCTSR g pp
400
Lazonder & Wiskerke- Netherlands I SR (CVS) S pp
Drost (2015) 55
Mollohan (2015) United States v LCTSR, Learning g pp
987 Attitudes about
Science
Tairab (2015) United Arab I, 1l SR (CVS) g pp
Emirates
128
Thuneberg et al. (2015) Finland v SR (CVS) g pp
769
Vainikainen etal. (2015)  Finland 1,11 IR, tests g, mi
1543
Venville & Oliver (2015)  Australia I IR, tests (math, g, pp
582 science, writing)
Blum et al. (2016) Argentina: 422 IV IR g mi
Germany:
84
Ding et al. (2016) China v LCTSR g pp
1637
Zhou, Han, Koenig, United States: I, IV SR (COV) in Physics S pp
Raplinger, & Pi (2016) 189
China: 314
Waschl, Nettelbeck, Australia v RPM g on
Jackson, & Burns (2016) 2105
Ariés, Ghysels, Groot, &  Netherlands Il DR, WM function test g na
Brink (2016) 81
Mehraj (2016) India i IR, DR, SR g na
598
Schwichow, Christoph, Germany I SR (COV) g, pp
Boone, & Hartig (2016) 386
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Al-Balushi, Al-Musawi, Oman Il A spatial ability S on
Ambusaidi, & Al-Hajri 60 SR(Chemistry)
(2017)
Edelsbrunner (2017) Switzerland I, 11 SR (COV), BQ S pp
1809
Resing et al. (2017) Netherlands I IR(series) g mi
116
Ding (2018) China LI LCTSR g pp
2669 v
Bao et al. (2018) United States v LCTSR g na
1576
Hejnové et al. (2018) Czech i LCTSR g pp
Republic Culture of problem
23 solving
Kambeyo (2018) Namibia i IR, SI, LCTSR, BQ g pp
582
Kambeyo & Wu (2018) Namibia: 621 |l IR, SR, MQ g on
China: 25
Kaygisiz & Gilirkan Turkey v SR, LCTSR g na
(2018) 947
Kyllonen et al. (2018) United States IV IR, BQ, MQ g on
2000
Nikolov & Csap0, 2018 Hungary 1 IR, reading g mix
1943
Rudolph et al. (2018) Germany I IR, PS g, mi
474
Salihu et al. (2018) Kosovo I RPM, math, reading g pp
233 tests
Stender et al. (2018) Germany I, i SR (physics), IR g, pp
189 (figural analogies),
reading and physics
tests
Wu & Molnér (2018) China I IR, PS g on
187
Vogelaar et al. (2019) Netherlands I RPM g pp
74 IR (Dynamic
Analogical)
Bogar (2019) Turkey I SR (physics) S pp
60
Strobel et al. (2019) Germany v the Intelligence g on
290 Structure Test 2000
Yanto et al. (2019) Indonesia v SR (biology) S na
100
Mousa & Molnéar (2020)  Palestine I IR g,s on
236
Van Vo & Csap6 (2020)  Vietnam LR, BQ g mi
701

Note: I: 1% grade — 5" grade; I1: 6" - 9" grades, 111: 10" - 12" grades, IV: higher education; IR: inductive
reasoning tasks; DR: deductive reasoning tasks; RPM: Raven’s Standard Progressive Matrices; LAQ:
The Learning Approach Questionnaire; LCTSR: The Lawson Classroom Test of Scientific Reasoning;
LQ: Learning orientation questionnaire; PS: problem-solving test; MQ: Motivation Questionnaire; BQ:
Background questionnaire; g: domain-general, s: domain-specific; pp: paper and pencil; on: online; mi:
paper-and-pencil and online, na: unreported.
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Appendix B. The inductive reasoning test (Vietnamese version)

Yéu ciu chung tir Cau 1 dén Céu 8:

Chon mét hinh bén dudi dé dit vao khung hinh con trong ciia day hinh phia trén sao cho phii
hop nhat.

Cau 1 (IR_FS01)
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Cau 6 (IR_FS06)
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Cau 7 (IR_FS08)

Cau 8 (IR_FS10)

SESSN

fEESES

Yéu cau chung tir Cau 9 dén Cau 16:

Hay tim quy lugt ter hai cap hinh dé cho dé xdc dinh hinh con lgi cia cap thit ba.
Chon mét hinh bén duwéi dé dat vao khung hinh con tréng cua dy hinh bén trén sao cho pha
hop quy ludt nhdt.

Cau 9 (IR_FAO01)

A= A||[>=-—-p>
V =
v v AV >
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Cau 10 (IR_FA03)

H = "

B =8

@O —

LSS D

Cau 11 (IR_FA04)

lall => il

Il => Rl

i =

Cau 12 (IR_FAO05)
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NEDRCRE IR
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Cau 13 (IR_FA06)

oD = B

g = W

K =

E v w

Cau 14 (IR_FAQ7)
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BA => DNl
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Cau 15 (IR_FA08)
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Cau 16 (IR_FA09)

o = m = = 7
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= 0
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Yéu cau chung tir Cau 17 dén Cau 24:

Hay tim quy ludt ter hai cap sé da cho dé xdc dinh sé con lai trong cap thit ba.

Chon mét sé trong day sé da cho bén duwdi dé dat vao khung con tréng cua day so bén trén
sao cho phu hop quy lugt nhdt.

Cau 17 (IR_NAO1)

20 =) 32 8 == 20

11 =)

20 23 22 33 12

Cau 18 (IR_NA02)

6 mmmp 21 16 m=mp 31
21 =mp
31 41 6 15 36
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Cau 19 (IR_NA03)

2 mmp 12 5 m==> 30

28 18 48 40 38

Cau 20 (IR_NA04)

7 @===)> 63 4 D= 36
o =mm)p
65 81 41 36 63
Cau 21 (IR_NAOD5)
5 m=—> 75 3 @mm=> 45
6 m=>

90 76 80 78 30
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Cau 22 (IR_NADS6)

3 mm> 9 2 =) 7
4 ==m)
10 14 12 11 8
Cau 23 (IR_NAO08
7 =P 19 3 m=mp 7
4 —>
9 8 10 12 16
Cau 24 (IR_NA10)
3 mmp 11 7 m==mp 51
6 mmmp

41 14 42 91 38
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Yéu ciu chung tir Cau 25 dén Cau 32:

Trong phan nay, ta tim quy lugt tir ddy sé da cho dé xdc dinh hai sé tiép theo trong
day. Chon hai s trong day sé dd cho bén dudi dé dat vao hai khung con tréng cua day so
bén trén sao cho phu hep quy lugt nhat.

Cau 25 (IR_NS03)

3 || 6 || 11 14|19 22

26 28 30 25 32 27 29

Cau 25 (IR_NS04)

1 2 4 7|1’I 16

26 17 20 19 22 21 29

Cau 27 (IR_NS05)

1 2 3 5 8 || 13

14 21 18 34 19 23 26

Cau 28 (IR_NS06)

3 9 7 15 || 11 || 21

16 25 31 41 27 19 15
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Cau 29 (IR_NS07)

3 5 9 17 || 33 || 65

99 61 109 257 129 57 217

Cau 30 (IR_NS08)

1 10 || 26 || 51 || 87 || 136

145 161 146 162 151 200 281

Cau 31 (IR_NS09)

1 3 10 24‘47 81

109 84 128 94 83 90 190
Cau 32 (IR_NS10)

1 2 2 8‘15 26

29 42 64 37 48 27 45
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Appendix C. The scientific reasoning test (Vietnamese version)

Cau 1(S01). Chang ta cho sita tir mot ly thuy tinh sang mét chén sanh. Két luan nao sau ddy
la dung?

A. Ca thé tich va hinh dang cia sita thay doi.

B. Chi ¢ thé tich thay ddi nhung hinh dang cua sira khong doi.

C. Chi hinh dang sira thay d6i con thé tich thi khang.

D. Ca hinh dang va thé tich cua sira thay doi.

Cau 2(S02). Chlng ta chuyén vién bi tir cdc thuy tinh nho sang cbc thuy tinh 16n hon. Két
luan nao sau day dang?
A. Ca thé tich va hinh dang vién bi thay doi.
B. Chi ¢ thé tich vién bi thay d6i con hinh dang thi khong.
C. Chi ¢c6 hinh dang vién bi thay doi con thé tich thi khong.
D. Ca hinh dang va thé tich ctia vién bi déu khong thay doi.

°C f— °c .
, .. L .., 30 30 £—
Cau 3(S03). Ban Tram muon do nhiét do ngoai troi vao budi sang. 25 25 (=
Ban 4y mang nhiét ké tir trong nha ra ngoai troi. Hinh bén thé hién su 20} zu;i—
thay d6i xay ra khi nhiét ké da dit bén ngoai duoc vai phut. Nhing 15 15—
thudc tinh nao cua chét long trong nhiét ké khong thay doi? 10 10=

5 5

A. Khéi lugng. B. Thé tich. ‘W °

C. Nhiét do. D. Khéi lugng riéng.

CAu 4(S04). Trinh ty ndo sau day cua cac hinh bén dudi 1a phi hop nhat?

(N (1 (1) (V)
A. ()= (1) = (1) = (IV) B. (1) — (IV) — (1) - (111)
C. (1) = (V) = (1)) = (1) D. (IV) — (1) — (1) — (1)
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Cau 5(S05). Trinh tu nao sau dy cua cac hinh bén dudi la phd hop nhat?
< E . *.. ' .

(1)

A. (1) = (1) = (1) = (IV) B. (IV) — (1) — (1) — (1)
C. (1) = (V) — (1)) = (1) D. (IV) — (1) — (1) — (1)

CAu 6(S06). Thi tu nao sao day cua cac hinh 12 pht hop nhat?

M (1) (1)

A. ()= (1) = (1) = (IV) B. (IV) — (1) — (1) — (1)
C. (1) = (IV) = (1) = (111) D. (IV) — (1) = (111) = (1)

Cau 7(S07). Thién thé nao sau day khong thuoc nhém nay?
A. Trai Bt B. Mit Tring C. Sao hoa D. Sao kim

Cau 8(S08). Phét biéu nao sau day khong thudc nhém nay?
A. Mot viing nudc boc hoi . B. Bang dong trén nhanh cay.
C. Lii dang vé trén sng. D. Giot suong roi trén chiéc Ia.

Cau 9(S09). Hinh nao sau day khéng thugc nhom nay?

oJ

<

oy
4 & ;‘
\\, £ .
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Cau 10(S10). Tir logic & hai khung dau, hdy suy luan tim phwong an hop i dat vao khung c6
dau cham hoi?

| Kimloai | ® | Nhya Rin | = | ?

A. Sit B. Long C. Trang thai vat chit. D.Gb

Cau 11(S11). Tur logic ¢ hai khung dau, hay suy luan tim tir hop 1i dat vao khung c6 dau
cham hoi?

| Mittrei | = [ Traidit Namcham | = | ?

A.Céaithiagd  B. Caykim C. Con dao bang gém D. May tinh

Cau 12(S12). Tir logic & hai khung dau, hdy suy luan chon hinh hop 1i dat vao khung cé dau

cham hoi?
A B C D

Cau 13(S13). Minh, Tram va Diing danh ddu mot thanh phé 1am diém du lich trén ban db.

Chuing c6 khoang cach 10 cm so véi thi d6 nhung véi ban d6 ¢6 ti 1& khac nhau (xem bang
bén duéi). Hay gilp tieng ban chon loai phuwong tién giao théng phu hop cho ky nghi cua ho.

Tenhot | 1 1a pan db .
sinh ' A. Minh: Xe dap, Tram: xe 6-t0, Diing: may bay.
Minh 1:1.500.000 B. Minh: Xe 6-t6, Trdm: xe dap, Diing: may bay.
Tram 1:40.000 C. Minh: may bay, Tram: xe 6-t0, Diing: xe dap.
Diing 1:11.600.000 D. Minh: Xe 6-t6, Tram: may bay, Diing: xe dap.
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Cau 14(S14). Mot cha Kang-ga-ru (chudt tdi) chay nhanh gap hai 1an mot chd voi. Phat biéu
nao sao day dung?

