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Abstract

This thesis addresses two research gaps in the field of Problem-Based Learning (PBL) by
investigating four research questions through six experiments conducted in two Chinese schools
over two years and nine months. With a sample size of 2,334 students from grades 8 and 9, the
study demonstrates the positive impact of PBL on learning outcomes and challenges some
aspects of Cognitive Load Theory (CLT). The research also examines the effects of individual
PBL elements, highlighting the benefits of collective learning and PBL’s synergistic effects.
Moreover, it identifies factors such as prior knowledge, task complexity, previous PBL-like
experiences, digital assistance, and pro-PBL family culture that can influence PBL’s efficacy.
These findings contribute to the field of PBL research by providing empirical evidence from a
non-western cultural context, examining PBL’s individual components, and identifying
additional contextual factors influencing PBL efficacy. However, limitations include the
generalizability of findings, measurement errors, and causality concerns. Future research should
expand the scope of PBL in non-western contexts, investigate individual PBL elements and
synergistic effects, measure long-term learning outcomes, and explore family-level cultural

factors.



Impact Statement

This thesis has significant implications for the understanding and application of problem-based
learning (PBL) in educational settings, particularly in non-western cultural contexts. By
investigating the efficacy of PBL and its key elements through a series of randomized controlled
experiments in Chinese secondary schools, the study provides insights into the conditions under
which PBL is most effective, contributing to a more nuanced understanding of its potential
benefits and challenges. The research findings also highlight the importance of considering
students’ prior knowledge, learning-task complexity, and other contextual factors when
designing and implementing PBL, ultimately supporting the development of more effective and

culturally responsive teaching practices.

By examining the synergistic effects of PBL elements, this thesis underscores the need for future
research to explore the complex interactions between PBL components in order to optimize
educational outcomes for diverse student populations. The investigation of individual PBL
elements and their potential to improve student learning offers a more granular perspective on
the relative efficacy of each component, helping to equip educators with the knowledge to tailor
PBL approaches to the specific needs and contexts of their students. Furthermore, this research
has the potential to foster more informed decision-making by educational policymakers, as it
presents a more comprehensive understanding of the conditions under which PBL is most

effective.

In addition to its implications for PBL research and practice, this thesis contributes to the broader
conversation on culturally responsive education by examining the implementation and outcomes
of PBL in a non-western context. As education becomes increasingly globalized, it is essential
for researchers and practitioners to consider how diverse cultural contexts may shape teaching
and learning experiences. By providing evidence from a Chinese context, this study not only
adds to the existing body of PBL research but also encourages further examination of the ways in
which educational approaches may need to be adapted and refined to better serve the needs of

students in different cultural environments.



1 Introduction

Problem-based learning (PBL hereafter) is a pedagogical system that originated from the medical
program of a university in North America over half a century ago (Schmidt, 2012). Since then,
PBL has expanded its footprint from medical education to more domains such as science
education, mathematics education, and business education (English and Kitsantas, 2019; Novak
and Krajcik, 2019; Suh and Seshaiyer, 2019), and from college-based learning to curricula of

broader learner bases including K-12 (Grant and Tamim, 2019).

Despite its extensive use in educational practice, the efficacy of PBL is still a controversial issue
that inflames long-standing academic debates (Kalyuga and Singh, 2016; Kapur, 2016; Kirschner
et al., 2018; Loibl et al., 2017; Loyens et al., 2015; Richey and Nokes-Malach, 2013; Schmidt et
al., 2019; Schwartz et al., 2011; Sweller et al., 2019; Tobias et al., 2007; Tobias and Duffy,
2009). The PBL opponents like L. Zhang et al. (2022) affirm that educational policymakers
around the world overstate the efficacy of PBL and ignore the prevalent empirical evidence
unfavorable to the PBL approach. Even the PBL advocates such as Hung, Dolmans, et al. (2019)
admit that after 50 years of research there are even more questions about PBL efficacy. Hung,
Dolmans, et al. (2019) further encourage more PBL studies in non-western cultural contexts and

suggest switching the research focus to why PBL is efficient or not in certain circumstances.

The present thesis echoes Hung, Dolmans, et al. (2019)’s suggestions and was undertaken to
investigate the efficacy of PBL and the determinants of PBL efficacy by conducting a series of
randomized controlled experiments with science learning in two secondary schools in China. To
examine the PBL efficacy in the context of China, the present thesis initially formulated two

research questions:

*  Research Question 1: How do PBL’s key elements and its overall approach affect
students’ cognitive load and knowledge acquisition in learning science?

*  Research Question 2: How do PBL’s key elements and its overall approach affect
students’ enjoyment and self-efficacy in learning science?

Question 1 is directly relevant to the debates between PBL advocates and opponents. The PBL
advocates, sometimes using arguments based on the theory of social constructivism, hypothesize

that PBL generally is beneficial to learning. However, the PBL opponents hypothesize a general



adverse impact of PBL over knowledge acquisition, sometimes using arguments drawn from
cognitive load theory (CLT hereafter). CLT depicts the human cognitive architecture as a natural
information processing system with limited working memory. CLT implicitly assumes that
reproducing knowledge from the instructor is more efficient than inventing knowledge by the
learner themself. PBL opponents argue that the guidance provided by PBL is not enough, so the
learner has to employ relatively inefficient methods, such as trial-and-error or mean-ends
procedures, which deplete working memory by increasing extraneous load and thus hinder the

learning process (Sweller et al., 2019; Sweller, 2020).

Research Question 2 differs from Research Question 1 in terms of the aspects of learning
outcomes. Previous studies evidence PBL’s special effects in raising students’ interest in
learning and confidence in applying scientific knowledge (Areepattamannil, 2012; Cairns and
Areepattamannil, 2019; Liou, 2021; McConney et al., 2014). Students’ attitudes towards science
can serve as a proxy for the long-term portion of learning outcome, which is not captured by
short-term knowledge acquisition performance. Therefore, the present thesis examines PBL’s

potential long-term effects on learning performance through Research Question 2 specifically.

Following prior experiments (Kyun et al., 2013; Matlen and Klahr, 2013; Schmeck et al., 2015),
the present thesis endeavours to examine the impact of PBL in a framework that incorporates
both learning outcomes and cognitive load as endogenous variables. It therefore investigates not
only the efficacy of the PBL approach as a whole but also the efficacy of its key individual
elements. By definition, the PBL procedure is not a single teaching methodology but an amalgam
of elements. The present thesis summarizes three key elements defining PBL and its variant
models in practice. Based on those three key elements, three academically debatable and testable
dimensions of PBL are further identified: 1) Optimal quantity of guidance, 2) Problem initiated
before guidance, and 3) Small-group collaborative learning. The effectiveness of the individual
pedagogical elements of PBL, as well as the PBL approach as a whole, was evaluated and
compared to the traditional didactic teaching method in Experiment 1. Another noteworthy
aspect of the present thesis is that it delves deeper into the examination of the synergistic effects
of the PBL approach by conducting three-way variance analyses and linear regression analysis
with interaction terms in addressing research questions 1 and 2. The synergistic effects of the

PBL approach were assessed in Experiment 2.
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Following the direction of Hung, Dolmans, et al. (2019), the present thesis does not only answer
the fundamental question — “Does PBL work?” — in a non-western cultural context; it also aims

to answer the more in-depth question: “When and why does PBL work?” Therefore, in addition

to the first two research questions, the present thesis poses two additional research questions

about the determinants of PBL efficacy:

*  Research Question 3: Do students’ prior knowledge and learning-task complexity
influence PBL’s efficacy in terms of students’ cognitive load and knowledge acquisition
in learning science?

*  Research Question 4: Do other factors influence PBL’s efficacy in terms of students’
cognitive load and knowledge acquisition in learning science?

The two contextual factors in RQ3 are derived from the framework of CLT, which claims that
the negative impact of PBL is more pronounced when learners have less prior knowledge or the
learning task is more complex (O. Chen et al., 2017; Sweller et al., 2011). RQ4 is in line with the
theoretical frameworks of modified CLTs and social constructivism which allow for more
contextual factors influencing the efficacy of PBL, such as the instructor’s background (Leary et
al., 2013), curriculum-wide implementation of PBL (Dolmans et al., 2016), and the application
of digital scaffolding techniques (Kim et al., 2018).

Experiments 3 and 4 tested the contextual effect of learners’ prior knowledge and learning task
complexity respectively in PBL. Experiments 5 and 6 tested other contextual factors of PBL
efficacy. Particularly, the present thesis examines the contextual effects of previous PBL
experience and digital scaffolding environment in Experiment 5. The present thesis further

investigates the conditional effects of family-level cultural factors in Experiment 6.

The present thesis contributes to the existing literature in several ways. First, it adds new non-
western-based empirical evidence to the literature on PBL. There have been limited studies (O.
Chen et al., 2016; S. Gao et al., 2018) examining the effects of PBL or an inquiry-based
approach (on which more below) in China, which is the country with the largest population in
the world but quite different social norms from the west. The present thesis with a series of
randomized controlled experiments enriches our understanding of how PBL affects the cognitive

load and learning outcomes in the context of China.

11



Second, instead of merely treating PBL as a whole, this thesis further checks the individual
effects of PBL elements. By comparing the efficacy of individual PBL elements and the PBL
approach as a whole, the present thesis provides supportive evidence of the positive synergistic
efficacy of the PBL approach, which is rarely mentioned by previous studies.

Third, this thesis attempts to expand upon the traditional CLT framework by exploring additional
factors that may influence the efficacy of PBL. The examination of these factors, in conjunction
with the traditional CLT factors of learners’ prior knowledge and complexity of the learning
task, will provide a more comprehensive understanding of the nature of PBL and its potential to

enhance learning outcomes.

The subsequent chapters of this thesis will be organized as follows. Chapter 2 conducts an
extensive review of the existing literature pertaining to studies on PBL, while also providing an
overview of the educational landscape in China. Chapter 3 formulates the research questions and
establishes testable hypotheses. The experimental methodology and sample formulation process
are outlined in Chapter 4. The results of the experiments and the corresponding inferences are
documented in Chapter 5. Chapter 6 concludes this thesis by summarizing the findings of the
thesis, acknowledging its limitations, identifying its contributions, and suggesting future avenues

for research.

12



2 Literature Review

To raise research questions and develop the hypotheses of the present thesis, this chapter reviews
extant literature to figure out the theoretical and empirical gaps in current PBL-related studies.
The literature review in this chapter is structured into five sections. Section 2.1 discusses how the
existing literature interprets the definition of PBL. Section 2.2 explores the cognitive foundations
of both PBL advocates and opponents. Section 2.3 reviews the theoretical arguments and
empirical evidence about PBL efficacy with reference to the various elements of PBL. Section
2.4 enumerates the challenging issues in the empirical strategies of PBL studies. Section 2.5
discusses the institutional background of the present thesis, which is the education environment

and PBL implication in China.

2.1 What is PBL?

PBL is a pedagogical system developed from various streams of educational practice in history
(Darling-Hammond et al., 2020; Dolmans et al., 2016; Servant-Miklos, Woods, et al., 2019; Yew
and Goh, 2016). The principle of PBL, as defined by Servant-Miklos, Norman, et al. (2019), is
“the use of realistic problems as the starting point of self-directed, small-group-based learning
guided by a tutor who acts as a process guide rather than a point of knowledge transfer” (p. 4).
However, different versions of PBL definitions are frequently found in academic papers. For
instance, PBL is “a pedagogical approach that enables students to learn while engaging actively
with meaningful problems” (Yew and Goh, 2016, p. 75), and “a teaching method where the use
of clinical problems is the starting point for learning, and it is through the process of working
through these problems that students acquire the knowledge and skills” (Onyon, 2012, p. 22).
Servant-Miklos, Norman, et al. (2019) argued that PBL is “a plastic catchall terminology”
instead of a standardized and strictly defined one. The practical procedure of PBL evolved as it
spread from its origin in medical school to other disciplines and from college-level students to
younger learners (Jonassen, 2011). In academic communities, the definition of PBL has been a
controversial topic for decades (Hung, Dolmans, et al., 2019), with the definition of PBL per se

being seen as an ‘ill-structured problem” without a standard answer.

The remaining part of Section 2.1 reviews previous studies about the PBL definition from three

aspects. First, the PBL procedure is a composite of individual elements rather than a single

13



teaching treatment. Section 2.1.1 documents the key elements of the PBL procedure. Second,
PBL is flexible and dynamic in the practice, per differing application circumstances. Section
2.1.2 scrutinizes the variance of PBL procedure standards in its practice. Third, the PBL
definition has been at the crux of the debates between its advocates and opponents in the
academic community. The prolonged debates shaped several determining dimensions of PBL,
which are testable in the academic context. Section 2.1.3 discusses those defining dimensions

from an academic perspective.

2.1.1 Key elements of PBL procedure

PBL was originally invented by educational practitioners for the medical program of McMaster
University in mid-1960s Canada (Servant-Miklos, 2019b). However, PBL is now employed by
pedagogical programs for various levels of learners in various disciplines, and from various
cultures (Hung, Dolmans, et al., 2019), resulting in various procedures of PBL in practice. Since
PBL is an amalgam of components, identifying key elements of PBL should be a precursor step

to distinguishing various practical procedures of PBL.

In line with the phenomenon that there is no uniform statement for the definition of PBL, the
existing documents introducing PBL provide heterogeneous versions of its distinct features. For
example, Hung et al. (2008) concluded three distinct features: 1) authentic real-life clinical
problems, 2) students actively engaging in self-directed problem-solving, and 3) learning
processes in small-group settings (p. 496). Savery (2015) suggested three defining elements of
PBL.: 1) the tutor as a facilitator of learning, 2) the learners to be self-directed in their learning,
and 3) the essential elements in the design of ill-structured instructional problems (p. 15).
Schmidt et al. (2019) rather advised six defining elements of PBL.: 1) the problems as the starting
point for learning, 2) students collaborating in small groups, 3) flexible guidance of a tutor, 4) a
limited number of lectures, 5) student-initiated learning, and 6) ample time for self-study (p. 32).
Savery (2019) even listed 16 characteristics to distinguish PBL and other learning paradigms.
Schmidt (2012) and Servant-Miklos, Norman, et al. (2019) reviewed the history of PBL

development and figured out the most influential educational and psychological roots as follows:

1) John Dewey’s experiential learning inspired the use of ‘Problem’;

2) Carl Rogers’s Humanist psychology encouraged ‘Self-directed learning’; and

14



3) Constructivist psychology motivated ‘Exploratory group discussion’ and ‘Scaffolding by
the tutor.’

The above-mentioned framework provided by Servant-Miklos, Norman, et al. (2019),
incorporating other versions of distinct features from Hung et al. (2008), Schmidt (2012), and
Savery (2015), is consistent with the three distinct features defined by Hung, Dolmans, et al.
(2019): (1) problem-initiated and problem-driven learning, (2) self-directed learning with tutor
facilitation, and (3) collaborative learning in small groups (p. 945). The present thesis defines
PBL as a practical pedagogical methodology with the three key elements defined by Hung,
Dolmans, et al. (2019).

2.1.2 The various practical procedures of PBL
2.1.2.1 Two camps of PBL models in medical education

The majority of current research on PBL efficacy remains in the medical field (Moallem, 2019).
PBL proponents in the medical discipline (e.g., Servant-Miklos, 2019a) partitioned the practical
PBL procedures into two camps: McMaster curricula and Maastricht curricula,* which are
denoted as Type 2 and Type 1 PBL curricula respectively (Schmidt et al., 2009; Schmidt, 2012).
According to Servant-Miklos (2019c), both types of PBL models are still prevalent in college

programs.

The Medical program of McMaster University in Canada, which was launched in the mid-1960s,
was the first curriculum to adopt the PBL conception (Servant-Miklos, 2019b). Servant-Miklos,
Norman, et al. (2019) argued that after 1977, McMaster PBL curricula were influenced by
Howard Barrows and deviated from their original principles. Servant-Miklos, Norman, et al.
(2019) denoted McMaster PBL curricula as Type 2 PBL curricula. Type 1 PBL curricula, the
Maastricht model, originated at the Maastricht University in 1970s (Servant-Miklos, 2019a).
Unlike the McMaster program, the Maastricht program initially targeted inexperienced students
in medical school, which steered it to be a more standardized paradigm in terms of problem

design and evaluation.

! Strictly speaking, there exists the third camp of PBL originating from Aalborg University. However, it deviates
more from the core principles of PBL and is less representative. Servant-Miklos and Spliid (2017) provide more
details.
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In addition to a higher level of standardization, Maastricht’s PBL model emphasizes more the
tutor’s scaffolding function. Conversely, the McMaster PBL model offers more freedom to
students’ self-directed learning (Neville et al., 2019). The problem designed by Maastricht’s PBL
model is more likely to lead students to the intended learning issue. Furthermore, the Maastricht
PBL model promotes small-group discussion more than the McMaster PBL model (Schmidt and

Mamede, 2020). Table 2.1 compares the components of the McMaster and Maastricht models.

Table 2.1: Comparison between McMaster and Maastricht models

PBL Element Maastricht model (Type 1 PBL) McMaster model (Type 2 PBL)
Problem-initiated and More likely to lead students to the intended Less likely to lead students to the intended
problem-driven learning learning issue learning issue
Self-directed learning Students have less freedom in self-directed Students have more freedom in self-directed
with tutor facilitation learning; Emphasis on tutor's scaffolding learning; Less emphasis on tutor's scaffolding

Collaborative learning in

More encouraged Less encouraged
small groups

Source: Compiled by author

A strand of research (Schmidt et al., 2009; e.g., Schmidt, 2012; Servant-Miklos, 2019c, 2019b)
has investigated the theoretical divergence between the McMaster and Maastricht PBL models.
Servant-Miklos (2019c) argued that the goals of the McMaster and Maastricht PBL models are
contrary. McMaster’s PBL model tends to develop students’ problem-solving skills, and assumes
that the skill of problem solving is independent of the content. The Maastricht PBL model
inclines toward facilitating students’ knowledge acquisition. It is however not the focus of the
present thesis to determine which of the two PBL models is more authentic. The relevant
implication here is that even in the field of medical education, where PBL originated, there is

considerable room for alterations in the practical procedure.

2.1.2.2 More PBL models beyond the domain of medical education

As the footprint of PBL expanded from medical education to more domains such as science,
mathematics, and business (English and Kitsantas, 2019; Novak and Krajcik, 2019; Suh and
Seshaiyer, 2019), and from college-based learning to curricula of broader learner bases including

K-12 cultivation (Grant and Tamim, 2019), the PBL models varied to a larger extent.
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In both the McMaster and Maastricht models, the initiated problem should be ill-structured and
call for decision-making, since the goals of the two curricula are to develop learners’
professional skills in applying knowledge. In other non-medical disciplines, the initiated problem
of PBL can be chosen from a typology of problems on a continuum from well-structured to ill-
structured (Jonassen and Hung, 2015). For example, the PBL for mathematics and the sciences is
more likely to use well-structured story problems (Jonassen, 2011, p. 96), departing from both

McMaster or Maastricht models.

The usages of guidance in both McMaster and Maastricht curricula are also restricted, though the
latter emphasizes more a tutor’s scaffolding, as presented in Table 2.1, because the initially
targeted learners of the two programs are college students. But for a broader application
environment, Jonassen (2011) argued that “learners’ levels of prior knowledge, experience,
reasoning ability, various cognitive styles, and epistemic beliefs” affect problem-solving (p. 96).
Therefore, PBL can choose the guidance methods from a bundle of scaffolding tools including
high-level guidance methods such as worked examples and structural analogs (p. 101). Moallem
(2019) claimed that “the contextual factors (e.g., setting, content, age group, time) effect changes
in the design of the PBL process and the degree of the facilitator’s support during various phases
of PBL” (p. 120), reinforcing that there is no single PBL model fit for all the learning contexts.
When targeting inexperienced learners such as K-12 students, PBL’s scaffolding should provide

even more guidance.

One consequence of the increasingly variant PBL model is that its boundary with other learner-
centered learning methodologies becomes vague. Savery (2019), Moallem (2019), and Wijnia et
al. (2019) tended to differentiate PBL from Project-based learning, Discovery learning, Case-
based learning, Learning by design, and Inquiry-based learning. However, the identified
differences are too trivial to force those learner-centered learning approaches to violate the three
key principles of the PBL procedure listed in Section 2.1.1.2 Those inquiry-based learning

approaches thus can be broadly interpreted as varying PBL models adaptive to differing

2 For example, Savery (2019) advised that the problems in the Project-based learning method are usually well-
structured (closed vs. open-ended) with varying degrees (p. 100). Moallem (2019) presented that problems of
Inquiry-based learning are the driving questions created by the teacher (p. 118). See more comparing details in Table
4.7 of Savery (2019), Table 5.2 of Moallem (2019), and Table 12.2 of Wijnia et al. (2019).
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curricula. As Moallem (2019) (p. 110) said, for PBL, “at one extreme a problem might be ill-
structured where context is crucial, solutions may not even exist, and evaluation is more about
the evidence and chain of reasoning employed than the solution itself. At the other extreme, a
problem might be highly structured with a focus on accurate and efficient paths to an optimal
solution where context is a secondary concern.” Such interpretation is shared by PBL opponents
who view PBL and other inquiry-based learning approaches as the same methodology with
different names (Kirschner et al., 2006; Sweller et al., 2019). The present thesis also concurs
with such interpretation and perceives those learner-center learning methods essentially as

variants of PBL.

2.1.3 The academic perspective of defining PBL

In a review of the meta-analyses of the past 50 years of research on PBL, Hung, Dolmans, et al.
(2019) concluded that “Fifty years of research has given us a better understanding of PBL”

(p. 952). Hung, Dolmans, et al. (2019) elucidated the fifty years of research on PBL as three
waves of debates between PBL advocates and opponents in the academic community. Those
enduring debates? identified several testable features of PBL and shaped the academic

perspective of defining PBL.

Partially inspired by the framework suggested by Wise and O’Neill (2009) which divided the

debating issues into the guantity, the timing, and the context of guidance, together with other

review studies including L. Zhang (2016) and Hung, Dolmans, et al. (2019), the present thesis
summarizes the following three debatable and testable features of PBL from an academic

perspective:

1) Optimal quantity of guidance,
2) Problem initiated before guidance, and

3) Small-group collaborative learning.

3 See Tobias et al. (2007), Tobias and Duffy (2009), Schwartz et al. (2011), Richey and Nokes-Malach (2013),
Loyens et al. (2015), Kalyuga and Singh (2016), Kapur (2016), Loibl et al. (2017), Kirschner et al. (2018), Schmidt
et al. (2019), and Sweller et al. (2019) for an overview of those ongoing debates.
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The above three testable features correspond to the three key elements of PBL procedures in
Section 2.1.1. Figure 2.1 shows the correspondent relation between the key elements of practical

procedures and testable features from the academic perspective.

Figure 2.1: The interaction between the practical and academic perspectives
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As Figure 2.1 shows, a one-to-one correspondence can be built between the key elements of
PBL’s practical procedures and the academically testable features of PBL. The element of
problem-initiated and problem-driven learning determines the timing of guidance, which should
occur after the problem. The element of self-directed learning with tutor facilitation or
scaffolding means the quantity of guidance should not be at the maximum level, as in the
traditional didactic teaching method. The element of collaborative learning is literally the same

between the practical and academic perspectives.

2.1.3.1 Optimal quantity of guidance

The first academically testable feature of PBL is based on the dimension of guidance quantity,
which may be the most controversial part of the PBL definition in academic debates. The second

wave of research, as identified by Hung, Dolmans, et al. (2019), was instigated by Kirschner et
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al. (2006)’s challenge on the quantity of guidance in PBL. PBL opponents such as Kirschner et
al. (2006) and Sweller et al. (2007) argued that PBL provides no or minimal guidance to the
learner. In contrast, Hmelo-Silver et al. (2007) and Schmidt et al. (2007) claimed that the tutor in
PBL does provide extensive and meaningful instruction to the learner. Thus the discussion
became less productive because the two sides hold inconsistent definitions of PBL. To avoid
unsolvable disputes in the definition related to PBL guidance quantity, a number of subsequent
studies created new terminologies, such as unassisted discovery (Alfieri et al., 2011), or used

terminology previously employed in other contexts, such as guided inquiry (Roll et al., 2018).

The instruction provided by PBL is the scaffolding element mentioned in Section 2.1.1. PBL
proponents such as Schmidt et al. (2007) believe that scaffolding in PBL allows for flexible
adaption of guidance so that guidance in PBL is not minimal but optimal. Schmidt (2012)
suggested that PBL instructors should optimally choose the guidance quantity within a wide
spectrum, as long as the solution is not explicitly revealed. The optimal quantity of guidance
provided by PBL is also named ‘just-right-amount’ by PBL advocates, conditioning on the
merits of knowledge and student taught.

On the other hand, the opponents of PBL such as Sweller (2009) and Clark (2009) insisted that
PBL has a tendency not to offer students ‘accurate and complete’ information. They further
assume that PBL is a teaching method with minimal guidance. Such controversial understanding
has been further exaggerated by subsequent studies to the point that it is sometimes maintained
as long as the lecture’s instruction exists, it is neither PBL nor an inquiry-based learning

approaches.*

Despite the inconsistent understanding, a consensus between PBL advocates and opponents has
gradually been established (Kelly, 2014; Matthews, 2015; Sweller, 2020; Xu et al., 2021;
Zambrano et al., 2019b) that as long as the scaffolding does not explicitly offer complete

information or provide maximum-level guidance, it still belongs to the PBL territory. Therefore,

4 For instance, PISA2015-based studies such as Jerrim et al. (2020) and Liou (2021) usually exclude two items in
PISA’s IBTEACH variable in their analyses since the two items are about the teacher’s instruction. See more details
in the discussion of Section 2.4.2.
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the spectrum of guidance quantity from PBL to explicit instruction could be depicted as in Figure
2.2.
Figure 2.2: A spectrum of guidance quantity from PBL to explicit instruction
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Figure 2.2 illustrates how PBL occupies a wide interval in the guidance quantity spectrum
compared to the traditional didactic teaching scheme. That interval includes guidance methods
such as comments, feedback, suggestions, and explanations in the PBL process (Ertmer and
Glazewski, 2015, 2019). PBL aims to achieve the optimal degree of guidance within this
interval. It is worth noting that a worked example is also an available guidance option for PBL,
as clearly stated by Jonassen (2011). However, PBL opponents consistently ignore that and
regard the worked-example guidance as an indication of explicit instruction (Kalyuga and Singh,
2016; Kyun et al., 2013; L. Zhang and Cobern, 2021). The present thesis agrees with PBL
advocates’ definition that PBL tends to choose the optimal level of guidance quantity within a

wide range of possibilities including the use of worked examples.

2.1.3.2 Problem initiated before guidance

The second academically testable feature of PBL is based on the dimension of guidance timing,
or the sequence of problem and guidance. In most definition statements of PBL (Darling-
Hammond et al., 2020; Servant-Miklos, Woods, et al., 2019; Yew and Goh, 2016), the problem
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should be introduced first and be the starting point of a learning cycle. When instruction is
offered before the learner’s problem-solving attempt, even if the information is withheld in
instruction, it is still not PBL. Tawfik et al. (2020) specifically stated that the pedagogical
method that has a lecture about the problem prior to problem-solving is not PBL. Thus, having

the problem initiated before guidance becomes another determining feature of PBL.

The sequence of guidance is a dichotomy variable depending on whether the problem comes first
or not. So, it is more easily amendable to the empirical and experimental testing designs,
compared to the optimal quantity of guidance which is more subject to individual judgment.
There has been a variety of terminologies describing the guidance sequence. Hsu et al. (2015)
differentiated WP (worked-example—problem) and PW (problem—worked-example sequence)
sequences. Chase and Klahr (2017) contrasted IT (invent then tell) and TP (tell then practice)
instructional methods. Loibl et al. (2017) and Sinha and Kapur (2021) identified PS-1 (problem
solving followed by instruction) and I-PS (instruction followed by problem solving) designs.
Whatever specific terminology is used, the advocates of PBL (Chase and Klahr, 2017; Kapur,
2016; Sinha and Kapur, 2021) and the opponents of PBL (Ashman et al., 2020; Hsu et al., 2015;

Matlen and Klahr, 2013) have little disagreement on this academically defining feature.

A potential disputing issue about guidance timing is how to define the starting point of a learning
cycle. For instance, Klahr and Nigam (2004) conducted an experiment and found a group of
students with direct instruction learn the principle better. But before the investigated learning
cycle, there was a phase for baseline assessment. If we alternatively treat the assessment phase as
the starting point of the learning cycle and interpret baseline assessment as raising a problem for
students, the lecture-problem sequence in Klahr and Nigam (2004)’s experiment could be
reverted. That is why for the same experiment results of Klahr and Nigam (2004), Kapur (2016)
inferred the opposite conclusions that “the very effects that Klahr and Nigam attribute to direct
instruction alone seem more appropriately attributed to a pure discovery learning phase (their
baseline assessment) followed by direct instruction” (p. 291). More detailed discussions about

this issue are in Section 2.4.3 of the present thesis.

2.1.3.3 Small-group collaborative learning

The last academically testable feature of PBL is based on the dimension of collaborative

learning. The PBL procedure requires small-group discussion but does not specify the exact
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group size. The group size of PBL could be 4 to 6 students in the traditional McMaster program
(Servant-Miklos, Norman, et al., 2019) or as many as 10 in certain situations (Schmidt et al.,
2019, p. 27). It could be roughly assumed that it deviated from the spirit of PBL if the group size
exceeds 10. Some experimental studies (Zambrano et al., 2019b, 2019a) set the size as 3.

Besides group size, previous literature figured out that other factors, like group member diversity
or group climate, affect the efficacy of collaborative learning (Fonteijn and Dolmans, 2019).
However, other factors are not as emphasized by the PBL procedure as is group size. On the PBL
element of collaborative thinking, there is no prominent difference between the supporters and
opponents of PBL. They even have the same positive prediction of the effect of collaborative
thinking. The differences stem from their underlying theoretical explanations. This issue will be
further discussed in Section 2.3.3. The present thesis defines the last academically testable

feature of PBL as collaborative learning with each group smaller than 10 persons.

2.1.4 Summary of Section 2.1

The definition of PBL is not as black and white as a factual statement. The inconsistency of
interpreting PBL by scholars breeds a significant portion of disputes over PBL efficacy.
Therefore, the literature review of the present thesis uses one separate section to review and

discuss how to define PBL from both practical and academic perspectives.

In the practical procedure, PBL is not a single teaching methodology but an amalgam of
elements. Particularly, three key elements of the PBL procedure could be identified: (1) problem-
initiated and problem-driven learning, (2) self-directed learning with tutor facilitation, and (3)
collaborative learning in small groups. Following those three key elemental principles, PBL
evolved into a plethora of variant models from its original McMaster and Maastricht forms.
Those PBL models vary with a typology of problems and different levels of guidance to meet the
needs of new curricula beyond the medical education domain. Those variants of PBL models
include other learner-center learning methods, like Discovery learning, Project-based learning,
and Inquiry-based learning, which despite superficial incongruity share the core principles of
PBL.

Academic debates in recent decades have been conducive to our better understanding of PBL.

From an academic perspective, several debatable and testable defining features of PBL were
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shaped. This section summarizes the three academically testable features of PBL: 1) Optimal
quantity of guidance, 2) Problem initiated before guidance, and 3) Small-group collaborative
learning. Those three academically debatable and testable features, which correspond to the three
key elemental principles of the PBL procedure, constitute the framework for reviewing the
theoretical arguments and empirical evidence of PBL efficacy in Section 2.3. Breaking down
PBL into debatable and testable features is also essential to mitigate the pitfalls of experimental
approaches discussed in Section 2.4 and eventually shapes the methodological design of the

present thesis in Chapter 4.
2.2  Cognitive foundation of PBL efficacy

One interesting point in the debates over PBL efficacy is that the two sides build their theoretical
arguments on different cognitive foundations. The cognitive foundation involves presumptions
about human cognitive architecture and the process of human cognitive development. Different
cognitive foundations result in different systems of terminologies when describing the same
thing and generate different theoretical hypotheses. Therefore, the cognitive foundation is a sine

qua non of the theoretical arguments of PBL efficacy and will be explored in the current section.

2.2.1 Traditional cognitive load theory (CLT)

Traditional CLT describes learning as a process of acquiring new knowledge and portrays the
human cognitive architecture as a natural information processing system (Sweller et al., 2011,
2019). The traditional CLT defines knowledge by borrowing insights from evolutionary
psychology, which classifies knowledge into two genres, biologically primary and biologically
secondary knowledge (Geary, 2008, 2012; Geary and Berch, 2016). The difference is that

primary knowledge does not need to be learned, while secondary knowledge needs to be learned.

The reason humans does not need to learn biologically primary knowledge is that the survival
rule already disciplined us to obtain that knowledge through evolution. Traditional CLT even
argues that general problem-solving skills belong to biologically primary knowledge and thus
people don’t need to learn them (Sweller, 2021, p. 2). On the other hand, biologically secondary
knowledge has to be learnt after birth. Under the CLT framework, there are two ways of learning
knowledge. When the knowledge can not be copied from others, we have to ‘invent’ it by trial-

and-error method or means-ends analysis. Otherwise, we can directly transfer knowledge from
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others. A critical proposition of CLT is the latter way of learning knowledge (i.e., transferring

from others) is always more efficient (Sweller, 2021).