A. Clng mot thoi gian, chii Kang-ga-ru c6 thé chay gap d6i doan duong so véi chi voi.

B. Trén cling mot doan duong, chii King-ga-ru ¢d thé chay vai thoi gian gap doi chu voi.

C. Clng mot thoi gian, chl voi ¢6 thé chay gap d6i doan duong so véi chii King-ga-ru.

D. Cung mét khoan céach, chdi voi ¢d thé chay vai thoi gian bang mét nira so voi chu Kang-
ga-ru.

Cau 15(S15). Chu ky tu quay cua Trai DAt 14 mot ngay, nghia 1a 24 gid va Trai Dat ty quay
duogc 360 do xung quanh truc caa nd. Hoi trong 8 gid, Trai dét s& thuc hién duoc:

A. 1/3 ngay, tu quay 120 do. B. 1/2 ngay, tu quay 180 do.

C. 1/6 ngay, tu quay 36 do. D. 1/4 ngay, tu quay 90 do.

Cau 16(S16). Trong trudng c6 mot bai kiém tra sic khoé hoc sinh. Nguoi ta tim ra rang
trong I6p c6 mot s6 hoc sinh bi béo phi. Sé liéu duoc ghi nhan tir ba I6p duoc thé hién trong
bang bén dudi. Liéu rang gisi tinh (nam/nit) c6 anh hudng dén ti 1& béo phi hay khong?

Gisi tinh _ Sohong
Beéo phi Binh thuong
Nam 8 38
Nir 11 43
A. CO. B. Khong. C. Khong thé xac dinh

Cau 17(S17). C6 sy anh huong cua phan bon 1én kich thudc cua Ca-rét hay khdng?

Co s
dung phan
bon

Khoéng st
dung phén
bon

A. Co. B. Khong. C. Khéng thé xac dinh.
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Cau 18(S18). Ngudi ta thu dwoc mot luong rua bién.

Chung co dat diém: tat ca ria cd thé c6 mot ddmhoic  v° .y vo v A

hai ¢ém trén lung (xem hinh bén). < U SN

Em c6 thé két luan gi vé quan hé giira kich thudc va NO Y Yooy \, \’

s6 d6m trén lung ria trong mau nay? o 7<% ‘, \’

A. C6 mo1 quan hé rat ro gitra kich thudc va s6 dom YooY Y°oY v A
trén lung rua. 7N 7N PR

B. C6 mbi quan hé nhung khong rd rang gitta kich \/ \’ ‘\/ \r’
thudc va s6 dom trén lung rua. i N
C. Khong c6 mbi quan hé nao giira kich thuéc va sb v 5 NI AR

d6m trén lung rua.
D. Khong du thong tin dé di dén két luan.
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Appendix D. New items developed in the CVSP test

ID03. Nam has two types of liquid: liquid A and liquid B. He wants to determine which one
will reach 60°C more quickly in the same initial condition of volume and temperature. The

following experiments illustrate four experimental systems in initial conditions. Which one
would allow him to test his assumption?

Liquid A

Liquid A Liquid B

IDO5. Mr. Son wants to find out whether the material of a wire has an impact on its resistance.

He assumes that the bulb will shine brighter when he uses gold instead of copper to connect it
with a battery.

Which the following experimental sets would be best to allow him to test his assumption?

A e Copper wire __ Gold wire
vHH"HNan'mvwnvn'"n"""nv '""'"""" """""""""'
AR CRAEARCRRRNOANK e

g Copper wire

vmvynm"'wvm"vwmvmmmm
'..A.twt'A‘Alt‘;'t.»‘«"t‘t‘.'.w“l‘l. ‘ ' “ A‘A‘Al“A‘A"I‘."“ll“t.t‘t‘

OO0
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C ~ Gold wire
ym' ' 0 nv 0000000000 y "'
N “ “" 0:" :l"'I"".l't‘o‘l.l‘b‘ " “t. ‘c‘t"

Copper wire
\
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o Gold wire

O

'
000
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- Copper wire

” 00NN
i

__ Gold wire

IDO7. A group of students has three different springs made of steel, but their natural lengths
are equivalent. Students want to determine whether the displacement (stretch) of springs
depending on their characteristics. Which set of tests should be conducted?

e
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ID08. Mr. Long supposes that if a constant force

acts on a cart from rest, the cart’s mass may

affect the time that it takes to complete a constant distance. Which set of the following

experiments can test his assumption?
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Test1 2 Test3
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INO2. A student did the following experiment:
1 1 1 1 1 1
Test 1 Test 2 Test 3
What does her experiment show?
A. The battery and the wire’s material have an impact on the brightness of the bulb.
B. The number of batteries has an impact on the brightness of the bulb.

C. Ways of connecting the batteries impact the brightness of the bulb.
D. The experiment does not allow any valid conclusion.

INO4. Minh did the following experiment:

Test 1 Test 2

Test 3

What can he conclude from these experiments?

A. The mass of the cart affects how the cart performs.

B. The height of the ramps affects how the cart performs.

C. The cart’s mass affects how the cart performs, and the height of the ramp affects how the
cart performs.

D. It is not possible to reach any valid conclusion.
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INO8. A group of students set up the following experiments:

Container

They did a series of experiments by filling a container with pure water and then adding salt
(NaCl).

Test 1: Still pure water in the container Test 2: Saltwater in the container
What do their experiments show?
A. Saltwater can carry the current, but pure water cannot carry the current.
B. Pure water carries the current, but saltwater cannot carry the current.
C. The amount of salt in water affects the brightness of the bulb.
D. The experiment does not allow any valid conclusion.

UNOS5. Miss Thi did the following experiments:

gy
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i
Q18

7,
.A.A

vy
),

“.‘.‘.‘.
AAA4

A\

4\

.7
A.A.

YV
0,

000

0

o0
'A‘A

- “w ~ — =]
(00X
AA80

T I
B w0 =

Test 1 Test 2

What can she find out from the series of experiments?
A. A hanging mass affects the spring’s stretch.

B. The spring’s property affects its stretch.
C. A hanging mass and the property of the spring affect the spring’s stretch.
D. The experiments do not allow us to reach any valid conclusion.
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UNO7. Peter did the following experiments:

What does his experiment show?

A.
B.
C.

D.

The height of the ramps affects how the cart performs.

The mass of the cart affects how the cart performs.

The cart’s mass affects how the cart performs, and the height of the ramps affects how
the cart performs.

The experiment does not allow any valid conclusion.

UNO08. Mr. An did the following experiments with a liquid:

Experiment 1 Experiment 2

What can he find out from doing the experiments?

A.

B.

C.

Relationship between the amount of heat (energy) that the liquid absorbed and the
mass of the liquid.

Relationship between the amount of heat (energy) that the liquid absorbed and
temperature rise.

Relationship between the amount of heat (energy) that the liquid absorbed and the
property of the liquid.

The experiment does not allow us to deduce any valid conclusion.
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Appendix E. The psychometric properties of the IR test

Correct answer

Item Task (%) Discrimination Difficulty Infit MNSQ
1 FS 83.61 0.51 —0.69 0.91
2 FS 87.33 0.52 -1.04 0.90
3 FS 81.68 0.50 —0.53 0.94
4 FS 90.77 0.40 —1.45 0.96
5 FS 30.72 0.32 2.31 1.10
6 FS 89.26 0.39 -1.26 1.01
7 FA 55.23 0.43 1.04 1.07
8 FA 56.47 0.46 0.98 1.04
9 FA 75.90 0.46 -0.11 0.98
10 FA 74.66 0.51 —0.03 0.97
11 NA 79.75 0.37 —0.38 1.06
12 NA 85.67 0.47 —0.88 0.92
13 NA 83.47 0.42 —0.68 1.00
14 NA 78.93 0.52 —0.32 0.96
15 NA 38.57 0.28 1.88 1.12
16 NS 89.39 0.48 -1.27 0.87
17 NS 71.63 0.52 0.16 0.94
18 NS 68.46 0.46 0.34 1.02
19 NS 58.68 0.55 0.87 0.96
20 NS 54.82 0.50 1.06 1.01
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Appendix F. The psychometric properties of the SR test

Correct answer

Item Tasks (%) Discrimination Difficulty Infit MNSQ
1 CoO 58.26 0.43 0.23 1.00
2 CO 71.18 0.41 —0.45 1.01
3 CO 22.59 0.21 1.94 1.02
4 SS 77.55 0.31 —0.76 1.03
5 SS 72.31 0.42 —0.45 0.97
6 SS 69.42 0.37 —-0.30 1.02
7 CL 64.05 0.40 —0.04 0.99
8 CL 36.64 0.24 1.20 1.08
9 CL 76.72 0.41 -0.71 0.99
10 AS 68.46 0.34 —-0.25 1.02
11 AS 85.67 0.36 -1.34 0.96
12 AS 85.81 0.46 -1.35 0.95
13 PR 65.15 0.42 —0.09 0.99
14 PR 53.31 0.39 0.45 0.98
15 PR 65.70 0.53 -0.12 0.91
16 CR 46.42 0.30 0.76 1.03
17 CR 67.08 0.35 —-0.18 1.03
18 CR 31.40 0.15 1.45 1.10

Note. CO: conservation, CL: classification, PR: proportional reasoning, CR: correlational
reasoning, SS: Series completion with science-related content, AS: Analogies with science-

related content.
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Appendix G. The psychometric properties of the SMTSL

guestionnaire

Logit Infit
Item  Subscale Content location MNSQ
Whether the science content is difficult
1 SE or easy, | am sure that | can understand 0.49 0.33 1.05
it.
” SE I am sure that | can do well on science 0.49 0.52 106
tests.
3 SE No matter how.much effort | put into it | 0.36 0.00 122
cannot learn science.(—)
4 SE When science activities are too difficult, 0.32 0.28 131
I give up or only do the easy parts.(—)
During science activities, | prefer to ask
5 SE other people for the answer rather than 0.26 0.42 1.43
think for myself. (—)
6 AL When learning new science concepts, | 0.53 023 0.90
attempt to understand them.
. AL When learning new suen.ce concest, | 0.55 028 0.90
connect them to my previous experiences
When | do not understand a science
8 AL concept, I find relevant resources that 0.61 —-0.39 0.88
will help me.
9 AL When | make a mistake, I try to find out 0.54 058 0.92
why.
When new science concepts that | have
10 AL learned conflict with my previous 0.59 —0.30 0.90
understanding, | try to understand why
I think that learning science is important
11 LV g o 0.51 0.06 1.01
because | can use it in my daily life.
12 LV I think that Ifearnlng suence_ IS .|mportant 0.63 0.02 0.85
because it stimulates my thinking.
13 LV In science, | think that it is important to 0.45 0.08 1,08
learn to solve problems.
14 Ly [nsclence | thinkitis important to 047 010 104
participate In Iinquiry activities.
It is important to have the opportunity to
15 LV satisfy my own curiosity when learning 0.58 —-0.26 0.93
science.
During a science course, | feel most
16 AG fulfilled when I attain a good score on a 0.46 -0.14 1.10

test.
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17

18

19

20

21

22

23

24

AG

AG

AG

LE

LE

LE

LE

LE

During a science course, | feel most
fulfilled when I am able to solve a
difficult problem.

During a science course, | feel most
fulfilled when the teacher accepts my
ideas.

During a science course, | feel most
fulfilled when other students accept my
ideas.

I am willing to participate in this science
course because the content is exciting
and varied.

I am willing to participate in this science
course because the teacher uses a variety
of teaching methods.

I am willing to participate in this science
course because the teacher does not put a
lot of pressure on me.

I am willing to participate in this science
course because it is challenging.

I am willing to participate in this science
course because the students are involved
in discussions.

0.59

0.57

0.49

0.64

0.62

0.42

0.66

0.48

—-0.47

—0.06

0.18

—0.02

0.20

0.52

—-0.15

0.36

0.89

0.93

1.00

0.82

0.89

1.19

0.84

1.06

Note. SE: self-efficacy, AL: active learning strategies, LV: science learning value, AG:
achievement goals, LE: learning environment stimulation; (—): Reverse coded items; D:
Discrimination.
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	Chapter 2 presents the main characteristics and trends in measuring IR and SR around the world through a systematic review and thematic analysis with 63 empirical studies from 1997 to 2020. The non-verbal analogical problem was indicated as the most ...
	In Chapter 3, we discuss the main methods applied in three empirical studies. The chapter introduces a cross-sectional investigation as a main approach in a series of these studies. The test instruments are presented in this chapter, including the IR...
	Chapter 4 illustrates the first empirical study that aims to investigate the development of IR and patterns of students’ motivation across the 5th, 7th, 9th, and 11th grades. The initial findings showed that students’ performance improved steadily gr...
	The findings of the second study are reported in Chapter 5, which showed the developmental curves of IR, SR capacities and SM in students in the 6th, 8th, 10th, and 11th grades. The developmental curves in IR and SR were simulated across grade cohort...
	Chapter 6 details the third empirical study which considers assessing scientific reasoning in CVS in physics in secondary school students. This chapter presents the development and validity of the CVS test to measure three subskills of CVS related to...
	Since tudents took the cognitive tests in either PP or online formats, Chapter 7 discusses effects of media delivery modes in terms of students’ performance and tests’ psychometric properties across three empirical data. The examinations of the equiv...
	Finally, Chapter 8 summarizes the general conclusion and discussion across these investigations. The limitations and future directions are also discussed in the last chapter.


	CHAPTER 2. REVIEW OF THE LITERATURE
	2.1 Assessing inductive reasoning and scientific reasoning
	2.1.1  Introduction
	Globalization and the rapid development of Information and Communications Technology (ICT) are continuously transforming in most aspects of modern life, work, and school. New conceptions of knowledge and students’ skills are expected to meet the deman...
	Assessment plays a pivotal role in the teaching and learning process as well as in school administration. Assessment involves the process of measuring, collecting, and using evidence about the outcomes of students’ learning, provides feedback for stu...
	Research on assessing reasoning has been an established field of inquiry for many decades, and improved instruments have made it possible to measure a variety of reasoning skills and explore their development and the links between relevant factors. E...
	Thus, the section synthesizes findings of a systematic literature review to outline the main trends and identify the various measures that are used to assess reasoning in educating sittings around the world. The review also focuses on exploring the r...
	(1) How is reasoning assessed in school contexts around the world?
	(2) What are the most popular problem tasks used to assess reasoning in educational contexts?
	(3) What are the trends of applying the psychometric modelling and technology in assessing reasoning?
	(4) To what extent are learners’ reasoning abilities influenced by gender, age differences and educational programs?
	(5) To what extent do reasoning and academic performance relate to other relevant factors?

	2.1.2  The concepts of reasoning
	Human reasoning has been a focal topic of widespread study since the time of Aristotle. It continues to be the main concern of both psychological theory and empirical research nowadays. In the literature, reasoning has undergone a variety of definitio...
	One of the most popular criteria to classify forms of reasoning distinguishes two main types: deductive and inductive reasoning (Sternberg, 1986; Sternberg & Sternberg, 2012; Wesiak, 2003). IR, one of the most widely researched cognitive skills, is a...
	With a growing emphasis on science education, a further form of reasoning has become a focal research topic, and the term SR has been used in a domain-specific approach in science subjects. SR is defined as an active procedure of interrelating a seri...

	2.1.3  Assessing reasoning abilities
	Assessing reasoning often involves a series of scenarios in which students are observed in a step-by-step process through their responses in each situation. In the past, an individual interview method was regularly applied to examine reasoning or thin...
	Regarding inductive reasoning, the problem tasks may be grouped into four main groups: analogies, series completions, classifications and geometric matrices (verbal, numeral, and figural element) (Adey & Csapó, 2012; Klauer & Phye, 2008; Sternberg, 1...
	Deductive reasoning (DR) tasks can be grouped into two types, conditional and syllogistic reasoning (Sternberg & Sternberg, 2012). In conditional reasoning, a problem-solver completes the task using an if-then proposition to draw a valid conclusion. ...
	With regard to scientific reasoning, several kinds of problem tasks have been proposed, most frequently named conservation, control of variables, proportions and ratios, probability, correlational reasoning and hypothetical-deductive reasoning (e.g. ...

	2.1.4  Method of the literature review
	We refer to the Preferred Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (Moher et al., 2009) to ensure that our review was systematic, following five steps as summarized in Figure 2.1.
	Figure 2.1. Flowchart for the literature review procedure based on the PRISMA protocol.
	We conducted a review of existing studies, focusing on empirical research. The basic principle of selecting an article to be reviewed was based on whether it assesses reasoning or uses reasoning tasks to explore the relation between reasoning and oth...
	Table 2.1. The results of the initial search in the major electronic databases.

	Academic papers were searched in electronic databases using the following search terms for the title, keywords, and abstract section: (“reasoning” OR “scientific reasoning” OR “inductive reasoning” OR “deductive reasoning” OR “high order thinking”) A...
	Figure 2.2. Literature search flowchart.
	After evaluating pre-selected studies based on the inclusion criteria, we referenced the Weight of Evidence framework (Gough, 2007) to evaluate the remaining 105 studies for their quality and relevance. Following this framework, studies were appraise...
	In line with our research purposes, we built a set of summarized features as a template which recorded key information about the sample:
	1. year of publication
	2. education levels of the participants (we grouped education level into four groups):
	a) 1st grade - 5th grade
	b) 6th - 9th grades
	c) 10th - 12th grades
	d) higher education
	3. country context
	4. operation modes of the assessment (online, paper-and-pencil, or mixed)
	5. research design (quantitative, qualitative, or mixed)
	6. learning domain and instrument
	7. research aims and main findings.
	The main themes that appeared across the reviewed studies were grouped. They were later used as the major objectives when designing our studies, particularly when addressing the research questions. A brief overview of the surface features of the selec...

	2.1.5  The main properties of the studies selected
	Figure 2.3 demonstrates the main characteristics of the studies selected, which were published between 1997 and 2020. The first nine years (1997 - 2005) produced only seven papers, then ten articles were published in the following 5-year periods (2006...
	The studies were conducted in 28 different countries on six continents around the world: Europe (n = 31, 49.2%), Asia (n = 20; 31.7%), North America (n = 8; 12.7%), South America (n = 2; 3.2%), Australia (n = 2; 3.2%), and Africa (n = 2; 3.2%). Europ...
	Across the studies reviewed, there were 41,228 participants ranging from primary school to university. The proportion of test-takers classified relied on grade levels that were tantamount to all age groups. The participants were from the first grade ...
	Figure 2.3. Summary of the surface characteristics of the studies reviewed.
	For the mode of assessment operation, PP was the most popular administration mode (n = 31; 49.2%) and around 20% (n = 22.2) of the studies made use of an online platform. About 17.5% of the papers did not report the mode of assessment, while approxim...

	2.1.6  The construction of instruments for assessing reasoning
	As for the combination of form of reasoning and learning domain, 37 of 63 studies reviewed (58.7%) assessed IR across subjects of learning, while 29 of 63 studies (around 46.0%) measured SR in both specific domains (mathematics, physics, biology, chem...
	Table 2.2 showed the proportion of IR tasks in accordance with subtest groups mentioned above and the materials constructed elements across the reviewed studies. The results revealed that analogy items have been mostly used in the assessment of IR wi...
	Table 2.2. Proportion of tasks and materials in assessing IR (N = 37).

	Regarding materials for constructing problems, elements in IR tasks are made of words, numbers, and figures (e.g., geometry, animal, toy, and artifact). The figural object task was the most common one chosen to assess IR abilities of children (Csapó ...
	Figure 2.4. Samples of ﻿simplified geometric analogy items (from Roberts et al., 2000).
	Regarding SR, most the included studies seem to refer to the Lawson Classroom Test of Scientific Reasoning (LCTSR) as a practical framework to adapt and develop their instruments to assess scientific reasoning skills. However, the ratio of tasks or s...
	Regarding item format, multiple-choice structure is still the most popular form of assessing reasoning, but it has become more diverse with visualized presentation in a rich-technology environment, and some testing programs simulated the experiments ...
	Figure 2.5. A sample of control of variables task (from Schwichow et al., 2016).
	To summarize, the most frequent subtests of IR were the verbal and geometric analogies, classifications, number series completions and geometric matrices. The main standardized tests were RPM, ﻿Figure Reasoning Test, Vienna Matrices Test, LCTSR and W...

	2.1.7  Psychometric modeling and technology issues in assessment of reasoning
	A psychometric model provides the association between theoretical constructs and empirical assessments. The association between structural quality of an instrument and participants’ response on different items was quantified via psychometric modelling...
	﻿ The reasoning tests have been designed and administered in technology-rich environments since 2008. Electronic devices can help to improve cognitive ability testing. It seems that no significant effects of the test media (computers, notebooks, and P...
	﻿ The reasoning tests have been designed and administered in technology-rich environments since 2008. Electronic devices can help to improve cognitive ability testing. It seems that no significant effects of the test media (computers, notebooks, and P...
	The most popular online testing platforms were such Testing Assistée par Ordinateur (TAO) (Luxembourg) (and it adapted versions), ﻿platform Concerto v3.9.14 (Germany) (Blum et al., 2016) and eDia (Hungary) (Csapó & Molnár, 2019).

	2.1.8  The effects of gender, age and educational programs on reasoning
	Gender differences have presented an important objective when assessing reasoning as indicated in 30% of selected studies. In a comparison of reasoning ability in males and females, inconsistent findings were reported in different studies in both IR a...
	As for the reasoning ability across age or grade levels, around 12.5% of the studies explored the development of reasoning in school-year children. Developments of students’ reasoning were observed grade by grade during secondary school years, but th...

	2.1.9  Reasoning and academic achievement
	More than a third of the studies investigated reasoning ability as a significant predictor of academic performance. All the studies concluded that students who achieved higher scores on IR tests tended to receive higher scores in school performance or...
	STEM subjects were the most common disciplines assessed along with reasoning (Boroş & Sas, 2011; Mollohan, 2015; Stender, Venville & Oliver, 2015). Although there was a significant positive association between non-verbal reasoning and performance on ...


	2.2 Reasoning, motivation, and academic achievement
	2.2.1  Science motivation and its role in learning science
	Several theoretical perspectives have been developed to explain why students are engaged in an academic activity. The core aspects of educational motivation are students’ goals, the intrinsic and extrinsic nature of motivation, students’ beliefs about...
	Informed by these different approaches, several instruments have been developed to assess science motivation in an educational setting. Glynn and his colleagues (2009) developed the Science Motivation Questionnaire II, covering five subscales: intrin...
	SM plays an important role in learning science and is a major predictor of science performance in schools (Cavas, 2011; Chan & Norlizah, 2018; Clark et al., 2014; Glynn et al., 2009; Tsai et al., 2015). Several studies (Cavas, 2011; Chan & Norlizah, ...

	2.2.2  The effects of age and gender on science motivation
	From a socio-cognitive viewpoint, academic motivation is formed from both contextual factors and student cognition (Anderman & Dawson, 2011; Pintrich & Schunk, 2002). Empirical studies (e.g. Dorfman & Fortus, 2019; Józsa et al., 2017) have indicated c...
	Concerning gender differences, previous studies on SM showed inconsistent findings in different contexts. No significant gender-related differences have been found in motivation towards science scales (e.g. intrinsic and extrinsic motivation, self-de...

	2.2.3  Relationship between reasoning and science motivation
	The relationship between intelligence and motivation has been considered in previous studies (e.g. Gagné & St Père, 2001; Preckel et al., 2008; Spinath et al., 2006). For example, the study by Spinath and colleagues (2006) demonstrated that children w...
	Moreover, collaborations between parents’ education, cognitive ability and achievement motivation in affecting academic achievement were examined in a study by Ganzach (2000). This study also uncovered that children’s cognitive ability has a positive...