Transferring knowledge is a process that involves both the learner’s prior and new knowledge.
The prior knowledge is stored in long-term memory or domain-specific schemas which can be
activated effortlessly, i.e., at no cost (Sweller, 2020), whereas the new knowledge needs to be
processed by working memory. Compared to long-term memory, working memory has limits in
terms of both duration and capability (Martin, 2016). When working memory is cognitively
overloaded, the human information processing system stops transferring knowledge to long-term
memory (Sweller et al., 2011, 2019).

So under the traditional CLT framework, the efficiency of learning is determined by the
cognitive load, given a fixed working memory limit. The more cognitive load, the less efficient
the learning. CLT further claims that both relevant and irrelevant activities would increase the
cognitive load, which are denoted as intrinsic and extraneous loads respectively. Traditional CLT
scholars further suggested that the resources of working memory for acquiring and automating
schemas are different from either intrinsic or extraneous loads. They denoted it as germane load.®
As extraneous load represents the waste of limited working memory resources, the standard of
assessing a learning methodological design by CLT-based studies is whether it increases or
reduces extraneous loads (Martin, 2016; Martin and Evans, 2018, 2019; Sweller, 2009).

To better interpret the conceptual framework of traditional CLT, Figure 2.3 indicates that a
variety of learning activities occur simultaneously to compete for limited working memory.
Knowledge transfer consumes intrinsic load. Schema automation and acquisition consume
germane load. Both intrinsic and germane loads are necessary for achieving learning goals and
are determined by the learner’s prior knowledge and the learning task’s complexity. In the view
of traditional CLT, PBL activities such as letting the learner explore with incomplete information

lead to extraneous load and adversely affect learning efficiency.

®> However, not all CLT scholars agree on this three-load classification. For instance, Kalyuga (2011) suggested that
germane load refers to the same consumed resources with the intrinsic load. Using rating experiments, D. Jiang and
Kalyuga (2020) presented evidence that intrinsic and germane loads are highly correlated, supporting the two-load
classification argument.
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Figure 2.3: The conceptual framework of traditional CLT
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2.2.2 Social constructivist learning theory

In contrast to CLT, one branch of PBL advocates employing the social theory of constructivist
learning or constructivism to explain learning (Hung, Moallem, et al., 2019). First,
constructivism theory understands the learning process as acquiring (making) new knowledge
from the learner’s inside instead of transferring knowledge from the learner’s outside (Schmidt et
al., 2019). The term ‘constructivist’ therefore stems from such a learner-centered view of the
learning process. Second, constructivism emphasizes the role of social interaction in learning.
This social interaction facilitates each learner’s learning motivation (Russo and Hopkins, 2019),
awareness of knowledge gap(s) (Newman and DeCaro, 2018), conceptual change (Loyens et al.,
2015), and deep knowledge construction (Allen et al., 2013; Chin et al., 2016).

Social constructivist learning theory implicitly assumes several principles of the cognitive
foundation. The first principle is that the individual mutation of knowledge in learning is
encouraged. Under CLT which I discussed in Sector 2.2.1, the purpose of learning is to ‘copy’
knowledge. Although CLT also admits the existence of knowledge reorganization, it regards the

mutation of knowledge as it is transferred as the noise of learning (Sweller et al., 2019).
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Constructivism scholars, however, view the world as “multiple, changing realities where the
knower cannot be separated from the known” (Hung, Moallem, et al., 2019, p. 52). Therefore,
social constructivist learning theory encourages learners to create their own version of

knowledge.

The second principle of constructivism is that, unlike CLT where the knowledge is context-
independent, certain knowledge must be demonstrated within its context. As Hung, Moallem, et
al. (2019) put it, “learning is not only situated within the immediate environment surrounding the
individual but within a much broader social-cultural environment” (p. 56). The knowledge
learned from the same classroom will vary because of the learner’s individual past experience,
cognitive puzzlement, and social negotiation. Because the social environment is part of
knowledge, one advantage of PBL is that it can mimic the social environment where the students
are going to apply the knowledge. Thus, the type of guidance such as comments, feedback,
suggestions, and explanations matter in the PBL process (Ertmer and Glazewski, 2015, 2019).

Such an argument is also named the ‘situated learning hypothesis.’

The third principle of constructivism is that for certain ‘deep’ knowledge it is more efficient to
be absorbed through the learner’s inventing instead of instruction’s lecturing. The instructor can
facilitate the learner’s invention of knowledge. Schwartz et al. (2011) provided evidence that a
contrasting case is beneficial for the learner’s inventing knowledge. Chin et al. (2016) suggested
that the inventing task assigned by the instructor is more efficient than the traditional ‘compare
and contrast’ approach in terms of the learner’s resulting learning. Such a principle of
constructivism is also against traditional CLT. Traditional CLT says that the trial-and-error
method or means-ends analysis invents the knowledge with an element of randomness, which is
always less effective. The emerging modified CLT tries to integrate the discrepancy between

these two approaches, as | discuss in Section 2.2.4.

A significant drawback of social constructivist learning theory is that its model is not
standardized and explicit. Compared to CLT which specifies the mechanism of cognitive load, it
is difficult to empirically test social constructivist learning theory. The theoretical origins of
Constructivism, according to Hung, Moallem, et al. (2019), include Piaget’s Cognitive
Equilibrium Theory, Vygotsky’s Sociocultural Constructivism, Activity Theory, and Situated
Learning. Those scattered theoretical origins do not integrate into a model clearly describing the
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learner’s cognitive development. Tobias and Duffy (2009) even claimed that “Constructivism
remains more of a philosophical framework than a theory that either allows us to precisely
describe instruction of prescribing design strategies” (p. 4). Many empirical studies supporting
the efficacy of PBL do not explicitly mention constructivism (Darabi et al., 2018; Newman and
DeCaro, 2018; Russo and Hopkins, 2019). Rather, they focus on a specific issue such as

motivation or awareness of the knowledge gap.

2.2.3 The challenges to traditional cognitive load theory

Compared to social constructivist learning theory, the strength of the CLT cognitive foundation
is that it is a concrete model. However, CLT’s cognitive model might be oversimplified. CLT
describes learning as a process with the single purpose of changing long-term memory. Once the
knowledge is stored in the learner’s long-term memory, the learning process is done. The only
issue inhibiting knowledge absorption is the cognitive load due to the working memory limit. In
traditional CLT, the cognitive load is, however, only affected by two factors: the learner’s prior
knowledge and the complexity of the learning task (Brinken et al., 2010; Kalyuga and Singh,
2016).

A number of educational practitioners believes that learning is a more complicated process than
is described by CLT. Jonassen (2009) (p. 13) claimed that CLT “focuses only on working
memory and long-term memory, ignoring all other cognitive constructs. A cognitive architecture
must account for the context, the learner, and the processes of cognition (social and cognitive) in
order to explain or predict cognitive activities.” Taber (2013) reviewed the theoretical models of
thinking, understanding, and learning. His review suggested that a learning-as-information-
transfer model as in CLT is too simplistic. “Knowledge is not just information that can simply be
transmitted as long as transmitter and receiver are functioning well and clear lines of
communication have been established” (p. 278). This section documents several challenging

issues to traditional cognitive load theory.

2.2.3.1 The missing influential factors in the CLT model

In the CLT model, if extraneous load remains constant by fixing the teaching methodology,
learning efficacy is determined by only two factors: the learner’s prior knowledge and the
learning task’s complexity. However, evidence from empirical studies, especially association

analyses using large samples, suggests that learner’s prior knowledge and learning task’s
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complexity can only explain a small portion of the variance in learning outcomes. For example,
Cairns and Areepattamannil (2019) conducted a large-sample-based cross-country study, which
showed that country-level factors explained 21% of the total variance in learning outcomes
higher than the 18% of student-level factors. Areepattamannil (2012) showed that within-school
factors together explained less than 10% of the variance in learning outcomes. In the regressional
analysis of S. Gao et al. (2018), which controlled for factors associated with CLT, the adjusted
R? was only 0.034. Several influential factors affecting learning outcomes seem to be missed in
the traditional CLT model.

From Figure 2.3, we can induce two layers of missing factors: the missing factors which
influence learning outcomes through cognitive load and the missing factors which directly
influence learning outcomes. Section 2.2.3.1 mainly focuses on the first layer of missing factors
while Section 2.2.3.2 focuses on the second layer. The missing factors of cognitive load, as
suggested by existing literature, could include motivation, emotion, awareness of the knowledge

gap, and confidence about prior knowledge.

Motivation is one of the most prominent factors ignored by the traditional CLT model.
Traditional CLT believers treat motivation as a process of preparing mental resources which
proceed to the learning phase (Feldon et al., 2019). CLT scholars either assume that once moving
into the learning phase the learner already prepares necessary mental resources or assume that
the learner’s primary knowledge can affect the motivation through the expected difficulty of
learning (Lespiau and Tricot, 2018, 2019). Therefore motivation becomes a mediating variable

that can be pruned away from the CLT model.

The story would be different in two scenarios where 1) motivation is determined by factors
beyond the learner’s prior knowledge or learning task complexity, and 2) motivation can directly
influence the learning outcome instead of through mental resources or working memory limits.
The current section concentrates on the former scenario. First, evidence provided by Rey and
Steib (2013), Kalyuga and Singh (2016), and Plass and Kalyuga (2019) suggests that emotion
influences motivation. Furthermore, social constructivists argue that challenging problems (Loibl
et al., 2017; Russo and Hopkins, 2019) or productive failures (Darabi et al., 2018; Wijnen et al.,
2018) can boost learners’ motivations. In summary, motivation and its determinants beyond

cognitive load could be another missing factor in the traditional CLT model.
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Emotion is also not included in the traditional CLT model (Brunken et al., 2010). There are
studies (Baddeley, 2012; Fraser et al., 2015) indicating that negative emotion can reduce the
overall limit of working memory and thus the cognitive load. A different interpretation of such
evidence is that emotion causes extraneous load while the working memory limit remains the
same. Consistent with the assumption that emotion contributes to extraneous load, some scholars
argue that even positive emotion adversely influences learning (Park et al., 2011; Pekrun and
Linnenbrink-Garcia, 2012). Conversely, research from the field of cognitive architecture, such as
Zlomuzica et al. (2016), suggests that positive emotion is associated with better spatial memory.
There are also scholars, such as Plass and Kalyuga (2019), who advise that emotion per se does
not consume working memory. The impacts of emotion on learning are through motivation
which was discussed in the paragraph above on motivation. Based on whichever above-
mentioned argument, emotion is at least a factor influencing working memory, in addition to

prior knowledge and task complexity.

Awareness of the knowledge gap is closely related to learners’ motivations. Social
constructivists argue that humans have an incentive to achieve equilibrium between their inside
and outside knowledge set (Schmidt et al., 2019). Therefore, awareness of the knowledge gap
brings learners motivation. In traditional CLT, recognizing the knowledge gap seems to be
automatic and effortless. This is because CLT assumes that learners can draw prior knowledge
from long-term memory effortlessly and compare it with the new knowledge in working memory
(Sweller et al., 2019). If this assumption does not hold, as suggested by social constructivist
theory in Section 2.2.2, so that activating prior knowledge is costly, then the awareness of the

knowledge gap becomes another factor ignored by the CLT framework.

Another possibility less considered by the CLT model is that the learner with incorrect prior
knowledge has to make choice between trusting new knowledge or old knowledge. It depends on
the learner’s confidence with respect to prior knowledge. Social constructivists usually name this
issue ‘conceptual change’ (Duchi et al., 2020; Loyens et al., 2015; Nachtigall et al., 2020;
Weaver et al., 2018). They argue that the failed attempts of solving the problem by the learners
with prior knowledge facilitate them to change concepts. One opposing view is that learners are
more likely to change their concepts through viewing than doing the experiment themselves

(Renken and Nunez, 2010). Such an argument, however, does not disprove the idea that
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confidence over prior knowledge is a factor influencing learning outcomes but is ignored by the
traditional CLT model.

2.2.3.2 The learning phases beyond knowledge transfer

Besides influential factors ignored by the CLT model, another challenge to traditional CLT is
whether there exist learning phases beyond knowledge transfer. As introduced in Section 2.2.1
and indicated by Figure 2.3, CLT assumes that the learner’s prior knowledge is stored in the
schema. The activities named schema automation and schema acquisition refer to activating prior
knowledge from long-term memory and building transferred knowledge into long-term memory
respectively. Both these schemas occur within the human information processing system, unlike
knowledge transfer which occurs between the human information processing system and the
outside environment. Traditional CLT assumes that knowledge transfer, schema automation and
schema acquisition compete for the same resource of working memory (Sweller, 2020). The
resource of working memory is allocated into intrinsic, extraneous, and germane loads.
Knowledge transfer consumes intrinsic load, while schema automation and schema acquisition

consume germane load. Increased extraneous load thus will reduce intrinsic and germane loads.

The underlying assumption of CLT is that knowledge transfer, schema acquisition, and schema
automation belong to the same phase,® so they are competing for working memory resources.
Such an assumption is supported by some evidence (Galy et al., 2012). However, contrary
evidence also exists. Taber (2013) argued that a broad learning process contains two phases, the
change of memory and the alteration of conception. Debue and VVan De Leemput (2014)
documented experimental evidence that there is no linear relation between intrinsic and germane
loads, against the assumption that schema acquisition and schema automation belong to the same
phase. A more recent experiment by O. Chen and Kalyuga (2021) suggests that the phase with
limited mental sources lasts as little as one day. These authors conducted an experiment on

Grade 2 students in a Singapore primary school and found that the students’ cognitive load

% The timespan of a phase is not clearly defined. According to Van Merrienboer and Sweller (2005) and Kalyuga
and Singh (2016), the duration of working memory is only around 20 seconds. However, CLT assumes the overload
in the previous session will accumulate in the subsequent session. So, the phase should be the period during which
cognitive loads influence each other, which should be much longer than 20 seconds.

31



reduced to the normal level between the immediate and delayed tests. The delayed test was on

the 2nd day, indicating that a full working memory could be restored within one day.

It would be a serious challenge to CLT if schema acquisition and schema automation can belong
to a different phase and do not compete for the working memory resource with knowledge
transfer. PBL advocates have argued that solving problems and group discussion before
instruction can help activate prior knowledge (Newman and DeCaro, 2018). The potential
disadvantage of those pre-instruction activities, as argued by CLT, is that they occupy the
resources of knowledge transfer. If those activities belong to different phases and consume
irrelevant resources of working memory, PBL procedures only bring benefits to learning. A
similar logic applies to schema acquisition. If the transferred knowledge can be built within
schemas in a later phase, the activities of PBL are relevant to the learning purpose. Rittle-
Johnson (2006) documented the evidence that self-explanation helps transfer. The possible
missing phases in the traditional CLT model, together with the possible missing influential

factors, call for modified CLT models.

2.2.4 The emerging modified CLT models

Various modified CLT models have emerged in response to the challenges discussed in Section
2.2.3, including a new integrated working memory model by Sepp et al. (2019) and an
Expectancy-Value-Cost CLT model by Feldon et al. (2019). Two of those modified CLT models,
which are relevant to developing the research questions of the present thesis, will now be

introduced.

2.2.4.1 The interval theory view of CLT (ICLT)

The first modified CLT model is the interval theory view of CLT (ICLT hereafter) developed by
Kalyuga and Singh (2016). Kalyuga and Singh (2016) argued that in complex learning, there is
more than one phase. The phase described by traditional CLT, which transfers new knowledge
from outside through working memory to alter long-term memory, is merely the second phase of
the whole learning process. In Phase 1, the learner should activate the prior knowledge by the
schema automation activity. In Phase 3, after the completion of knowledge transfer, the learner
should construct the schema by schema acquisition. Whether the consumed mental resource
belongs to extraneous load or intrinsic load depends on the learning goals. The activity defined

by traditional CLT as the source of extraneous load could become intrinsic load, especially when
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the learning task becomes complex. Kalyuga and Singh (2016) pointed out that the limitation of
traditional CLT is because human cognition “has seemingly evolved to be more complex than

most other natural systems” (p. 850). Figure 2.4 illustrates the conceptual framework of ICLT.

Figure 2.4: The conceptual framework of ICLT
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A plethora of empirical studies examining how learning task complexity impacts PBL efficacy
(Blayney et al., 2016; O. Chen et al., 2020, 2021; O. Chen and Kalyuga, 2020, 2021; Likourezos
and Kalyuga, 2017; Lu et al., 2020) enrich the study line of ICLT. The ICLT theory indicates
that the PBL efficacy is determined by factors beyond the traditional CLT model and helps in the

formulation of my research questions.

2.2.4.2 Collaborative Cognitive Load Theory (CCLT)

Another emerging modified CLT model is the collaborative CLT (CCLT hereafter) model. The
traditional CLT model mainly focuses on individual learning, whereas the group discussion
method, which is also one determining element of the PBL approach, has been widely regarded
as an efficient way to improve learning outcomes (Zambrano et al., 2019a, 2019b). The

traditional CLT model needs modification to be brought in line with that empirical evidence.
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Kirschner et al. (2018) extended traditional CLT to CCLT. The way of modeling the learning
process by CCLT is similar to traditional CLT but the major difference is that the former views
the members in the study group as a network of cognitive systems. Figure 2.5 demonstrates the

conceptual framework of Collaborative CLT.

Figure 2.5: The conceptual framework of Collaborative CLT
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As Figure 2.5 shows, biologically secondary knowledge is transferred to the network consisting
of all the group members’ cognitive systems. The benefit of the grouped cognitive system is that
individual members can share their working memory. Therefore, the total intrinsic load of the
whole group is larger than the individual member. The group discussion in PBL thus facilitates
the learning of members, especially when the learning task is complex and requires more mental

resources.

There are also costs from the group discussion, which are the communication or transactional
costs among group members. According to Kirschner et al. (2018), those communication
activities are irrelevant to the learning goal. So, the mental resource they consume is classified as
extraneous load. Zambrano et al. (2019a) argued that if the group members’ prior knowledge is

distributed unequally, the transactional costs will be higher.
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The benefits and costs of group discussions could be affected by cultural factors. For example,
Nyumba et al. (2018) stated that in a culture discouraging in-person conversation, the effects of
group discussion are lower. This is another potential reason that cultural factors play a role in the
efficacy of PBL. The present thesis will investigate this issue by introducing student-level

cultural measures.

2.2.5 Summary of Section 2.2

Section 2.2 has briefly reviewed the cognitive foundations of traditional CLT and social
constructivist learning theory. The two cognitive theories support the propositions of PBL
opponents and advocates respectively. A significant drawback of social constructivist learning
theory is that its model is neither standardized nor explicit. Compared to CLT, which specifies
the mechanism of cognitive load, it is difficult to empirically test social constructivist learning
theory. However, traditional CLT’s cognitive model could be oversimplified. The challenges to
traditional cognitive load theory include missing influential factors and the existence of learning

phases beyond knowledge transfer.

Because of the challenges to traditional CLT, various modified CLT models have emerged. Two
of those modified CLT models, the interval theory view of CLT (ICLT) and the collaborative
CLT (CCLT), were introduced in Section 2.2. ICLT argues that in complex learning, the whole
learning process consists of multiple phases instead of the single one of knowledge transfer
identified by traditional CLT. ICLT further suggests that the standard way of distinguishing
extraneous and intrinsic load is not constant across learning phases due to different learning

goals.

CCLT views the members in the study group as a network of cognitive systems. The grouped
cognitive regime brings both positive and negative effects to the learning outcome. These two
modified CLT models, as responses to the challenges facing the traditional CLT model, can
consolidate the conflict between traditional CLT and social constructivism, by integrating the
cost and benefit sides of PBL into a single framework. The discussions in this section pave the
way for specific propositions on PBL efficacy in the extant literature, which will be explored in
Section 2.3.
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2.3 Theoretical propositions and empirical evidence about PBL efficacy

The topic of PBL efficacy can be interpreted from two aspects. The first aspect is the general
impact of PBL on learning outcomes. The second aspect is what factors determine the direction
and the magnitude of PBL’s impact. If PBL’s impact is not dominated by either the positive or
negative side, the second aspect is more enlightened for academic discussions and relevant to
educational practitioners. This view has been called for by previous scholars (Hmelo-Silver et
al., 2007; Hung, Dolmans, et al., 2019).

Based on the cognitive foundation explored in Section 2.2, traditional CLT, social
constructivism, and modified CLTs all formulate theoretical propositions about PBL efficacy
from the two aspects. Traditional CLT hypothesizes that PBL in general adversely influences the
learning outcome, and the adverse influence is mainly caused by insufficient and late guidance in
PBL. Traditional CLT believes the negative impact of PBL is more pronounced when learners
have less prior knowledge or when the learning task is more complex (O. Chen et al., 2017,
Sweller et al., 2011).

Conversely, social constructivists hypothesize that PBL generally is beneficial to learning. Social
constructivists believe each PBL element plays a role in improving learning efficiency. However,
social-constructivism-based PBL research also discusses the contextual factors which amplify
the positive effects of PBL. In contrast to traditional CLT, social constructivists cover a broad
range of contextual factors, including learning discipline, learner’s age, forms of problem, the
length of curricula, usage of digital technology, and cultural factors (Hmelo-Silver et al., 2019;
Moallem, 2019; Wijnia et al., 2019).

The two modified CLTs mentioned in Section 2.2.4 can to some extent reconcile traditional CLT
and social constructivism or incorporate PBL favorable propositions into the CLT framework.
However, current empirical studies of ICLT still limit the contextual factors within prior
knowledge and task complexity (O. Chen et al., 2020, 2021). CCLT-related studies additionally
consider two new contextual factors but they mainly focus on a single element, collaborative
learning (Zambrano et al., 2019b, 2019a).

To my best knowledge, so far no cognitive theories have developed formal arguments about

PBL’s potential synergistic effect. By defining the PBL procedure, PBL advocates implicitly
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suggest that PBL is less effective if not all the key elements are present. However, those are not
structured theoretical statements whereby the efficacy losses due to an incomplete PBL can be
quantitatively predicted. If there exists PBL’s synergistic effect, either positive or negative,
PBL’s overall efficacy should not equal the sum of its elements’ efficacies. This section also
attempts to derive the implication of PBL’s potential synergistic effect from previous empirical

evidence.

The present section reviews relevant empirical evidence after each part of the theoretical
propositions. Included empirical papers must be either rigorous experimental studies or large-
sample-based association studies. Rigorous experimental studies have a randomized and
controlled pseudo-experimental design. Before-after tests or other studies not meeting rigorous
experimental standards are not included by this section because they are empirically
underqualified. Section 2.4 provides detailed discussion about the empirical problems. Most of
the included empirical studies were published in the last 10 years, except for several influential
studies published 10 to 20 years ago.

This section discusses the theoretical propositions concerning PBL efficacy and the
corresponding empirical evidence in the extant literature. Following the dimension segmenting in
Section 2.1, the efficacy of the three dimensions will be reviewed separately and followed by a
discussion about the potential synergistic effect of PBL as a whole. The remainder of Section 2.3
is organized as follows: Section 2.3.1 presents the existing studies for the efficacy of guidance
quantity; Section 2.3.2 reviews the theoretical proposition and empirical evidence about the
efficacy of guidance timing or sequence; the efficacy of small-group collaborative learning is
scrutinized in Section 2.3.3; Section 2.3.4 examines the synergistic efficacy of the unitary PBL

approach.

2.3.1 The efficacy of guidance quantity

CLT and social constructivism distinctly develop theoretical arguments in every element of PBL.
But it is guidance quantity that is the main field where the two sides have opposing predictions
about PBL efficacy. The efficacy of guidance quantity thus engages considerable academic
attention. | start with the first tier of propositions that how the two sides locate the optimal level

of guidance quantity.
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2.3.1.1 The optimal level of guidance quantity

Traditional CLT posits that the optimal level of guidance quantity is the maximum level.
Mathematically speaking, traditional CLT induces a positive monotonic relationship between
guidance quantity and learning efficacy. This relationship is caused by the cognitive principles
depicted in Section 2.2 that copying knowledge from the instructor is always more efficient than
inventing knowledge by the learner themself. The latter activity will deplete the working
memory by increasing extraneous load and thus hinder the learning process. Therefore, the
guidance should be at the maximum level and provide complete and accurate instruction
(Sweller et al., 2019).

In contrast, social constructivism hypothesizes that the optimal level of guidance quantity can be
any point except for the maximum level. Social constructivists suggest an inverted U-shaped
relationship between the guidance quantity and learning efficiency. Learning efficiency will be
enhanced first with increasing guidance quantity but then decline once the guidance quantity
surpasses the optimal point. The traditional didactic teaching method, which provides the
maximum level of guidance quantity, is usually not the optimal point (Alfieri et al., 2011;
Schmidt et al., 2019).

As stated, rigorous experimental studies, and large-sample-based association studies are included
in my review. However, the rigorous experimental studies usually only have a small sample of
students. The large sample sources are typically based on international large-scale assessments
such as OECD’s (Organisation for Economic Co-operation and Development) Programme for
International Student Assessment (PISA hereafter) and IEA’s (International Association for the
Evaluation of Educational Achievement) Trends in International Mathematics and Science Study
(TIMSS hereafter) databases. The technical comparison between large-sample-based association
analysis and small-sample-based experiments will be discussed in Section 2.4. Table 2.2

summarizes the results of association studies grouped by country.

Table 2.2: Association studies about the effects of reducing guidance quantity. + indicates a

statistically significant positive association; — indicates a statistically significant negative

association; ? indicates a mixed or non-significant finding
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Country Study Sar_nple Data Knov_vI_egige Enjoyment of Smen_ce self-
Size Source acquisition science efficacy
13 countries Forbes et al. (2020) 74,877 PISA 2015 -
54 countries Cairns and 170474 PISA 2006 - +
Areepattamannil (2019) '
. TIMSS
Kaya and Rice (2010) 3,573 2003 -
McConney et al. (2014) 4,209 PISA 2006 - + +
Australia
Jiang and McComas _
(2015) 7,832 PISA 2006 +
Oliver et al. (2021) 14,530 PISA 2015 -
Hwang et al. (2018) 12,176 PISA 2012 -
Brazil
Hwang et al. (2018) 14,360 PISA 2015 -
Aditomo and Klieme 20.058 PISA 2015 _ _ B
(2020) '
McConney et al. (2014) 5,087 PISA 2006 - + +
Canada
Jiang and McComas 2 _
(2015) 11,720 PISA 2006 7
Oliver et al. (2021) 20,058 PISA 2015 -
Aditomo and Klieme
_ L) _
(2020) 9,841 PISA 2015 ?
China
TIMSS
Gao et al. (2018) 457 20072 ?
Jiang and McComas _ _
Denmark (2015) 2,808 PISA 2006
. PISA
England Jerrim et al. (2020) 4,361 2015° +
Lavonen and Laaksonen
(2009) 4,714 PISA 2006
Jiang and McComas B
(2015) 2,912 PISA 2006 +
Finland Kang and Keinonen B 0
(2018) 4,714 PISA 2006 ?
Hwang et al. (2018) 5,660 PISA 2012 -
Hwang et al. (2018) 5,581 PISA 2015 -
France Hwang et al. (2018) 2,991 PISA 2012 -
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Sample Data Knowledge Enjoyment of Science self-

Country Study Size Source acquisition science efficacy
Hwang et al. (2018) 5,325 PISA 2015 -
Jiang and McComas B
Germany (2015) 2,317 PISA 2006 +
Jiang and McComas _
Hong Kong (2015) 2,355 PISA 2006 ?
Jiang and McComas _ B
(2015) 2,565 PISA 2006
Ireland
Oliver et al. (2021) 5,741 PISA 2015 -
Jiang and McComas B
Italy (2015) 13,003 PISA 2006 +
Aditomo and Klieme
?
(2020) 6,647 PISA 2015 + ? +
Japan Kaya and Rice (2010) 4,250 TIMSS +
2003
Jiang and McComas _
(2015) 4,196 PISA 2006 ?
Jiang and McComas _
(2015) 3,315 PISA 2006 ?
Korea Hwang et al. (2018) 3,348 PISA 2012 -
Hwang et al. (2018) 5,122 PISA 2015 -
McConney et al. (2014) 1,141 PISA 2006 - + +
New Jiang and McComas
2,844 PISA 2006 ? -
Zealand (2015)
Oliver et al. (2021) 4,520 PISA 2015 -
Teig et al. (2018) 4,382 TIM858201 ?
Norway Hwang et al. (2018) 3,008 PISA 2012 -
Hwang et al. (2018) 5,096 PISA 2015 -
Hwang et al. (2018) 3,817 PISA 2012 -
Peru
Hwang et al. (2018) 6,021 PISA 2015 -
Avreepattamannil (2012) 5,120 PISA 2006 ? +
Qatar Hwang et al. (2018) 6,606 PISA 2012 -
Hwang et al. (2018) 9,803 PISA 2015 -
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Country Study Sar_nple Data Knov_vI_egige Enjoyment of Smen_ce self-
Size Source acquisition science efficacy
Scotland Kaya and Rice (2010) 2,665 TIMSS -
2003
Aditomo and Klieme
(2020) 6,115 PISA 2015 - - -
Kaya and Rice (2010) 6,122 TIMSS +
. 2003
Singapore
Hwang et al. (2018) 3,656 PISA 2012 -
Hwang et al. (2018) 5,687 PISA 2015 -
. Jiang and McComas ”
Spain (2015) 11,467 PISA 2006 ?
. Jiang and McComas ”
Switzerland (2015) 6,283 PISA 2006 7
Liou (2021) 7,708 PISA 2015 - + +
Jiang and McComas " "
(2015) 5,438 PISA 2006 ? ?
: Liou and Jessie Ho TIMSS
’
Taiwan (2018) 4,046 2007 ?
Hwang et al. (2018) 4,003 PISA 2012 -
Hwang et al. (2018) 7,056 PISA 2015 -
Jiang and McComas 2 _
(2015) 7,911 PISA 2006 7
UK
Oliver et al. (2021) 14,157 PISA 2015 -
. TIMSS
Kaya and Rice (2010) 7,623 2003
. TIMSS
Zhang and Li (2019) 6,503 2007 -
Jiang and McComas 3,410 PISA 2006 2 _
USA (2015)
Hwang et al. (2018) 3,256 PISA 2012 -
Hwang et al. (2018) 5,094 PISA 2015 -
Oliver et al. (2021) 5,712 PISA 2015 -

This study collects the information from five middle schools in the Inner-Mongolia of China and creates a mini dataset following the standards of
TIMSS 2007. ®This study uses a dataset merged from PSIA 2015 and National Pupil Database.

Source: Compiled by author
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Table 2.2 presents empirical findings about the effects using association analyses. Thanks to the
two groups of international assessment databases, the association analyses covered a broad
country basis. The PISA series database covers students aged 15 years (grade 11). The students
from the TIMSS series database are in grade 4 or 8. The PISA database determines students’
performance in scientific domains whereas the TIMSS database provides students’ scores in
mathematics and science. The variables measuring guidance reduction are constructs based on
questioner items of PISA or TIMSS. The choice by the scholars who conducted those association
analyses of PISA items to proxy for the guidance level may affect the results. See Section 2.4.2
and Appendix 3 for discussions. Besides knowledge acquisition, some studies also examine the
effects of reducing guidance quantity on students’ enjoyment of science and self-efficacy in

science.

Despite variance across countries,” most results (Cairns and Areepattamannil, 2019; Liou, 2021;
McConney et al., 2014) in Table 2.2 suggests that reducing guidance quantity provokes poorer
scientific performance but is conducive to students’ enjoyment in science and self-efficacy in
science. Specifically, Cairns and Areepattamannil (2019) conducted the association analysis by
pooling the PISA data of 54 countries. One study which is not included in Table 2.2 is the
comprehensive technical report about PISA 2015 data by OECD (Mostafa et al., 2018). Mostafa
et al. (2018) showed that for most countries the increases in inquiry-based learning, which is a
proxy of less guidance quantity, are positively associated with enjoyment (Figure 3.4., p. 23) and
self-efficacy (Figure 3.5., p. 24) but negatively related to scientific performance (Figure 3.8,

p. 29).

Several studies in Table 2.2 support the proposition of social constructivism that the optimal
level of guidance quantity is located in the middle of the whole spectrum. Aditomo and Klieme
(2020) used confirmatory factor analysis (CFA hereafter) to construct three levels of guidance. In
18 of the 20 countries investigated by Aditomo and Klieme (2020), students benefit the most
from a moderate level of guidance (the two exceptions are Jordan and Kosovo). This suggests

that a very large amount of guidance in learning has a detrimental effect. Teig et al. (2018)

" For example, the results from Singapore (Kaya and Rice, 2010), England (Jerrim et al., 2020), and Japan (Aditomo
and Klieme, 2020; Kaya and Rice, 2010).
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provide supportive evidence of an inverted U-shaped relationship between guidance quantity and
learning outcome. By including the quadratic term of guidance quantity, Teig et al. (2018)
documented that learning performance will first increase and then decrease along with reducing
guidance. Given that traditional CLT holds a more aggressive proposition that guidance quantity
should be at a maximum, the results of the association analyses can be considered to be more

favorable for PBL advocates.