	2.2.4  Parental influences on student motivation and school achievement
	Interactive activities in school and family environments are likely to impact children’s academic motivation and achievement (Pintrich & Schunk, 2002). Experiences in classrooms notably impact student motivation and school performance (Bathgate & Schu...


	2.3 Studies on comparisons of modes of administration
	TBA has been highly beneficial for students, teachers, test administrators and other stakeholders. TBA supports the collection of reliable data, allows personal administration to students during the testing process, and saves time when scoring and ana...
	Several studies conducted over the past decade have produced divergent results on the equivalence of TBA and paper-based tests (Gates & Kochan, 2015; Williamson et al., 2017). Research by Kim and Huynh (2010) demonstrated that the English-language te...
	For cognitive tests, the transition from traditional delivery to an online platform may increase reliability and standardization (Csapó et al., 2012). Specifically, the reliability of the inductive reasoning test showed a good level in both the paper...
	In short, the average score seems to favor the paper-based group, although the psychometric properties of the test, i.e. reliability and validity, are consistent across the two formats. Most previous empirical studies considered evaluating the validi...

	2.4 Conclusion and discussion
	The chapter attempts to pinpoint the possible connections between theoretical concepts and the empirical paradigms to elucidate the construct of the instruments, psychometric approaches in space of assessing reasoning capacity and science motivation i...
	Amongst reasoning forms, IR and SR are mostly interested in studying in school settings due to its important roles in learning school subjects and the feasibility of being enhanced in educational contexts (Adey & Csapó, 2012; Klauer & Phye, 2008; Ste...
	To assess the ability of IR, a diversity of problem tasks were proposed, but in general they consist of main task, so-called analogies, series completions and matrices varying through verbal, geometric, figural and numerical materials. The analogies ...
	In line with a review paper of Opitz et al. (2017), multiple-choice format is still the most popular one to assess IR and SR, but it becomes more diverse in rich-technology media. As transformation into a multimedia environment, the selected-response...
	Rasch measurement is a mostly used psychometric modelling chosen in practicing to test models and interpreting the results in reasoning studies. The findings are in line with a review study by Edelsbrunner and Dablander (2019), which exposed that the...
	Gender difference is inconsistent across reviewed studies, but the finding is in line with recent meta-analytic study of Waschl and Burns (2020) for adults, showing that in most situations, effect size was so small, implying no significant gender dif...
	Scientific reasoning is often assessed along with IR to examine the relationship between these relevant variables. General thinking in terms of IR and SR are closely tied in predicting scientific concept construction and content knowledge (Chuang & S...
	Despite the former studies identified reasoning capacity progressed across the grades with different rates, the results also showed that the reasoning proficiency in children develops most rapidly in the middle school level, recommending that the low...


	CHAPTER 3. METHODOLOGY OF EMPIRICAL STUDIES
	3.1 Cross-sectional investigation
	An effective developmental study requires longitudinal surveys and takes as long as the developmental process that is being observed. Therefore, developmental programs spanning several years are expensive, require stable long-term funding, and are th...
	Longitudinal studies of motivation usually take less than 2 years (e.g. 2 months in a study by Datu et al. (2018); 3 months in Schwartz and Waterman (2006); 4 months in Bathgate and Schunn (2017) and 21 months in Chapman (1988)), while studies coveri...
	Table 3.1. A series of cross-sectional studies.


	3.2 Instruments
	3.2.1  Reasoning tests
	3.2.1.1 Inductive reasoning test
	Klauer and Phye (2008) pointed out that IR refers to discovering regularities by finding similarities, dissimilarities, or a combination of both with regard to the attributes of or relations to or between objects. Inspired by the point, the IR tasks w...
	The foundational criteria for selecting items were based on the structure of each item and evidence from previous studies. Firstly, we investigated the composition and the rules in each item because one item typically contains certain kinds of figure...
	The online test was developed within the Electronic Diagnostic Assessment System (eDia), a platform created by the Center for Research on Learning and Instruction at the University of Szeged (Csapó & Molnár, 2019; Molnár & Csapó, 2019). The eDia plat...
	Figure 3.1. Examples of items on the inductive reasoning test.

	3.2.1.2 Scientific reasoning test
	We composed 18 items to measure SR, covering main tasks such as conservation, classification, proportional reasoning, correlational reasoning and IR with elements constructed of science content. The content knowledge of the test items is related to ba...
	Figure 3.2. Examples of (a) a series completion with discipline content task and (b) a proportional reasoning task in the SR test.

	3.2.1.3 Control of variables strategy in physics test
	The control of variables in physics (CVSP) test involves 24 items, including three subskills of CVS: Identifying controlled experiments, interpreting the outcome of a controlled experiment and understanding the determinacy of confounded experiments. T...
	We developed the test items in the multiple-choice format, comprising a stem with three distractors and one correct answer. A correct answer and incorrect answer were scored 1 and 0 points, respectively. The test specification and development are dis...


	3.2.2  Student questionnaire
	3.2.2.1 Students’ motivation toward science learning questionnaire
	Our study adapted the SMTSL questionnaire developed by Tuan, Chin and Shieh in 2005. Tuan et al. (2005) supposed that self-efficacy, science learning value, learning strategies, individual learning goals and learning environment stimulation are founda...
	Various empirical studies (e.g. Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et al., 2013; Shaakumeni & Csapó, 2018; Tuan et al., 2005) have provided evidence that the instrument we have selected is reliable and valid in cross-cultural contexts. Fo...

	3.2.2.2 Students’ motivation and attitude in learning physics questionnaire
	The questionnaire was adapted and translated into Vietnamese languge from the student questionnaire in TIMSS 2015 (separate science subjects: Physics in school) (Hooper et al., 2013; TIMSS, 2015). The questionnaire involves three main motivational sca...
	The students like learning physics (hereafter referred as “Like learning” or “LL”) scale measures how much students like learning physics in the school based on their level of agreement with the nine statements. In this scale, students responded to t...
	The students’ views on engaging teaching in physic lessons (hereafter referred as “Engaging teaching” or “ET”) scale was used to ask students’ perspectives on the physic lessons in schools. The scale starts with the question “How much do you agree wi...
	The students’ confidence in learning physics scale (hereafter referred as “Confidence in learning” or “CL”) was used to estimate how confident students feel about their ability in physics. It was composed of the question “How much do you agree with t...

	3.2.2.3 Background questionnaire
	We adapted the student questionnaire from PISA 2015 (OECD, 2015) and translated into Vietnamese language. The questionnaire was designed to collect data related to students’ background, parents’ education level and parental involvement in schooling. S...



	3.3 Data analysis
	3.3.1  Factor analysis
	Principal component analysis (PCA) is a popular statistical method for reducing data with several dimensions or variables. Such method uses linear combinations of the variables to project the data with fewer dimensions. PCA is a classical multivariate...
	Confirmatory factor analysis (CFA) is one of the appropriate methods to evaluate the construct validity of the adapted instruments with the Structural Equation Modelling (SEM) approach. We utilized CFA to evaluate the construct validity of the adapte...

	3.3.2  Rasch model measurement
	IRT is an encouraging technique for data analysis in assessing learning and cognitive potential in educational settings (Stevenson et al., 2013). Rasch model is a psychometric modelling measurement chosen for investigating test models and interpreting...
	As reviewed from a study by Edelsbrunner and Dablander (2019), the major psychometric approach in assessment of scientific reasoning is Rasch modelling with a focus on drawing interpretations based on both item infit statistics and classical statisti...
	Regarding dimensional model fit, ﻿the efficacy of the possible models in Rasch model analysis is often based on ﻿﻿three indices: the deviance, the Akaike information criterion (AIC) and the Bayesian information criterion (BIC). The deviance is –2 log...

	3.3.3  Differential item functioning and differential bundle functioning
	The differential item functioning (DIF) analysis was utilized to examine statistical characteristics of an item. DIF examination provides evidence about functions by comparing different abilities for members of individual groups to detect whether an ...
	The differential item functioning (DIF) analysis was utilized to examine statistical characteristics of an item. DIF examination provides evidence about functions by comparing different abilities for members of individual groups to detect whether an ...
	In the dissertation, we employed DIF analysis in the dichotomously scored items via Angoff's delta plot method (see Angoff, 1982) with the R deltaPlotR package (Magis & Facon, 2014). The main assets of the approach are that it is a simple and straigh...
	Furthermore, we also conducted differential bundle functioning (DBF) or item bundle DIF analysis which is the natural extension of the DIF approach. The framework for a studied DBF often includes a bundle of items connected with the corresponding con...

	3.3.4  The symmetric log-logistic model
	There are several forms of the sigmoid curves to simulate the developmental process in nonlinear regression approach. One of the most common curves is the symmetric log-logistic model as follows:
	𝑦=𝑐+,𝑑 − 𝑐-1+𝑒𝑥𝑝(𝑏(𝑙𝑜𝑔(𝑥)− 𝑙𝑜𝑔(𝐸𝐷50))).     (3.1)
	Where:
	y: the response,
	c: the lower limit of the response when the dose x approaches infinity,
	d: the upper limit when the dose x approaches 0,
	b: the slope around the point of inflection,
	ED50: the dose required to reduce the response half-way between the upper and lower limit.
	The parameters of a sigmoid curve can be tailored to R drc package (Ritz et al., 2015). We manipulated the feature of the development by fitting the scores with a logistic function in Equation 3.1, in which x and y represent grade levels and student ...

	3.3.5  Bayesian model averaging
	To examine the better predictors, performing Bayesian estimation analysis with Bayesian model averaging (BMA) is often used to identify these potential models. The approach can potentially indicates significant improvements ﻿in comparison with the exi...

	3.3.6  Path analysis
	Beyond the estimation of causal effects of the certain variables, ﻿understanding how these variables exert their influence on the outcomes is important in ﻿analysing causal mechanisms in applied research. In general, this method involves ﻿a set of lin...
	Figure 3.3. Path analysis with direct and indirect effects.
	Where:
	X is the independent variable,
	Y is the dependent variable,
	M is the mediator,
	,𝑖-1., ,𝑖-2.,  𝑎𝑛𝑑, 𝑖-3. are intercepts,
	,𝑒-1., ,𝑒-2.,  𝑎𝑛𝑑, 𝑒-3. are residuals.
	Equation 1 presents the coefficient c representing the total effect (Figure 3.4a). In Equation 2, the coefficient c’ denotes the relation between X and Y controlling for M, representing the direct effect. The coefficient b denotes the relation betwee...
	Other popular statistical tests such as t-test, analysis of variance (ANOVA) and Tukey’s honestly significant difference (Tukey’s HSD) test were used to examine differences between subsamples. In the case, we utilized the R psych package (Revelle, 20...



	CHAPTER 4. EXPLORING INDUCTIVE REASONING AND STUDENTS’ MOTIVATION TOWARD SCIENCE LEARNING ACROSS GRADE LEVELS
	4.1 Introduction
	IR is one of the primary mental abilities of the fluid intelligence (Kinshuk et al., 2006), and the most broadly researched amongst cognitive skills. Numerous empirical studies investigated the relationship between IR ability and academic performance ...
	The importance of motivation in learning has also been examined in several studies. Most studies have determined that positive motivation in learning not only promotes students’ academic performance during their school years, but is also one of the m...
	Assessing IR and SM is likely to provide useful information for educational reform processes, policymakers and teachers. Particularly, a broadly accessible measurement data from a longitudinal (e.g. Hwang et al., 2016; Robinson et al., 2019) and cros...
	Moreover, researchers (e.g. Anderman & Dawson, 2011; Pintrich & Schunk, 2002) have agreed that children’s academic motivation is as a result of relative dynamic factors of both dispositional and contextual variables. Some components of motivation ari...
	This cross-sectional study therefore attempts to fill the gaps in the literature by exploring patterns of IR, SM across grade cohorts. We also investigate the relationships between IR, SM, grade level, parental factors and other relevant variables. O...

	4.2 Research questions and hypotheses
	RQ1.1: What is the evidence for the validity and reliability of the adapted instruments (IR test and SMTSL questionnaire) in Vietnamese context?
	H1.1: It is expected that the psychometric properties are acceptable for the IR test (e.g. Csapó et al., 2019; Kambeyo, 2018; Molnár & Csapó, 2011; Wu & Molnár, 2018) and SMTL questionnaire (e.g. Cavas, 2011; Chan & Norlizah, 2018; Dermitzaki et al., ...
	RQ1.2: How are the IR capacities and SM different among grade cohorts?
	H1.2: We hypothesized that students in upper grade perform better than did their counterparts in the lower grade on the IR test (Csapó, 1997; Díaz-Morales & Escribano, 2013; Molnár & Csapó, 2011; Molnár et al., 2013). Students’ motivation is assumed j...
	RQ1.3: Is there a significant difference between boys and girls on the IR test and the SMTSL questionnaire?
	H1.3: No gender difference between boys and girls is expected to observe on the IR test (Jeotee, 2012; Kambeyo, 2018; Molnár, 2011; Tekkaya & Yenilmez, 2006; Venville & Oliver, 2015), but females are supposed to be significantly more motivated towards...
	RQ1.4: Which factors contribute to individual IR abilities among students?
	H1.4: We assume that grade level (school-age group), school performance, father’s education level, mother’s education level are latent predictors of individual IR ability.
	RQ1.5: To what extent is IR ability related to SM?
	H1.5: It is expected that a close relationship is established between IR and SM (Cavas, 2011; Hu et al., 2016; Tee et al., 2018).
	RQ1.6: Which factors contribute to explaining individual SM among students?
	H1.6: We assume that IR, student age (or grade level), gender, science achievement, mother’s education level, father’s education level and parental involvement are the main underlying factors predicting students’ SM.

	4.3 Method
	4.3.1  Participants
	The study assessed 701 students at public secondary schools in An Giang Province (Vietnam). We attempted to select schools that can represent the quality of the students in the area. We selected 20 classes randomly from six schools in total, and stude...
	Table 4.1. The study samples.


	4.3.2  Instruments
	Instrument of this study involves three parts (background, SMTSL questionnaire and IR test). The background part was adapted from the student survey for PISA 2015 (OECD, 2016) (see Section 3.2.2.3). The science motivation questionnaire consisted of fi...
	Two experts and three secondary school teachers supported to review the adapted test instruments. The final version of the test instruments was implemented to field testing as a pilot study with ten students in two different schools. These students h...

	4.3.3  Procedure and data analysis
	For the paper-based assessment, the students were given a test booklet containing a questionnaire section and an answer sheet. The teachers guided the students through the appropriate practice items step by step following our procedures in their daily...
	CFA was employed to test the model to empirical data with Mplus 7 (Muthén & Muthén, 2012) before doing further analyses with Rasch model. The data were analysed by the Rasch model in ACER ConQuest software for polytomous items with partial credit mod...


	4.4 Results
	4.4.1  Test score reliability
	Item internal consistency reliability estimates were calculated using R software with the psych package (Revelle, 2019). Cronbach’s alpha values were calculated for the subtests and the whole test. The NS task achieved the highest alpha value of .81, ...

	4.4.2  Validity of the inductive reasoning test
	4.4.2.1 Confirmatory factor analysis
	The results of CFA showed that the model was a good fit to the values for the cut-off criteria: CFI = .908, TLI = .901, RMSEA = .050 CI (.046, .054) and WRMR = 1.50. In addition, 4-factor model was examined for the IR test with CFA, indicating that it...
	Figure 4.1. ﻿Standardized factor covariances, item loadings from confirmatory factor analysis of (a) unidimensional and (b) 4-dimensional constructs for the IR test.
	Figure 4.1. ﻿Standardized factor covariances, item loadings from confirmatory factor analysis of (a) unidimensional and (b) 4-dimensional constructs for the IR test.

	4.4.2.2 Rasch analysis
	We analysed the data with item response modelling to investigate whether the IR test can measure students’ IR proficiencies across school grades. The results of the Rasch analysis indicated a good fit model with the infit for single items (weighted me...
	Table 4.2. The psychometric properties of the IR test in the Rasch model.

	The Wright person-item map depicted in Figure 4.2 shows the level of ability of students on the left-hand side and the difficulty of the items on the right. This item-person map describes the distribution of item difficulty estimates and person abili...
	A general pattern of item difficulty can clearly be seen within the abilities of the test-taking population in Figure 4.2. The item-person map summarizing the test performance of the sample confirms that many of the test-takers are quite beyond the h...
	Figure 4.2. Wright map of persons and items for the (a) unidimensional and (b) 4-dimensional models.


	4.4.3  Differences in students’ performance among grade cohorts
	This study also aims to investigate the effects of grade levels on students’ performance on the IR test. We composed pirate plots to visualize the distribution of achievements among students in the study. A pirate plot can easily show raw data, descri...
	In the study, we plotted the smooth curve to present the trend in students’ performance on the IR test across grade groups (with the ggplot2 package, see Wickham, 2016). Figure 4.3 illustrates the change of students’ IR from the 5th to 11th grades. In...
	Figure 4.3. Differences in the students’ performance on the IR test regarding grade cohorts.
	As regards children’s reasoning proficiency on each subtest, students achieved different proficiency on different kinds of subtests. Students’ latent abilities were lowest on the NS subtest (M = 0.3, SD =1.9) and highest on the FA subtest (M = 2.0, S...
	Figure 4.4 depicts the smooth curves in four different subtests that students exhibited throughout grade cohorts. Overall, there was different achievement among students on the different tasks across school grades. It is easy to recognize that studen...
	Figure 4.4. Development of reasoning across grade levels on the test and subtests.
	Furthermore, the ANOVA analysis was conducted to compare the effect of school grade groups on students’ proficiency on the subtests and the test. The results revealed significant disparities among the grade cohorts on both the subtests and entire tes...
	A significant difference was found for all pairs of grade levels on the IR test with effect size from small to medium, except for a pair in the 7th and 9th grades. As regards the subtests, the students in the upper grades performed significantly bett...
	Table 4.3. Tukey HSD’s multiple comparisons.


	4.4.4  Gender differences in inductive reasoning
	The general trend was that males and females showed an equivalent proficiency in each cohort (Figure 4.5). The mean scores stayed at around 0.2 and 1.0 for the 5th grade and 7th grade, respectively. In the 9th grade and 11th grade, the average score a...
	Figure 4.5. Comparing performance among males and females.
	We applied the t-test to compare abilities between males and females. Table 4.4 presented the results of the t-test in the four cohorts and whole sample. No significant difference was found on the IR test between boys and girls in the whole sample an...
	Table 4.4. The t-test to compare inductive reasoning test results between males and females.

	Moreover, no gender difference was indicated for the single subtests. As provided in Table 4.5, all p-values were larger than .05. In other words, gender had no significant impact on performance among students on the subtests. However, it is surprisi...
	Table 4.5. The t-test to compare latent abilities between males and females on each subtest.


	4.4.5  Predicting students’ inductive reasoning performance
	Stepwise multiple regression was used to explore how the latent factors predicted IR ability in individuals. The results of a stepwise multiple regression analysis were presented in Table 4.6. School grade group, school performance in the previous sem...
	Table 4.6. Hierarchical regression summary for prediction of inductive reasoning (N = 701), R2 = .32, adjusted R2 = .31.


	4.4.6  Validity and reliability of the SMTSL questionnaire
	As suggested by Dermitzaki et al. (2013), we employed the fit testing for the SMTSL questionnaire with a bifactor model to the empirical data. The bifactor model involves four independent motivational factors, including self-efficacy (SE), active lea...
	We used ﻿the internal consistency index of McDonald’s omega (ω) in R package psych (Revelle, 2019) for reliability estimates, since it is less biased than Cronbach’s alpha in this case (Dunn et al., 2014). Internal consistency reliability was general...
	Furthermore, DIF analysis was used to test measurement invariance with respect to gender with the R lordif package (Choi et al., 2011). The McFadden’s ,𝑅-2. is set at 0.01 as a criterion for rejecting the null hypothesis of no DIF. All pseudo ,𝑅-2....
	Figure 4.6. Bifactor model of the SMTSL questionnaire.

	4.4.7  Differences in science motivation among students between grade levels
	Figure 4.7 illustrates the differences of students’ motivation in each subscale and science motivation in general between grade cohorts. We plotted the smooth curves (the dotted line) to visualize the patterns of students’ science motivation across gr...
	As regards separate subscales, the students seemed to get the lowest scores on the LE scale across the grade groups. The younger grades (5th and 7th) achieved the highest score on AL scale. The scores for this scale fell sharply from 4.26 in the 5th ...
	Figure 4.7. Changes of science motivation on the subscales across grade cohorts.
	Overall, the students showed a high positive perceived motivation towards learning science. The highest score was recorded for the AL (M = 4.10, SD = 0.54), followed by AG (M = 3.98, SD = 0.56) and the SE subscale (M = 3.89, SD = 0.79). The LV had an...
	In addition, we manipulated the ANOVA analysis to explore the influence of grade levels on the individual subscales and whole questionnaire. Except in the AG subscale, a significant difference was found between the grade cohorts in most subscales: SE...
	Table 4.7. Tukey HSD’s multiple comparisons.


	4.4.8  Gender difference in students’ motivation toward science learning
	Figure 4.8 illustrates the performance of male and female students on each motivation subscale and general scale. It seems that girls had higher scores than boys on most of the subscales of motivation, except on the LE subscale. Furthermore, the t-tes...
	Figure 4.8. Comparison of science motivation among males and females on each subscale.
	Reflecting differences for each subscale among the grade cohorts, Figure 4.9 demonstrates performance patterns among males and females across the grade levels. A fluctuation in motivation level among boys and girls can be observed on the individual s...
	Figure 4.9. Performance of males and females on each subscale and whole questionnaire among grade cohorts.
	Additionally, we continued to examine the gender difference with the t-test within each subscale across school grade cohorts. No significant gender difference was found between males and females on any subscale across grade levels (p > .05), except i...

	4.4.9  Relationship between inductive reasoning and science motivation
	Pearson’s product-moment coefficient was calculated to investigate the relationship between IR and SM. Table 4.8 summarizes the correlation between these variables on the individual subscales and on science motivation scale in general. Overall, the re...
	Table 4.8. Correlation (Pearson) between IR and SM.


	4.4.10  Main factors predicting science motivation
	STEM achievement was referred through manipulating an average of four school subjects (math, physics, chemistry and biology) in the last semester. We included inductive reasoning (IR), student age (AG, a representation of grade level), gender (GE), sc...
	We employed the BMA analysis (see Section 3.3.5) to explore the proposed model with linear regression models in R package BMA (Raftery et al., 2020). The best models were recommended based on the BIC values for each manipulation. For instance, when e...
	Furthermore, we implemented a path analysis in SEM approach to test for direct and indirect effects. After investigating several models, the one with five main explanatory variables of motivation has proven the best. Finally, our results offered a ge...
	Figure 4.10. The general model of relations between explanatory variables predicting SM.
	As regards the role of IR in students’ SM, it seems that IR showed a direct and indirect effect on motivation, in which STEM achievement was expected as a mediator. The mediated relationship was examined with the Sobel test, and it was determined tha...
	Table 4.9. The model fits and regression coefficients in predicting science motivation.



	4.5 Discussion and conclusion
	The results indicated that the adapted version of the IR test demonstrated as a reliable instrument for measuring reasoning in school age groups in the 5th, 7th, 9th and 11th grades. This suggests that the IR test may be used in a broad age range (hyp...
	Analogously, CFA and PCM analysis also confirmed hypothesis H1.1 in which the instrument provides an adequate fit to the data and is suited to measuring SM in the Vietnamese context. The results are consistent with past studies using the same questio...
	Students’ performance on the IR test increased across school grade cohorts. The findings are seemingly consistent with the findings of Csapó (1997), Molnár and Csapó (2011), Molnár et al. (2013), Díaz-Morales and Escribano (2013) and Csapó et al. (20...
	As regards gender, no statistically significant difference was found in IR and SM. Boys and girls showed no significant difference in their performance in single grade cohorts and even for the whole study sample. For the IR test, the results were in ...
	These findings have contributed to an increased understanding of latent factors predicting the IR ability of children. Learning in the disciplines mirrored in the school performance in the previous semester prominently enhanced IR. Along with the age...
	As regards the change of motivation in the different grade cohorts, the results were mostly consistent with the literature (Bouffard et al., 2001; Dorfman & Fortus, 2019; Józsa et al., 2017), indicating that student motivation tended to decrease grad...
	Furthermore, the results of the BMA analysis contributed to an increased understanding of latent factors and models to predict students’ science motivation. Despite a positive correlation between IR and SM in most of the grade cohorts, the former doe...
	However, even though the students reported high motivation toward learning science, this may cause potential risks to external pressure on students from their parents because the PISA results showed that those who experience high motivation tend to f...