Compared to large-sample-based association analyses, there have been also many scholars
investigating how guidance quantity affects learning using small sample but randomized

controlled experiments. Figure 2.6 summarizes the studies that belong to this genre.

Figure 2.6: Experimental findings about the effects of less guidance
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Source: Compiled by author
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To facilitate comparison, Figure 2.6 presents the standardized® experimental results about the
effects of less guidance. What is meant by guidance varies across studies. Several studies (O.
Chen et al., 2016, 2019; Klahr and Nigam, 2004; Kyun et al., 2013) use worked examples as a
proxy for the implementation of maximum guidance. But, as | discussed in Section 2.1.3.1,
worked examples can be a scaffolding tool of PBL. Other instances of less guidance include no-
instruction PBL (Barth et al., 2019), principle-absent instruction (Hsu et al., 2015), and the
integrated—integrated way of teaching Chinese characters (Lu et al., 2020). For learning outcome
measures, most studies® in Figure 2.6 use an immediate or short-term testing score. The

drawbacks of only using short-term testing scores will be discussed in Section 2.4.3.

Unlike association analyses covering a number of countries, thanks to the data availability of
PISA and TIMSS, most experimental studies have been conducted in the USA(KIlahr and Nigam,
2004; Moreno, 2004; Rittle-Johnson, 2006; Stull and Mayer, 2007; L. Zhang, 2018, 2019).
Experimental studies of the guidance quantity effect have been undertaken in Germany (Barth et
al., 2019), Indonesia (O. Chen et al., 2019), Korea (Kyun et al., 2013), Taiwan (Hsu et al., 2015),
and China (O. Chen et al., 2016; S. Gao et al., 2018; Lu et al., 2020). Studies outside the USA
tend to achieve more significant results. One possible explanation is that the experiments out of
the USA are less likely to measure learning outcomes with transfer or delayed test design. For
example, S. Gao et al. (2018), Barth et al. (2019), and study 1 of Hsu et al. (2015) all use the
score of retention tests immediately after learning. O. Chen and Kalyuga (2021) suggested that

the inquiry-based learning approach has delayed and transferred advantages in learning efficacy.

For the same reason that | gave in Section 2.1.3.1, experimental studies showing the adverse
effects of less guidance cannot indicate the superiority of the traditional CLT. Social

constructivism also predicts a positive correlation between guidance quantity and learning

8 The magnitudes of effects are standardized so all the studies have the same standard error. It inevitably suffers
limitations as it will understate the absolute value of the mean effect if the association analysis inherently has a
greater variance of guidance efficacy. It does not change the nature of testing since a larger variance of guidance
efficacy means it is more difficult to reject the null hypothesis. However, it is worth noting that the standardized
value of incremental effect here should not be inferred as the magnitude level of the incremental effect of treatment.
The technical details of standardization can be found in the Appendix 2.

9 Exceptions are Klahr and Nigam (2004), Rittle-Johnson (2006), and Hsu et al. (2015) who carried out tests delayed
by 5 to 7 days.
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outcomes when the guidance quantity is below the optimal level. As Kapur (2016) said, rejecting
PBL without any instruction “does not logically mean the maximal provision of the guidance is
the most effective solution” (p. 291). Rather, the observed negative impacts of the increased
guidance quantity in some experiments can validate the proposition of PBL advocates. For
instance, some CLT-based studies like O. Chen et al. (2016) found a positive impact of reducing
guidance in a subgroup of the experiments. The reversal effects cannot be explained by a
traditional CLT model*° because in a traditional CLT model, if the working memory is not
overloaded, the negative impacts of less guidance on learning efficiency will only disappear but
not be converted into positive impacts. O. Chen et al. (2016) attributed their findings to the
generation effect to recoup the loss of learning efficiency, which means that the traditional CLT

is incomplete and should be modified.

2.3.1.2 The contextual factors affecting guidance efficacy

Given the uncertain line between the maximume-level explicit instruction and optimal scaffolding
in the definition of PBL discussed in Section 2.1.3.1, it is more meaningful to investigate the
contextual factors determining the optimal level of guidance (Hung, Dolmans, et al., 2019).
Traditional CLT postulates that the negative effects of not choosing maximum guidance quantity
will be less pronounced if the learners have more prior knowledge or the learning task
complexity is lower. CLT believers have named the above two contextual propositions as
Expertise reversal effect and Element interactivity effect, which happens when the intrinsic load

is small so that increased extraneous load cannot deplete working memory (O. Chen et al., 2017).

PBL advocates also agree that those two factors can affect the guidance efficacy. Yet their
argument is from the benefit side of withholding information. For instance, Richey and Nokes-
Malach (2013) claimed that withholding instructional explanations fosters students’ constructive
cognitive activities. As shown in Figure 2.6, most recent experimental studies investigate the

contextual effects of those two factors. In particular, Klahr and Nigam (2004), Hsu et al. (2015),

10 CLT scholars actually assert that the cognitive load effect will be reversed for the expert learner. For example,
Sweller et al. (2011) said, “That advantage disappeared or even reversed for higher prior knowledge learners”

(p. 210). This argument, also named as expertise reversal effect, can not be explained by John Swell’s CLT model
and mainly reflects Slava Kalyuga’s modified CLT thoughts.
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and O. Chen et al. (2019) found that less experienced learners need more guidance or are less

suitable for the PBL approach.

The evidence for learning task complexity is relatively mixed. Stull and Mayer (2007) found that
the negative effects of reducing guidance are pronounced when the learning task is less complex.
This is contrary to the prediction of traditional CLT which hypothesizes that for the more
complex task, guidance is more beneficial to lessen learners’ extraneous load. O. Chen et al.
(2016) showed evidence suggesting the existence of the Element interactivity effect predicted by
traditional CLT. But, as discussed in Section 2.3.1.1, the positive impacts of guidance quantity
on learning outcome when the element interactivity is low demonstrated by O. Chen et al. (2016)
indicate the traditional CLT cannot be the full picture. The benefit side of less guidance cannot

be accounted for by the traditional CLT model.*!

The benefit side of less guidance should be further explored by including more contextual
factors. Social constructivism and modified CLTs both argue that there are more factors affecting
the efficacy of less guidance, either through a completely different cognitive model or an
extended cognitive model. The potential influential factors include the instructor’s background
(Leary et al., 2013), curriculum-wide implementation of PBL (Dolmans et al., 2016), and the
application of digital scaffolding techniques (Kim et al., 2018). Results from association analyses
suggest that students’ grades and learning tasks may also affect guidance efficacy. For example,
Kaya and Rice (2010) and Aditomo and Klieme (2020) found opposing results for Singapore.
Those two studies differ in students’ grades and learning tasks. Kaya and Rice (2010)’s study
was based on TIMSS 2003 where students are in grade 4 and testing is for the mathematics and
scientific domains. Aditomo and Klieme (2020)’s study was based on PISA 2015 where students

are in grade 11 and testing is for scientific domains only.

Cultural variance could be another potential influential factor. Cross-country studies such as
Cairns and Areepattamannil (2019), Forbes et al. (2020), and Aditomo and Klieme (2020), all
illustrate the substantial variation in the pattern of guidance efficacy across countries. Cairns and

Areepattamannil (2019) showed that 43% of the variance in learning outcome is explained by

11 The similar situation occurs for the tests on expertise effect when the more experienced subgroups in Klahr and
Nigam (2004) and O. Chen et al. (2019) exhibit better learning performance with less guidance.
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unobserved country-level factors, compared with the 6% explained by student-level factors.
Forbes et al. (2020) documented that Korean students are less likely to argue about science
questions or draw conclusions, concluding that more factors such as cultural norms affect

pedagogical practices.

2.3.2 The efficacy of late guidance

Similar to guidance quantity, the efficacy of late guidance consists of two tiers of propositions:
general effects, and contextual effects. For the first-tier proposition, traditional CLT predicts that
presenting the problem before instruction, or late guidance, also generates extraneous load and
impairs learning efficacy (Sweller, 2020). Conversely, social constructivists believe that an
initial failed attempt to solve the problem can be conducive to learners’ consequent learning.
Social constructivists refer to the early, but unsuccessful, problem-solving attempts as productive
failures in learning (Kapur, 2012, 2014, 2016). The modified CLTs, particularly ICLT, combine
both the theory of productive failure and the theory of inefficient failure increasing cognitive
load (Kalyuga and Singh, 2016).

For the second-tier proposition, traditional CLT argues that the learner’s prior knowledge and
learning task complexity affects the efficacy of guidance timing. Social constructivism suggests
that there are more contextual factors. For example, Loibl et al. (2017) reviewed previous
experiments and concluded that the type of scaffolding, such as contrasting cases or building
instruction, can improve the efficacy of late guidance. A more recent meta-analysis by Sinha and
Kapur (2021) found that the efficacy of late guidance is stronger with high fidelity to the
principles of Productive Failure. Holmes et al. (2014) argued that scaffolding improves the
productivity of failure. Tawfik et al. (2015) suggested that “using a failure-based strategy may be
more beneficial for diagnosis-solution problems when compared with design problems” (p. 991).
In ICLT, the failure of solving the problem with students’ prior knowledge forms a necessary
step to prepare mental resources before the learning phase. Therefore, ICLT’s theoretical
framework should allow for more contextual factors. This is borne out by the review of O. Chen
and Kalyuga (2020), which concluded that in addition to element interactivity and prior

knowledge, the type of knowledge also determines the best guidance sequence.

The studies about the efficacy of late guidance are all experiment-based since neither PISA nor

TIMSS series databases include a variable about guidance timing. Unlike guidance quantity
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which suffers the problem of inconsistent measure, the timing of guidance is a dichotomy option
issue: problem-instruction, or instruction-problem sequence. Similar to illustrating the effects of
less guidance (Figure 2.6), I plot a diagram in Figure 2.7 to summarize the effects of late

guidance.

Figure 2.7: Experimental findings about the effects of late guidance
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The construction process of Figure 2.7 is the same as in Figure 2.6, where the effect size of late

guidance is standardized.'> Compared to guidance quantity efficacy experiments concentrating in

12 The limited disclosure of covariance between two samples in many studies may lead to overestimated standard
errors, as shown in Figure 2.7. Consequently, even if the line x=0 falls within the standard error bar, the original
study could still report significant results. See Appendix 2 for technical details.
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USA, the recent experiments about guidance timing are more likely to have been conducted in
the rest of the world. The experimental evidence comes from Australia (Ashman et al., 2020; O.
Chen et al., 2021; Likourezos and Kalyuga, 2017), Indonesia (O. Chen et al., 2020), Netherlands
(Loibl et al., 2020), India (Kapur, 2014), Germany (Nachtigall et al., 2020), Canada (Steenhof et
al., 2020), and Taiwan (Hsu et al., 2015). Chase and Klahr (2017), Weaver et al. (2018), and
Matlen and Klahr (2013) report on studies that were carried out in the USA. Five experiments
(Ashman et al., 2020; Chase and Klahr, 2017; Hsu et al., 2015; Matlen and Klahr, 2013;
Steenhof et al., 2020) examined delayed learning effects. In the other studies, assessment of
students’ learning was undertaken within one hour of the tuition, so the learning outcome is

measured by an immediate testing score.

The conclusion about the first-tier effects of guidance timing is still inconclusive, according to
findings in Figure 2.7. Hsu et al. (2015), Chase and Klahr (2017), Loibl et al. (2020), and
Ashman et al. (2020) found evidence in line with the proposition of traditional CLT that late
guidance may have detrimental effects on learning. The results of all those studies, except for
Loibl et al. (2020), are robust to tests delayed by 6 to 14 days. One subgroup in O. Chen et al.
(2020) demonstrates the positive effect of late guidance, suggesting the productive side of failure
dominates when the element interactivity is low. The positive effect of late guidance is also
found in the studies of Kapur (2014), Weaver et al. (2018), and Steenhof et al. (2020).

Matlen and Klahr (2013), which also examined the effects of guidance timing, is not included in
Figure 2.7 because it does not disclose the mean and standard errors for each subgroup.
However, this USA-based experiment showed that the sequence of guidance did not affect the
learning performance. Using the Australian experimental environment, Likourezos and Kalyuga
(2017) also concluded that the different learning paths lead to a similar learning outcome. A
meta-analysis by Sinha and Kapur (2021) found although late guidance has no significant
benefits for learning procedural knowledge, it is more helpful for learning conceptual

knowledge. The findings of Matlen and Klahr (2013), Likourezos and Kalyuga (2017), and Sinha
and Kapur (2021), together with findings in Figure 2.7, render the general effect of late guidance

still inconclusive.

For the two contextual factors of traditional CLT, the effects of learners’ prior knowledge are not

consistent in extant studies. Hsu et al. (2015) showed that the negative impacts of late guidance
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cease for the more knowledgeable students, which were grade 11 and 12 students in their
experiment, compared to the less knowledgeable group of grade 10 students. However, the
experiment conducted by O. Chen et al. (2020) in Indonesia shows that the gap between late and
early guidance is widened for less knowledgeable students. O. Chen et al. (2020)’s findings
oppose the hypothesis of traditional CLT in terms of learners’ prior knowledge. On the other
hand, the increased learning task complexity enhanced the advantage of early guidance in the
experiments of Ashman et al. (2020), O. Chen et al. (2020), and O. Chen et al. (2021). It is worth
noting that learning task complexity is not equal to task difficulty; O. Chen et al. (2017)
distinguished the two concepts. The extant research usually uses element interactivity as the

proxy for learning task complexity.

Despite prior knowledge and task complexity, PBL advocates also suggest that the knowledge
type matters for the efficacy of late guidance. From their viewpoint, early guidance mainly helps
learners to acquire basic knowledge. For knowledge that needs conceptual change (Kapur, 2016)
or transfer (Loibl et al., 2017), late guidance is believed to result in more productive learning
outcomes. Kapur (2016) even claimed that for conceptual change knowledge, early guidance
leads to unproductive success. Chase and Klahr (2017) similarly suggested that the effectiveness
of guidance timing is contingent on what kind of knowledge is taught. In addition to knowledge
type, Holmes et al. (2014) argued that the subsequent scaffolding is a critical determinant of
whether the initial failure is productive or not. There is no evidence indicating that cultural

factors play a role in the efficacy of guidance sequence, due to the lack of cross-country studies.

2.3.3 The efficacy of small-group collaborative learning

Traditional CLT did not bring in the proposition for collaborative learning since it considers the
learning as an individual task (Sweller et al., 2011) As discussed in Section 2.2.4, CCLT extends
the single cognitive system to a network of cognitive systems. While collaborative learning in
groups can enhance working memory by sharing cognitive resources, it also creates additional
extraneous load due to communication among group members. Consequently, determining the
efficacy of collaborative learning by CCLT is not straightforward, and there is no single optimal
solution. Instead, the effectiveness of small-group collaborative learning depends on the trade-off

between its benefits and costs, which is affected by contextual factors. In particular, CCLT
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suggests two new contextual factors: prior collaborative experience and information distribution

among group members (Kirschner et al., 2018).

Social constructivists have a similar proposition that the efficacy of small-group collaborative
learning depends on contextual factors. They implicitly assume that small-group collaborative
learning can provide a positive effect and they enumerate more contextual factors such as
autonomy, group climate, and culture (Fonteijn and Dolmans, 2019; Gillies, 2016; Slavin, 2014).
Culture could be an important contextual factor influencing the efficacy of small-group
collaborative learning. Nyumba et al. (2018) argued that in a culture discouraging verbal
conversation, the effects of group discussion are reduced. Robinson et al. (2015) suggested that
the PBL group is less effective for groups with diverse cultures. Asian culture is also regarded as
not encouraging direct and open communication (Choon-Eng Gwee, 2008). Accordingly,
collaborative learning is less effective in Nepal (Holen et al., 2015), India (Nanda and
Manjunatha, 2013), and Japan (Imafuku et al., 2014).

The first-tier efficacy of collaborative learning is mixed. Although experimental results such as
those of Zambrano et al. (2019b) indicate overall positive effects of group learning, the
experiment by Weaver et al. (2018) found that collaborative learning does not contribute to
students’ learning compared to individual learning. The findings from association analyses
suggest that collaborative learning, at least in certain circumstances, has negative impacts. For
example, there is one item in the PISA 2006 database named “There is a class debate or
discussion.” A negative association between class debate/discussion and learning outcome has
been found (Lavonen and Laaksonen, 2009). Although the group size of class debate is not
known and may exceed the upper boundary suggested by PBL practitioners, this finding at least
provides evidence that collaborative learning could be associated with worse learning outcomes
in certain situations. In Zambrano et al. (2019b), the knowledgeable individual learner has an
even better score in the delayed test, contrary to the decaying effect in other experiments. It
would be interesting to explore the underlying mechanism if it is not driven by design biases.
Zambrano et al. (2019b) also showed that less knowledgeable learners, who achieve worse
learning performance, have lower cognitive loads. This finding is also in conflict with the

propositions of traditional CLT.
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The results about the second-tier efficacy of collaborative learning are congruent with CCLT.
The experimental evidence first suggests that the original two contextual factors of traditional
CLT still influence the efficacy of group learning. Zambrano et al. (2019b) conducted randomly-
controlled experiments in Ecuador. They partitioned the students into four subgroups by
collaborative learning and prior knowledge. Their findings showed that collaborative learning is
more useful when the learners are less knowledgeable. Several recent experimental studies
support the arguments of CCLT about the efficacy of small-group collaborative learning.
Zambrano et al. (2019a) found that if the group members’ prior knowledge is distributed
unequally, the learning is more efficient. Zambrano et al. (2019a) also documented the positive
effect of the learners’ prior collaborative experience, which is different from learners’ prior
knowledge. In summary, the two new contextual factors suggested by CCLT are both supported
by Zambrano et al. (2019a).

2.3.4 The synergistic efficacy of PBL

It can be argued that the PBL approach is synergistic, which means the PBL as a whole
contributes more than the sum of its three dimensions. But, unfortunately, neither the supporters
nor the opponents of PBL have developed a theoretical basis for the synergistic effect of PBL.
As mentioned in Section 2.1, when PBL advocates define the standard procedure, they combine
all the elements together. The group discussion should revolve around the problem before the
instruction is given. Therefore, all the key elements or dimensions of PBL should be the

necessary conditions for an effective PBL approach, suggesting a positive synergistic effect.

Ideally, the synergistic effect can be tested by comparing the PBL’s overall effects and the sum
of the effects of its elements. But it is difficult to find a reasonable way to sum the amounts of
the individual effect; a discussion about the relationship between testing scores and learning
output is required. Alternatively, the synergistic effect can be indirectly rejected by the
interactive experimental design. For example, if we observe that all the individual elements can
improve the learning outcome, but with the same experimental environment the overall PBL
method does not contribute to better performance than the sum of the individual elements, we
can reject the null hypothesis of positive synergistic efficacy. Matlen and Klahr (2013) did much
what | described above, except that they only tested the interactive effects between less guidance

and late guidance. Matlen and Klahr (2013)’s findings show the subgroup with both less
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guidance and late guidance ended up with the worst learning outcome. Therefore, the results of
Matlen and Klahr (2013) can be regarded as evidence opposing the existence of the positive

synergistic efficacy of PBL.

There is another way to draw implications from the extant literature about the synergistic
efficacy of the PBL approach. Given the inclusive first-tier effects of less guidance (see Section
2.3.1), late guidance (see Section 2.3.2), and collaborative thinking (see Section 2.3.3), if the
experimental evidence is generally more favorable for PBL advocates, we can attribute that to a
positive synergistic efficacy. Several meta-analyses of PBL efficacy, such as Dagyar and
Demirel (2015), Wijnia et al. (2017), Merritt et al. (2017), Juandi and Tamur (2021), and X. Gao
et al. (2022), concur with such a hypothesis.

However, most studies using PBL as treatment are not empirically qualified as reliable evidence.
An earlier review by Minner et al. (2010) (Table 3, p. 485) found that 78% of the studies about
student-centered learning method do not have a meaningful control group. I reviewed more
recent studies and found the empirical problems remain. For example, Penjvini and Shahsawari
(2013) and Westhues et al. (2014) both claimed they randomly assigned students into PBL and
control groups, but the students’ pretest scores differed significantly across the two subgroups.
The empirical caveats of Penjvini and Shahsawari (2013) and Westhues et al. (2014) suggest the
positive overall effect of PBL could be attributed to inherent differences instead of PBL. Even if
the students are randomly assigned, as in Kazemi and Ghoraishi (2012), Ajai et al. (2013), and
Imanieh et al. (2014), their teachers for the PBL and control groups are not randomly assigned.
Some before-after studies like study 2 of Barth et al. (2019) even have no control group. Using
the overall PBL method as the treatment variable encounters empirical challenges due to its

intrinsic characteristics; Section 2.4 provides more detailed discussions about this issue.

Removing studies with empirical problems, there are few PBL studies left. Their results,
furthermore, cannot reject the null hypothesis of negative or zero synergistic efficacy of PBL. De
Witte and Rogge (2016) is one PBL-efficacy study with rigorous empirical design. The results of
its experiment based on secondary students in Belgium, however, suggest that the traditional
teaching method leads to a significantly better learning outcome than PBL. Therefore, the current

findings about the overall PBL effect do not provide a more encouraging conclusion than the
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sum of the individual PBL elements. Thus, it is difficult to infer positive synergistic PBL

efficacy from the existing literature.

2.3.5 Summary of Section 2.3

This section reviews the theoretical propositions and empirical evidence of PBL efficacy. For the
first-tier effect of PBL elements, the current empirical evidence is still mixed. In contrast to the
traditional CLT interpretation (L. Zhang et al., 2022), the present thesis suggests inferring the
evidence based on a commonly accepted definition. Therefore, worked examples should be
considered as one kind of scaffolding. The general negative relationship between guidance
quantity and learning outcome cannot be inferred as strong evidence against PBL. Rather, the
observed inverted U-shaped relationship in several studies can support the proposition of PBL

advocates. The general effect of guidance timing and collaborative thinking is also inconclusive.

The large-sample-based association studies demonstrate a tremendous variance in learning
patterns and PBL element efficacy across countries, especially between east Asian and western
countries. The current experimental studies about guidance quantity mainly focus on the USA
and pay less attention to the rest of the world. The pattern of fewer empirical studies in other
countries found in the present literature review is in line with the call by Hung, Dolmans, et al.
(2019) that more studies “from non-western cultural contexts are needed to expand the spectrum
of PBL literature” (p. 952).

For the second-tier or contextual effect of PBL elements, the existing results are more favorable
to modified CLTs. Both learners’ prior knowledge and learning task complexity determine the
efficacy of PBL elements. However, the observed reversal effect is in line with ICLT instead of
traditional CLT. The extant empirical evidence also shows that the information distribution
density among group members can affect the learning performance of collaborating thinking,
congruent with the proposition of CCLT. Although the framework of modified CLTs allows for
more contextual factors, the current empirical studies about contextual factors of PBL effects are

still confined within the territory of traditional CLT. More contextual factors should be tested.

This section also discusses the potential synergistic efficacy of PBL, which is an issue less
covered by both PBL advocates and opponents. Due to prevalent empirical pitfalls in

experiments investigating the overall PBL effect, it is difficult to draw meaningful implications
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about the synergistic efficacy of PBL. A rigorous empirical design mitigating those pitfalls is

thus needed.

2.4  The pitfalls of the empirical strategies used by PBL-related research

The divergent theoretical propositions call for empirical work to test them. However, pitfalls are
prevalent in PBL’s empirical studies. Minner et al. (2010) surveyed the research methodology
for the topic of inquiry-based science learning from 1984 to 2002. Among the 138 studies they
reviewed, only 30 were designed to the experimental standard (a term used by Minner et al. to
refer to a benchmark or reference point used to assess the accuracy or effectiveness of an
experiment). A more recent review by L. Zhang et al. (2022) asserted that empirically dubious
studies persist in the field of examining PBL efficacy, and so mislead policymakers. L. Zhang et
al. (2022) claimed that “It is obvious that selecting a different category of research will result in
different implications for educational practice” (p. 1170). Correctly assessing empirical quality is
not only helpful for understanding of current empirical evidence related to PBL but also

necessary for formulating the research design of the present thesis in Chapter 4.

This section explores those empirical pitfalls by research methodological category. Particularly,
Section 2.4.1 refers to the problem of the pre-post non-experimental comparison without a
control group, Section 2.4.2 evaluates the technical challenges in large-sample-based association

PBL studies, and Section 2.4.3 discusses the common issues in PBL’s experimental design.

2.4.1 The pre-post non-experimental test

The first category of PBL research, which compares the learning outcome before and after the
implementation of the PBL approach, can be labeled as a pre-post non-experimental test. The
term non-experimental means that there is no control group of students receiving the traditional
instructions. The change measured by the pre-post design includes not only PBL’s efficacy but
also other confounding effects, such as increases in learning time, the pivot of learning attitude,
the change in teacher engagement, and even students’ accumulative knowledge acquisition (L.
Zhang et al., 2022). Along with time, students may improve without any external instructions, or
the students’ learning performance could improve even more with traditional teaching.
Therefore, it is difficult to infer the empirical results from the pre-post non-experimental test

without excluding those confounding factors.
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Non-experimental pre-post test studies are typically published in an earlier period when the PBL
pilot program is initially launched. In the period reviewed by Minner et al. (2010), around 53%
of studies have no control group. Even if those tests show the learning outcome has been
improved, it could be attributed to other time-varying confounding factors.

Although fewer publications now use the pre-post non-experimental test design compared to the
era of Minner et al. (2010), they can still be found in recent years. For example, study 2 of Barth
et al. (2019) compared the knowledge scores of Education-Master-program students in a German
university before and after a change in teaching method. Frederiksen (2018) is another example
of the pre-post non-experimental test which investigated the effects of the PBL approach on a
discourse teaching program. Two Indonesia-based experiments of Simamora et al. (2017) and
Khoiriyah and Husamah (2018), which examined the mathematical problem-solving skills of
only one group of students with PBL, are also pre-post non-experimental tests. The individual
results of pre-post non-experimental tests have limited empirical value in the ongoing debates
about PBL efficacy. However, when these results are combined and analyzed through a meta-
analysis, they may have greater empirical value. This is because the biases due to unobserved
confounding factors that may be present in individual studies could potentially be offset when

the findings are combined and analyzed in a meta-analysis.

2.4.2 Large-sample-based association analyses

In Section 2.3.1.1, I mentioned the large-sample-based association analyses. Those are regression
analyses using variables from PISA or TIMSS databases. The independent variable is the
qualitative teaching activity measure derived from questionnaires to students or teachers. The
dependent variable is the scientific literacy score from the standard assessment of PISA and
TIMSS. The regressions are usually at the student level. So, most of these regression analyses
used the hierarchical linear modeling technique because students are clustered within the
classroom, school, and country. A few studies of this category employed GLS (generalized least
squares) analysis for sample survey data (Lavonen and Laaksonen, 2009). Some studies (S. Gao
etal., 2018; Hwang et al., 2018; Kang and Keinonen, 2018; Oliver et al., 2021; Teig et al., 2018)
use normal OLS (ordinary least squares) studies, which may be subject to heteroskedasticity
issue (Wooldridge, 2010).
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Compared to small-sample-based experimental tests, the findings from the large-sample-based
association analyses have less bias due to specific samples. The public objective data of PISA or
TIMSS are also less likely to be manipulated. The large-sample feature allows regressions to
control for more confounding variables because of the mass degree of freedom in statistics
compared to small-sampled experiments. However, large-sample-based association analyses

suffer from several empirical pitfalls.

The first pitfall of large-sample-based association analyses is the difficulty of inferring causality.
Unlike pseudo-experimental or experimental designs, association or correlational tests cannot
realistically produce causality inference. The structure of PISA or TIMSS is clustered cross-
sectional data. We cannot examine the change of both independent and dependent variables over
time. All we derive from the regression is the static association between guidance quantity and

students’ learning performance.

The reversed causality could lead to contrary inference for the negative association. Students
who do not learn well can improve more from the PBL approach. A competing explanation can
be supported by certain results in the association analyses. For example, in Forbes et al. (2020)’s
association analysis based on 13 countries, all the teaching activities including the two teacher-
directed items (ST098QO6TA and ST098QO09TA in PISA 2015, see detailed explanation in
Appendix 3) are negatively associated with the learning outcome. The reversed causality from
learning performance to teaching practice makes more sense here, otherwise, we should conclude

that any form of teaching activity deters students’ learning.

The second pitfall is that both PISA and TIMSS provide limited fixed variables, narrowing the
scope and depth of any analysis. As mentioned in Section 2.3.2, the efficacy of guidance
sequence cannot be examined with PISA or TIMSS data. Furthermore, with large-sample-based
association analyses, we cannot check the mediation effect of cognitive load during different
learning phases, which is a powerful mechanism to distinguish the propositions of traditional
CLT and social constructivism. The lack of a flexible experimental environment is the

disadvantage of the large-sample-based association analyses.

The third pitfall is that the measure of instruction practice is subjective, as perceived by students

or teachers. As shown in Appendix 3, PISA and TIMSS databases collect the scaled answers
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from students and teachers from a questionnaire about instructional practice in the classroom.
Students or teachers choose from 1 to 4 to indicate the frequency of each instruction-related item.
Previous studies have noticed the potential discrepancy between the perceived data and the
actual teaching practice. For instance, Liou (2021) argued that “the students’ perceived higher
frequency of teacher-directed instructional practices did not represent that the learning contexts
are less autonomous” (p. 328). Students who had previously experienced more PBL approaches
could be more likely to perceive a higher frequency of instruction in the present classroom. Thus,

their better learning performance might reflect the lasting effects of their previous PBL.

The last but not least pitfall is that there is no standard way to construct guidance quantity from
PISA or TIMSS data. PISA and TIMSS are both a series of data, updating the item definitions
yearly. Liou (2021) claimed that there are fewer TIMSS-based studies than PISA-based ones.
TIMSS has no official measure of inquiry-based learning; scholars choose items according to
their research purpose. Liou (2021) suggested that TIMSS-based studies are more flexible in
constructing teaching-practice measures. For example, using TIMSS data, Kaya and Rice (2010)
selected five activities as proxies for less guidance, while L. Zhang and Li (2019) choose only

three.

The 2006 version of PISA is similar to TIMSS. OECD (2009) identified 17 items related to
teaching practice in the classroom. Scholars have selected certain items among the 17 to
construct their measure as a proxy for guidance quantity. | surveyed the studies based on PISA
2006 and listed which items they chose in Table 2.3. The detailed explanation of the PISA Item
Code in the table can be found in Appendix 3.

Table 2.3: The PISA2006 items chosen by studies

PISA Cairns and Jiang and Kang and
Areepattama - McConney et Lavonen and -
Item nnil (2012) Areepattamannil al. (2014) Laaksonen (2009) McComas Keinonen
Code (2019) ' (2015) (2018)
SCINTA
cT v
ST34Q01 v v
ST34Q05
ST34Q09
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Ttlsn'? Areepattama Are(;airns and . McConney et Lavonen and Jiang and Ka_ng and
nnil (2012) pattamannil al.(2014)  Laaksonen (2009) ~ McComas Keinonen
Code (2019) (2015) (2018)
ST34Q13
SCDHSAN v
ST34Q02 v
ST34Q03 v v v v v
ST34Q06 v v v v
ST34Q14 N
SCISNFVE v
ST34Q08 v v v v v
ST34Q11 v v v v v
ST34Q16 v v v v v
SCA;PPL v
ST34Q07
ST34Q12
ST34Q15
ST34Q17

Source: Compiled by author

Table 2.3 indicates that there is no standard way of constructing a measure of less guidance in
learning. In particular, Kang and Keinonen (2018) creates the measure using CFA. The results of
the association analyses are affected by the choice of those items. Including items SCINTACT
(composite index of Q01, Q05, Q09, and Q13) and SCAPPLY (composite index of Q07, Q12,
Q15, and Q17) contributes to a positive relation between less guidance and scientific
achievement (Areepattamannil, 2012). However, for studies (Cairns and Areepattamannil, 2019;
Lavonen and Laaksonen, 2009; McConney et al., 2014) constructing the independent variable
only using items SCHANDS and SCINVEST or their sub-items, the associations between less

guidance and scientific achievement are more likely to be negative.
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In the 2015 version of PISA, an official measure of inquiry-based teaching is provided. OECD
(2017) defined a special item named IBTEACH to represent a teaching method with less
guidance. The item named TDTEACH represents a teaching method with more explicit
guidance. However, the official measure of PISA 2015 has been challenged by some scholars,
with Jerrim et al. (2020) and Liou (2021) arguing that two sub-items of IBTEACH are not
relevant to less guidance instruction and therefore excluding them from their analysis. | surveyed
the studies based on PISA 2015 and listed which items they chose in Table 2.4. In particular, Lau
and Lam (2017) and Aditomo and Klieme (2020) create their measures using CFA. (The detailed
explanation of the PISA Item Code in the table can again be found in Appendix 3.)