	CHAPTER 5. RELATIONSHIP BETWEEN INDUCTIVE REASONING, SCIENTIFIC REASONING AND SCIENCE MOTIVATION, AND THEIR ROLES IN PREDICTING STEM PERFORMANCE
	5.1 Introduction
	Improving students’ general cognitive abilities is one of the main declared goals of education. International large-scale studies also assess how schools in participating countries enhance students’ reasoning skills. Reasoning is one of the three cogn...
	Children’s academic success derives from an effort-making process involving a number of interactive factors including personal characteristics (demographic and personality-related), student motivation, and family and school care (Hellas et al., 2018)...
	Additionally, previous studies have shown that students with greater motivation to reach their aims are more likely to succeed than those who are more talented but do not set their own goals and keep focusing on them (e.g. Duckworth et al., 2011; Ecc...
	However, the research on links between cognitive abilities, motivation and parental involvement in predicting school achievement is rather scarce. Previous studies (e.g. Kriegbaum et al., 2018; Steinmayr & Spinath, 2009) have investigated the interac...

	5.2 Research questions and hypotheses
	The foci of our study are to explore the changing patterns and relationship between IR, SR and SM through grade cohorts. We also investigate the extent to which IR, SR, SM and parental factors in predicting the STEM performance in secondary school stu...
	RQ2.1: What is the evidence for the reliability and validity of the adapted instruments?
	H2.1: We expect that the psychometric properties are good for the IR test (Csapó et al., 2019; Kambeyo, 2018; Molnár & Csapó, 2011; Wu & Molnár, 2018) and acceptable for the SR test (Kambeyo, 2018; Korom et al., 2017) and for the SMTSL questionnaire (...
	RQ2.2: How do students’ IR, SR and SM performance differ in different school grades?
	H2.2: Students in the older cohorts are expected to perform better than those in the younger ones on the IR test (e.g. Csapó, 1997; Díaz-Morales & Escribano, 2013; Molnár et al., 2013; Muniz et al., 2012) and on the SR test  (Ding, 2018; Korom et al.,...
	RQ2.3: Is there any difference between male and female students in IR, SR and SM?
	H2.3: It is expected that there is a non-significant difference between males and females in IR (e.g. Kambeyo, 2018; Molnár, 2011; Salihu et al., 2018) and SR (e.g. Mayer et al., 2014; Piraksa et al., 2014; Thuneberg et al., 2015), but females are hyp...
	RQ2.4: To what extent do IR, SR, SM and parent involvement in schooling variables interact in predicting STEM performance?
	H2.4: It is supposed that IR, SR, SM and parental factors are main predictors of STEM performance (e.g. Coletta & Phillips, 2005; Lawson, 2000; Salihu et al., 2018).

	5.3 Method
	5.3.1  Participants
	The study assessed 726 students (boys: 47.9%; girls: 52.1%) in six public schools in the southern province of An Giang (Vietnam). The average age of the participants was 14.0 years, with students in 19 classes. As presented in Table 5.1, the study sam...
	Table 5.1. The participants of the study.


	5.3.2  Instruments
	Background Questionnaire: The aim of the questionnaire, which adapted from the student questionnaire in PISA 2015 round (OECD, 2015), is to collect data on the students’ background, parents’ education level and parental involvement. The students were ...
	Inductive reasoning test: To measure IR, we selected 20 items from the item bank, developed by the Research Group on the Development of Competencies of the University of Szeged (e.g., Csapó, 1997; Pásztor, 2016; Pásztor et al, 2017). The original item...
	Scientific reasoning test: We used a 17-item test to measure SR, including main problem tasks: conservation, classification, proportional reasoning, correlational reasoning and IR tasks with science-related content materials. The content knowledge of ...
	SMTSL questionnaire: The questionnaire is adapted from Tuan, Chin and Shieh (2005), that measures five motivational factors of SM (self-efficacy, science learning value, learning strategies, individual learning goals and learning environment stimulati...

	5.3.3  Procedure and data analysis
	The draft of the SR test were reviewed by two experts and three secondary school teachers before we conducted the field study. They focused on checking for any language issues and the relevance of discipline content in the test items. Three secondary ...
	The testing process was administered in either PP or online modes, depending on particular conditions of the participating schools. Students completed the instrument in 45 min. The PP mode was administered in the classrooms, and each student received...
	The results were scaled in the Rasch model with ACER ConQuest software in dichotomous items for the IR test (Adams & August, 2010) and in polytomous items with PCM analysis for the SMTSL questionnaire (Adams & Wu, 2010). Our raw scores were then conv...


	5.4 Results
	5.4.1  Reliability and validity of the instruments
	As emphasized in the purposes of the present study, we focused on interpreting the results of the test instruments in the unidimensional model in general. Reliability estimates based on ﻿the internal consistency indicator of McDonald’s omega (ω) since...
	The unidimensional Rasch model analysis also confirmed that all the items on the tests fitted the data quite well. According to Griffin (2010), an item is considered as an infit one when its infit value falls within a range of 0.7 and 1.3. In this st...
	Likewise, we scaled the students’ performance on the SMTSL questionnaire in polytomous items with PCM in a unidimensional Rasch measurement, and its output was a science motivation score in general (Dermitzaki et al., 2013) (see Chapter 4, Section 4....
	Furthermore, we used a DIF analysis to examine statistically invariant characteristics at item level. The R difR package (Magis et al., 2010) was employed for DIF analysis in dichotomously scored items with the Angoff's Delta method (see Angoff, 1982...

	5.4.2  Descriptive statistics
	On the IR test, the item difficulties ranged from −1.35 to 1.94 with the average item difficulty at 0 (as defaulted in the program). On average, the person proficiency of 1.36 logits (SD = 1.31) compared to the item difficulty of 0 logits, implying th...
	The Wright maps were drawn to visualize estimation between item difficulty and the chances of each person’s success by comparing the relative positions of the items and persons. The items are presented from easiest (bottom) to most difficult (top) on...
	Figure 5.1. Wright map of latent distributions and response model parameter estimates.

	5.4.3  Performance of students in different cohorts on the tests and questionnaire
	The pirate plots were used to depict the performance of participants on the IR, SR tests and SMTSL questionnaire in different cohorts. Figure 5.2 showed the pirate plots illustrating the students’ attainment on the (a) IR test, (b) SR test and (c) SMT...
	For the IR test, the students’ mean scores increased remarkably from the 6th (M = 0.73, SD = 1.25), to the 8th (M = 1.29, SD = 1.29) and on to the 10th grades (M = 1.81, SD = 1.17), before decreasing slightly in the 11th grade (M = 1.59, SD = 1.32) (...
	Figure 5.2. Students’ performance on the (a) IR test, (b) SR test, and (c) SMTSL questionnaire across grade levels.
	In the same trend in IR, the students in the older groups performed better than their younger counterparts on the SR test, except in the 11th grade (Figure 5.2b). The 6th graders had an average score of 0.06 (SD = 0.84), but some students received the...
	In contrast, the students’ motivation toward learning science tended to drop slightly across the grade levels (Figure 5.2c). The 6th graders achieved the highest score (M = 1.54, SD = 0.86), followed by the 8th graders (M = 1.15, SD = 0.79). However,...
	In addition, we employed the ANOVA analysis to explore the effect of grade levels on the students’ reasoning proficiency and motivation. The results showed that there was a significant difference between the grade cohorts on the IR test [F(3, 722) = ...
	Table 5.2. Tukey’s HSD in multiple comparisons between grade cohorts.


	5.4.4  Gender difference in IR, SR and SM
	Figure 5.3 demonstrates the differences in the students’ performances on the reasoning tests and SMTSL questionnaire throughout the grade cohorts. In general, the changing curves for each gender were nearly the same pattern between the two reasoning t...
	Furthermore, we manipulated the t-test to compare IR, SR and SM between males and females. No significant difference was found between males and females on either the reasoning tests or the SMTSL questionnaire for the entire sample (Table 5.3). It al...
	Figure 5.3. Comparison of performance of students in different grade cohorts.
	Table 5.3. The t-test for comparing performance between boys and girls in IR, SR and SM.


	5.4.5  Predicting STEM achievement
	We applied a path analysis in the R lavaan package (Rosseel, 2012) to investigate the relevant predictors explaining the students’ STEM achievement. In this study, we proposed the exploratory variables, including inductive reasoning (IR), scientific r...
	Figure 5.4. A hypothesized model for predicting the STEM achievement.
	After conducting several investigations, the final model in Figure 5.5 with six predictors, presenting significant relations between factors was demonstrably the best one. The results confirmed that the model was a good fit to the empirical data, wit...
	Figure 5.5. The proposed model for predicting the STEM achievement.


	5.5 Discussion and conclusion
	The validity and reliability of the adapted tests (hypothesis H2.1) have been confirmed, with these instruments shown to be potential tools for assessing reasoning students’ proficiency and SM in the Vietnamese context. However, a few items (e.g., ite...
	The students’ performance on both the IR and SR tests increased gradually across grade levels. Specifically, the students’ reasoning improved remarkably through the lower secondary education level, but the growth rate appeared to reduce in the upper ...
	As regards gender, no significant difference was found on either the reasoning tests or the SMTSL questionnaire, but the mean scores for males was slightly higher than those of females on the reasoning tests, and the mean score for females on the SMT...
	The path analysis showed that cognitive abilities, motivation and parental factors are important predictors of STEM success. The results confirm the hypothesis H2.4. The findings are fairly consistent with existing studies (e.g. Fan & Williams, 2010;...
	In line with Kambeyo (2018) and Korom et al. (2017), there is a strong, positive correlation between IR and SR test scores. The current study investigated the relationship between IR general thinking skills and SR in the domain-specific content of sc...


	CHAPTER 6.  ASSESSING SCIENTIFIC REASONING IN CONTROL OF VARIABLES STRATEGY AND STUDENTS’ MOTIVATION IN LEARNING PHYSICS IN SECONDARY SCHOOL STUDENTS
	6.1 Introduction
	In modern society, there is increasing pressure to manage more information in a shorter time. Mastery of scientific skills is a core goal of science curricula around the world. However, students should be trained in general thinking skills of informat...
	In Vietnam, critical thinking and reasoning are implicitly embedded in core curricula; experimental and inquiry activities have been compulsory for science teachers. Students learn science in separate subjects beginning in the first year (6th grade) ...
	However, students’ CVS proficiency rarely seems to be assessed on tests at the school and state levels or even on the national examination in Vietnam. Assessment of CVS is one means to evaluate the effects of current curricula on developing students’...