Table 2.4: The PISA2015 items chosen by studies

PISA Item  Jerrimetal. Liou Forbes et al. Aditomo and Oliveretal. LauandLam Hwangetal.
Code (2020) (2021) (2020) Klieme (2020) (2021) (2017) (2018)

IBTEACH v
ST098Q01

TA v v v v v
ST098Q02

TA v v v v v
ST098Q03

NA v v v v v v
ST098Q05

TA v v v v v
ST098Q06

TA v v v
ST098Q07

TA v v v v v v
ST098Q08

NA v v v v v v
ST098Q09

TA v v v
ST098Q10

NA v v v v
TDTEACH v v
ST103Q01

NA v v
ST103Q03 v

NA

60



PISA Item  Jerrimetal. Liou Forbes et al. Aditomo and Oliveretal. LauandLam Hwangetal.

Code (2020) (2021) (2020) Klieme (2020) (2021) (2017) (2018)
ST103Q08
NA v v
ST103Q11
NA v v

Source: Compiled by author

In summary, although PISA and TIMSS are standardized databases, there still exists room for
scholars to choose the items to construct their variable of interest. Prior empirical findings
suggest that the choice of items matters for the relationship found between less guidance and
learning performance. The non-standard measure issue, together with the possible biases from
students’ perceptions and ambiguous causality, add to the empirical pitfalls of large-sample-

based association analyses.

2.4.3 Experimental and pseudo-experimental tests

The best way conducive to causality inference is by designing an experimental or pseudo-
experimental test. However, the experimental feature means an environment where only one
factor of interest is changed and all other confounding factors should be statistically the same
between treatment and control groups. Such an experimental environment necessitates delicate
designs including randomized grouping and well-defined treatment factors. For experiments
about PBL efficacy, violations of these principles are prevalent. Table 2.5 summarizes

experiments with PBL as the treatment factor in recent years.*3

Table 2.5: Empirical design issues in PBL experimental tests

Identical :
Study Duration .Randomly _Randomly learning PBL procedure is Ef_fect
assigned students  assigned teacher material stated clearly size
De Witte and less than
Rogge (2016) 1 hour Yes Yes Yes Yes -2.26

131 searched the keyword “Problem-based learning” on ScienceDirect, JSTOR, and Google scholar databases. I also
refer to the reference lists of review or meta-analysis studies including Merritt et al. (2017), Juandi and Tamur
(2021), and X. Gao et al. (2022). | first stripped the studies without a control group. The experiments not comparing
PBL and traditional lecturing methods are also excluded. This process ends up with 12 studies. There could be still
experimental studies missed by this list. However, the papers in Table 2.5 should be more than representative of the
recent experimental studies with PBL as a treatment variable.
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Identical

Randomly Randomly PBL procedure is Effect

Study Duration assigned students  assigned teacher 'eam'f‘g stated clearly size
material
Kazemi and
Ghoraishi (2012) 3 months Yes No No Yes 0.13
Ajai et al. (2013) 4 weeks Yes No No No 2.58
Imanieh et al. 4 months Yes No No Yes 1.43
(2014) '
Penjvini and
Shahsawari (2013) 9 days No No No Yes 0.93
Westhues et al.
(2014) 2 years No No No Yes -0.61
Hendarweati et al. 1
(2021) semester Yes No Yes No 5.30
Firdaus and
Herman (2017) 2 years No No No No n/a
Aidoo et al. (2016) 3 months Yes No No No 1.96
Argaw et al. (2016) 1 week No No No No 0.74
Hendriana et al.
(2018) 1 week No No No No 0.77
Amalia et al.
(2017) 1 month No No No Yes 2.09

Source: Compiled by author

Table 2.5 states the duration, randomization procedure, treatment definition, and effect size
(Cohen’s d) of the relevant experimental studies. Randomized grouping is the first conundrum
when designing experimental tests. Randomized grouping ensures that the students of treatment
and control groups come from the same population so that any inherent differences can
statistically be eliminated. Not all scholars correctly understand the concept of randomized
grouping. For example, in two studies (Penjvini and Shahsawari, 2013; Westhues et al., 2014)
which claimed that students are randomly assigned into PBL and control groups, significant
differences can be observed in the mean value of their pretest scores. It should be noticed that
even if there are no significant differences in pretest scores across PBL and control groups, this
does not necessarily mean that they are randomized grouping. If students voluntarily joined the
PBL program, as is the case in Westhues et al. (2014), they are different from non-PBL students

in a way that may well be relevant, even if there is no difference in pretest scores.
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The second challenge is the measurement of PBL. Section 2.1 of the present thesis demonstrated
how flexible the PBL procedure can be. So, it is critical to clearly identify the PBL procedure
used in the experiment. Half of the studies in Table 2.5 do not state the PBL procedure for the
treatment group of their experiments. Even for those studies with an explanation of the PBL
process, the reader has only a vague idea of it. For instance, Westhues et al. (2014) said the
instructors received training in MacMaster, so we know that their PBL procedure belongs to the
MacMaster camp but not more details. Without specific information on how much guidance is
provided by the instructor, when the guidance is involved, and how many learners form each
discussion group, the methods cannot be replicated by subsequent researchers. This challenge
also indicates the advantage of breaking down PBL into individual elements in experiments, an

empirical strategy which was suggested by Furtak et al. (2012).

It is also imperative to isolate the PBL treatment from other confounding factors. The two most
common confounding factors are the teacher and the learning materials. In Table 2.5, most
studies did not make sure that the teachers and learning materials are statistically identical
between the treatment and control groups. Thus, we cannot know whether the observed
difference in learning outcomes is driven by the PBL approach or the variances in teacher
capability and the sutability of the learning materials. Such an empirical challenge is exacerbated
by the fact that many PBL programs last for more than 1 week. In a two-year experiment like
Westhues et al. (2014) and Firdaus and Herman (2017), it is all but impossible to insulate the

experiment from confounding noises.

Not only PBL treatment but also the measurement of learning outcome faces empirical
challenges. Previous studies (Matlen and Klahr, 2013; Rittle-Johnson, 2006) showed that PBL or
its elements perform better in delayed testing than in immediate testing. Furthermore, PBL
serves better for more intended learning goals than acquiring factual knowledge, including

applying knowledge,'* transferring knowledge, and critical thinking.'> Some studies doubt

14 Moallem (2019) (p. 108) claimed that “Rather than emphasizing the acquisition of knowledge and skills, PBL
offers opportunities for students to apply knowledge and skills in the real world or an authentic context.”

15 Dabbagh (2019) (p. 153) stated that “PBL fosters the development of critical thinking skills such as problem-
solving, analytic thinking, decision making, reasoning, argumentation, interpretation, synthesis, evaluation,
collaboration, effective communication, and self-directed learning.”
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whether a testing score encompasses all the value of inquiry-based learning. Liou (2021)
documented that although inquiry-based learning has negative direct effects on learning
outcome, its overall effects are positive and greater than for direct instruction because of the
indirect effect through learners’ enjoyment and self-efficacy toward science. Rehmat and Hartley
(2020) and Seibert (2021) argue that PBL can foster learners’ critical thinking.

The last challenge of the empirical strategy is about the mediating mechanism, particularly
cognitive load. As the discussions in Sections 2.2 and 2.3 indicate, it is likely that the empirical
results based purely on learning outcomes cannot distinguish between certain different
propositions. Including the mediation factor, cognitive load, into the empirical design can help
since it is where traditional CLT postulates differently from social constructivism and modified
CLTs. The potential drawback of cognitive load, that it can be only measured by subjective
questionnaires, may hinder most PBL research from examining it. However, its value in
distinguishing between competing theories has encouraged several studies (Kyun et al., 2013;
Matlen and Klahr, 2013; Schmeck et al., 2015) to investigate its importance.

2.4.4 Summary of Section 2.4

This section reviews three categories of empirical strategies in PBL-related studies. Among these
three categories, the pre-post non-experimental tests provide the least empirical value to the
ongoing PBL-efficacy debates. Without a control group, it is difficult to exclude confounding
factors from the findings of such tests. The second category of empirical strategy, large-sample-
based association analyses, although having advantages such as fewer sample biases, data
objectivity, and greater statistical power, still suffers from pitfalls including ambiguous causality

inference and problems in its perception-induced measures.

Experimental or pseudo-experimental tests are the third category of empirical strategy reviewed
in the current section. But such tests required careful controlling for any confounding factors
through randomized grouping, clearly identified treatment factors, and strict control of
confounding factors. The measurements of PBL and learning outcomes are also vital empirical
issues in experimental design. The extant literature suggests the benefit of disaggregating PBL
into single-factor elements and evaluating long-term learning outcomes. Testing the mediation
effect of cognitive load is also recommended for distinguishing the underlying theoretical

propositions. The discussions in the current section navigate the research design in Chapter 4.
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2.5 Educational environment and PBL in China

The previous cross-country association analyses (see Section 2.3.1.1) indicate that the cultural
factor could be an influential missing variable in learning outcomes; Choon-Eng Gwee (2008)
and Frambach et al. (2012) argued that PBL efficacy varies across cultural contexts. The present
thesis responds to the suggestion of Hung, Dolmans, et al. (2019) and investigates PBL efficacy
in the context of non-western culture. Therefore, the current section briefly reviews the
educational environment and PBL in China, especially for China’s primary and secondary

education, investigated by the present thesis.

2.5.1 China’s top-down pedagogical reform since the 2000s

Before 2000, China’s primary and secondary education was didactic and teacher-centered with
the only purpose being to transfer standard knowledge to students (Paine, 1992). Officially,
China’s educational administration has launched a top-down pedagogical reform since the 2000s
(Education, 2001, 2002, 2011). Such top-down pedagogical reform was aimed at improving
teaching quality in China’s primary and secondary classrooms. Influenced by the global trend of
pedagogical method, China’s new curriculum standards were pivoting toward a more student-
centered and hands-off teaching approach which is in line with PBL principles (S. Gao et al.,
2018; Guan and Meng, 2007; Ryan et al., 2009).

Although cases from other countries showed that top-down pedagogical reform may not be
effective because of cultural factors (Du and Chaaban, 2020; Schweisfurth, 2013), some
evidence suggests that China’s reform achieve its desired effects. OECD (2011), using Shanghai
as an exemplar, claimed that China’s pedagogical reform “calls for an increase in the time
allocated to student activities in classes relative to teachers’ lecturing. This has caused a
fundamental change in the perception of a good class, which was once typified by good teaching,
with well-designed presentations by the teachers” (p. 34). Tan (2012) and Tan (2016) argued that
the pedagogical reform in China has transformed school teaching practice into a model which is
more student-centered and conducive to critical thinking. Sargent (2015) stated that despite the
initially pessimistic attitude held by teachers, they eventually accepted the new pedagogical
method by observing the positive effects. S. Gao et al. (2018) followed the TIMSS data standard

to conduct association analyses for China’s Inner Mongolia area and found that the hybrid
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approach of lecture-based and inquiry-based learning methods is related to the best learning

performance.

However, another group of researchers doubts whether the top-down pedagogical reform in
China has really altered teaching methods in actuality. Dello-lacovo (2009) criticizes that the
reform brought about negligible changes in nationwide pedagogical practice, due to the conflict
between the student-centered teaching method and China’s examination-orientation system.
Based on case studies of two chemistry classrooms in China, S. Gao and Wang (2014) concluded
that Chinese teachers were reluctant to adopt the inquiry-based learning method promoted by
pedagogical reform. Wang and Buck (2015) also suggested that the most important goal of
teachers in China’s primary and secondary schools is to prepare students to pass exams. Mostafa
et al. (2018) ranked the index of implication frequency of inquiry-based science teaching
methods in 56 OECD countries and found China with the sixth lowest score (p. 20, Figure 3.1).
You (2019) attributed the difficulty of pushing top-down pedagogical reform in China to China’s
traditional educational system which is not in favor of the student-centered or PBL approach.

The following section explores the historical roots for this in China’s educational environment.

2.5.2 From Keju to Gaokao, China’s historical root of the anti-PBL educational system

Ancient China has been well known for one meritocratic institution — the imperial examinations
also named Keju — which was initially established in the late 6th century to screen and select
civil servants for the government (Russell and Linsky, 2020). T. Chen et al. (2020) summarized
three features of Keju: openness, an absence of corruption, and extreme competitiveness

(p. 2035). Passing the Keju examinations meant immediate access to the higher strata of Chinese
society and a significant increase in a person’s economic and political status. Keju is therefore
regarded as a way to foster social mobility and bolster the meritocratic political regime of ancient

China (Stasavage, 2020). Education in ancient China was therefore Keju-exam-oriented.

Due to a series of defeats in foreign wars, the Qing Empire abolished the Keju system at the
beginning of the 20th century (Bali, 2019). After that, China went through decades of war and
turmoil until the founding of communist China. During the Mao era, the rules for social
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advancement in communist China leaned significantly towards the ‘Red’ classes.'® But as
communist China opened up and downplayed the role of ideology in social institutions after
1978, China began to revert to its historical root of a meritocratic social system (Vickers and
Xiaodong, 2017). A standardized college entrance examination, also named Gaokao, is one of
the important mechanisms that inherited the characteristics of Keju and support a modern

meritocratic social system in China (Liu, 2016).

Although Gaokao is not a civil service examination, it is comparable to Keju in terms of fairness
and the importance of determining social class promotion. Like Keju, Gaokao strictly follows the
anonymous marking rule and there is severe punishment for examination fraud. By participating
in Gaokao, students compete for affordable but ranked tertiary educational resources'’ which
largely determine their likelihood of becoming civil servants or employees in large state-owned
enterprises after graduation; both are lucrative careers in China where the government heavily
intervenes in the economy (Liu, 2013). To ascend to a higher social class, one of the main
purposes of Chinese students’ primary and secondary education has been to achieve better grades
in Gaokao. In another word, China’s modern primary and secondary education is Gaokao-exam-

oriented.

Gaokao-exam-oriented primary and secondary education reduces the demands for learning
higher-order knowledge such as knowledge application in reality. It is difficult to objectively
evaluate the ability to apply knowledge in standardized tests such as Gaokao. An examination
with standardized answers is also incompatible with social constructivism’s tendency to allow
for more individual innovation (You, 2019). Gaokao’s function of encouraging social mobility
allows it to sacrifice examining higher-order knowledge for fairness. The testing content of

Gaokao, similar to Keju, focuses on a narrower range of basic knowledge (Muthanna and Sang,

16 ‘Red’ classes are referred to as workers, peasants, and those from the political elite family who joined the
communist party or army before 1949 (Li and Walder, 2001).

17 public universities are ranked in four tiers according to the educational resources they receive. Tier one is the
“world-class” or Project-985 universities. Tier two is the top-100 or Project-211 universities. Tier three is
comprehensive universities. Tier four is vocational and technical institutions. Although the quality of education at
these public universities varies widely, they are all equally affordable to the majority population in China (Liu,
2013).
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2016). It magnifies the advantage of knowledge retention in primary and secondary education

and favors the traditional didactic teaching methods.

Besides the Gaokao-exam orientation system, other social factors may also make China’s
primary and secondary education less favorable to using PBL. For example, China’s lower-
value-added manufacturing economy used to demand a labor force with strict obedience rather
than innovation (Wei et al., 2017). Meanwhile, China’s strengthening autocratic regime is
cautious about uncontrolled independent thoughts and critical thinking (Deudney and Ikenberry,
2009; Xue, 2021). All these political and economic factors, together with China’s Gaokao-exam-
oriented primary and secondary education environment, could undermine the value of PBL and

hinder people to develop PBL-associated skills.

2.5.3 A tale of two educational paths in transitioning China

Besides the convention education path targeting Keju or Gaokao as the destination, there has
been another education path in transitioning China, which targets studying abroad. Investing in
education aiming to study abroad in developed countries used to be the dominant path in early
20th century China. Chinese students who graduated from universities in Europe and the United
States occupied prominent political, economic, military, and cultural positions in China at that
time. One student of the social constructivism forerunner John Dewey, Hu Shih, even led
China’s New Culture Movement (from the 1910s to 1920s) and reshaped the thoughts of the
whole Chinese society (Grange, 2004). The investment return from the new education path in

China was greater until the foundation of communist China.

The education path aiming to study abroad emerged again in China after its economic and
opening-up reform in 1978. Even though the overall cost of learning abroad, both financial and
non-financial, is much higher compared to the traditional Gaokao track, China has been the
largest resource of international students in the world (UNESCO, 2019). According to the
statistics of China’s Ministry of Education (Education, 2020), 703,500 Chinese students were
studying overseas in 2019, a 6.25% year-on-year growth. From 1978 to 2019, 6,560,600 Chinese
chose the education path of studying abroad. The destinations of studying abroad are mainly
Europe and US, which have, to a certain extent, implemented the PBL method for decades. The
fever of Chinese parents sending children to study abroad could be explained by the attractive
economic and social return (Cebolla-Boado et al., 2018; Y. Chen et al., 2021; Guo et al., 2019).

68



The two education paths in transitioning China result in different education demands (W. Zhang
and Bray, 2017). The second path targeting learning abroad requires more critical thinking and
innovative capability, which favors PBL. Those students who studied abroad after 1978 not only
learned knowledge but also learn knowledge with PBL methods. Therefore, their overseas
experiences changed their family-level cultural and educational concepts. The evidence from
Malaysia showed that students who have had a PBL-like learning experience before are more
likely to benefit from PBL (Jabarullah and Hussain, 2019). Similarly, the family-level cultural

variance in China could also affect the efficacy of PBL.

2.5.4 Summary of Section 2.5

Previous studies suggest that PBL efficacy varies across cultural contexts. In the context of
China, although there has been a top-down pedagogical reform toward PBL principles of
learning since the 2000s, the effects of the reform were doubted. Existing research argues that
the Gaokao-examination-oriented system inhibits the real implication of PBL principles in
primary and secondary schools in China. China’s Gaokao-oriented system can historically date
back to ancient China’s meritocratic institution named Keju. Due to Gaokao’s function of
encouraging social mobility, together with other social and economic factors in China, education
sacrifices the goal of teaching higher-order knowledge such as critical thinking and innovation.
However, another educational path of learning abroad exists in transitioning China, which is
more favorable to the PBL approach. The choice between the two education paths in Chinese
society thus contributes to the cultural variance at the family level, which in turn could affect the

PBL efficacy based on evidence from other countries.
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3  Research questions and hypotheses

With the review of previous studies on PBL in Chapter 2, two research gaps in this field have
emerged. First, there is relatively little research on the effectiveness of PBL in non-Western
cultural contexts. From a theoretical view, while traditional CLT does not propose a model
incorporating cultural factors, constructivism theory claims that cultural factors could influence
PBL’s impacts on learning outcomes (see Section 2.2). The competing theories offer divergent
predictions concerning the efficacy of PBL across different countries. From a practical
perspective, PBL is an increasingly popular pedagogical approach worldwide. The propriety of
disseminating the PBL approach globally requires validation through further experimental
evidence, especially in light of the opposing inference that can be drawn from existing PISA-
based association analysis (see Section 2.3). Thus, it is valuable — from both theoretical and

practical standpoints — to raise research questions about PBL in non-Western cultural contexts.

Second, there is a need for a deeper understanding of the contextual factors that may influence
the efficacy of PBL in general. Traditional CLT suggests that only two factors — students’ prior
knowledge and the complexity of learning tasks — will affect PBL efficacy, while
constructivism and modified CLTs predict that there may be additional factors (see Section 2.3).
Examining contextual factors outside the purview of traditional CLT can contribute to a more
nuanced understanding of the relative veracity of different underlying theories. Examination of
contextual factors can also provide educational practitioners with a more informed understanding

of when PBL may be more useful in practice.

The two research gaps identified above, which have also been emphasized as areas of inquiry by
systematic review studies such as Hung, Dolmans, et al. (2019), motivated the research questions
of the present thesis. In particular, Research Questions 1 and 2 were intended to address the first
gap by examining PBL in the non-western context of China. Research Questions 3 and 4 were
designed to narrow the second gap by exploring the impact of three additional contextual factors
in addition to those proposed by traditional CLT. The following sections of this chapter will

outline the formulation of these research questions and the proposed testable hypotheses.
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3.1 PBL efficacy in a non-Western country

PBL opponents, such as traditional CLT, typically do not anticipate variance in the effectiveness
of PBL across countries (Sweller et al., 2019; Sweller, 2020). According to the framework of
traditional CLT, as depicted in Figure 2.3, cognitive load is the sole influencing factor. To the
best of my knowledge, there is no research within the scope of traditional CLT or modified CLTs
that links the efficacy of PBL to cultural variations in short-term memory.*8 Therefore, we
cannot infer from the framework of traditional CLT or modified CLTs that PBL efficacy will
differ between Western and non-Western cultural contexts.

By contrast, constructivism theory places a strong emphasis on the role of social factors in the
learning process from its very foundations (Schmidt et al., 2019). According to constructivism
theory, knowledge must be situated within its proper context in order to be effectively conveyed.
Furthermore, the context in which learning is situated is not only the immediate environment of
the individual, but also the broader social-cultural context (Hung, Moallem, et al., 2019). PBL
advocates such as Jonassen and Hung (2015) also argue that PBL models should be tailored to
specific contexts, with the understanding that the same PBL approach may yield varying results
in different cultural environments. As there is a discrepancy between the predictions of CLT and
constructivism theory, conducting research on PBL efficacy in a non-Western cultural context
and comparing the results to findings from Western countries thus can thus help to expand our

understanding of PBL theory.

In practice, the adoption of PBL has been increasingly promoted by global educational
administration agencies and has been implemented in a variety of disciplines and countries
(Moallem, 2019). However, there is limited empirical evidence, with the exception of pilot
studies without randomized control groups, to support the increasing adoption of PBL globally
(L. Zhang et al., 2022). Association analyses of cross-country data (Aditomo and Klieme, 2020;
e.g., Cairns and Areepattamannil, 2019; Forbes et al., 2020) have demonstrated significant

variations in the pattern of guidance efficacy across countries, which suggests the potential for

18 While there have been psychology studies (e.g., Alloway et al., 2017) examining the potential for variance in
working memory capability across countries, these have not specifically addressed the relationship between cultural
variations in short-term memory and PBL efficacy.
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variations in the efficacy of PBL across different cultural environments, particularly between
Western and non-Western countries. Nevertheless, the inherent shortcomings of association
analysis techniques mean that they cannot fully substitute for the role of randomized controlled
experimental research (see Section 2.4.2). Thus, it is important to provide experimental

justification for the effectiveness of PBL in non-Western countries.

3.1.1 Formulation of RQ1 and RQ2

To formulate detailed research questions about the efficacy of PBL in a non-Western cultural
context, | have chosen China as the specific research environment. China, with its unique social
norms and the largest population!® among non-Western countries, has a distinctive educational
system that may have historically hindered the adoption of PBL (see Section 2.5.2). In the past
two decades, the Chinese educational administration has implemented a top-down pedagogical
reform that aligns with the principles of PBL by promoting a more student-centered and hands-
off teaching approach (see Section 2.5.1). However, the effectiveness of this reform has been
questioned. Specifying the research context within China can contribute to the growing but still
insufficient research on PBL (S. Gao et al., 2018; e.g. Guan and Meng, 2007; Ryan et al., 2009)
in this country.

An additional aspect to consider in formulating detailed research questions about the efficacy of
PBL in a non-Western cultural context is selecting the appropriate education discipline. The
education discipline, similar to the country, is a factor that constructivism theory posits as
potentially impacting the efficacy of PBL, but which traditional CLT contends is
inconsequential. Constructivist perspectives on education differentiate between disciplines that
are ‘well-structured,” such as mathematics, and those that are ‘ill-structured,’ such as literature,
and argue that no single PBL approach is suitable for all disciplines (Jonassen and Hung, 2015;
Moallem, 2019). On the other hand, traditional CLT classifies knowledge into primary and
secondary biological categories, and does not believe that the discipline of study affects the
ineffectiveness of PBL (Sweller et al., 2019; Sweller, 2021). In recent years, the disciplines of
science, technology, engineering, and mathematics (STEM hereafter) are of particular interest

due to the ongoing trend of incorporating PBL approaches in science education (L. Zhang et al.,

19 Although India is projected to overtake China as the country with the largest population in mid-2023.
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2022). The significance of science education as a discipline of study is also supported by the
statistics obtained from the papers reviewed in Chapter 2.2° Given the significance of the
discipline of science, this thesis has chosen to focus on science education in its detailed research

questions.

In formulating RQ1 and RQ2, this thesis aims not only to evaluate the overall effectiveness of a
PBL approach, but also to examine the individual pedagogical elements that constitute PBL. As
discussed in Section 2.1, PBL is composed of various individual elements. Three key features of
PBL are 1) Optimal quantity of guidance, 2) Problem initiated before guidance, and 3) Small-
group collaborative learning. There is furthermore a lack of theoretical and empirical evidence
on the synergistic effect of using all of these elements together. The present thesis aims to gain a
deeper understanding of PBL, by decomposing the effectiveness of PBL into its individual

elements and testing the necessity of using all of these elements together.

In addition to decomposing the treatment variable, the present thesis also divides the learning
outcome response variable into short-term and long-term portions. Previous empirical evidence
suggests that PBL may have a particularly positive impact on long-term learning outcomes (see
Sections 2.3 and 2.4.3). Accordingly, it is reasonable to assume that short-term and long-term
learning outcomes may not always be the same. Short-term learning outcomes can be proxied by
knowledge acquisition, which is also associated with cognitive load if the tenets of CLT hold (as
cognitive load is posited to be the sole mediating variable affecting knowledge acquisition, see
Figure 2.3). In contrast, indicators of long-term learning outcomes in previous empirical studies
include students’ enjoyment and self-efficacy. RQ1 focuses on how PBL affects short-term
learning outcomes, while RQ2 investigates the potential for PBL to contribute to long-lasting

learning effects. These research questions are formulated as follows:

Research Question 1: How do the key elements of PBL and the overall PBL pedagogical

approach impact students’ cognitive load and knowledge acquisition in the learning of science?

20 Among the experimental studies presented in Chapter 2 (as listed in Figure 2.6, Figure 2.7, and Table 2.5), 37.8%
were focused on science education, making it the most widely studied discipline in my reviewed sample. The second
most popular discipline, which also belongs to the broad STEM discipline, was mathematics education with 32.4%
of the studies focused on it. A detailed list of research studies organized by discipline can be found in Appendix 4.
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Research Question 2: How do PBL’s key elements and the overall PBL pedagogical approach

affect students’ enjoyment and self-efficacy in learning science?

3.1.2 Testable hypotheses of RQ1 and RQ2

The transformation of RQ1 and RQ2 into testable hypotheses involves the identification of
causality paths and the selection of measurable variables. This process can be intuitively
comprehended through the utilization of a diagrammatic representation, akin to that of a
Structural Equation Modeling (SEM) diagram.?! An illustration of such a SEM-like diagram is
presented in Figure 3.1.

Figure 3.1: SEM-like diagram for RQ1 and RQ2
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In Figure 3.1, the structural relationships among the latent and observable variables relevant to
Research Questions 1 and 2 are depicted. The oval shapes in the diagram denote the latent

variables, while the rectangles represent the corresponding measurable variables. The solid lines

2L The SEM-like diagram provided here is a simplified version of a full SEM diagram, with the measurement error
terms omitted for the purpose of concision. It can be considered as representing both the structural and partial
measurement components of a traditional SEM diagram.
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represent the causal relationships among the latent variables, and the dashed lines indicate the

association between the latent variables and their corresponding measurable variables.

The left part of Figure 3.1 illustrates the treatment variables. It is noteworthy that there are four
latent treatment variables: the three key feature elements previously discussed and the synergistic
effect of PBL. The ‘ideal’ PBL approach posited by the constructivists can be considered as the
optimal combination of these four latent treatments. ‘Non-maximum guidance,’? ‘Late
guidance,” and ‘Collaborative learning’ are referred to as the three key PBL features,
respectively. The PBL approach applied and observable in the experimental research reflects all

three key PBL features and the synergistic effect.

The right part of Figure 3.1 depicts the response variables. RQ1 encompasses two latent
variables, namely Cognitive load and Short-term learning outcome. The latent variable of ‘Short-
term learning outcome’ is made manifest through the observable variable of ‘Knowledge
acquisition score,” which is derived from testing. Similarly, the latent variable of ‘Cognitive
load’ is made manifest through the observable variable of ‘Cognitive load score,” which is
obtained through a questionnaire survey. RQ2 is concerned with the latent variable of ‘Long-
term learning outcome,” which can be quantified by two observable variables: ‘Students’
enjoyment score’, obtained through a questionnaire survey, and ‘students’ self-efficacy’, which

is also obtained through a questionnaire survey.

The solid lines designated as ‘A1’ and ‘A2’ in Figure 3.1 represent the causality paths predicted
by traditional CLT. In this sequence of pathways, cognitive load serves as a mediating variable.
The solid lines designated as ‘B’ and ‘C’ represent the causality pathways predicted by the
constructivism theory. The modified CLT, specifically ICLT, postulates the existence of both
links ‘A1->A2’ and ‘B’ (see Section 2.2.4). Although constructivism theory and traditional CLT
predict opposing signs of PBL efficacy, the empirical results may be affected by measurement

errors for latent variables, particularly for the unobserved ‘ideal” PBL approach. This highlights

22 The first pedagogical element of PBL is the optimal level of guidance quantity. However, it is not possible to
observe the optimal level of guidance directly. Instead, variations in non-maximum levels of guidance can be
observed.
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the significance of including cognitive load in the research questions and hypotheses, as it

reflects the disparity between different theoretical frameworks.

The causality paths depicted in Figure 3.1 have been simplified. In theory, there should be solid
lines emanating from each of the latent treatment variables, rather than a collective
representation of PBL as a whole. As a result, the four observable variables on the left side and
the four observable variables on the right side of Figure 3.1 would form 4x4 solid lines, leaving
the figure cluttered and difficult to interpret. The causality predictions pertaining to each
individual PBL feature element under various theoretical frameworks have been discussed in

Section 2.3. Table 3.1 provides a summary of these predictions for convenient reference.

Table 3.1: Theoretical predictions regarding individual PBL feature elements

Treatment Response Theory Prediction Brief explanation
variable variable
Knowledge Traditional CLT The optimal level of guidance quantity is the maximum
acquisition and CCLT level
. Traditional CLT . Lo
Cognitive load and CCLT + Incomplete information increases extraneous load
+ for expertise reversal effect and efficiency
Knovyl_egige ICLT +or- improvements in other phases; - for similar story of
acquisition .
. traditional CLT
Non-maximum
guidance . . . -
Cogpitive load ICLT tor- Cognitive load could _be increased in acquisition phase
but reduced in other learning phases
+ with decreasing guidance quantity but - once the
Knowledge L guidance quantity surpasses the optimal point; (or an
acquisition Constructivism ror- inverted U-shaped relationship between the guidance
quantity and learning efficiency)
Cognitive load Constructivism ? Not concerning cognitive load
Knowledge Traditional CLT Late guidance generates extraneous load so impairs
acquisition and CCLT learning efficacy
. Traditional CLT .
Cognitive load and CCLT + Late guidance generates extraneous load
Knowledge + for the theory of productive failure; - for the theory
L ICLT +or- e ) - . e
. acquisition of inefficient failure increasing cognitive load
Late guidance
- Cognitive load could be increased in acquisition phase
Cognitive load IcLT +or- but reduced in other learning phases
Knovyl_egige Constructivism + An initial failed attempt to solve the pro_blem can be
acquisition conducive to consequent learning

Cognitive load

Constructivism

Not concerning cognitive load

76



Trea_tment Response Theory Prediction Brief explanation
variable variable
Knowledge Traditional CLT ? Not concerning collaborative learnin
acquisition and ICLT ' 4 9
. Traditional CLT . . .
?
Cognitive load and ICLT ? Not concerning collaborative learning
Knowledge Depends on the balance between benefits and costs of
L CCLT +or- : -
acquisition collaborative learning
Collaborative
learning + because of communication among group members; -
Cognitive load CCLT +or- because of sharing cognitive resources among group

members

Knowledge
acquisition

Constructivism

Interaction is beneficial for constructing knowledge;
feedback and support also lead to positive emotional
supports

Cognitive load

Constructivism

Not concerning cognitive load

Source: Compiled by author

Table 3.1 provides a comprehensive overview of the predicted effects of the key elements of
PBL on short-term knowledge acquisition and cognitive load. The table also includes brief
explanations of the predictions under various theoretical frameworks. Sections 2.2 and 2.3
provide a more in-depth examination of the cognitive foundations and empirical evidence
supporting these predictions. It is worth noting that the predictions about long-term learning
outcome are not included in the table as only constructivism theory makes predictions about that.
Table 3.1 also signifies the importance of including cognitive load in the research questions as it

allows for the differentiation of underlying theoretical frameworks through empirical testing.

The thesis formulates testable hypotheses based on a theoretical framework akin to the ICLT.
Specifically, it is posited that PBL and its individual elements, when compared to traditional
didactic teaching methods, will result in enhanced knowledge acquisition scores, with the
exception of an inverted U-shaped relationship between guidance level and short-term learning
outcomes. Additionally, it is generally predicted that PBL and its individual elements will have a
positive impact on enjoyment scores and self-efficacy scores, when compared to traditional
didactic teaching methods. However, no predictions were made regarding the sign of cognitive
load scores in this thesis. The predicted hypotheses related to RQ1 and RQ2 are summarized in

Table 3.2. The symbol ‘+’ denotes a prediction of positive effects resulting from the
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implementation of the PBL approach or its individual component. Conversely, the symbol -’

denotes a prediction of negative effects. The symbol ‘?’ indicates a lack of a clear prediction.

Table 3.2: Matrix of predicted hypotheses for RQ1 and RQ2

Non-maiximum guidance Late guidance Collaborative learning Applied PBL
treatment treatment treatment approach
Cognitive load score ? ? ? ?
Knowledge + for moderate guidance; - for + + +
acquisition score minimal guidance
Enjoyment score + + + +
Self-efficacy score + + + +

Source: Compiled by author

In addition to the testable hypotheses documented in Table 3.2, the present thesis also examines
the synergistic effect of PBL as an area of interest. However, it should be noted that this effect is
not directly observable through a specific variable. The examination of this effect will be
conducted through a three-way variance analysis or linear regression with three-way interaction

terms, which will be discussed in further detail in Chapter 4.

3.2  Contextual factors of PBL efficacy

The second motivation for formulating the research questions of this thesis is to explore a wider
range of contextual factors that may influence the effectiveness of PBL. Both CLT and
constructivism acknowledge the existence of contextual factors that can impact the effectiveness
of PBL. While traditional CLT suggests that certain contextual factors can mitigate the negative
effects of PBL, constructivism posits that certain contextual factors can enhance the
effectiveness of PBL. In comparison to traditional CLT, the theoretical frameworks of social
constructivism and modified CLTs also allow for a broader range of contextual factors to be
considered as influencing the efficacy of PBL (see Section 2.3). Investigating these contextual
factors can aid in testing the underlying theories and provide a more nuanced understanding of

the relative veracity of different theoretical frameworks.

Exploring contextual factors of PBL efficacy can also provide educational practitioners with a

more informed understanding of when PBL may be more useful in practice. As discussed in
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Section 2.1, the practical application of PBL has undergone evolution since its inception. Thus,
identifying an optimal combination of PBL approaches and specific contextual factors can be
beneficial for PBL practitioners. As suggested by Hung, Dolmans, et al. (2019), research should
shift its focus to understanding the circumstances under which PBL is effective or not. This
thesis adheres to this guidance by not only addressing the fundamental question of ‘Does PBL
work?’ in a non-western cultural context, but also striving to answer the question of ‘When and

why does PBL work?’ in general.

3.2.1 Formulation of RQ3 and RQ4

RQ3 and RQ4 are formulated based on different types of contextual factors that may influence
the effectiveness of PBL. RQ3 specifically examines the impact of students’ prior knowledge
and learning-task complexity on the efficacy of the overall PBL approach. According to
traditional CLT, the negative impact of PBL is less pronounced when learners have more prior
knowledge or the learning task is less complex (O. Chen et al., 2017; Sweller et al., 2011). PBL
advocates also agree that these factors can affect the efficacy of PBL, but from a benefit
perspective, such as Richey and Nokes-Malach’s (2013) argument that withholding instructional
explanations fosters students’ constructive cognitive activities. It is therefore important to
examine the impact of these contextual factors on science learning in China, and RQ3 is

formulated as follows:

Research Question 3: Do students’ prior knowledge and learning-task complexity influence

PBL’s efficacy on students’ cognitive load and knowledge acquisition in learning science?

RQ4 focuses on investigating the impact of additional contextual factors on the efficacy of PBL.
The theoretical frameworks of social constructivism and modified CLTs allow for a broader
range of contextual factors to be considered as potentially influencing the effectiveness of PBL.
While current empirical studies on the effects of PBL have primarily focused on factors within
the scope of traditional CLT, this research aims to explore a wider range of potential influential
factors, including those discussed in the literature, such as Moallem (2019). RQ4 is formulated

as follows:

Research Question 4: Do other factors influence PBL’s efficacy on students’ cognitive load and

knowledge acquisition in learning science?
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In formulating RQ3 and RQ4, my focus is on the overall treatment of PBL rather than its
individual elements, in order to make the research more appropriate for the classroom. RQ3 and
RQ4 also limit the examination to short-term learning outcomes as response variables, as CLT
does not account for the effects of contextual factors on long-term learning outcomes indicators.
Despite this, cognitive load remains an important response variable in RQ3 and RQ4, as it
enables us to distinguish between different underlying theories. Similar to RQ1 and RQ2, |
employ a SEM-like diagram for RQ3 and RQ4, as depicted in Figure 3.2.

Figure 3.2: SEM-like diagram for RQ3 and RQ4
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Figure 3.2 illustrates the representation of additional contextual factors that are considered in
RQA4. This figure also illustrates the observable variables associated with these latent variables.
Figure 3.2 serves as a guide for the examination of testable hypotheses pertaining to RQ3 and
RQ4 in the following section.

3.2.2 Testable hypotheses of RQ3 and RQ4

In Figure 3.2, the latent variables are denoted by oval shapes, while the observable variables are

represented by rectangles. The causal relationships between the variables are again marked by
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solid lines, with dashed lines indicating the connection between latent variables and their
corresponding observable variables. The causality paths indicated by Al, A2, and B pertain to
the efficacy of PBL on learning outcomes (as previously discussed in Figure 3.1). The causality
paths symbolized by D1, D2, E1, E2, and E3 pertain to the impact of contextual variables on
PBL efficacy.

The solid lines D1 and D2 in Figure 3.2 represent the two contextual factors identified by
traditional CLT and examined by RQ3 of this thesis. CLT postulates that the negative effects of
PBL will be less pronounced if the learners have more prior knowledge or the learning task
complexity is lower. These propositions, referred to as the Expertise reversal effect and Element
interactivity effect, occur when the intrinsic load is small, allowing increased extraneous load to
not deplete working memory. It is important to note that learning task complexity is not
synonymous with task difficulty. As per previous research, this thesis uses higher grade students
as a proxy for students with more prior knowledge and element interactivity as the observable
variable for learning task complexity. This thesis predicts that, for higher grade students and
learning tasks with fewer interactive elements, students are likely to achieve higher knowledge

acquisition test scores.

The solid lines E1, E2, and E3 in Figure 3.2 signify three additional contextual factors that are
examined by this thesis, beyond the two contextual factors considered in traditional CLT. E1
denotes the cumulative PBL effect, which suggests that the positive impacts of PBL are more
pronounced for students who have more experience with PBL pedagogy. Previous studies such
as Dolmans et al. (2016) have explored the impact of the learning environment, specifically the
extent of PBL implementation (single course vs. curriculum-wide), on the effectiveness of PBL
and found that a curriculum-wide implementation of PBL has a more positive impact on deep
learning compared to implementation within a single course. To examine this cumulative PBL

effect, this thesis employs prior experience of PBL for one semester as a measurable variable.

The solid line E2 represents the inclusion of digital scaffolding as a contextual variable in the
examination of PBL’s efficacy. Kim et al. (2018) utilize Bayesian meta-analysis to investigate
the effectiveness of computer-based scaffolding in the context of PBL for STEM education.
Their results indicate that computer-based scaffolding has a significant positive impact on

improving learning efficiency. In line with the findings of Kim et al. (2018), this thesis predicts
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that PBL supplemented with digital scaffolding techniques will result in better performance on

knowledge acquisition tests, in comparison to PBL without such assistance.

The solid line E3 in Figure 3.2 includes the family-level cultural factor as a contextual variable
that influences the efficacy of PBL. Forbes et al. (2020) specifically found that Korean students
are less likely to engage in argumentation or draw conclusions, suggesting that cultural norms
play a significant role in shaping pedagogical practices. Similarly, evidence from Malaysia has
shown that students who have had previous PBL-like learning experiences are more likely to
benefit from PBL instruction (Jabarullah and Hussain, 2019). In the case of China, the present
thesis posits that the efficacy of PBL may be affected by family-level cultural variance, as
families in China often have vastly different education demands and experiences due to their
differing educational paths (see Section 2.5). As such, it is predicted that for families with a pro-

PBL cultural background, the efficacy of PBL will be more pronounced.

The effects of the five contextual factors on acquisition have been analyzed and discussed in the
preceding paragraphs of this section. With regard to the impacts on cognitive load, due to the
conflicting evidence from previous studies (see Sections 2.3.1.2 and 2.3.2), this thesis does not
make predictions for the effects of ‘Higher-grade students’ and ‘Knowledge with more
interactive elements.” However, this thesis posits that ‘PBL for one semester,” ‘PBL with more
digital assistance,” and ‘Family with pro-PBL cultural background’ are likely to reduce cognitive
load. Table 3.3 summarizes the predicted hypotheses related to RQ3 and RQ4. The symbol ‘+’
denotes the presence of enhanced positive effects or mitigated negative effects resulting from the
implementation of the PBL approach in the presence of the contextual variable. Conversely, the
symbol ‘-’ denotes the presence of mitigated positive effects or enhanced negative effects. The

symbol ‘?’ indicates a lack of a clear prediction or determination of effects.

Table 3.3: Theoretical predictions regarding the PBL context

Contextual variable Response variable Prediction
Cognitive load score ?
Higher-grade students
Knowledge acquisition score +
Cognitive load score ?

Knowledge with more interactive elements
Knowledge acquisition score
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Contextual variable Response variable Prediction

Cognitive load score

PBL for one semester
Knowledge acquisition score +

Cognitive load score

PBL with more digital assistance
Knowledge acquisition score +

Cognitive load score

Family with pro-PBL cultural background
Knowledge acquisition score +

Source: Compiled by author
3.3  Summary of Chapter 3

This chapter begins by summarizing the research gaps that emerged from the literature review in
Chapter 2. Motivated by these gaps, the section identifies two research opportunities: 1) the
examination of the effectiveness of PBL in a non-Western cultural context and 2) the

investigation of the factors that contribute to the success or failure of PBL in general.

To address these two research opportunities, the chapter formulates four detailed research
questions by specifying the country and discipline as the research background. These research
questions are also formulated by specifying the latent treatment and response variables. To
convert these research questions into testable empirical hypotheses, the chapter identifies the
causality links to be tested and the measurable variables or treatments for the latent variables.
Two SEM-like diagrams (Figures 3.1 and 3.2) are employed to depict the relationship of the
various variables to the research questions. This chapter concludes by summarizing the testable
empirical hypotheses in Tables 3.2 and 3.3. These hypotheses lay the foundation for the research
design in Chapter 4.
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4 Research design

To address the four research questions and related testable hypotheses presented in Chapter 3,
the present thesis utilized a research design comprising six experiments. Table 4.1 provides a
comprehensive overview of the various experiments conducted. This table also indicates the
research questions being addressed in each experiment, the focus of the study, the school where
the experiment was conducted, the grade level of the students involved, the time period, and the
learning task of the experiment. The experiments were conducted at two different schools: a
public middle school in Naning (Luzhou Huojing Zhan School; LHZ School hereafter) and a
private middle school in Wenzhou (Ruian Zijing Shuyuan School; RZS School hereafter). The

experiments took place between 2016 and 2018 and involved students from grades 8 and 9.

Table 4.1: List of six experiments

Expe Research
rime - Focus School Grade  Time Learning task
nt Questions
Effect of PBL pedagogical ,
LHZ Grade Mar Newton’s laws of
1 RQ1, RQ2 elements and overall PBL School 8 2016 motion
approach
2 RO1L, RQ2 Interaction effect of three LHZ Grade Feb Newton’s laws of
' PBL pedagogical elements School 8 2017 motion
Grade
3 RO3 Contextual effects of RZS 8, Sep Newton’s laws of
students' prior knowledge School Grade 2016 motion
9
Contextual effects of Newton’s laws of
4 RQ3 complexity of learning RZS Grade Sep motion and
School 8 2017 .
knowledge conservation of energy
Contextual effects of
5 RQ4 previous PBL experience LHZ Grade Dec Newton’s laws of
and digital scaffolding School 8 2018 motion
techniques
6 RQ4 Contextual effect of pro- RZS Grade Sep Newton’s laws of
PBL family cultural effects School 8 2018 motion

Source: Compiled by author

Two types of organization structure could be chosen for this chapter. The first option is to

present the research design experiment by experiment, while the second option is to present the
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design by elements and group experiments under each element. Given the fact that the six
experiments share many common issues and are not entirely distinct, this chapter has chosen the

latter method of organization.

In particular, the organization of this chapter is as follows. Section 4.1 introduces the
randomization strategy utilized in this thesis to mitigate potential imbalances between treatment
and control groups through conventional sampling techniques. Section 4.2 outlines the
measurement constructs of the variables. Section 4.3 provides information on the experimental
designs and statistical analysis models employed in this thesis. Finally, Section 4.4 outlines the

experimental process and provides a brief statistical description of the sample.

4.1 Stratified random sampling

A crucial prerequisite issue in the design of my thesis research is the establishment of
randomized controlled groups. Simple randomization techniques may not account for systematic
differences between treatment and control groups, particularly with regard to pre-treatment
testing scores or other confounding factors that may impact student learning outcomes. Such
systematic disparities have been observed in Penjvini and Shahsawari (2013) and Westhues et al.
(2014), as discussed in Section 2.4.3. In order to mitigate this issue, all six experiments in my
thesis utilize a stratified random sampling strategy based on students’ most recent expected
learning outcomes. This approach has been advocated by previous research in the field of

sociology, public health, and education (Cochran, 2011; L. Cohen et al., 2002).

The sampling process employed in my thesis involves two steps. First, I estimate students’
expected learning outcomes using a linear mixed-effects model (LMM hereafter). For each
experiment, all students who are eligible to participate in the study are included in the regression.
The dependent variable is students’ final testing scores in the most recent semester, while
predictors include student age, gender, and family socio-economic status index, which have been
shown in prior research (see Section 2.3.1.1) to influence student learning outcomes. The random

effect of student’s previous classroom is also considered in the regression model. By using fitted
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values as opposed to actual learning outcomes, | aim to control for potential measurement

errors.? The regression formula of LMM can be represented as:
RPFU = ()/00 + (Oi) + ﬁl : Agel-j + BZ . Genderij + ,83 . SESILJ + eij (4‘1)

where the subscripts i and j denote student j in class i. Thus {,; captures the clustering effects of
students’ previous class.?* RPF (Recent physics finals) is the student’s actual physics final
testing score in the latest semester. Age, Gender, and SESI are student’s age, gender, and family
socio-economic status index respectively. The details of variable measurement will be explained

in Section 4.2.

In the second step, students are randomly assigned to experimental groups according to strata
formed on the basis of expected learning outcomes derived in step one. I rank students’ expected
learning outcomes from highest to lowest, and then divide them into strata. The size of each
stratum depends on the number of treatment and control groups? required by the experiment.
For example, if there is only one control group and one treatment group, each stratum would
contain two students. If there are seven experimental groups and no control group, as in my first
experiment, each stratum would contain seven students. Within each stratum, student assignment
is randomized. This stratified random sampling approach serves to minimize disparities between
treatment and control groups. The process of stratified random sampling used in my thesis is

depicted in Figure 4.1.

23 This method is conceptually similar to propensity score techniques, which also aim to control for confounding
factors, although logistic regression is typically used in those cases. Thoemmes and Kim (2011) offer a systematic
review of the utilization of the propensity score method in the field of social sciences.

24 Equation 4.1 represents a LMM, which differs from the conventional approach of incorporating i-1 indicator
variables in a regression analysis. This model alters the expected variance-covariance matrix of €;; by incorporating
the standard deviation of {,;. In contrast, incorporating i-1 class indicators preserves the expected covariance of ¢;;
as zero. LMM provides a larger testing power compared to the conventional approach, as it allows for an increased
number of degrees of freedom (Galecki et al., 2013). LMM has been commonly used by PBL association analysis
studies (Areepattamannil, 2012; Cairns and Areepattamannil, 2019; Kaya and Rice, 2010; Lau and Lam, 2017; L.
Zhang and Li, 2019) with an alternative name: hierarchical linear model.

% In Experiment 6 and the first part of Experiment 5, a revised stratified random sampling methodology was utilized

due to the unbalanced distribution of sample sizes with respect to contextual factors. Further details can be found in
Section 4.4.
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Figure 4.1: The process of stratified random sampling
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As depicted in Figure 4.1, the sample population was ranked according to their predicted
learning outcome, with the highest predicted outcome at the top and the lowest at the bottom.
Two experimental groups, one treatment and one control group, were established within the
sample population, with each stratum containing two students. The assignment of students to
treatment and control groups within each stratum was conducted randomly. This method of
stratified random sampling ensures that the predicted learning outcomes were matched across the

experimental groups.

4.2 Measurement constructs of empirical variables

Sections 3.1.2 and 3.2.2 outlined the empirical variables in the testable hypotheses of this thesis.
In order to provide a comprehensive understanding of the research conducted, this section will
delve into the measurement constructs of these empirical variables. Table 4.2 provides a

summary of the definitions and constructions of the variables used in this thesis.

Table 4.2: Variable table
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Variable Variable Variable definition and construct
category name
MaxGuid Maximum guidance treatment. Equal to 1 if the instructor provided a pre-recorded video lecture that
contained a maximum level of detail, and O otherwise.
ModGuid Moderate guidance treatment. Equal to 1 if the instructor provided a pre-recorded video lecture that
contained a moderate level of detail, and O otherwise.
Lo Minimal guidance treatment. Equal to 1 if the instructor provided a pre-recorded video lecture that
MinGuid . - : -
contained a minimal level of detail, and 0 otherwise.
Late guidance treatment. Equal to 1 if the first video, in which the instructor poses daily-life
LateGuid questions related to Newton’s law, was played to students prior to the second video, in which the
instructor provides a lecture on the same topic, and 0 otherwise.
Treatment . . . .
Collective learning treatment. Equal to 1 if students were prompted to engage in small group
Collective discussions (consisting of three students per group) while viewing the lecture video, and 0
otherwise.
- Didactic teaching treatment. Equal to 1 if students received maximum guidance without late
Didactic - . : .
guidance or collective leaning, and 0 otherwise.
PBL Applied PBL treatment. Students received moderate guidance, late guidance, and collective leaning.
Equal to 1 if Applied PBL treatment was conducted and O otherwise.
Placebo treatment. Students were presented with a didactic teaching method. However, they were
Placebo informed that they were participating in an experimental trial of a new learning approach. Equal to
1 if Placebo treatment was conducted and 0 otherwise.
IScore Students” immediate test scores, which are acquired from an assessment of the learning task
immediately after the completion of the learning activity, with a possible score range of 0 to 100.
DScore Students’ delayed test scores, which are obtained from an evaluation of the learning task conducted
7 days after the completion of the learning activity. The scores can range from 0 to 100.
Response CoolLoad The cognitive load score of the students, which is a latent variable determined through the
P 9 application of CFA on items CL1 through CL8.
Enio The enjoyment score of the students, which is a latent variable determined through the application
1oy of CFA on items E1 through E5.
SelfEff The self-efficacy score of the students, which is a latent variable determined through the application
of CFA on items S1 through S5.
Harade Higher grade student, a binary variable with a value of 1 indicating the student is in 9th grade and a
9 value of 0 indicating the student is in 8th grade.
Learning task complexity, which is a binary indicator, where a value of 1 signifies that the task
Complex pertains to both Newton’s law and conservation of energy, and a value of 0 denotes that the task
pertains solely to Newton’s law.
Students’ prior experience with PBL, which is a binary indicator, where a value of 1 indicates that
CumuPBL the participating student had completed at least one semester of PBL prior to the experiment, and a
Contextual -
value of 0 otherwise.
Digital assistance, a binary variable, with a value of 1 indicating the use of interactive simulation
Digital software during the instruction of Newton’s law or conservation of energy, and a value of 0
indicating otherwise.
Pro-PBL family cultural environment, which is a binary variable, with a value of 1 indicating that
ProPBL the student’s father or mother had prior overseas education experience, and a value of 0 indicating
otherwise.
. Student’s gender, which is a binary variable, where a value of 1 indicates the student is male and a
Covariate Gender

value of 0 indicates the student is female.
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Variable Variable Variable definition and construct

category name
Age Student’s age at the time of participating in the experiment, measured in years.
The socio-economic status of the student’s family, as determined by a weighted average of
SESI - . .
responses to a 10-question survey, with a possible range of values from 0 to 10.
RPF The student’s score on their most recent physics semester final exam, with a possible range of

values from 0 to 100.

Source: Compiled by author

The names of the variables listed in Table 4.2 will be utilized throughout this thesis. Table 4.2
categorizes the empirical variables of this thesis into four categories: treatment, response,
covariate, and contextual variables, which will be explained in more detail in the following

sections.

4.2.1 Treatment variables

As previously discussed in Section 2.4.3, one of the key empirical challenges in this thesis is the
isolation of the treatment effect. The treatment variables in this research pertain to the PBL
approach and its individual elements. As indicated in Table 2.5, a majority of the studies did not
effectively ensure that the instructors and learning materials were appropriately matched for the
treatment and control groups. With the presence of excessive noise in treatment variables, the
observed efficacy of the treatment may not be attributed solely to the PBL pedagogical approach,
but may also be influenced by confounding factors such as teaching duration, instructor, or

materials.

To effectively isolate the treatment effect, it is crucial to ensure that the teaching environment is
consistent across the treatment and control groups. The methodology employed in this thesis is
similar to that of Ashman (2022), where pre-recorded teaching videos were presented to
students. Specifically, four different types of teaching videos were prepared, including those with
maximum guidance, moderate guidance, minimal guidance, and those that introduce initial
problems. The corresponding example slide descriptions for these video elements can be found
in Appendices 11, 12, 13, and 14, respectively. The baseline learning task in the experiments
pertains to the study of Newton’s laws of motion in the physics discipline. For each experiment,
the teaching videos were recorded by a single instructor. The video elements were then

combined in different sequences to form various teaching treatments.
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Experiment 1 further included a placebo control group, to rule out the potential psychological
impacts on learning not related to PBL treatments. This approach, commonly used in medical
research, has also been applied in education studies to control for placebo effects, where students
may exhibit increased mental effort due to being aware of a special learning treatment (Fraenkel
etal., 2012, p. 280). Lipsey and Wilson (1993) found that the average effect size of previous
psychology and education studies may be inflated by 40% without the inclusion of a placebo
control group. This method has been employed in several recent educational experimental
studies, such as the use of a general learning strategy training as a placebo group to assess the
effectiveness of multimedia instruction (Scheiter et al., 2015) and the use of Turkish reading
activities as a placebo group to evaluate the effectiveness of inquiry-based mathematics learning
(Karademir and Akman, 2019). In the placebo group for Experiment 1, students were shown a
recorded video with explicit teaching, which was the same as the didactic teaching group, but

were told that they were participating in an innovative learning experience.

Table 4.3 provides the detailed processes of the treatment variables. As demonstrated in Table
4.3, each group received pedagogical guidance through pre-recorded instructional videos, which
were presented in three variations based on the level of direction offered. To mitigate the impact
of varying learning durations, the duration of instruction and the class size?® were standardized
across all groups, thereby controlling for any discrepancies that may arise as a result of

differences among teachers.

Table 4.3: Treatment detailed processes

Treatment Duration Class size Detailed process

a) Students watched the previously recorded video

50 with a maximum level of detail
students b) Students watched the previously recorded video
with daily-life questions related to learning subject

Didactic teaching 30 minutes

26 |n the implementation of the experiments, three students from the total of 1,450 participants failed to attend the
delayed tests and were thus excluded from the final sample. This resulted in slight variations in class size across the
groups, which are no longer strictly equal to 50. Further details on this matter can be found in Section 4.4.
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Treatment Duration Class size Detailed process

a) Students watched the previously recorded video
with a maximum level of detail, but were told that
50 they were attending an innovative learning
students  experience
b) Students watched the previously recorded video
with daily-life questions related to learning subject

Didactic teaching (placebo) 30 minutes

a) Students watched the previously recorded video
50 with a minimal level of detail

Least guidance 30 minutes students b) Students watched the previously recorded video
with daily-life questions related to learning subject

a) Students watched the previously recorded video

Moderate quidance 30 minutes 50 with a moderate level of detail

9 students b) Students watched the previously recorded video

with daily-life questions related to learning subject

a) Students watched the previously recorded video

Late guidance 30 minutes 50 with daily-life questions related to learning subject

students b) Students watched the previously recorded video
with a maximum level of detail

a) Students watched the previously recorded video
50 with a maximum level of detail
Collaborate learning 30 minutes students b) Students discuss in 3-person groups
c¢) Students watched the previously recorded video
with daily-life questions related to learning subject

a) Students watched the previously recorded video
with daily-life questions related to learning subject
b) Students watched the previously recorded video
with a moderate level of detail

¢) Students discuss in 3-person groups

50

Applied PBL 30 minutes students

Source: Compiled by author

As demonstrated in Table 4.3, the students in the various experimental groups only viewed pre-
recorded videos created by the same instructor. The only source of variation between the
experimental groups is the choice and order of videos, which | designed intentionally. The
treatment group represents the intended treatment factor. The Applied PBL treatment consists of
a combination of moderate guidance, late guidance, and collaborative learning, as outlined in
Section 2.1 and supported by the inverse relationship between guidance level and learning

outcomes documented in Section 2.3.

4.2.2 Response variables

In this thesis, the construct of acquisition knowledge score was operationalized by administering

two assessments on the learning content to the students. The first assessment was administered
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immediately following the learning, while the second assessment was conducted after a 7-day
interval. Samples of the assessment questions can be seen in Appendix 15. Previous research
(Ashman et al., 2020; Chase and Klahr, 2017; Hsu et al., 2015; Matlen and Klahr, 2013;
Steenhof et al., 2020) has suggested that immediate test scores may differ from delayed test
scores in terms of PBL efficacy. As such, I did not convert the immediate and delayed test scores
into a single factor using CFA. Instead, both scores were utilized as proxies for the response

variable of acquisition knowledge score in the analyses of this thesis.

The construct of cognitive load has been widely discussed in the literature, with studies such as
DelLeeuw and Mayer (2008), Leppink et al. (2013), Leppink et al. (2014), Ayres (2017), and D.
Jiang and Kalyuga (2020) providing insight into its measurement. Typically, cognitive load is
determined through a set of questions, which may be classified as either subject or object, and as
either direct or indirect. The answers to these questions may take the form of numerical or
pictorial scales. As noted by Ouwehand et al. (2022), Likert Rating Scales remain a preferred
method for measuring cognitive load. Additionally, Schmeck et al. (2015) suggests that it is
optimal to evaluate cognitive load immediately following a learning task. In this thesis, eight
questions were designed to assess cognitive load, with each question offering four answer
options ranging from ‘strongly agree’ to ‘strongly disagree.” These questions can be found in

Appendix 8.

In order to quantify Cognitive Load, the eight cognitive items were first converted into numerical
values, with a score of 4 indicating the highest cognitive load and 1 indicating the lowest
cognitive load. Previous studies, such as D. Jiang and Kalyuga (2020), have used CFA to
generate intrinsic and extraneous cognitive load factors. However, this thesis does not distinguish
between these two factors and instead focuses on the total cognitive load. Therefore, CFA was
applied to the eight cognitive items to convert them into a single cognitive load variable

CogLoad.

Similarly, the response variables of students’ Enjoyment and Self-efficacy were also measured
through Likert Rating Scale questions. These questions were based on those used in the PISA
2006 and 2015 studies (OECD, 2009, 2017), with adjustments made to ensure they were
appropriate for the field of physics. Both enjoyment and self-efficacy were assessed through five

questions, which can be found in Appendices 9 and 10 respectively. After coding the students’
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answers into numerical values, CFA was performed to extract a single factor for both students’
enjoyment and self-efficacy, which were labeled as Enjoy and SelfEff, respectively. The
details of constructing CFA latent variable can be found in Appendix 7.

Table 4.4 displays the reliability assessment results for Cognitive Load, Enjoyment, and Self-
efficacy. Reliability testing results for the indicators of Enjoyment and Self-efficacy are not
present in Experiments 3 to 6, as the research questions RQ3 and RQ4 do not encompass these
long-term learning outcome measures (see Section 3.2). Two metrics, Cronbach’s Alpha
(Cronbach, 1951) and McDonald’s Omega (McDonald, 2013), were calculated based on the data
collected in each experiment. McDonald’s Omega was also employed in this study, as it has
more relaxed assumptions regarding the latent variable model compared to Cronbach’s Alpha
(Dunn et al., 2014; Revelle and Zinbarg, 2009). The results of the reliability testing indicate that
the Cronbach’s Alpha and McDonald’s Omega values are all above 0.8, suggesting a high level
of reliability for the observed questionnaire items.

Table 4.4: Reliability testing results for CogLoad, Enjoyment, and Self-efficacy

Latent variable Items Experiment Alpha Omega
1 0.96 0.95
2 0.97 0.96
3 0.97 0.95
CogLoad CL1-CL8
4 0.97 0.96
5 0.96 0.94
6 0.97 0.95
1 0.86 0.82
Enjoy E1l-E5
2 0.86 0.83
1 0.86 0.82
SelfEff S1-S5
2 0.84 0.81

Source: Compiled by author
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4.2.3 Covariate and contextual variables

In this thesis, four confounding covariates were taken into consideration: students’ age, gender,
recent Physical Science exam score, and socio-economic status, which are labeled as Age,
Gender, RPF, and SESI respectively (see Table 4.2 for detailed definitions). The inclusion of
student socio-economic status in research is a common practice in studies based on PISA and
TIMSS, and this factor has been demonstrated to have a positive impact on student learning
outcomes (Areepattamannil, 2012; Cairns and Areepattamannil, 2019; Jerrim et al., 2020). The
SESI construct in this study was modeled on a scoring system similar to the one used in
PISA2016 (OECD, 2017), with higher scores indicating higher socio-economic status. The
methodology used to construct the SESI, including the ten questions and their weightings, can be

found in Appendix 6.

While the impact of gender on student learning outcomes is not always significant, some studies
(e.g., Cairns and Areepattamannil, 2019) suggest that male students are more interested in
science learning. Although age can theoretically influence a student’s learning capability, there is
limited variance in student age in this research, making it an optional covariate to control.
Nevertheless, age was included in the model. Previous testing performance, as controlled in
research such as Jerrim et al. (2020), was also controlled for. These confounding covariates were
used for stratified random sampling, as explained in Section 4.1, and in the variance analysis and

linear regression models, which will be discussed in Section 4.3.

Section 3.2.2 has identified five contextual variables that serve as the focus of this thesis:
Higher-grade students, Knowledge with more interactive elements, PBL for one semester, PBL
with more digital assistance, and Family with pro-PBL cultural background. In this section, each

of these variables will be examined in greater detail.

Experiment 3 focuses on the contextual variable of higher-grade students (labeled as Hgrade in
Table 4.2). Hgrade is measured using a binary variable, with a value of one assigned to 9th-
grade students at RZS School in September 2016 and a value of zero assigned to 8th-grade
students at the same school and time. According to the curriculum at RZS School, neither 8th-
grade nor 9th-grade students had prior knowledge of Newton’s law of motion. Therefore, the

learning task was new to both groups. However, 9th-grade students had previously acquired
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knowledge of basic concepts such as velocity and acceleration, which made them experts within
the CLT framework.

Experiment 4 is focused on the contextual variable of knowledge that incorporates more
interactive elements, referred to as Complex in Table 4.2. Complex is represented by a binary
indicator, with a value of one indicating that the task pertains to both Newton’s law and the
conservation of energy, and a value of zero indicating that the task pertains solely to Newton’s
law. There is a close relationship between Newton’s law of motion and the conservation of
energy, but incorporating more interactive elements is necessary in order to fully grasp and
connect these concepts. Therefore, students who learn both Newton’s law of motion and the
conservation of energy together can be considered as engaging in learning tasks with a higher

level of interactivity within the framework of CLT.

In Experiment 5, two contextual variables are analyzed: CumuPBL (representing prior PBL
experience for one semester) and Digital (representing PBL with an increased level of digital
assistance). CumuPBL is a binary variable that signifies the existence or absence of prior PBL
experience. The LHZ School initiated a pilot teaching program in the Autumn semester of 2018,
which was supervised by the Guangxi Education Department and was designed to reflect a PBL-
style curriculum. During the time of Experiment 5 in December 2018, three classes of Grade-8
students had been participating in the pilot program for over three months. Consequently,
students with prior PBL-like learning experience were designated as CumuPBL = 1, while those

without such experience were designated as CumuPBL = 0.

Digital is a binary variable that signifies the utilization of interactive simulation software. The
software was developed by Beijing Rainer Software Technology Co., Ltd., a Chinese company
specializing in providing virtual reality and interactive simulation teaching applications for
primary and secondary education. A sample demonstration of the use of this software to teach
Newton’s law of motion can be found in Appendix 16. As a result, the implementation of
enhanced digital assistance represents an independent intervention, in addition to the traditional
PBL approach, in Experiment 5. Students who received the enhanced digital assistance
intervention were designated as having Digital equal to 1, while those who did not receive the

intervention were designated as having Digital equal to 0.
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Experiment 6 centers on the examination of the contextual variable of pro-PBL family cultural
environment, which is represented as a binary variable ProPBL. This variable reflects the prior
overseas education experience of either the father or mother of the student. If either parent has
had prior overseas education experience, the variable takes the value of 1, while a value of 0 is
assigned in the absence of such experience. The term ‘overseas’ refers to regions beyond
mainland China, as defined for the purpose of capturing the pro-family cultural environment
discussed in Section 2.5.3. The coding of this binary contextual variable was based on the

educational background of the student’s parents, as provided by the RZS School.