	6.2 Research questions and hypotheses
	The main purposes of this study are to develop a CVS test that involves three sub-skills (ID, IN and UN) of CVS with the contents related to basic physics in secondary education level, to examine its psychometric characteristics, and to investigate th...
	RQ3.1: What is the structure of the test developed to assess secondary school students in the Vietnamese context?
	H3.1: We assumed that the proposed test involves three subskills (ID, IN and UN) of CVS (Chen, & Klahr, 1999) with the contents related to basic physics in secondary education level.
	RQ3.2: What is the evidence for validity and reliability of the CVSP test?
	H3.2: We expect that it is an acceptable level in terms of psychometric properties in the CVSP test (Schwichow, Christoph, et al., 2016).
	RQ3.3: Which latent factors (e.g., subskills, physics-related contents and number of independent) impact item difficulty in the CVSP test?
	H3.3: It is assumed that sub-skills of CVS influence on item difficulty (Schwichow, Christoph, et al., 2016), but item difficulty is not impacted by physics-related contents difficulty (Schwichow, Christoph, et al., 2016) or number of independent (Sta...
	RQ3.4: What is the evidence for validity and reliability of the adapted student motivation in learning physics questionnaire?
	H3.4: It is expected that the adapted questionnaire is a reliable and valid measurement tool for assessing student motivation toward learning physics in Vietnam context (Hooper et al., 2013).
	RQ3.5: To what extent do students’ capacity in CVS develop across grade levels?
	H3.5: We expected that students in the older cohort perform significantly better than students in the younger groups (Han, 2013; Schwichow et al., 2020; Zimmerman, 2007).
	RQ3.6: Do students’ motivation toward physics learning differ in different grade cohorts?
	H3.6: It is assumed that there is no significant difference in student motivation among grade levels.
	RQ3.7: Is there a different performance between males and females on the test and questionnaire?
	H3.7: We suppose that no significant difference is found between males and females in the CVSP test (Mayer et al., 2014; Piraksa et al., 2014) and the physics motivation questionnaire.
	RQ3.8: To what extent are interaction of physics motivation and physics content variables in predicting students’ CVS proficiency in physics?
	H3.8: We expect that motivation and the physics content test are closely associated with CVS ability (Schwichow et al., 2020; Zhang & Bae, 2020) and contribute to explaining individual CVS capacity.

	6.3 Procedure and method
	6.3.1  Development of the control of variable in physics test
	Chen and Klahr (1999) classified CVS into four subskills: planning controlled experiments (PL), identifying controlled experiments (hereafter referred as “Identifying” or “ID”), interpreting controlled experiments (hereafter referred as “Interpreting”...
	We referred to the process guided by rigorous psychometric standards (Kane, 2016; Messick, 1995) to develop the test measuring three subskills of CVS in physics for secondary school students. Particularly, the CVSP test was composed of three subskill...
	Table 6.1. Two-dimensional table of specification of the CVSP test.

	We developed the test items in a multiple-choice format, using a stem with three distractors and one correct answer. Multiple choice ﻿has been the most popular method to measure scientific reasoning (Opitz et al., 2017), yielding smaller effect sizes...
	Table 6.2. Summary of the characteristics and referenced sources in the CVSP test.

	Figure 6.1. Examples of items in the CVSP test.

	6.3.2  Investigations of the CVSP test
	6.3.2.1 Initial content validity testing
	The first draft of our proposed test was sent to two experts in physics education and three physics high school teachers to review. After modifying the language-translation issues and comparing the relevant content to the current curricula, the second...

	6.3.2.2 ﻿ Participants
	The main study was conducted with 807 students from the 8th to 12th grades in Vietnam (Table 6.3). The participants had a mean age of 15.5 years with a male-female ratio of 40.6:59.4. We randomly selected 21 classes in 11 schools. Students voluntarily...
	Table 6.3. Study participants.

	The background questionnaire was embedded in the first section of the test in both versions. Students were also asked to report their GPA and the marks they earned on the final physics tests in the previous semester. In this study, we adapted the stu...

	6.3.2.3 Statistical analysis
	Based on the psychometric guidelines of Kane (2016) and Messick (1995), and the Standards for Educational and Psychological Testing (American Education Research Association, American Psychological Association, 1999), the CVSP test development mainly i...
	We employed the Rasch model in ACER ConQuest software with dichotomous items (Adams & August 2010) to convert the raw score data to a linear scale. Such outputs of the program provide the main parameters of model fit statistics and reliability, item-...
	In addition, ANOVA analysis and Tukey’s HSD test were employed to examine the effects of subskills, knowledge content, and the number of independent variables on the item difficulty. We also investigated the association between CVS and content knowle...



	6.4 Results
	6.4.1  Validity and reliability of the CVSP test
	6.4.1.1 Unidimensional model and three-dimensional model
	To explore the difference in the internal structure of the test, we fitted unidimensional and three-dimensional models to the dataset. A formal statistical test of these models’ relative fit can be undertaken by comparing the final deviance of the two...

	6.4.1.2 Item quality and participants’ response
	Table 6.4 shows the psychometric properties of the test item in unidimensional and three-dimensional models. The infit indices ranged from 0.84 to 1.27, and the average value was 0.99 digits (SD = 0.10) in unidimensional model, while three-dimensional...
	Table 6.4. Summary of psychometric characteristics of test items.

	Figure 6.2 illuminates the Wright map presenting the relationship between individual responses and item difficulty estimates. It seems that most of the items fall into the middle score zones of the map. The item mean default was 0.00, and the person ...
	Figure 6.2. Wright map of person-item location distribution in the test.


	6.4.2  Internal consistency estimate and correlations
	The full test results showed an MLE person reliability of.80 (Cronbach’s alpha = .81; McDonald’s omega = .82), Expected - a posteriori/plausible value reliability of .78, and item reliability of .99. Table 6.5 presents the internal consistency estimat...
	There was a significantly positive correlation between the three subskills of CVS, with Pearson’s ﻿correlations ranging from 0.480 to 0.611. The results were consistent and even somewhat higher than these coefficients in the recent study by Schwichow...
	Table 6.5. Internal consistency estimates and intercorrelations (Pearson) between subskills.


	6.4.3   Impacts of subskills, content and number of independent variables on item difficulty
	As suggested in the literature, the item difficulty was investigated in incorporating subskills, physics-related content and a number of changeable variables in the experimental set. Figure 6.3 depicts the item difficulty with respect to subskills of ...
	Figure 6.3. The item difficulty and boxplots of items following subskills.
	Figure 6.4 illustrates the item difficulties regarding content knowledge. We examined the impact of the physics-related content on the item difficulty in the test. The mean of item difficulties of items belonging to electricity and electromagnetism (...
	Figure 6.4. Item difficulty and boxplots of item bundles regarding physics-related content.
	Figure 6.5 demonstrates the pattern of impact of the proportion of independent variables on item difficulty. Surprisingly, the item difficulties of items with three variables seemed to be lower than those with fewer variables. However, ﻿we applied an...
	Figure 6.5. The item difficulty and boxplots of item bundles in regard to the number of independent variables.

	6.4.4  Validity and reliability of the adapted students’ motivation in learning physics questionnaire
	6.4.4.1 Principal component analysis
	The primary purpose was to identify and calculate scores for the factors underlying each scale and as suggested by former study (Martin et al., 2016), we implemented PCA as a prior condition for further analysis. As presented in initial eigenvalues an...
	Figure 6.6. The scree plot in PCA for each scale.
	Reliability coefficients of Cronbach’s alpha for each one-principal component scale were calculated in the case. These values were .90, .88 and .86 for the LL, ET and CL scales, respectively. Overall, it is very good in terms of internal consistency ...

	6.4.4.2 Rasch model measurement analysis
	The results of the PCM (Adams & Wu, 2010) in Rasch measurement revealed that the scales fit quite well models to the data. As designed as unidimensional models (Martin et al., 2016), three scales performed consistently in one-dimensional structure.
	Generally, all items in the three scales fit well to the present dataset. For the LL scale, the infit indices ranged from 0.81 to 1.24, and the location parameter (item difficulty) values were in the range of −0.729 and 0.942 (M = 0.00, SD = 1.00). A...
	Additionally, we implemented DIF analysis with respect to gender and grade levels by using ordinal regression methods in R lordif package (Choi et al., 2011) (see Section 3.3.3). The likelihood ratio ,𝜒-2.test is considered as the detection criterio...

	6.4.4.3 Internal consistency and correlations
	Table 6.6 presents the internal consistency estimates and intercorrelations for each scale. Internal consistency reliability was an adequate level for all single scales (Taber, 2018). A significantly positive correlation was found between the three sc...
	Table 6.6. Internal consistency estimates and correlations between subskills.



	6.4.5  Different performance among grade cohorts on the CVSP test
	Figure 6.7 illustrates students’ achievements on the CVSP test across grade levels. There were numerous students who received a very low score in the 8th (M = −1.053, SD = 0.837) and 9th grade (M = −0.946, SD = 0.902), and some 9th graders gained very...
	Figure 6.7. Differences in performance of grade cohorts on the CVS test.
	Furthermore, we applied  the four-parameter symmetric log-logistic equation (Kniss AR, 2018) ( see Section 3.3.4) to describe the developmental process in students’ CVS capacities. The parameters of a sigmoid curve were tailored by the R drc package ...
	Figure 6.8. Developmental curve of CVSP in physics.

	6.4.6  Gender difference in CVS
	As demonstrated in Figure 6.9, males and females seemed equivalent in CVS ability at each cohort and whole sample. In the 8th grade to 10th grade, the average score of males were a little higher that of females, and the distributions displayed slightl...
	Figure 6.9. Comparison of performance in CVS in physics between males and females.
	Furthermore, we employed the t-test to compare abilities between males and females. Table 6.7 summarized the results of the t-test for five cohorts and the whole sample. No significant difference was found on the CVSP test between boys and girls in t...
	Table 6.7. The t-test to compare CVSP test results regarding gender.
	Table 6.8. The t-test to compare CVS abilities between males and females on each subtest.


	6.4.7  Physics motivation in students at different grade cohorts
	The pirate plots in Figure 6.10 illustrate the students’ performance on the (a) LL, (b) ET and (c) CL scales across five grade cohorts. Overall, perspectives toward learning physics of children were positive and quite high. The mean scores seemed to b...
	Figure 6.10. Performance of students in different grade levels on each scale in physics motivation.
	Moreover, the ANOVA was applied to investigate the effect of grade levels on students’ motivation toward learning physics. The results indicated that there was a non-significant difference between grade levels on the ET scale [F(4, 802) = 2.3, p = .0...
	Table 6.9. Tukey’s HSD in multiple comparisons on the LL and CL scales.


	6.4.8  Gender difference in physics motivation
	Figure 6.11 shows performance of males and females on each physics motivation scale across grade levels. Although a fluctuation in motivation can be observed on the single scales across grade cohorts, a general tendency was that boys reported higher ...
	Figure 6.11. Comparison of students’ performance regarding gender across grade levels.
	Furthermore, the t-test was manipulated to compare students’ motivation toward learning physics with respect to gender. For the entire sample, a significant difference was determined between males and females on all three scales, with favouring males...
	Table 6.10. Comparing between males and females in motivation toward learning physics.


	6.4.9  Interaction among grade level, motivation and physics test in predicting CVS
	A path analysis was yielded with Mplus 7 (Muthén & Muthén, 2012) to explore underlying factors explaining students’ CVS capacity. As suggested in the literature, we assumed exploratory variables such grade level (GR), physics test’s result in previous...
	As illustrated in Figure 6.12, the model presents relationship between understudied variables in contributing to students’ CVS proficiency in physics. The results revealed that the model fit very well to the empirical data, with (11) = 23.16, p = .01...
	Figure 6.12. Proposed model predicting students’ CVS abilities.


	6.5 Discussion and conclusion
	The subskills of CVS, such as planning the suitable experimental structure, identifying the appropriate variables, interpreting the valid outcomes and understanding the contribution of components in an experimental system, are the core scientific reas...
	Considering the test dimensionality, interestingly, both the unidimensional model and three-dimensional model performed well since both fit quite well to the current dataset. The hypothesis H3.1 is confirmed. The results can be interpreted in terms o...
	Furthermore, subskills’ impacts on item difficulty were illuminated in the Wright persons-items map of the three-dimensional model and further confirmed statistically by ANOVA analysis. The cluster of ID items was easier than others, while students f...
	Regarding grade level, CVS capacity increased across grade cohorts. The findings are apparently consistent with the findings of former studies (e.g. Han, 2013; Schwichow et al., 2020; Zimmerman, 2007). Moreover, the developmental curve was modelled w...
	﻿ Generally, DIF analysis confirmed that the test and questionnaire items were equivalent, because no DIF was flagged between boys and girls statistically. However, when focusing on each subskill of CVS with t-test, we found that males did not differ ...
	﻿ Generally, DIF analysis confirmed that the test and questionnaire items were equivalent, because no DIF was flagged between boys and girls statistically. However, when focusing on each subskill of CVS with t-test, we found that males did not differ ...
	Investigating the relationships between CVS and relevant variables (e.g., physics test, GPA) and examining the underlying factors predicting the item difficulty are additional evidence of validity arguments. Most of the findings were consistent with ...