4.3  Statistical analysis models

The statistical analysis models used in the thesis can be grouped into four categories: one-way
variance analysis, multi-way variance analysis, linear regression model, and path analysis upon a
model with mediating factor. VVariance analysis, in turn, encompasses a broad range of
techniques including Analysis of Variance (ANOVA), Multivariate Analysis of Variance
(MANOVA), Analysis of Covariance (ANCOVA), Multivariate Analysis of Covariance
(MANCOVA), and multi-way ANOVA/ANCOVA. The programming language utilized in this
thesis for the statistical analysis is R, with further details on the R version and packages used

provided in Appendix 17.

4.3.1 One-way variance analysis models

In the realm of PBL-related experimental studies, variance analysis is a widely utilized statistical
analysis model, with one-way ANOVA/MANOVA being one of the most frequently used
models (Barth et al., 2019; O. Chen et al., 2016, 2019, 2020, 2021; Hsu et al., 2015; e.g., Klahr
and Nigam, 2004; Kyun et al., 2013; Likourezos and Kalyuga, 2017; Matlen and Klahr, 2013;
Moreno, 2004; Nachtigall et al., 2020; Steenhof et al., 2020; Zambrano et al., 2019b, 2019a).
Although less frequently employed than ANOVA and MANOVA, ANCOVA and MANCOVA
have been also used in some previous PBL-related experimental studies (Ajai et al., 2013; Argaw
et al., 2016; Chase and Klahr, 2017; Firdaus and Herman, 2017; Loibl et al., 2020; e.g., Rittle-
Johnson, 2006; L. Zhang, 2018, 2019). One-way variance analysis is mainly utilized in

Experiment 1 of my thesis.
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The philosophy of ANOVA in treatment experiment is to constitute a ratio of the explained
variance over unexplained variance, taking into account their respective degrees of freedom. This
ratio is expected to conform to an F-distribution with the given degrees of freedom, provided
that the treatment grouping does not result in a reduction of variance. It can be mathematically

expressed as:

_DeVr/(g—1)

SRS n—g) P

where DeV/ represents the variance between groups, or the portion of variance that is attributed
to the grouping established in the experiment. On the other hand, RSS is defined as the variance
within groups, or the portion of variance that is not explained by the experimental grouping. The
variables g and n correspond to the number of experimental groups and the total number of

participants involved in the study, respectively.

The numerator and denominator of equation (4.2) are both scaled y? statistics. If the treatment
grouping does not additionally reduce the variance, the F value in equation (4.2) should adhere
to the F(k — 1,n — g) distribution. Otherwise, the numerator will be scaled by a greater?’
amount than the denominator. Hence, a one-tailed F test can be performed to test the null
hypothesis that the treatment grouping contributes to the explanation of the variance in response

variables.

Compared to ANOVA, MANOVA is employed when the response variables are not assumed to
be independent from one another (O’Brien and Kaiser, 1985), which is reasonable in the context
of the current thesis, particularly for the response variables IScore and DScore. Although the
procedure for calculating the outcome of the MANOVA is more intricate, the final outcome of
the MANOVA is still an approximate F statistic. Further information regarding the calculation

procedure can be found in Appendix 17.

ANCOVA or MANCOVA are extensions of ANOVA and MANOVA that allow for the
examination of treatment effects while controlling for the influence of covariates (Keselman et

27 It is because the variance explained by the treatment grouping cannot be negative.
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al., 1998). These extensions can be understood as partitioning the explained and unexplained
variance after excluding the portion that is explained by covariates in a linear model. Given that
stratified random sampling has been performed, as outlined in Section 4.1, the utilization of
ANCOVA serves as a supplementary technique. ANCOVA in an experimental design can be

mathematically expressed as:

_ (DeVy — DeVer) /(g — 1)
(RSSy — DeVeg)/(n—k — g)

(4.3)

where the numerator corresponds to the adjusted between-group variance DeV, taking into
account the between-group variance DeV; that is attributed to covariate differences across
groups. The denominator, on the other hand, reflects the adjusted within-group variance RSSy,
considering the within-group variance DeV, that is attributed to covariate differences across
groups. The variables g and n denote the number of experimental groups and the total number of

participants involved in the study, respectively. The variable k is the amount of covariates.

4.3.2 Multi-way variance analysis models

When the interest of research is to analyze the combined impact of multiple independent
treatments (Experiments 2, 4, and the digital-assistant part of Experiment 5 in this thesis) or
multiple independent variables (Experiments 3, 6, and the previous-PBL-experience part of
experiment 5 in the thesis), multi-way variance analysis is employed to determine the
significance of such interactive effects. Previous studies within the realm of PBL have also
utilized multi-way variance analysis as demonstrated in works such as O. Chen et al. (2016), O.
Chen et al. (2019), Ashman et al. (2020), O. Chen et al. (2020), and O. Chen et al. (2021).

Multi-way variance analysis assesses the deviation that results from the interaction of multiple
classifications (Fujikoshi, 1993). For instance, when using two-way classification, the F statistic

of the interaction term can be represented as:

_ (DeVy, — DeVr) /(92 — 91)
RSSry/(n— gs)

(4.4)

where the numerator DeV, — DeV4 is the difference in variances between models with and
without considering the interaction term. RSS, is residual sum of squares after two-way

classification. g1 and g2 represent the number of groups under one-way and two-way
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classification, respectively, and n is the total number of participants. The F value in equation
(4.4) should conform to the F (g2 — g1,n — g2) distribution.

Three-way variance analysis, although mathematically more complex, follows the same basic
principle as two-way variance analysis. Further information on this topic can be found in Kiers
and Mechelen (2001) and Dawson and Richter (2006). In this thesis, three-way variance analysis
was applied in Experiment 2 to study the synergetic effect of PBL elements, while two-way
variance analysis was utilized in Experiments 3 to 6 to evaluate the influence of contextual

factors on the effectiveness of PBL.

4.3.3 Linear regression model

Although most PISA and TIMSS studies adopt a linear model analysis approach, relatively few
PBL experimental studies utilize linear model analysis. Nonetheless, there have been a great
number of PBL experimental studies that employ the two-sample t-test analysis method (Aidoo
et al., 2016; Amalia et al., 2017; Ashman et al., 2020; De Witte and Rogge, 2016; Hendarwati et
al., 2021; Hendriana et al., 2018; Imanieh et al., 2014; Kazemi and Ghoraishi, 2012; Penjvini and
Shahsawari, 2013; e.g., Stull and Mayer, 2007; Westhues et al., 2014), which is essentially

equivalent to a linear model with a single binary independent variable.?

This thesis employs linear regression models with interaction terms in Experiments 2 to 6. When
the estimation are based on the assumption that the residuals follow a Gaussian distribution, the
stepwise linear regression model with interaction term is similar to multi-way ANCOVA
(Keselman et al., 1998). The linear regression model provides an intuitive demonstration of the
magnitude of difference between experimental groups, which cannot be achieved through

variance analysis without conducting post hoc analysis.

Thus, the three-way classification of Experiment 2 can be analyzed by the following linear

equation:

28 While the t-statistic generated from the two-sample t-test analysis is equivalent to the square root of the F statistic
obtained from ANOVA when the treatment variable is binary, the conceptual basis of the two-sample t-test analysis
aligns more closely with the linear regression model. This is because the linear regression model estimates the
coefficients while assuming the distribution of residuals, as opposed to the ANOVA-family analysis approach which
compares variances.
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Response; = [, + f1ModGuid; + B,LateGuid; + [z;Collective;
+L,ModGuid; * LateGuid; + fsModGuid; * Collective;
+f¢LateGuid; * Collective;
+£,ModGuid; * LateGuide; * Collective;

4

+Zyk Zki + €; (45)
k=1

where i denotes each student. The response variable, Response, could represent IScore,
DScore, Cogload, Enjoy, or SelfEff as indicated in Equation 4.5. The covariate variables,
Zyi,» Include Age, Gender, RPF, and SESI as specified in Equation 4.5. ModGuid, LateGuid,
and Collective represent PBL pedagogical elements, and their definitions and constructions can
be found in Table 4.2.

The coefficients 5;, S, and 5 are assigned to capture the individual effect of each of the PBL
pedagogical elements. The coefficients 5,, fs, and B, capture the combined effect of any two
PBL elements. 3, is assigned to capture the combined effect of all three PBL elements. Together,
Ba, Bs, Be, and B encapsulate the synergistic impact of PBL, which is the focus of Experiment 2.

No predictions are made regarding the signs of S,, fs, S, Or B, in Section 3.1.2.
A general form of linear models used in Experiments 3 to 6 could be outlined as:

Response; = B, + B1PBL; + B,Contextual;
4

+p3PBL; * Contextual; + z Vi Zii T € (4.6)
k=1

where i represents each student. The response variable, Response, can be one of IScore,
DScore, and Cogload. The covariate variables, Z,;, encompass Age, Gender, RPF, and SESI
as indicated in Equation 4.6. PBL stands for the overall PBL treatment, and Contextual is the
contextual variable which could be Hgrade, Complex, CumuPBL, Digital, or ProPBL in
different experiments. Consequently, the coefficients 8, and 8, of Equation 4.6 capture the
effects of PBL and Contextual respectively, while the coefficient 55 of Equation 4.6 captures
the interactive effect between PBL and Contextual. The variable of interest is 5, which

examines the effect of contextual factor on PBL efficacy.
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The estimation of the linear regression models presented in Equations 4.5 and 4.6 may be subject
to one potential issue. The commonly employed estimation technique, such as OLS estimation,
assumes that the residual ¢; follows a Gaussian distribution. However, the dependent variables in
Equations 4.5 and 4.6 are always bounded and non-negative, such as the IScore variable which
can only take values ranging from 0 to 100. This could result in a violation of the linear
regression model’s assumption regarding the error term distribution. To address this issue, a logit
transformation can be applied to the dependent variable (Lesaffre et al., 2007). For instance, the

IScore variable can be transformed to:

IScore
In_IScore = In(

100 — IScore) (47)

where the new dependent variable, In_IScore, is non-bounded and derived as the natural
logarithm of the ratio between the original IScore and 100 — IScore. The linear regression
analysis was conducted in Experiments 2 through 6 using logit-transformed response variables in
addition to the raw variable.?® The untabulated results of the logit-transformed regression affirm

the robustness of the conclusion drawn in this thesis.

4.3.4 Path analysis

The linear regression in the previous section is only apt for testing a model with single
endogenous outcome. However, as illustrated in Figures 3.1 and 3.2, cognitive load, serving as
the mediating factor between PBL and learning outcome, is also an endogenous variable in the
model. By means of linear regression analysis, the impact of PBL and other contextual factors on
both learning outcome and cognitive load can only be analyzed separately. Path analysis,
however, provides the means to examine these causality paths simultaneously, thereby enabling
differentiation between PBL’s direct impact on learning outcome and its indirect impact through
cognitive load. Taking Figure 3.1 as an example, the path ‘B’ is the direct impact of PBL and the
path ‘A1->A2’ is the indirect impact of PBL.

2 The logit-transformation applied in Section 4.7 may not be suitable for the data under consideration, as it could
result in a skewing of the transformed IScore and DScore towards the right. However, it has been utilized as a
robust test.
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Path analysis, as with CFA, is a component of SEM. Path analysis is founded on the path tracing
principle established by Wright (1960) and Stage et al. (2004) describe the application of path
analysis in the field of education research. Certain studies related to PBL, such as the work of
Liou (2021), have employed path analysis to investigate the indirect effect of inquiry-based
learning through students’ enjoyment. This thesis focuses on the indirect effect of PBL on
students’ cognitive load in Experiments 3 to 6. The standard errors of path analysis in this thesis

were estimated through within-sample bootstrapping. For more details, see Appendix 18.

4.4  Experimental procedures and sample descriptions

Having previously discussed the grouping strategy, measurement construct, and statistical
analysis models, this section revisits Table 4.1. This section proceeds to document the detailed
experimental process and provides a thorough description of the samples that were eventually

formed.

4.4.1 Experimental procedures

The first experiment was conducted at LHZ School in the second semester of the academic year
2015-2016. The participants were selected from 8th grade students, numbering a total of 528. In
accordance with Table 4.3, seven experimental groups, each consisting of 50 students, were
established through the stratified random sampling method outlined in Section 4.1. The process
of stratified random sampling was initiated by selecting students with the highest expected
learning outcomes,° resulting in the exclusion of those with the lowest expected learning
outcomes. The selected students received the pedagogical treatment described in Table 4.3 and
took an immediate test on Newton’s law of motion and answered questions related to cognitive
load, enjoyment, and self-efficacy. Seven days later, the same students took a delayed test on
Newton’s law of motion. As no students missed the delayed test, the final sample of Experiment

1is 350.

As depicted in Table 4.1, Experiment 1 aims to address the first two research questions and

specifically to evaluate the effect of PBL pedagogical elements and the overall PBL approach as

%0 The results of the regression analysis for determining the expected learning outcome can be located in Appendix
5.
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compared to traditional didactic teaching. To this end, a series of one-way variance analyses, as
previously outlined in 4.3, were conducted to determine if the pedagogical treatment groups in
Experiment 1 significantly reduce the variances in the response variables, which are IScore,
DScore, and CogLoad for RQ1, and Enjoy and SelfEff for RQ2. As these one-way variance
analyses do not provide insight into which groups have better learning efficacy compared to the
traditional didactic teaching group, a post hoc analysis, specifically Tukey’s range test (Abdi and

Williams, 2010), was also performed in Experiment 1.

The second experiment was conducted at LHZ School a year after Experiment 1. The
participants, who were 8" grade students, were selected from the 477 students enrolled in the
school for the academic year 2016-2017. Experiment 2 aimed to examine the synergistic effect
of PBL, which necessitated the use of a three-way variance analysis and a linear regression
model with an interaction term, as outlined in Section 4.3. Thus, 400 participating students were
required to be assigned to eight experimental groups: Didactic teaching, Moderate guidance, Late
guidance, Collective learning, Moderate guidance and Late guidance, Moderate guidance and
Collective learning, Late guidance and Collective learning, and Moderate guidance and Late
guidance and Collective learning. The procedures for selecting and assigning students, as well as
the testing process, were similar to those in Experiment 1. As there were no students who missed

the delayed test, the final sample for Experiment 2 comprised 400 students.

The third experiment was conducted at the RZS School during the autumn semester of 2016. The
participants for this experiment were drawn from both eighth and ninth grade students. RZS
School, being a private institution, had smaller class sizes and fewer students compared to LHZ
School. At the time of the experiment, the eighth grade consisted of 209 students and the ninth
grade had 208 students. The objective of Experiment 3 was to investigate the contextual effect of
Hgrade and, thus, a two-way variance analysis and linear regression model with interaction
terms were used, as specified in Section 4.3. For this experiment, 200 students were randomly
assigned to four groups: non-PBL & Grade 8, PBL & Grade 8, non-PBL & Grade 9, and PBL &
Grade 9. Unlike Experiment 1 and 2, questions about Enjoyment and Self-efficacy were not
asked of the students as they were outside the scope of research question 3. There was one
student who took the immediate test but did not complete the delayed test; thus, the final sample

for Experiment 3 consisted of 199 students.
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The fourth experiment was carried out at RZS School, taking place one year after Experiment 3.
The objective of Experiment 4 was to examine the impact of the contextual factor of Complex,
requiring the utilization of a two-way variance analysis and linear regression model with
interaction terms, similar to the methodology employed in Experiment 3. As specified in Section
4.2, Complex pertains to learning both Newton’s laws and the law of conservation of energy.
Consequently, 200 students were selected and randomly assigned to four experimental groups:
non-PBL and non-complex task, PBL and non-complex task, non-PBL and complex task, and
PBL and complex task. Similar to Experiment 3, questions regarding Enjoyment and Self-
efficacy were not included. Two students took the immediate test but did not complete the

delayed test, resulting in a final sample size of 198 students.

The fifth experiment moved back to LHZ School in December of 2018 and had two objectives.
The first was to investigate the contextual effect of previous PBL experience (CumuPBL) and
the second was to investigate the effect of digital assistance (Digital). So Experiment 5 contains
two parts: Experiment 5A for the first research objective and Experiment 5B for the second. The
two-way variance analysis and linear regression model with interaction terms were conducted
separately for Experiments 5A and 5B. In the academic year of 2018-2019, LHZ School had ten
8th grade classes with a total of 453 students. During the autumn semester of 2018, two of these
classes were chosen as the pilot for a learning innovation program that emphasized student-
centered learning, as encouraged by the local education department of Guangxi province. These
two classes were taught using principles that were closely aligned with PBL, providing their
students with three months of previous PBL experience before they participated in Experiment
5A.

For Experiment 5A, two groups of 50 students were required, one for a non-PBL treatment group
and one for a PBL treatment group, with some students coming from the three pilot classes and
others from the remaining classes. As outlined in Section 4.1, the stratified random sampling was
carried out separately for pilot and non-pilot classes to ensure that the experimental groups had a
balance of students from both pilot and non-pilot classes. Experiment 5B required four
experimental groups: non-PBL and non-digital treatment, PBL and non-digital treatment, non-
PBL and digital treatment, and PBL and digital treatment. The definition and construction of

digital treatment can be found in Section 4.2. Out of the total 453 8" grade students, 300

104



students were selected for Experiment 5. As RQ4 did not pertain to long-term learning outcome,
Enjoyment and Self-efficacy were not included in the experiment. No students missed the

delayed test, so the final sample size was 300 students.

The sixth experiment was conducted at the RZS School, one year after the completion of
Experiment 4. Its objective was to investigate the impact of the contextual factor ProPBL on
learning outcomes. The methodology employed for Experiment 6, including a two-way variance
analysis and linear regression model with interaction terms, was similar to that used in
Experiments 3 to 5. The construct of ProPBL, which pertains to a family cultural environment
with a parent having prior overseas education experience, is defined in Section 4.2. The sample
size for Experiment 6 was 100 grade-8 students, divided into two groups of 50 each, with the
half students coming from Pro-PBL families and the others not. As described in Section 4.1, the
stratified random sampling procedure was conducted separately for Pro-PBL families and non-
Pro-PBL families to ensure that the experimental groups were composed of a balanced number
of students from both Pro-PBL and non-Pro-PBL families. All students completed both the
immediate and delayed tests, resulting in a final sample size of 100.

Table 4.5 provides a summary of the sample formulation across all experimental procedures

discussed above.

Table 4.5: Sample formulation

Experi . # of Gra # of # of total # of students # of stud_ents
ment Time roups School de classes students attending experiment completing
group g exp experiment
March LHZ Grad
1 2016 7 School 8 11 528 350 350
February LHZ Grad
2 2017 8 School 8 10 477 400 400
Grad g 209 100 100
3 Septembe 4 RZS
r 2016 School Grad
9 208 100 99
e9
Septembe RZS Grad
4 r 2017 4 School 8 10 223 200 198
December LHZ Grad
5 2018 6 School s 10 453 300 300
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# of students

Experi ; # of Gra # of # of total # of students :
Time School - - completing
ment groups de classes students attending experiment .
experiment
Septembe RZS Grad
6 r 2018 2 School 8 10 236 100 100
Total 69 2,334 1,550 1,547

Source: Compiled by author

4.4.2 Sample descriptions

In this section, I briefly describe the sample data formulated by the experimental procedures
above. The means and standard deviations of the covariates for every experimental group of all

the six experiments can be found in Table 4.6.

Table 4.6: Covariates across experimental groups

Experiment Group #of students  Male students (%)  Age (years)  SESI RPF
Collective 50 54.0 (10%93 (ggg) (752..3168)
Didactic 50 °4.0 (10375916‘; (ggg) (742..9872)
LateGuid 50 54.0 (103?'3916) (3131) (743.53268)
1 MinGuid 50 54.0 (10?:3916) (ggé) (75388{5)
ModGuid 50 52.0 (103,593 (g:;% (75?'3328)
PBL 50 52.0 (103759113 (g:%) (762.5336)
Placebo 50 54.0 (lo?f-3916) (ggg) (753.6172)
Collective 50 44.0 (1097-383‘; (?)3?) (74?500§
Didactic 50 54.0 (103.'2888) (ggg) (74:19770)
2
LateGuid 50 36.0 (10375,81(; (g:%) (745'73363
LateGuid & Collective 50 42.0 (1097-3812) ((G)g) (75%762)
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Experiment Group # of students  Male students (%) Age (years)  SESI RPF

. 13.90 6.36 74.14
ModGuid 50 40.0 (0.31) (0.76) (5.03)
. . 13.83 6.38 75.36
ModGuid & Collective 50 36.0 (0.31) (0.68)  (5.29)
. . 13.91 6.21 75.14
ModGuid & LateGuid 50 56.0 (0.28) 0.76)  (5.19)
13.88 6.30 74.64
PBL 50 420 (0.31) (0.84)  (470)
. . 13.51 8.14 80.70
Didactic 50 50.0 (0.26) (0.80) (4.67)
N 14.54 8.04 80.08
Didactic & Hgrade 50 60.0 (0.28) (0.75) (5.37)
3
13.47 8.06 80.69
PBL 49 408 (0.31) 0.75)  (417)
14.47 7.92 79.52
PBL & Hgrade 50 48.0 (0.28) 0.77) (4.92)
N 13.43 8.21 83.00
Didactic 50 46.0 (0.32) (0.77) (4.11)
N 13.49 8.25 83.63
Didactic & Complex 49 55.1 (0.32) (0.80)  (3.93)
4
13.38 8.06 82.72
PBL 50 44.0 (0.31) (0.83)  (4.24)
13.44 8.02 83.47
PBL & Complex 49 51.0 (0.30) (0.62) (3.84)
Didactic 25 60.0 13.79 6.55 76.44
(CumuPBL=0) : (0.30) (0.69)  (5.09)
Didactic 25 56.0 13.78 6.57 75.64
(CumuPBL=1) ' (0.36) (0.79)  (5.15)
5A
_ 13.73 6.58 77.20
PBL (CumuPBL=0) 25 40.0 032) (059)  (5.06)
_ 13.75 6.54 75.88
PBL (CumuPBL=1) 25 36.0 (0.30) (0.94) (4.10)
. . 13.73 6.70 76.00
Didactic 50 40.0 (0.30) (0.86) (4.42)
N - 13.76 6.46 75.80
Didactic & Digital 50 40.0 (0.30) (0.66)  (3.94)
5B
13.78 6.52 74.72
PBL 50 50.0 (0.28) (0.79)  (6.24)
- 13.77 6.59 76.20
PBL & Digital 50 58.0 (0.29) 0.77) (5.40)
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Experiment Group # of students  Male students (%) Age (years)  SESI RPF

Didactic (ProPBL=0) 25 48.0 (103.'259(; (3152) ?2§é4$
Didactic (ProPBL=1) 25 44.0 (1037;39) (cs):gg) ?35.646(;
6
PBL (ProPBL=0) 25 48.0 (103.'3501) (3132) ?25.9592)
PBL (ProPBL=1) 25 56.0 (103?5?36) (g:gg) 5:401(;

Source: Compiled by author

Table 4.6 displays information regarding several variables across seven experimental groups.
The first column indicates the experiment number, while the second column provides the name
of each experimental group. The third column lists the size of each experimental group, which is
in accordance with Table 4.5. The fourth column provides the proportion of male students in
each experimental group. The fifth column presents the mean and standard deviation of the
students’ age, with the mean indicated by the upper number and the standard deviation in
parentheses. The mean and standard deviation of the SEST and RPF variables are similarly

presented in the sixth and seventh columns, respectively.

The data in Table 4.6 indicate that the gender distribution and average age of the students are
relatively similar across the different groups within each experiment. On the other hand, the
SESI and RPF values exhibit significant differences between the groups. In particular, the
students in Experiments 3, 4, and 6 showed significantly higher SESI values, which can be
attributed to the fact that these experiments were conducted at RZS School, a private school
located in a wealthy area of Zhejiang province, while the other experiments took place at LHZ

School, a public school located in Guangxi province.

Since the stratified random sampling methodology described in Section 4.1 was employed, it is
important to verify that there were no significant differences in the covariates among the
experimental groups. In light of this, Table 4.7 presents the results of the ANOVA test for the

covariates across experimental groups in all six experiments.

Table 4.7: Means and standard deviations of covariates across experimental groups
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Experiment RPF SESI Age Gender

L 0.85 0.04 0.08 0.03
(0.36) (0.83) (0.78) (0.87)
) 0.67 0.00 0.18 0.46
(0.41) (0.99) (0.67) (0.50)
2 1.88 2.03 271.35%%* 0.17
(0.17) (0.16) (0.00) (0.68)
A 0.82 0.66 0.42 0.67
(0.37) (0.42) (0.52) (0.41)
EA 0.27 0.00 0.46 4.09%*
(0.61) (0.99) (0.50) (0.05)
58 0.27 0.58 0.30 1.94
(0.60) (0.45) (0.58) (0.16)
6 1.00 0.73 0.05 0.35
(0.32) (0.39) (0.83) (0.55)

Source: Compiled by author

Table 4.7 displays the results of the ANOVA test for the covariates across the experimental
groups. The columns represent the covariates, while the rows indicate the specific experiments.
Specifically, Experiment 5A and 5B are presented in separate rows. The numerical values
presented in each cell represent the F-statistic of the ANOVA test, with the values in parentheses
below indicating the corresponding p-value. The symbols *, **, and *** indicate significance

levels of 0.1, 0.05, and 0.01, respectively.

The data presented in Table 4.7 indicates that, with the exception of the Age variable in
Experiment 3 and the Gender variable in Experiment 5A, there were no discernible differences
in the covariates across the experimental groups. The former finding can be attributed to the
higher age of higher-grade students in Experiment 3. It is important to note that the randomized
assignment strategy appears to work as intended, as the RPF variable was found to be

statistically non-significant in all experiments according to the ANOVA test results.

Following the completion of the six experiments, the response variable data were collected. Prior
to presenting the results of the formal analysis in Chapter 5, a brief overview of the distribution
of the response variables will be provided. Table 4.8 displays the descriptive statistics of the

response variables.
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Table 4.8: Descriptive statistics of response variables

Experiment Variable Mean Median Std. P25 P75 N

IScore 67.29 65.00 7.63 65.00 70.00 350

DScore 57.67 60.00 8.49 55.00 60.00 350

1 CogLoad 0.18 0.31 0.89 -0.43 0.94 350
Enjoy -0.22 -0.26 0.82 -0.85 0.35 350

SelfEff -0.23 -0.43 0.84 -0.87 0.38 350

IScore 69.09 70.00 5.72 65.00 70.00 400

DScore 59.21 60.00 6.53 55.00 60.00 400

2 CogLoad 0.21 0.44 0.96 -0.43 1.05 400
Enjoy -0.05 -0.06 0.87 -0.67 0.72 400

SelfEff 0.00 0.13 0.87 -0.67 0.75 400

IScore 75.28 75.00 8.38 70.00 80.00 199

3 DScore 65.80 65.00 9.55 60.00 70.00 199
CogLoad -0.65 -1.17 0.88 -1.42 -0.07 199

IScore 68.74 70.00 9.26 65.00 75.00 198

4 DScore 58.08 60.00 9.80 55.00 60.00 198
CoglLoad 0.53 1.05 0.99 -0.32 141 198

IScore 73.40 70.00 8.79 68.75 80.00 100

5A DScore 64.35 60.00 10.29 60.00 70.00 100
CogLoad -0.35 -0.43 0.87 -1.30 0.22 100

IScore 73.50 70.00 9.39 65.00 80.00 200

5B DScore 64.72 60.00 11.36 55.00 70.00 200
CogLoad -0.33 -0.43 0.82 -1.09 0.23 200

IScore 73.60 70.00 9.05 65.00 75.00 100

6 DScore 63.15 60.00 9.15 60.00 65.00 100
CogLoad -0.25 -0.31 0.93 -1.21 0.31 100

Source: Compiled by author
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Table 4.8 displays the mean, median, standard deviation, 25th percentile, and 75th percentile
statistical values of the response variables. As previously discussed in Sections 3.1.2, 3.2.2, and
4.3, Experiments 1 and 2 include all five response variables, while Experiments 3 to 6 only

include three response variables. The number of observations is consistent with Table 4.5.

The results presented in Table 4.8 indicate substantial variability in the dependent variables
across the experiments. Specifically, the mean values of IScore range from 67.29 to 75.28 and
the standard deviation of these variables ranges from 5.72 to 11.36. It can be observed that the
IScore values are generally higher than the DScore values, indicating that students tend to
forget the knowledge they acquired over a seven-day period, thus performing worse in delayed
tests. The CogLoad, Enjoy, and SelfEff are CFA factors calculated based on corresponding
questionnaire items (see Section 4.2), and their comparability across experiments is limited.
Nonetheless, these factors exhibit relatively higher variability, as indicated by the ratio of

standard deviation to mean, compared to IScore and DScore.

4.5 Summary of Chapter 4

The study design, as presented in Chapter 4, consisted of six experiments aimed at addressing the
research questions outlined in Chapter 3. The experiments were carried out at two different
schools, over a period of two years, from March 2016 to December 2018, and involved students
from grades 8 and 9. A total of 1,550 students were selected from a population of 2,334 students
through the use of stratified random sampling based on predicted learning outcomes. The
descriptive statistics, as presented in Table 4.7, indicate that the stratified random sampling used

in this study effectively reduced disparity among the experimental groups.

To isolate the treatment effect, pre-recorded presentation videos were used and a placebo-
controlled group was included. This effectively addressed the issue of potentially different
learning environments among experimental groups, which has been a challenge faced by
previous studies in this field. Cognitive load, students’ enjoyment, and self-efficacy were
measured through CFA of Likert-type questionnaires. The primary statistical models employed
in this study include one-way variance analysis, multi-way variance analysis, linear regression,
and path analysis. The empirical results of the research design and sample outlined in this
chapter will be showcased in the next chapter.
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5  Experimental findings

This chapter presents the main experimental findings of this thesis. The arrangement of the
findings is predicated upon the order of the research questions that were posed. Section 5.1
outlines the empirical outcomes relative to RQ1, which encompass an evaluation of the short
term efficacy of PBL components and the PBL approach as a whole, as well as an assessment of
the synergistic effect of the PBL approach. Section 5.2 details the empirical outcomes related to
RQ2, which focuses on the long-term indicators of PBL efficacy. Section 5.3 elucidates the
empirical results pertaining to RQ3, with a focus on two contextual factors: the influence of
students’ prior knowledge and the effect of task complexity on learning. Section 5.4 presents the
findings obtained from RQ4, which delves into three contextual factors: the impact of prior
experience with PBL, the influence of the digital assistant environment, and the effect of a pro-
PBL family culture. Finally, Section 5.5 summarizes this chapter by comparing the empirical

findings to the predictions outlined in Chapter 3.

5.1 Empirical findings for RQ1

As previously discussed in Chapters 3 and 4, RQ1 is addressed through Experiments 1 and 2.
Experiment 1 primarily evaluates the effectiveness of the elements of PBL and the holistic PBL

approach, while Experiment 2 investigates the synergistic impact of the PBL approach.

5.1.1 Efficacy of PBL elements and overall PBL approach

Prior to conducting a formal one-way analysis of variance, Figure 5.1 presents a visual
representation of the short-term learning outcomes across the seven experimental groups in
Experiment 1. The vertical axis depicts the seven experimental groups, while the horizontal axis
represents the three short-term response variables: IScore, DScore, and CogLoad. The figure
displays the boxplots and jittered points for each experimental group, enabling a comparison of
the response variables across the groups. The definitions and constructs of the response variables

and treatment groups are described in Table 4.2.
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Figure 5.1: Short-term learning outcomes across experimental groups

CogLoad DScore IScore
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Source: Compiled by author

The results depicted in Figure 5.1 demonstrate the short-term learning outcomes across the
various experimental groups. In particular, the analysis compares the seven groups in terms of
student’s testing scores and cognitive loads. It can be seen that there is a discernible trend in
terms of cognitive load, where the Minimal guidance, Moderate guidance, Late guidance, and
PBL groups show elevated levels of cognitive load relative to the didactic teaching group,
aligning with the predictions of CLT. The Collective Learning and PBL group demonstrate large
variances in cognitive load compared to other groups. The influence of the placebo effect on

cognitive load was found to be insignificant.

In accordance with the prediction outlined in Section 3.1.2, Figure 5.1 shows that the PBL
groups exhibited superior testing scores in comparison to the didactic teaching group.
Conversely, the minimal guidance group students demonstrated inferior testing scores relative to
the didactic teaching group, consistent with the prediction of an inverted U-shape relation
between guidance level and learning outcomes. The placebo group also demonstrated a slightly

higher IScore relative to the didactic group, suggesting the presence of a potential positive
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placebo effect. The comparison between the other groups and the didactic group is not clear

based on the figure alone; therefore, it is necessary to perform more formal quantitative analysis.

5.1.1.1 One-way variance analysis

The first formal statistical analysis of RQ1 was performed using the datra from Experiment 1
through a series of one-way variance analyses as described in Section 4.3. Table 5.1 presents the

results of the one-way variance analysis for RQL1.

Table 5.1: One-way variance analysis for RQ1

Variance analysis IScore DScore CogLoad

G

R R ]
MANOVA 24(-3%’;’)**
MANCOVA 24(-&%’;’)**

Source: Compiled by author

Table 5.1 is organized with each row representing a type of one-way variance analysis. The
columns represent the variables that are being tested. The MANOVA and MANCOVA analyses
are performed on all three variables collectively, as opposed to a single variable. The values in
the upper portion of each cell represent the F statistic or the approximate F statistic (for the
MANOVA and MANCOVA analyses), while the values in parentheses denote the corresponding
p-values. The symbols *, **, and *** indicate significance levels of 0.1, 0.05, and 0.01,

respectively.

Table 5.1 reveals that, based on data collected from Experiment 1, the null hypothesis of the one-
way variance analysis for RQ1 is rejected at a significance level of 1%. It indicates that the seven
experimental groups in Experiment 1 significantly contribute to the variance of the three short-
term learning outcome indicators. This conclusion is consistent with the observations presented
in Figure 5.1. However, as previously discussed in Section 4.4, the one-way variance analysis
does not allow for a comparison of the learning efficacy between the experimental groups and
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the traditional didactic teaching group. To address this, a post-hoc analysis was conducted in

Experiment 1, and its results are presented in the following section.

5.1.1.2 Post-hoc analysis
Table 5.2 displays the results of the post-hoc analysis for RQ1, obtained from Experiment 1. The

results are derived from a Tukey’s range test, a statistical method conceptually similar to a two-
sample t-test. However, unlike the latter, the Tukey’s range test conducts all pairwise

comparisons simultaneously, as previously detailed in Section 4.4.

Table 5.2: Post-hoc test results of RQ1

Compare IScore DScore CogLoad
Didactic-Collective 5088;)* (ggg; (8.'38)
Didactic-LateGuid (10055’) (01925(; 0(522;*
Didactic-ModGuid (f.'gg) (3620(; 1(%;;*
Didactic-Placebo (-5 f‘% (018(28 (f(())g)

Didactic-PBL ig’gz;* 5(3088;; : (gfs?)
VinGuid Diac astres 20 L2

Source: Compiled by author

Table 5.2 presents the results of the pairwise comparisons between the didactic group and each
of the other experimental groups. Each row in the table represents a comparison between two
groups, with the difference in their mean values displayed in the upper portion of each cell. The
values in parentheses represent the corresponding p-values. The symbols *, **, and *** indicate

significance levels of 0.1, 0.05, and 0.01, respectively.

The results of the pairwise comparisons are consistent with the observations made from Figure
5.1. In particular, students in the PBL group showed significantly higher scores than those in the
didactic group in both the immediate and delayed tests. This difference was statistically

significant at the 1% level and was also significant in magnitude, with students in the PBL group
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scoring 9.3 and 8.8 points higher in the immediate and delayed tests, respectively. Meanwhile,
students in the Collective learning group also showed higher scores than those in the Didactic

group, although to a lesser extent.

Conversely, students in the Minimal guidance group showed the lowest performance in both the
immediate and delayed tests, suggesting that reducing guidance to a minimal level negatively
impacts students’ learning outcomes. The results support the notion that reducing guidance too

far can have adverse effects on students’ learning.

The results for cognitive load are also in line with the observations made from Figure 5.1.
Students in the Minimal, Moderate, and Late guidance groups experienced higher cognitive load
compared to those in the Didactic group. This aligns with the predictions of CLT, which posits
that providing fewer or later guidance leads to higher cognitive load for students. Interestingly,
students in the PBL and the Collective learning groups did not experience higher cognitive load
compared to those in the didactic group. This contradicts the predictions of CLT that PBL would
lead to higher cognitive load for students.

5.1.2 Synergistic effect of PBL approach

The supplementary inquiry of RQ1 explores the potential synergistic effect of the PBL approach
on students’ short-term learning outcomes. This examination is performed using the data
collected in Experiment 2, as outlined in Chapter 4. The analysis of the data is conducted through

a three-way variance analysis and a linear regression model with interaction terms.

5.1.2.1 Three-way variance analysis

Before conducting the regression analysis, the synergistic effect of PBL on students’ short-term
learning efficacy was initially explored through a three-way variance analyses, as outlined in
Section 4.3. The three-way variance analysis also includes ANOVA, MANOVA, ANCOVA, and
MANCOVA analyses, similar to those performed in the one-way variance analysis. The results

of the three-way variance analysis for RQ1 are presented in Table 5.3.

Table 5.3: Three-way variance analysis for RQ1
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Variance analysis Interaction IScore DScore CogLoad

Twowa 7.50%%* 4.90%%* 10.92%**
y (0.00) (0.00) (0.00)
ANOVA
Thiee-wa 3.60% 3.33* 0.47
Y (0.06) (0.07) (0.49)
Twouna 7.36%% 5.27xx 10.26%**
y (0.00) (0.00) (0.00)
ANCOVA
Threeawa 3.85% 2.87* 051
Y (0.05) (0.09) (0.48)
4.98%**
Two-way (0.00)
MANOVA
Three-way (%Jﬁi)
4.90%**
Two-way (0.00)
MANCOVA
Three-way (%ﬁ%)

Source: Compiled by author

Table 5.3 lists the specific method of variance analysis in the first column and the level of
interaction in the second column. The remaining columns, 3 to 5, present the overall results for
the three short-term learning outcome indicators. The values in the cells of the table indicate the
F statistic or the approximate F statistic (for the MANOVA and MANCOVA analyses), while
the corresponding p-values are provided in parentheses. The symbols *, **, and *** indicate

significance levels of 0.1, 0.05, and 0.01, respectively.

The results of the analysis presented in Table 5.3 demonstrate that two-way interaction terms
have a significant effect on the variances of all three short-term learning outcome indicators.
This suggests that the combination of any two PBL pedagogical elements has a significant
impact on students’ short-term learning, although the direction of this impact is yet to be known.
Additionally, the three-way interaction term also exhibits a marginally significant effect on
IScore and DScore when analyzed through the ANOVA and ANCOVA models. These results
may suggest the existence of a synergistic effect of the PBL approach, but further clarification

through linear regression analysis is required to fully understand the influence at play.
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5.1.2.2 Linear regression analysis

Table 5.4 presents the results of the linear regression analysis which aimed at exploring the
synergistic effect of the PBL approach in terms of students’ short-term learning efficacy. This

analysis was performed using data collected from Experiment 2.

Table 5.4: Linear regression analysis for RQ1

Dependent Variable IScore DScore CogLoad
Intercent 36.653*** 54.402%** 0.142
P (11.99) (13.84) (2.06)
. -0.393 -0.860 1.021%**
ModGuid (1.02) (1.18) (0.18)
. -0.111 0.881 0.802***
LateGuid (1.02) (1.18) (0.18)
Collective 2.077** 3.126*** -0.124
(1.02) (1.18) (0.18)
. . -0.162 1.513 -0.698***
ModGuid & LateGuid (1.45) (1.67) (0.25)
. . 0.484 -0.493 -0.262
ModGuid & Collective (1.44) (1.66) (0.25)
. . 1.672 0.745 -0.222
LateGuid & Collective (1.44) (1.66) (0.25)
. . . 4.000* 3.987* -0.250
ModGuid & LateGuid & Collective (2.04) (2.35) (0.35)
Adj. R squared 0.21 0.20 0.18
N 400 400 400

Source: Compiled by author

Table 5.4 presents the results of the linear regression analysis for PBL synergistic effect in RQ1.
The independent variables in the linear model are listed in the first column (after the first row).
Covariates including Gender, Age, SESI, and RPF are also included in the analysis but their
estimates are omitted from Table 5.4 for conciseness. The results of the linear regression analysis
with different dependent variables are displayed in columns 2 to 4. Specifically, column 2
presents the results for the model with IScore as the dependent variable, column 3 for the model
with DScore as the dependent variable, and column 4 for the model with CogLoad as the

dependent variable. The estimated coefficients and their corresponding standard errors are
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displayed in each cell, and their significance levels are indicated by asterisks, with *, ** and ***

denoting significance levels of 0.1, 0.05, and 0.01, respectively.

Table 5.4 illustrates that the single element, Collective, has a positive impact on students’ scores
in both immediate and delayed exams. However, the single elements of ModGuid and LateGuid
contribute to a higher cognitive load, but their influence on examination scores is insignificant.
These findings align with the results of the one-way variance analysis from Experiment 1. The
two-way interaction terms, as a whole, were shown to have a significant influence by the three-
way variance analysis of Table 5.3. However, no single term of the two-way interaction was
found to have a significant explanatory power for IScore and DScore. The combination of
moderate guidance and late guidance was found to significantly reduce cognitive load, while the
three-way interaction term exhibited a marginally significant impact on short-term learning
outcomes (i.e., at the 10% significance level). These findings provide evidence of a positive

synergistic effect of PBL approach on short-term learning efficacy.

5.2  Empirical findings for RQ2

As was the case for RQ1, RQ2 was also addressed through the data collected from Experiments
1 and 2, with a focus on the two long-term learning indicators, Enjoy and SelfEff. The
findings of RQ2 are presented in two parts. The first part is concerned with the impact of the
individual elements of PBL and the holistic PBL approach on the long-term learning indicators,
which was primarily determined through Experiment 1. The second part focuses on the
synergistic effects of the PBL approach on the long-term learning indicators, which was

primarily evaluated through Experiment 2.

5.2.1 Efficacy of PBL elements and overall PBL approach

Figure 5.2 presents a visual representation of the long-term learning outcomes for the seven
experimental groups in Experiment 1. The vertical axis displays the seven experimental groups,
while the horizontal axis represents the two long-term response variables of interest, Enjoy and
SelfEff. The figure employs boxplots and jittered points to visually compare the response
variables across the experimental groups, allowing for an initial examination of their
distributions. The definitions and operationalizations of the response variables and experimental

groups are detailed in Table 4.2.
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Figure 5.2: Long-term learning outcomes across experimental groups
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Figure 5.2 presents visual evidence indicating that the implementation of the PBL approach and
its elements, particularly collective learning, have a positive impact on students’ enjoyment and
self-efficacy in Experiment 2. These results are consistent with the predictions of constructivism
theory; however, a formal quantitative analysis in the form of a one-way analysis of variance is

necessary to confirm these observations.

5.2.1.1 One-way variance analysis

The initial statistical evaluation of RQ2 was performed in Experiment 1 through the application
of a series of one-way variance analyses, as outlined in Section 4.3. The one-way variance
analysis suite, comprising ANOVA, MANOVA, ANCOVA, and MANCOVA analyses, was

utilized. The results of the one-way variance analysis for RQ2 are presented in Table 5.5.

Table 5.5: One-way variance analysis for RQ2

Variance analysis Enjoy SelfEff
25.40*** 27.11%**
ANOVA (0.00) (0.00)
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Variance analysis Enjoy SelfEff

24.98%%* 27,20k
ANCOVA (0.00) (0.00)
18,66+
MANOVA 0.00)
18,524
MANCOVA 0.00)

Source: Compiled by author

Table 5.5 is structured with each row representing a different type of one-way variance analysis,
including ANOVA and MANCOVA. The columns in the table denote the variables being tested,
with the MANOVA and MANCOVA analyses performed collectively on both variables. The
upper portion of each cell in the table displays the F statistic or the approximate F statistic (for
the MANOVA and MANCOVA analyses), while the values in parentheses represent the
corresponding p-values. Significance levels are indicated by the symbols *, **, and *** for 0.1,

0.05, and 0.01, respectively.

The results in Table 5.5 reveal that the null hypothesis of the one-way variance analysis for RQ2
was rejected at a significance level of 1% based on the data collected from Experiment 1. This
suggests that the seven experimental groups in Experiment 1 significantly contribute to the
variance of the two long-term learning outcome indicators, which is consistent with the
observations shown in Figure 5.2. However, as previously discussed in Section 4.4, the one-way
variance analysis does not provide a means to compare the long-term learning efficacy between
the experimental groups and the traditional didactic teaching group. To address this limitation, a
post-hoc analysis was conducted in Experiment 1 and its results are presented in a subsequent

section.

5.2.1.2 Post-hoc analysis

Table 5.6 presents the outcomes of the post-hoc analysis for RQ2, obtained from the data
collected in Experiment 1. The results are obtained through the application of Tukey’s range test,

the same method employed in Table 5.2.

Table 5.6: Post-hoc test results of RQ2
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Table 5.6 presents the results of a pairwise comparison of the mean values between the Didactic
group and each of the other experimental groups in Experiment 1. The results are displayed in
terms of the differences in mean values and corresponding p-values. The significance levels are

indicated by symbols *, **, and *** which correspond to 0.1, 0.05, and 0.01, respectively.

The results of the post-hoc analysis suggest that PBL and its elements, such as Collective
Learning, can significantly enhance students’ enjoyment and self-efficacy. In particular, the PBL
and Collective Learning groups demonstrated a significantly higher level of Enjoy and SelfEff
than the Didactic group, with a significance level of 1%. Additionally, both the Moderate
Guidance and Late Guidance treatments were found to be effective in promoting students’ self-
efficacy. However, no significant effect was observed on students’ enjoyment. In contrast, the
Minimal Guidance treatment was not effective in enhancing either students’ enjoyment or self-
efficacy. This suggests that too little guidance may not only be detrimental to students’ short-

term learning efficacy, but also ineffective in promoting their long-term learning outcomes.

5.2.2 Synergistic effect of PBL approach

The supplementary investigation into RQ2 aims to assess the potential combined impact of the
PBL approach on students’ long-term learning outcomes. This examination was conducted using

the data collected in Experiment 2, as described in Chapter 4. Similarly to RQ1, the analysis of
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the data was performed through a three-way variance analysis and a linear regression model that

includes interaction terms.

5.2.2.1 Three-way variance analysis

Prior to the execution of the regression analysis, the potential synergistic impact of PBL on
students’ long-term learning outcomes was preliminarily assessed through the use of three-way
variance analyses, as described in Section 4.3. The findings of the three-way variance analysis

regarding RQ2 are depicted in Table 5.7.

Table 5.7: Three-way variance analysis for RQ2

Variance analysis Interaction Enjoy SelfEff
Two wa 3.29** 1.56
Y (0.02) (0.20)
ANOVA
Three wa 2.94* 1.33
y (0.09) (0.25)
Two wa 3.30** 1.53
Y (0.02) (0.21)
ANCOVA
Three wa 2.83* 171
y (0.09) (0.19)
2.42**
Two way (0.02)
MANOVA
Three way (%' 1172)
2.41**
Two way (0.03)
MANCOVA
Three way (%'%)

Source: Compiled by author

Table 5.7 provides evidence for the presence of a multi-way interactive effect of the PBL
elements on students’ enjoyment in learning. The results of the two-way interaction terms
indicate a 5% level significant effect on the variance of Enjoy. The results of the three-way
interaction terms, as determined through ANOVA and ANCOVA, indicate a marginally
significant effect on the variance of Enjoy, with a significance level of 10%. However, the
results of the three-way MANOVA and MANCOVA tests were not significant at the 1% level,
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which may be influenced by including self-efficacy into the tests. These results suggest the
presence of a synergistic effect of the PBL approach on students’ enjoyment, but further
clarification is necessary through linear regression analysis to fully comprehend the underlying

influence.

5.2.2.2 Linear regression analysis

The results of the linear regression analysis aimed at investigating the synergistic impact of the

PBL approach on students’ long-term learning efficacy are presented in Table 5.8.

Table 5.8: Linear regression analysis for RQ2

Dependent Variable Enjoy SelfEff
Intercent 1.026 -2.846
P (1.78) (1.87)
. 0.217 0.343**
ModGuid (0.15) (0.16)
. 0.358** 0.167
LateGuid (0.15) (0.16)
Collective 0.602*** 0.430***
(0.15) (0.16)
. . 0.124 -0.053
ModGuid & LateGuid (0.21) (0.23)
. . 0.032 -0.141
ModGuid & Collective (0.21) (0.22)
. . -0.273 0.088
LateGuid & Collective (0.21) (0.22)
. . . 0.508* 0.417
ModGuid & LateGuid & Collective (0.30) (0.32)
Adj. R squared 0.25 0.16
N 400 400

Source: Compiled by author

Table 5.8 illustrates the outcome of the linear regression analysis performed to investigate the
synergistic effect of the PBL approach on students’ long-term learning efficacy in accordance
with RQ2. The independent variables in the model are listed in the first column, with covariates

such as Gender, Age, SESI, and RPF also included but omitted from the table for brevity. The
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results for the linear regression models with Enjoy and SelfEff as dependent variables are
presented in columns 2 and 3, respectively. The estimated coefficients and their standard errors
are displayed in each cell, and their level of significance is indicated through the use of asterisks,

with *, ** ‘and *** denoting significance levels of 0.1, 0.05, and 0.01, respectively.

Table 5.8 suggests that, when controlling for the interaction, the Collective learning component
still has a significantly positive impact on both students’ enjoyment and self-efficacy in learning.
Moreover, the results indicate that Late guidance and Moderate guidance have positive impacts
on students’ learning enjoyment and self-efficacy respectively at a significance level of 5%.
Although the multi-way variance analysis in Table 5.7 demonstrates the explanatory power of
experimental grouping on students’ learning enjoyment, no single two-way interaction term
demonstrates significant results in Table 5.8, which may be for similar reasons as those indicated
in Table 5.4. The three-way interaction term is marginally significant when the dependent
variable is Enjoy, with a positive estimated coefficient, suggesting that the combination of all

three PBL elements may enhance students’ enjoyment of learning.

5.3 Empirical findings for RQ3

As previously mentioned in Chapter 3, RQ3 examines the impact of students’ prior knowledge
and the complexity of the learning task through Experiments 3 and 4. This section will first

present the results regarding the contextual effect of students’ prior knowledge.

5.3.1 Contextual effect of students’ prior knowledge

Prior to conducting a formal quantitative analysis, Figure 5.3 provides a visual representation of
the impact of students’ prior knowledge on the PBL efficacy. The PBL treatment effects were
depicted by connecting the error bars of the response variables for the PBL and didactic groups.
For instance, taking the top-left portion of Figure 5.3 as an example, the error bars and jittered
points above the ‘Didactic’ and ‘PBL’ labels represent the IScore of Grade-9 students without
and with the PBL treatment, respectively. The connecting line has a positive slope, indicating
that when HGrade=1, the PBL treatment increases the students’ immediate test scores. The top-
right portion of Figure 5.3 follows the same approach, but for Grade-8 students. For the purpose

of brevity, only the results of IScore and CogLoad are depicted in Figure 5.3.
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Figure 5.3: PBL treatment effects by students’ grades
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Figure 5.3 depicts the results of Experiment 3, which aimed at exploring the contextual effects of
students’ prior knowledge on their learning outcomes. The figure presents a visual representation
of the impact of PBL on the students’ immediate test scores (IScore) and cognitive load
(CogLoad) based on their grade. The results indicate that PBL leads to higher test scores for
both grade 8 and grade 9 students. The positive impact of PBL on immediate performance
appears to be more pronounced for higher-grade students. This pattern aligns with the prediction
that expert learners can benefit more from PBL or are less likely to be negatively impacted by it.
The slopes of PBL on cognitive load, as shown in the figure, were not found to be significantly
different. Additionally, higher-grade students appear to have a lower level of cognitive load
compared to lower-grade students, suggesting that learning the same physics knowledge is more

challenging for lower-grade students.

5.3.1.1 Two-way variance analysis

As outlined in Section 4.3, the influence of the contextual factors on the efficacy of PBL can be
examined through a two-way variance analysis. The results of this analysis with regards to the

contextual effect of students’ prior knowledge are presented in Table 5.9.
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Table 5.9: Two-way variance analysis for contextual effects of students’ grades

Variance analysis Interaction IScore DScore CogLoad
3.88* 1.25 1.47
ANOVA Two-way (0.05) (0.26) (0.23)
4.18** 1.31 1.36
ANCOVA Two-way (0.04) (0.25) (0.25)
*x
MANOVA Two-way 3('3%2)
3.51**
MANCOVA Two-way (0.02)

Source: Compiled by author

The results of the two-way variance analysis are presented in Table 5.9. The table displays the
extent to which the combination of the PBL treatment and the contextual factor (Hgrade)
contribute to the variance in the response variable. The cells of the table provide the F statistic or
the approximate F statistic (for the MANOVA and MANCOVA analyses) with the
corresponding p-values presented in parentheses. Significance levels are indicated by asterisks,

with *, ** and *** representing 0.1, 0.05, and 0.01 respectively.

The results of the analysis, as shown in Table 5.9, reveal that the two-way interaction term
between PBL and Hgrade has a significant effect on the variance of IScore with a significance
level of 10% for ANOVA and 5% for ANCOVA. The interaction term, however, does not
significantly reduce the variance of DScore, which is in line with the findings of previous
studies reviewed in Section 2.3 that document the generally weakening efficacy of PBL.
Additionally, the two-way variance analysis did not reject the null hypothesis for CogLoad,
which contradicts the predictions of CLT. Further insights into this phenomenon will be explored

through linear regression and path analysis in the following sections.

5.3.1.2 Linear regression analysis

The results of a linear regression analysis that explores the interaction effect between PBL and
students’ prior knowledge on learning efficacy are presented in Table 5.10. This analysis was

conducted utilizing data collected from Experiment 3.

Table 5.10: Linear regression analysis for contextual effects of students’ grades
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Dependent Variable IScore DScore CogLoad

Intercent 38.138* 48.420% 2.358
P (21.45) (25.76) (2.60)
PBL 8.815%** 9.981%** 0.094
(1.25) (1.50) (0.15)
Harade 1.254 3.650 -0.924%**
g (2.06) (2.48) (0.25)
3.587** 2.409 0.248
PBL & Hgrade (1.75) 2.11) (0.21)
Adj. R squared 0.46 0.40 0.28
N 199 199 199

Source: Compiled by author

The independent variables in the model include PBL, Hgrade, and their interaction term.
Covariates including Gender, Age, SESI, and RPF were also included in the analysis but are
not reported in the table for conciseness. The estimated coefficients and their corresponding
standard errors are displayed in each cell, and their significance levels are indicated by asterisks,
with *, ** and *** denoting significance levels of 0.1, 0.05, and 0.01, respectively. The

definitions and constructs of the response variables and treatment groups are given in Table 4.2.

The results of the linear regression analysis reveal that in Experiment 3 PBL is significantly and
positively associated with both IScore and DScore, supporting the findings of Experiment 1
reported in Section 5.1. The results indicate that PBL has no significant impact on students’
cognitive load, which is consistent with the previous findings in Table 5.2 but contrary to the
prediction of CLT. The analysis also shows that Hgrade is negatively and significantly
associated with cognitive load, suggesting that higher-grade students experience less cognitive
challenge when learning new physics knowledge. However, their scores are not significantly

higher even at a significance level of 10%.

The interaction term between PBL and Hgrade is positively associated with IScore, indicating
that for higher-grade students, PBL treatment can be more effective in promoting higher scores
in the immediate test. However, the interaction term is not significantly related to CogLoad,
suggesting that the additional benefits of PBL for higher-grade students are not due to reduced

cognitive load. This will be further explored in the subsequent path analysis.
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5.3.1.3 Path analysis

Table 5.11 presents the results of the path analysis conducted to examine the contextual effects
of students’ grades on their learning outcomes. As described in Section 4.3, path analysis enables
us to examine complex models with multiple endogenous outcomes and distinguish between the

direct and indirect effects of the independent variables of interest.

Table 5.11: Path analysis for contextual effects of students’ grades

Path Analysis Hgrade PBL Hgrade & PBL
Direct -1.28 9.07*** 4.27%**
(1.97) (1.15) (1.63)
indirect 2.53*** -0.26 -0.68
(0.84) (0.41) (0.59)
Total 1.25 8.82%** 3.50**
(2.02) (1.22) 1.72)

Source: Compiled by author

The columns in Table 5.11 represent the three variables of interest in Experiment 3, which are
PBL, Hgrade, and their interaction term. The rows in the table indicate the direct, indirect, and
total effects of these three variables on IScore. Although the results for other variables are not
reported, it is important to note that the path analysis model controlled for those four covariates:
Gender, Age, SESI, and RPF.

The direct effect refers to the extent to which the corresponding variable directly impacts
IScore. The indirect effect refers to the extent to which the corresponding variable affects
IScore through its influence on CogLoad. The total effect is the sum of both the direct and
indirect effects. The estimated coefficients and their corresponding standard errors are displayed
in each cell, with the standard errors being calculated using a bootstrap technique (details of
which can be found in Appendix 18). Significance levels of 0.1, 0.05, and 0.01 are indicated by

asterisks — *, ** and *** respectively.

The results of the path analysis suggest that the positive impact of students’ grades, represented
by Hgrade, on their immediate learning efficacy, represented by IScore, is indirect and occurs
through reducing their cognitive load, represented by CogLoad. Conversely, the positive impact

of the PBL approach treatment, represented by PBL, is solely attributed to its direct effect on
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IScore. Similarly, the total impact of the interaction term between PBL and Hgrade is primarily
driven by its direct effect on IScore. These results strengthen the inferences from the linear
regression analysis, that the contextual effect of higher-grade students in Experiment 3 is mainly

driven by the benefits beyond the channel through cognitive load.

5.3.2 Contextual effect of learning task complexity

The second research objective of RQ3 is to evaluate the contextual impact of task complexity on
learning outcomes. Similar to the illustration presented in Figure 5.3, Figure 5.4 offers a visual
representation of the relationship between task complexity and the effectiveness of the PBL
approach. The connecting lines between the error bars indicate the PBL treatment effects for

various levels of task complexity in Experiment 4.

Figure 5.4: PBL treatment effects by learning task complexity levels
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Figure 5.4 reveals that the PBL treatment was effective in enhancing students’ immediate test
scores only when the learning task was of low complexity, characterized by fewer interactive
elements. This is in line with the predictions of CLT. However, there is not a significant positive

slope in the PBL treatment effect on CogLoad when the complexity of the learning task
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(Complex) was equal to 1. This pattern deviates from the logic of CLT. Figure 5.4 also shows
that the level of CogLoad was higher for students facing more complex learning tasks, which are

more likely to exhaust their working memory.

5.3.2.1 Two-way variance analysis

Following the visual comparison, Table 5.12 presents the results of the two-way variance

analysis, which quantifies the contextual effect of learning task complexity.

Table 5.12: Two-way variance analysis for contextual effects of learning task complexity

Variance analysis Interaction IScore DScore CogLoad
R
won et
MANOVA Two-way 6'(%?35;
MANCOVA Two-way 6'(22.;;;

Source: Compiled by author

The cells in Table 5.12 display the extent to which the combination of the PBL treatment and the
contextual factor (Complex) contribute to the variance in the response variables. The F statistics
or the approximate F statistics (for the MANOVA and MANCOVA analyses), along with the
corresponding p-values, are provided in parentheses. Significance levels are indicated by

asterisks, *, **, and ***, which denote 0.1, 0.05, and 0.01 levels of significance, respectively.

The results revealed that the interaction term between PBL and Complex has a significant
impact on the variance of IScore and DScore, with a significance level of 1% as indicated by
both ANOVA and ANCOVA. However, the interaction term was not found to significantly
reduce the variance of CogLoad, which contradicts the predictions of CLT. Further investigation
into this result will be explored through linear regression and path analysis in subsequent

sections.
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5.3.2.2 Linear regression analysis

The results of the linear regression analysis that investigates the interaction effect between the
PBL treatment and learning task complexity on learning efficacy are presented in Table 5.13.

This analysis is based on the data collected from Experiment 4.

Table 5.13: Linear regression analysis for contextual effects of learning task complexity

Dependent Variable IScore DScore CogLoad
Intercent 13.294 -0.404 4.421*
P (26.89) (27.04) (2.49)
PBL 8.176*** 8.467*** 0.072
(1.61) (1.62) (0.15)
Complex -4.505*** -6.279*** 1.381%**
P (1.62) (1.63) (0.15)
-6.747*** -6.732%** -0.059
PBL & Complex (2.28) (2.29) (0.21)
Adj. R squared 0.25 0.33 0.44
N 198 198 198

Source: Compiled by author

The model behind Table 5.13 includes the independent variables of interest, PBL, Complex, and
their interaction term. The estimated coefficients, their corresponding standard errors, and their
significance levels, indicated by asterisks, where *, ** and *** denote significance levels of 0.1,
0.05, and 0.01 respectively, are displayed in each cell. The definitions and constructs of the

response variables and treatment groups can be found in Table 4.2.

The results of the linear regression analysis reveal that in Experiment 4, PBL is significantly and
positively associated with both IScore and DScore, confirming the findings from Experiment 1
reported in Section 5.1. The results also indicate that PBL has no significant impact on students’
cognitive load, consistent with the previous findings in Table 5.2, but contrary to the predictions
of CLT. Additionally, the results show that Complex is positively and significantly associated
with cognitive load, implying that learning tasks with higher levels of complexity are more likely
to deplete students’ working memory capacity. The significantly negative association between

Complex and test score further supports this notion.
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The interaction term between PBL and Complex is negatively associated with IScore and
DScore, indicating that the benefits of PBL treatment are offset to a great extent for learning
tasks with higher complexity levels. However, the interaction term is not significantly related to
Cogload, suggesting that the diminished benefits of PBL for more complex learning tasks may
not be due to increased cognitive load. This phenomenon will be further examined in subsequent

path analysis.

5.3.2.3 Path analysis

The results of a path analysis aimed at exploring the contextual effects of learning task
complexity on students’ immediate learning efficacy (represented by IScore) are presented in
Table 5.14. The methodology of path analysis, which is described in Section 4.3, allows one to
assess complex models that incorporate multiple endogenous variables and to differentiate

between the direct and indirect impacts of the independent variables of interest.

Table 5.14: Path analysis for contextual effects of learning task complexity

Path Analysis Complex PBL Complex & PBL
Direct 2.57 8.54*** -7.05%**
(1.68) (1.39) (1.96)
Indirect -7.07%** -0.37 0.30
(1.20) (0.75) (1.06)
-4.51*** 8.18*** -6.75%**
Total (1.59) (158) (2.23)

Source: Compiled by author

The analysis takes into consideration the impact of three variables of interest in Experiment 4 —
PBL, Complex, and their interaction term — while controlling for the influence of four
covariates: Gender, Age, SESI, and RPF.

The direct effect of a variable refers to its direct impact on IScore, while the indirect effect
refers to its impact on IScore through its influence on cognitive load (CogLoad). The total
effect of a variable is the sum of its direct and indirect effects. The results are displayed in the
table as coefficients with their corresponding standard errors. Significance levels of 0.1, 0.05,

and 0.01 are indicated by asterisks *, **, and *** respectively.
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The results of the path analysis indicate that the negative impact of learning task complexity
(Complex) on students’ immediate learning efficacy (IScore) is mainly driven by its indirect
effect through an increase in cognitive load (CogLoad). On the other hand, the positive impact
of the PBL approach treatment (PBL) is solely attributed to its direct effect on IScore. Similarly,
the total negative impact of the interaction term between PBL and Complex is mainly driven by
its direct effect on IScore. These results further reinforce the inferences drawn from the linear
regression analysis that the contextual effect of learning task complexity in Experiment 4 is

primarily driven by costs beyond cognitive load.
5.4 Empirical findings for RQ4

As previously discussed in Chapter 3, RQ4 evaluates the influence of students’ prior PBL
experience, utilization of digital guidance, and pro-PBL family culture via undertaking
Experiments 5 and 6. This section will present the findings with respect to the contextual impact

of students’ previous PBL experience as the initial aspect for consideration.

5.4.1 Contextual effect of previous PBL experience

As previously demonstrated in Figures 5.3 and 5.4, Figure 5.5 provides a graphical
representation of the connection between students’ prior PBL experience and the efficacy of the
PBL approach. The lines connecting the error bars illustrate the effects of the PBL treatment for

students who have or have not previously engaged in a PBL experience in Experiment 5A.
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Figure 5.5: Students’ previous PBL experience and PBL treatment effects
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Figure 5.5 provides a visual representation of the impact of PBL on students’ immediate test
scores (IScore) and cognitive load (CogLoad) based on the students’ previous PBL experience,
which was established through participation in a three-month pilot learning program prior to

Experiment 5.

The results indicate that the PBL treatment was successful in enhancing students’ immediate test
scores, regardless of whether or not they had previous PBL experience. Additionally, the line
connecting the Didactic and PBL groups for students with previous PBL experience appears to
be steeper, suggesting that the positive impact of the PBL treatment may be more pronounced for

these students.

In terms of students’ cognitive load, although not prominently displayed in Figure 5.5, the results
suggest that PBL treatment had a slight increase on cognitive load for students without previous
PBL experience, while it had a slight decrease on cognitive load for students with previous PBL
experience. This intriguing pattern warrants further quantitative analysis in the rest of this

section.
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5.4.1.1 Two-way variance analysis
The quantitative analysis of the contextual effect of students’ previous PBL experience is

presented in Table 5.15, which provides a two-way variance analysis.