	6.6 Implications in science education
	The study has partly contributed the potential items to the field of assessment of CVS reasoning ability. It also provided the highlighted construct of problem items that teachers can refer to when developing the CVS tasks. Teachers can apply appropri...
	Investigating the impact of these subskills, knowledge content and the number of independent variables on the item difficulty plays a notable role in school practices. The main challenge of an item is not to exclude knowledge concepts (abstract, comp...
	Nonetheless, the current test did not consider assessing the planning-controlled experiments skills of students. In principle, developing this kind of problem in the virtual environment is possible, using simulated real-life experimental tasks in adv...


	CHAPTER 7. EFFECTS OF MULTIMEDIA ON PSYCHOMETRIC PROPERTIES OF THE COGNITIVE TESTS: A COMPARISON BETWEEN TECHNOLOGY-BASED AND PAPER-BASED ASSESSMENT
	7.1 Introduction
	ICT has become increasingly relevant in most aspects of modern life, including work and school. Computers have been important supplementary tools in the teaching and learning process. As part of this explosion of new technologies, TBA is being used gl...
	Creativity, critical thinking, problem-solving and ICT are all regarded as significant aptitudes in the 21st century (Voogt & Roblin, 2012). Moreover, students are expected to demonstrate these abilities and skills to meet the demands of future jobs....
	The paper method is restricted to using static text and graphics, whereas computers are capable of presenting rich visualizations of figures and even dynamic interactions with test-takers (Greiff et al., 2018). However, ﻿previous studies have reporte...
	In the context of Vietnam, ﻿most schools were ﻿at the infusing stages ﻿of ICT-facilitated teaching and learning pedagogies, and the conditions in schools were suitable for the necessary transformation of their ICT-facilitated teaching and learning pr...

	7.2 Research questions
	This study aimed to evaluate the extent to which the administration modes affect the cognitive tests. We are interested in the differences of validity of the internal structure and scores when comparing the dual delivery modes on the same test, taking...
	RQ4.1: Are the adapted tests suitable for students in the Vietnamese context using the two methods of delivery?
	H4.1: We expect the tests are equivalent in term of internal structure validity in two administration modes (e.g. Hassler Hallstedt & Ghaderi, 2018; Kim & Huynh, 2010; Neumann & Neumann, 2019; Schroeders & Wilhelm, 2010)
	RQ4.2: Is there any evidence of equivalence between the online and PP groups in the cognitive tests at item and task levels?
	H4.2: We hypothesize that it is comparable for two groups’ performance at the item and the bundle of items (Kim & Huynh, 2010).
	RQ4.3: How do the different administration modes affect students’ performance at test level?
	H4.3: It is assumed that no statistically significant difference in participants who are the same prior proficiencies on the test.

	7.3 Data analyses
	We involved three main analytical approaches at the item, task and test levels to evaluate the performance comparability in the two administration means. First, raw scores of each item were scored 1 and 0 for correct and incorrect answers, respectivel...
	Furthermore, DIF analysis provides evidence about functions to compare different groups at the item level. In the study, we employed DIF analysis in dichotomously scored items with the Angoff's delta plot method (see Angoff, 1982). DBF or item bundle...

	7.4 Paper-based and online testing in the IR test
	7.4.1  Participants
	The data set was drawn from 715 students in six public schools in the southern province of An Giang (Vietnam). A total of 20 classes were recruited for this study, based on matching the equivalence of students’ school performance in the last semester ...
	Table 7.1.  Characteristics of the participants in study 1.

	Table 7.2 displays the equivalence of students’ ability in terms of school performance during the previous semester by using Pearson’s chi-squared test. School performance was computed as average of the 11–13 school subjects in both elective and comp...
	We conducted this study in the first semester of the academic year 2019–2020. For the PP group, a test booklet with two single items on each page was given to each student along with an answer sheet. A teacher introduced the research aims and guided ...
	Table 7.2. Distribution of the online and PP groups based on school performance in the previous semester.


	7.4.2  Instruments
	The original IR items were developed in Hungarian and included four tasks. This test has been used in several empirical studies in cross-cultural contexts to establish its reliability and predictive validity for use with school-age populations (e.g., ...

	7.4.3  Findings of the study 1
	7.4.3.1 Reliability and validity
	Table 7.3 presents Cronbach’s alpha ((), McDonald’s omega (ω) and the Pearson correlation between the subtests. Generally, the internal consistency reliability was acceptable though not excellent for both test versions, but the PP format seemed somewh...
	Table 7.3. Internal consistency indicated by Cronbach’s alpha ((), McDonald’s omega (ω) and the intercorrelations for the subtests.

	Table 7.4 summarizes the psychometric properties of the IR test comparing the online and PP groups. In classical statistics, the percentage of correct answers and discrimination values are acceptable when they are higher than 0.3 (Ebel & Frisbie, 199...
	Table 7.4. Psychometric parameters of the IR test by modes of administration.


	7.4.3.2  A comparison online and PP versions by DIF analysis
	DIF analysis was conducted with the online group set as a focal group. DIF analysis using Angoff’s delta method with item purification parameters of the major axis (a=–0.4523, b=1.0925) in the last iterations and a detection threshold of 1.29 (signifi...
	Figure 7.1. Delta plots for the dual modes of administration of the IR test.

	7.4.3.3 DBF analysis for comparison between two administration modes
	For DBF analysis, the online group was also used as the focal group. Table 7.5 summarizes the results of the SIBTEST method at the task (item bundle) level. DBF analysis determined that significant DBF for the bundle of items was found in the figure a...
	Table 7.5. Summary of the SIBTEST results at task level.


	7.4.3.4 A descriptive comparison of the students’ performance
	The average proficiency of the participants in the online group was 1.14 (SD=1.19) on the MLE scale of the Rasch measurement model, and that of the paper group was 1.56 (SD=1.39). In comparison with average item difficulty, the students’ proficiency w...
	The Wright maps in Figure 7.2 present the patterns of the students’ performance in the two groups. The results from the Wright map also suggest that the participants using the paper-based test medium tended to complete item 20 easily, as the results ...
	Figure 7.2. The Wright maps for the online and the PP groups.
	Furthermore, we conducted a t-test to examine the difference in performance between the two groups. Table 7.6 provides a brief account of the students’ performance on the test in the two modes of administration grouped by grade level. Generally, the ...
	Table 7.6. Students’ performances on the IR test by modes of administration.




	7.5 Technology-based and paper-based testing in the CSVP test
	7.5.1  Participants
	The final data of this study was collected from 731 students from the 8th to 12th grades in nine secondary schools in Vietnam. As shown in Table 7.7, the mean ages of the students in the online and paper groups were 15.3 years and 15.5, respectively, ...
	Table 7.7. Characteristics of the participants in the study 2.

	For the purposes of this study, we referred to physics grades in the previous semester to examine the equivalence of the prior abilities among the students in the two groups. ﻿Previous studies (Hejnová et al., 2018; Schwichow et al., 2020) have indica...
	Table 7.8. Comparison of students’ achievement in physics in the previous semester.


	7.5.2  Instruments
	The 24-item CVSP test was used to assess CVS in three sub-skills: Identifying, Interpreting and Understanding. The items were adapted from Schwichow et al. (2016), AAAS (2012), and TIMSS (1997) and other new items were developed by authors. The conten...

	7.5.3  Findings of the study 2
	7.5.3.1 Reliability and validity
	The Cronbach’ alpha ((), McDonald’s omega (ω) and Pearson correlation among subskill tasks were shown in Table 7.9. Both two tests took an acceptable level in terms of internal consistency reliability, although online testing performed somewhat better...
	Table 7.9. Internal consistency indicated by Cronbach’s alpha ((), McDonald’s omega (ω) and the intercorrelations for the subscales.

	Table 7.10 summarizes the psychometric properties of the CVSP test in the online and PP formats. As suggested by Ebel and Frisbie (1991),  the discrimination indices were comparable for both test versions, but six items in the online version and four...
	Table 7.10. Psychometric characteristics of the CVSP test by modes of administration.

	Rasch model analysis also suggested that the model fitted the data well at item level for both test versions. The infit for single items ranged from 0.85 to 1.24 (Mean=1.00, SD=0.12) and from 0.79 to 1.35 (Mean=1.00, SD=0.12) for the online and the P...

	7.5.3.2 Measurement invariance with DIF analysis
	﻿Figure 7.3 depicts the results of DIF analysis applying Angoff’s delta method when the online group was defaulted as a focal group. Examination of DIF operated with item purification parameters of the major axis: a= −3.04, b= 1.17, with a detection t...
	﻿Figure 7.3 depicts the results of DIF analysis applying Angoff’s delta method when the online group was defaulted as a focal group. Examination of DIF operated with item purification parameters of the major axis: a= −3.04, b= 1.17, with a detection t...
	Figure 7.3. Delta plots for the dual administration modes of the CVSP test.

	7.5.3.3 A comparison by DBF analysis in the CVSP test
	The results of the DBF analysis were plotted in Table 7.11 when the online group was considered as the focal group with the SIBTEST method. Surprisingly, a significant DBF was indicated in all the bundles of CVS sub-skill items, with the results favo...
	Table 7.11. Summary of the SIBTEST results by subskills


	7.5.3.4  Comparison of students’ performance in dual media delivery modes
	The online participants had an average proficiency of –0.33 digits (SD=1.13) and that of the PP group was –0.54 (SD=1.16). In comparison to item difficulty (Mean=0.00, SD=1.00), students’ proficiency was estimated lower, suggesting that students felt ...
	Additionally, the Wright maps in Figure 7.4 illustrate the contribution of students’ performance in the two groups in relation to item difficulty. Though a general overview did not show significant differences between the two patterns on the maps, mo...
	Figure 7.4. The Wright maps for the online and the paper-based groups on the CVS test.
	Furthermore, the t-test was performed to compare students’ performance between the two groups. Table 7.12 summarizes the results of the t-test on the CVSP test with regard to the two delivery modalities across the grade levels. Overall, the online gr...
	Table 7.12. Comparison of the student’s performances on the CVSP test by delivery modality.


	7.5.3.5 Additional analyses
	The current version of the eDia platform allows us to measure the response time for each task as well as for a whole test. The average time to complete the test was 26.4 mins (SD= 10.5 mins). Figure 7.5 depicts the mean response time (seconds) in whic...
	Figure 7.5. Response time for single items and boxplots for item bundles by subskills.



	7.6 Discussion and conclusions
	When tests evolve from paper-based assessment to TBA, equivalence is often expected no matter what the modes of administration are. Our study attempted to implement many-sided analyses to compare the performance of students across different grade leve...
	Interestingly, across delivery conditions, the results demonstrated that either with or without supervision, measurement with the Rasch model indicated that the online assessment had a better fit to the empirical data than the paper one. The results ...
	Furthermore, by employing the dimensionality-based approach to identifying clusters of items, we found that DBF favored the online group in the bundle of figure-related items. The findings did readly support the hypothesis H4.2. DBF analysis provided...
	As regards the age groups of the respondents, the TBA format seemed to favor the younger cohorts over the older groups, while students at the upper grade levels who took the PP test clearly achieved higher scores than their peers who participated in ...
	Response time is an additional advantage of technology-based assessment. Investigation of response time enables us to clarify the solution behavior of test-takers that might effect bias in test performance (Wise & Kuhfeld, 2021). In this study, it se...
	Although the investigations led to inconsistent findings regarding students’ scores on the tests (The hypothesis H4.3 is not confirmed), the results showed the potential advantages of a technology-rich assessment when considering the psychometric cha...


	CHAPTER 8. GENERAL DISCUSSION AND CONCLUSIONS
	8.1 Discussion and Conclusions
	8.2 Educational implication
	8.3 Limitations and future directions