Table 5.15: Two-way variance analysis for contextual effects of previous PBL experience

Variance analysis Interaction IScore DScore CoglLoad
ANOVA Two-way 4('03,33 5(€ %; ?dégg)
Towey 43S S0 o0
MANOVA Two-way ?{fgg)
MANCOVA Two-way ?6?8;)

Source: Compiled by author

Table 5.15 shows the degree to which the combination of the PBL treatment and the contextual
factor (CumuPBL) influence the variance of the response variables. The F statistics or the
approximate F statistics (in the case of the MANOVA and MANCOVA analyses), along with
their respective p-values, are presented in parentheses. Significance levels are indicated by *, **,

and ***, which denote 0.1, 0.05, and 0.01 levels of significance, respectively.

The analysis results indicate that the interaction between PBL and CumuPBL has a significant
impact on the variance of IScore and DScore at the 5% level of significance as determined by
both the ANOVA and ANCOVA analyses. Additionally, the interaction term was also found to
significantly reduce the variance of CogLoad at the 10% level of significance. This pattern was
not observed in the contextual effects of Hgrade and Complex in this thesis. Further
investigation into this result will be undertaken via linear regression and path analysis in

subsequent sections.

5.4.1.2 Linear regression analysis
The findings from the linear regression analysis exploring the interaction effect of the PBL
treatment and students’ previous PBL experience on learning efficacy are presented in Table

5.16. This analysis was conducted using data obtained from Experiment 5A.
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Table 5.16: Linear regression analysis for contextual effects of previous PBL experience

Dependent Variable IScore DScore CogLoad

Intercent 12.070 29.693 6.095

P (30.70) (36.64) (3.87)

PBL 7.858*** 7.646%** 0.180

(1.93) (2.31) (0.24)

0.687 0.921 0.172

CumuPBL (1.91) (2.28) (0.24)

5.532** 7.295%* -0.615*

PBL & CumuPBL (2.70) (3.22) (0.34)
Adj. R squared 0.41 0.39 0.05
N 100 100 100

Source: Compiled by author

The model used in Table 5.16 includes the independent variables of PBL, CumuPBL, and their
interaction term. The estimated coefficients, corresponding standard errors, and significance
levels, denoted by asterisks, with *, ** and *** indicating significance levels of 0.1, 0.05, and
0.01 respectively, are displayed in each cell. The definitions and constructs of the response

variables and treatment groups can be found in Table 4.2.

The results from the linear regression analysis reveal that in Experiment 5A, PBL was
significantly and positively associated with both IScore and DScore, consistent with the
findings from Experiment 1 reported in Section 5.1. The results also indicate that PBL had no
significant impact on students’ cognitive load, which is consistent with the previous findings in
Table 5.2 but contradicts the predictions of CLT. Additionally, the results show that CumuPBL
was not related to either test scores or cognitive load, indicating that students’ previous PBL

experience does not have a direct effect on the learning outcome in Experiment 5A.

The interaction term between PBL and CumuPBL was positively associated with IScore and
DScore at a 5% significance level, which suggests that the benefits of PBL treatment are more
pronounced for students who had prior PBL experience through participation in the pilot
program classes in Experiment 5A. Furthermore, the interaction term was negatively associated
with CogLoad at a 10% significance level, implying that the strengthened benefits of PBL for
students with previous PBL experience may be partially due to reduced cognitive load.
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5.4.1.3 Path analysis

Table 5.17 presents the findings of a path analysis designed to examine the impact of prior

experience with PBL on students’ learning outcomes.

Table 5.17: Path analysis for previous PBL experience

Path Analysis CumuPBL PBL CumuPBL & PBL
Direct 1.37 8.57*** 3.09
(1.59) (1.61) (2.28)
Indirect -0.68 -0.71 2.44*
(0.92) (0.94) (1.36)
Total 0.69 7.86*** 5.53**
(1.83) (1.86) (2.59)

Source: Compiled by author

The results presented in Table 5.17 indicate that previous PBL experience, as represented by the
variable CumuPBL, has no direct or indirect impact on students’ immediate learning efficacy,
measured by the variable IScore. In contrast, the positive effect of the PBL treatment,
represented by the variable PBL, is solely due to its direct impact on IScore. However, the
overall positive impact of the interaction term between PBL and CumuPBL is primarily driven
by its indirect impact through reducing students’ cognitive load, as represented by the variable
CogLoad. These findings suggest that students’ previous PBL experience may enhance the

benefits of the PBL approach by reducing cognitive load.

5.4.2 Contextual effect of digital assistant environment

Figure 5.6 presents a graphical representation of the relationship between the digital assistant
environment and the efficacy of the PBL approach. The lines connecting the error bars represent
the impact of the PBL treatment on students who either received or did not receive additional

support from a digital assistant in Experiment 5B.
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Figure 5.6: Digital assistant environment and PBL treatment effects
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The impact of the PBL approach on students’ immediate test scores (IScore) and cognitive load
(CogLoad) is illustrated in Figure 5.6. This representation is based on data collected from
Experiment 5B, in which students were either given or not given an additional digital learning

assistant in the form of interactive simulation software Rainer.

The results depicted in Figure 5.6 suggest that the PBL treatment was effective in enhancing
students’ immediate test scores, regardless of whether or not they received a digital learning
assistant. Additionally, the line connecting the Didactic and PBL groups for students who
received the digital assistant appears to be steeper, which could indicate that the positive impact
of the PBL treatment may be more pronounced in the presence of the digital assistant

environment.

Regarding students’ cognitive load, the results shown in Figure 5.6 suggest that the PBL
treatment had a slight increase in cognitive load for students without a digital assistant, while it

had a slight decrease in cognitive load for students with a digital assistant.
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5.4.2.1 Two-way variance analysis
The results of the quantitative analysis examining the influence of the digital assistant
environment on the efficacy of the PBL approach are presented in Table 5.18. The table displays

the results of a two-way variance analysis.

Table 5.18: Two-way variance analysis for contextual effects of digital assistant environment

Variance analysis Interaction IScore DScore CoglLoad
ew G e
woon e G
MANOVA Two-way 4-(%%;:;

MANCOVA Two-way 4-(%?;:;

Source: Compiled by author

Table 5.18 reveals that the interaction between the PBL and Digital variables has a statistically
significant effect on the variance of the IScore, DScore, and CogLoad outcome variables. This
finding suggests that the digital assistant environment plays an important role in determining the

efficacy of the PBL approach.

5.4.2.2 Linear regression analysis

The results of the linear regression analysis that aimed at examining the interaction effect of the
PBL approach and the digital assistant environment on students’ learning efficacy are presented

in Table 5.19. The data used in this analysis was obtained from Experiment 5B.

Table 5.19: Linear regression analysis for contextual effects of digital assistant environment

Dependent Variable IScore DScore CogLoad
Intercent 35.878 4.463 0.488
P (24.73) (28.75) (2.84)
PBL 9.182*** 10.370%*** 0.176
(1.45) (1.68) (0.17)
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Dependent Variable IScore DScore CogLoad

Diaital 0.610 0.845 0.142
g (1.44) (1.67) (0.17)
. 4,878** 7.614%** -0.532%*
PBL & Digital (2.04) (2.37) (0.23)
Adj. R squared 0.42 0.46 0.01
N 200 200 200

Source: Compiled by author

The model behind Table 5.19 includes the independent variables of PBL, Digital, and their
interaction term. The coefficients, standard errors, and levels of significance, indicated by
asterisks, with *, ** and *** representing significance levels of 0.1, 0.05, and 0.01 respectively,
are provided in each cell. The response variables and treatment groups, as well as their

definitions and constructs, can be found in Table 4.2.

The results from the linear regression analysis demonstrate that in Experiment 5B, PBL had a
significant and positive correlation with both immediate test scores (IScore) and delayed test
scores (DScore), in line with the findings from Experiment 1 detailed in Section 5.1.
Additionally, the results indicate that PBL had no significant effect on students’ cognitive load,
which is in agreement with previous findings presented in Table 5.2, but contradicts the
predictions of CLT. The results also demonstrate that Digital was not associated with either test
scores or cognitive load, suggesting that the digital assistant environment does not have a direct

impact on learning outcomes in Experiment 5B.

The interaction term between PBL and Digital was found to have a positive association with
both immediate and delayed test scores, indicating that the benefits of PBL treatment are more
pronounced in the presence of a digital assistant environment. Additionally, the interaction term
was negatively correlated with cognitive load at a 5% significance level, suggesting that the
enhanced benefits of PBL for students with digital assistant environment may be due, in part, to

reduced cognitive load.

5.4.2.3 Path analysis

Table 5.20 presents the results of a path analysis that was conducted to assess the effect of the

digital assistant environment on the effectiveness of the PBL approach.
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Table 5.20: Path analysis for digital assistant environment

Path Analysis Digital PBL Digital & PBL
Direct 0.98 9.64*** 3.50*
(1.35) (1.36) (1.93)
Indirect -0.37 -0.46 1.38**
(0.43) (0.43) (0.67)
Total 0.61 9.18*** 4.88**
(1.41) (1.42) (2.00)

Source: Compiled by author

Table 5.20 reveals that the digital assistant environment, as represented by the variable Digital,
does not have a direct or indirect influence on students’ immediate learning efficacy, as
measured by the variable IScore. On the other hand, the positive impact of the PBL treatment,
represented by the variable PBL, is derived solely from its direct effect on IScore. However, the
overall positive effect of the interaction between PBL and Digital is the result of both its direct
impact on IScore and its indirect impact via a reduction in students’ cognitive load, represented
by the variable CogLoad. These results suggest that the digital assistant environment may

enhance the benefits of PBL by reducing cognitive load as well as other factors beyond it.

5.4.3 Contextual effect of pro-PBL family culture

The relationship between the pro-PBL family culture and the efficacy of the PBL approach is
presented graphically in Figure 5.7. The figure illustrates the impact of the PBL treatment on
students who are from a pro-PBL family and those who are not, as indicated by the connecting

lines between the error bars in Experiment 6.
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Figure 5.7: Pro-PBL family culture and PBL treatment effects

ProPBL=1 ProPBL=0
5t
90 - °
g @ L ]
o
8 80 ole
W —e e
f— ?0 L ]
u% o 0] o
60 o
Didactic PBL Didactic PBL
ProPBL=1 ProPBL=0
o =
= 2 °£ . % D
3 % ™ .
] 0 00®
on ® ®
e , o h
&) ® ° ) °
% o0 oo° °
-4 ° g-" o
Didactic PBL Didactic PBL

Source: Compiled by author

The graphical representation in Figure 5.7 provides evidence for the efficacy of the PBL
treatment in enhancing students’ immediate test scores, regardless of the presence or absence of
a pro-PBL family culture. In this study, a pro-PBL family culture is defined as a family where
the parent has an overseas educational background,; it is represented by the variable ProPBL = 1
(as further defined in Table 4.2). Furthermore, the steepness of the line connecting the Didactic
and PBL groups for students from pro-PBL families appears to suggest that the positive impact
of the PBL treatment is more pronounced in the presence of such a culture. The results depicted
in Figure 5.7 also indicate that the PBL treatment leads to an increase in cognitive load for
students from non-pro-PBL families, while it results in a reduction of cognitive load for students

from pro-PBL families.

5.4.3.1 Two-way variance analysis

The findings of the quantitative examination of the impact of pro-PBL family culture on the
effectiveness of the PBL approach can be found in Table 5.21. The results are displayed in the

form of a two-way variance analysis between PBL and ProPBL.
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Table 5.21: Two-way variance analysis for contextual effects of pro-PBL family culture

Variance analysis Interaction IScore DScore CogLoad
13.91%** 14.94%** 79.63***
ANOVA Two-way (0.00) (0.00) (0.00)
13.02%** 12.77%** 72.88***
ANCOVA Two-way (0.00) (0.00) (0.00)
*kk
MANOVA Two-way 26(3 %0)
24.23***
MANCOVA Two-way (0.00)

Source: Compiled by author

The findings in Table 5.21 indicate that the interaction between the PBL and ProPBL variables
has a statistically significant impact on the variances of the IScore, DScore, and CogLoad
outcome variables. This result implies that pro-PBL family culture is important in influencing the

effectiveness of PBL.

5.4.3.2 Linear regression analysis

The findings of a linear regression analysis aimed at evaluating the impact of the interaction
between the PBL and ProPBL variables on students’ learning efficacy, as measured by the
IScore, DScore, and CogLoad outcome variables, are presented in Table 5.22. These results

were derived from the data collected during Experiment 6.

Table 5.22: Linear regression analysis for contextual effects of the pro-PBL family culture

Dependent Variable IScore DScore CogLoad
Intercent 32.232 72.800** -2.232
P (31.50) (34.53) (2.95)
PBL 6.613*** 4.698** 0.989***
(1.75) (1.92) (0.16)
1.598 0.654 -0.053
ProPBL (1.75) (1.91) (0.16)
8.997*** 9.767*** -1.996***
PBL & ProPBL (2.49) 2.73) 0.23)
Adj. R squared 0.54 0.45 0.61
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Dependent Variable IScore DScore CogLoad

N 100 100 100

Source: Compiled by author

The model behind Table 5.22 includes the independent variables of PBL, ProPBL, and their
interaction term. The coefficients, standard errors, and levels of significance, as indicated by
asterisks, with * representing 0.1, ** representing 0.05, and *** representing 0.01 significance

levels, are provided in the table.

The results of the linear regression analysis reveal that in Experiment 6, the PBL approach has a
significant and positive correlation with both immediate test scores (IScore) and delayed test
scores (DScore), which is in line with the findings from Experiment 1 presented in Section 5.1.
Furthermore, the results indicate that the PBL approach has a significant positive effect on
students’ cognitive load, which is consistent with the predictions of CLT but not observed in
other experiments included in this thesis. Additionally, the results demonstrate that ProPBL does
not have a direct impact on the learning outcomes in Experiment 6, as it was not associated with

either test scores or cognitive load.

The interaction term between the PBL approach and pro-PBL family culture was found to have a
positive association with both immediate and delayed test scores, indicating that the benefits of
the PBL treatment are more pronounced in students who come from a pro-PBL family culture.
Additionally, the interaction term was negatively correlated with cognitive load at a 1%
significance level, which suggests that the enhanced benefits of the PBL approach for students

from a pro-PBL family culture may be due to reduced cognitive load.

5.4.3.3 Path analysis

The results of a path analysis that aimed to evaluate the impact of the pro-PBL family culture on

the efficacy of the PBL approach are presented in Table 5.23.

Table 5.23: Path analysis for the pro-PBL family culture

Path Analysis ProPBL PBL ProPBL & PBL
Direct 142 9.98*** 2.21
(1.59) (1.88) (3.04)
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Path Analysis ProPBL PBL ProPBL & PBL

indirect 0.18 -3.36%** 6.78%%x
(0.54) (1.13) (2.16)

Total 1.60 6.61%x 9.00%
(1.68) (1.68) (2.39)

Source: Compiled by author

Table 5.23 provides evidence that the pro-PBL family culture, as represented by the variable
ProPBL, does not have a direct or indirect effect on the immediate learning efficacy of students,
as measured by the variable IScore. In contrast, the positive impact of the PBL treatment,
represented by the variable PBL, can be attributed to a combination of direct and indirect effects.
The direct effect of PBL on IScore is positive, indicating an improvement in students’ learning
outcomes beyond the cognitive load channel. However, the indirect effect of PBL on IScore is
negative, resulting from increased cognitive load. Despite this, the overall effect of PBL on
IScore is positive, as its direct effect is more pronounced. For the interaction between PBL and
ProPBL, the overall positive effect on IScore is driven primarily by the reduction of cognitive
load, as the indirect effect is significant, while the direct effect is not. In conclusion, the results
suggest that the pro-PBL family culture can enhance the efficacy of the PBL approach by

alleviating students’ cognitive load and preserving their working memory.

5.5 Summary of Chapter 5

Chapter 5 presents the principal empirical findings derived from the research design and sample
described in Chapter 3. To facilitate a clear understanding of the results, a comparison between

the findings and the hypotheses posited in Chapter 3 will be made. The comparison for RQ1 and
RQ?2 is presented in Table 5.24, which mirrors the structure of Table 3.2 but includes additional

columns indicating the empirical findings for each prediction.

Table 5.24: Comparison of empirical findings with predictions (RQ1 & RQ2, ‘P’ for prediction
and ‘F’ for finding)
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The empirical findings of the research in this thesis are largely consistent with the predictions
posited in Chapter 3. The PBL approach was consistently found to improve students’ learning
outcomes in all six experiments, as reflected in higher testing scores, increased enjoyment in
learning, and enhanced self-efficacy with regards to the knowledge gained. The predictions of
CLT, which argues that PBL would result in increased cognitive load and depleted working
memory, were partially supported by the post hoc results of Experiment 1. However, the results
of the other contextual experiments were not in line with this proposition, with the exception of
Experiment 6. Even in Experiment 6, the positive effects of PBL on learning outcomes through
factors beyond cognitive load outweighed any negative impacts on learning through cognitive
load. The results from the majority of the path analyses (Experiments 3 to 5) indicate that the

effects of PBL on learning outcomes primarily stem from mechanisms beyond cognitive load.

The empirical findings with regards to the pedagogical elements of PBL indicate that moderate
and minimal levels of guidance, as well as late guidance, resulted in increased cognitive load, as
evidenced in Experiment 1. The impact of collective learning on cognitive load was not clear.
The testing results did not reveal a clear impact on testing scores for moderate guidance and late
guidance, but minimal guidance was found to reduce the immediate testing score by 8.5 marks
and the delayed testing score by 12.8 marks compared to traditional didactic teaching methods,
as documented in Table 5.2. While collective learning alone improved the delayed testing scores
by 3.3 marks, this improvement was not significant at the 5% level. All PBL elements were
found to improve students’ self-efficacy, while only collective learning had a positive impact on

students’ enjoyment, as documented in the testing results. These findings confirm the inverted U-
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shaped relationship between guidance level and learning efficacy, as well as the unique benefit

of collective learning compared to other elements.

The empirical findings regarding the effect of the PBL approach suggest a positive synergistic
effect on short-term learning outcomes, as evidenced by the marginally significant results. Table
5.3 indicates that two-way and three-way classifications contribute to explaining the variance of
the short-term learning outcome indicators, while Table 5.4 shows that the three-way interaction
term has a positive impact on testing scores at a 10% significance level. The positive synergistic
effect of the PBL approach was observed for students’ enjoyment in the long-term learning
outcome indicators, but the impact on students’ self-efficacy was unclear, as documented in
Tables 5.7 and 5.8.

The comparison between the predictions outlined in Chapter 3 and the empirical findings for
RQ3 and RQ4 is depicted in Table 5.25, which parallels the format of Table 3.3 but incorporates

additional columns exhibiting the actual results for each prediction.

Table 5.25: Comparison of empirical findings with predictions (RQ3 & RQ4)

Contextual variable Response variable Prediction Finding
Cognitive load score ? ?
Higher-grade students
Knowledge acquisition score + +
Cognitive load score ? ?

Knowledge with more interactive elements
Knowledge acquisition score

Cognitive load score

PBL for one semester
Knowledge acquisition score + +

Cognitive load score

PBL with more digital assistance
Knowledge acquisition score + +

Cognitive load score

Family with pro-PBL cultural background
Knowledge acquisition score + +

Source: Compiled by author

As is evident from Table 3.3, this thesis documents results consistent with the predictions in
Chapter 3 for the two contextual factors suggested by CLT and modified CLTs. Specifically, the

interaction term of Hgrade and PBL was found to have a significantly positive impact on
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IScore, as illustrated in Table 5.10. Additionally, the interaction term of Complex and PBL was
shown to have a significantly positive impact on both IScore and DScore, as presented in Table
5.13. Although these results are consistent with the predictions of CLT with regards to
knowledge acquisition score, the underlying logic revealed by this thesis is different from that
predicted by CLT. The higher grade students did not experience a decrease in cognitive load
when receiving PBL treatment, and the more complex learning task did not result in an increased
cognitive load for the PBL treatment groups. The path analyses in Tables 5.11 and 5.14 suggest
that the impact of these interaction terms is mainly through direct channels, rather than indirect
channels related to cognitive load. Thus, the findings of this thesis suggest that prior knowledge
and task complexity could influence the efficacy of PBL, but not in accordance with the logic

proposed by CLT.

This thesis also demonstrates results consistent with the predictions for the three contextual
factors relevant to RQ4. The results in Tables 5.19 and 5.19 reveal that previous PBL-like
learning experiences can help reduce cognitive load in students receiving PBL treatment, which
leads to improved testing scores. Additionally, digital assistant environments were found to
significantly reduce cognitive load in PBL treatment groups, leading to a more pronounced PBL
benefit with respect to testing scores. Furthermore, pro-PBL family cultures were found to
reduce cognitive load for students in PBL treatment groups, resulting in even higher scores, as
evidenced in Table 5.22. The path analyses in Tables 5.17, 5.20, and 5.23 suggest that the
contextual effects of previous PBL and pro-PBL family culture are dominated by indirect effects
through cognitive load, while digital assistance environments have both direct and indirect
effects. These empirical answers to RQ4 suggest that the CLT framework should incorporate

additional contextual factors, as advised by the ICLT.
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6 Conclusions

This thesis aimed to address two research gaps in the field of PBL by raising four research
questions and conducting six experiments in two schools in China over a period of two years and
nine months. The analyses of this thesis are based on a total sample size of 2,334 students from
grades 8 and 9. The findings demonstrate the positive efficacy of PBL on students’ learning
outcomes and provide evidence against some of the arguments of CLT. This thesis also explored
the effect of individual pedagogical elements of PBL and revealed the advantage of collective
learning and the positive synergistic effect of a PBL approach. Furthermore, the findings show
that prior knowledge, task complexity, previous PBL-like learning experiences, digital assistance
environment, and pro-PBL family culture can all influence the efficacy of PBL. These findings
suggest that the CLT framework should incorporate additional contextual factors, as advised by
modified CLTs such as ICLT.

In this thesis, several empirical design strategies have been employed to ensure the validity and
reliability of the results. First, a stratified random sampling strategy was used to minimize
disparities across the experimental groups. By employing this method, | was able to account for
systematic differences between the treatment and control groups, such as pre-treatment testing
scores, that may impact student learning outcomes. Second, a pre-recorded video was utilized to
isolate the treatment variable and control for other factors that might influence the learning
environment. This method helped to standardize all other aspects of the learning environment,
such as the teacher, teaching material, class duration, and class size, to minimize any
discrepancies that may arise as a result of differences among teachers. Third, path analysis was
conducted to distinguish direct and indirect effects of PBL and its contextual factors. Path
analysis provides a means to differentiate between PBL’s direct impact on learning outcomes

and its indirect impact through cognitive load.

This thesis makes several contributions to the field of PBL research. First, it offers empirical
evidence from a non-western cultural context, through a series of randomized controlled
experiments in China. These experiments deepen our understanding of the impact of PBL on
cognitive load and learning outcomes in this particular cultural setting. Second, this thesis goes

beyond a holistic view of PBL by examining the individual effects of its elements, and provides
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evidence of the positive synergistic efficacy of the approach. This aspect has been
underrepresented in previous studies. Third, this thesis identifies and provides evidence of
additional contextual factors influencing the efficacy of PBL, including the family-level culture,
prior PBL experience, and digital assistance. This contributes to a more comprehensive
understanding of the effectiveness of PBL in a non-western cultural context and the factors that

impact its efficacy.
6.1 Limitations

However, it is important to acknowledge the limitations of this thesis that should be taken into
account when interpreting the results. First, the generalizability of the findings may be limited.
The experiments were conducted in only two secondary schools in China, specifically focusing
on the teaching of physics. The results may not be applicable to other countries, regions, grade

levels, disciplines, or educational institutions, thereby limiting the representation of the findings.

Second, the thesis may be subject to measurement error. For instance, it is questionable whether
student enjoyment and self-efficacy serve as appropriate measures for long-term learning
outcomes. Although it is plausible that students who enjoy learning and have confidence in their
knowledge may have better future learning outcomes, there is still potential for measurement
error. Other variables, such as critical thinking skills and future career concerns, should also be
considered. For treatment variables, utilizing various combinations of pre-recorded instructional
videos may result in a discrepancy from the 'naturalistic' settings of PBL teaching. This
difference imposes a limitation on drawing inferences from the results of this study. For
contextual variables, the extent to which a parent’s overseas education background can represent
a family-level pro-PBL culture is also subject to measurement error and would benefit from more
direct measures. Additionally, the measurements of 'digital assistance' and 'pro-PBL" as binary
variables may oversimplify the intricate processes involved in teaching using digital technologies

and the influence of family background.

Third, the issue of causality is not fully addressed in this thesis. The causality between the PBL
treatment and the response variable depends on the randomness of the sampling. Despite the use
of stratified random sampling to mitigate disparities across experimental groups, there may still

be unobserved differences between groups that contribute to differences in learning outcomes.
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Thus, it is in principle possible that it is not the treatment group that leads to the pattern of

learning efficacy, but rather these unobserved differences.

6.2 Recommendations

This section offer several directions for future research based on the implications and limitations
of this thesis. First, it would be valuable to expand the scope of research on PBL in non-western
cultural contexts. This would provide a more comprehensive understanding of the utilization of
PBL in different countries, regions, grade levels, disciplines, and educational institutions. By
conducting studies in multiple non-western cultures, we can overcome the limitation of

representation in this thesis.

Second, further exploration into the individual elements and synergistic effects of PBL is of great
interest. This thesis has demonstrated the significance of collective learning; however, more
research is needed to understand why collective learning is more beneficial. Investigating the
synergistic effects of the PBL approach across different countries, including western countries,

would deepen our understanding of the optimal combination of PBL elements.

Third, the measurement of long-term learning outcomes is a crucial area for future PBL-related
research. More studies should focus on this aspect and explore alternative variables, such as
critical thinking skills and future career concerns. It is also necessary to examine the correlation
between these variables and their underlying latent factors. In addition, a longer window sample,
such as a 10-year period, could be used to evaluate which factors best predict students’ actual

future scientific achievements.

Fourth, the family-level cultural factor is a fascinating area for further investigation. More
studies that use direct measures, such as standardized questionnaires or assessments of parents’
attitudes towards PBL, would provide a more nuanced understanding of the family’s cultural
status regarding PBL. Micro data on the family’s parenting history could also provide insights

into how family culture is shaped and inform future research in this area.

In addition to the academic community, this thesis also holds implications for various
stakeholders in education, including teachers and policy makers. Teachers are encouraged to

incorporate more digital scaffolding in conjunction with PBL teaching, as the thesis indicates
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that this combination can significantly enhance the efficacy of PBL. Schools should also aim for
a sustained, long-term implementation of PBL, as students' increased familiarity with this
method can lead to more efficient learning. For education policy makers in non-western cultures,
such as China, this research provides evidence that PBL is an effective strategy for secondary
school education, despite the distinct social norms compared to western societies. This study also
enlightens policy makers about the importance of modifying societal cultural attitudes to be more

supportive of the PBL approach, in order to maximize its impact in schools.

As | embarked on the first experiment of this thesis in 2016, | could not have foreseen the
profound impact technology would have on the world and the learning environment by the time
my thesis was completed. The past three years of global pandemic have seen the rapid evolution
of artificial intelligence, exemplified by the emergence of transformative Al products like
ChatGPT. The way we learn and acquire knowledge has undergone dramatic changes throughout
history, and we can only imagine what the students of the Victorian era would think of our
present-day methods. However, the exponential growth of Al and other technological
innovations has brought forth a pressing concern as to what the future students should be
equipped with, now more imperative than ever before. A growing body of research (Garcia-
Pefalvo, 2023; Pavlik, 2023; Zhai, 2022) has explored how current learning methods are being
affected by new Al products like ChatGPT. It is against this backdrop that my thesis is being
presented, at a time when the importance of evaluating the effectiveness of various learning

methods, including the PBL approach, cannot be overstated.
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Appendices

Appendix 1 Acronym glossary of the present thesis

Acronym Full form Location
ANCOVA Analysis of Covariance Chapter 4
ANOVA Analysis of Variance Chapter 4
CCLT Collaborative cognitive load theory Section 2.2.4
CFA Confirmatory factor analysis Section 2.3.1.1
CLT Cognitive load theory Chapter 1
ICLT The interval theory view of cognitive load theory Section 2.2.4
LHZ School Luzhou Huojing Zhan School Chapter 4
LMM linear mixed-effects model Chapter 4
MANCOVA Multivariate Analysis of Covariance Chapter 4
MANOVA Multivariate Analysis of Variance Chapter 4
ML Maximum likelihood Chapter 4
PBL Problem-based learning Chapter 1
PISA Programme for International Student Assessment Section 2.3.1.1
REML Restricted maximum likelihood Chapter 4
RZS School Ruian Zijing Shuyuan Schoo Chapter 4
SEM Structural Equation Modeling Section 3.1.2
STEM The disciplines of science, technology, engineering, and mathematics Section 3.1.1
TIMSS Trends in International Mathematics and Science Study Section 2.3.1.1

Source: Compiled by author
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Appendix 2 Technical details of standardizing previous empirical findings on
PBL efficacy

The original coefficients and standard errors from studies are not comparable. To put various
experiments or analyses onto a level playing field, the present thesis standardizes those statistics

in the following steps.

1) Convert all the coefficient and standard errors of the treatment (guidance, early guidance, and
group discussion respectively) into incremental form. If the original statistics are already in
incremental form, there is no change for them in this step. For the original statistics in the raw-
value form, the present thesis calculates the incremental effect and standard error using the

formulas below.

Incremental Ef fect = MeaNtyeqiment — M€ control

(NTreatment - 1)SE2 + (NControl - 1)SE2

Treatment Control

SE of Incremental Ef fect =
NTreatment + NContrl —2

The right side of the equation calculating SE of incremental effect is the denominator of Cohen’s

d. The studies reviewed by the present thesis apply the condition of using Cohen’s d since 1)

there are no significant differences in sample sizes between treatment and control groups and 2)

their sample sizes are greater than 20 (J. Cohen, 2013).

2) Scale all the incremental effect coefficients and standard errors so their standard errors are of

identical value.

The limitations of the standardization procedure used here include that it will understate the
incremental effect if the study inherently has a larger SE. In terms of testing the hypothesis, both
larger SE and small estimated effect impede rejecting the null hypothesis. However, it is worth
noting that the standardized value of incremental effect in Section 2.3 of the present thesis should
not be inferred as the magnitude level of the incremental effect of treatment. Instead, it is the

blend of effect and standard error.
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Appendix 3 Definition of PISA items

PISA

PISA Item

Item

Version Code Level Explanation
SCINI.TAC 1 Item parameters for science teaching: interaction
ST34Q01 2 a) Students are given opportunities to explain their ideas
ST34Q05 2 e) The lessons involve students’ opinions about the topics
ST34Q09 2 i) There is a class debate or discussion
ST34Q13 2 m) The students have discussions about the topics
SCH? ND 1 Item parameters for science teaching: hands-on activities
ST34Q02 2 b) Students spend time in the laboratory doing practical experiments
ST34Q03 2 ¢) Students are required to design how a question could be investigated in the laboratory
ST34Q06 2 f) Students are asked to draw conclusions from an experiment they have conducted
zlo%é‘ ST34Q14 2 n) Students do experiments by following the instructions of the teacher
scl NFVES 1 Item parameters for science teaching: student investigations
ST34Q08 2 h) Students are allowed to design their own experiments
ST34Q11 2 k) Students are given the chance to choose their own investigations
ST34Q16 2 p) Students are asked to do an investigation to test out their own ideas
SCAPPLY 1 Item parameters for science teaching: focus on models or applications
g) The teacher explains how a idea can be applied to a number of different phenomena (e.g.
ST34Q07 2 . L -
the movement of objects, substances with similar properties)
ST34Q12 2 1) The teacher uses science to help students understand the world outside school
ST34Q15 2 0) The teacher clearly explains the relevance of concepts to our lives
ST34Q17 2 q) The teacher uses examples of technological application to show how is relevant to society
IBTEACH 1 Inquiry-based science teaching an learning practices (WLE)
STO?iQOl 2 Students are given opportunities to explain their ideas.
STO?iQOZ 2 Students spend time in the laboratory doing practical experiments.
PISA
2015
STO&E;QOB 2 Students are required to argue about science questions.
STO?iQOS 2 Students are asked to draw conclusions from an experiment they have conducted.
STO.?iQOG 2 The teacher explains <school science> idea can be applied
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PISA PISA Item

Item

Version Code Level Fxplanation
STO.?iQW 2 Students are allowed to design their own experiments.
STO&%Q% 2 There is a class debate about investigations.
STO?iQOQ 2 The teacher clearly explains relevance <broad science> concepts to our lives.
STOI\QIino 2 Students are asked to do an investigation to test ideas.
TDLEAC 1 Teacher-directed science instruction (WLE)
STlﬁ;’iQOl 2 The teacher explains scientific ideas.
STlﬁiQO?» 2 A whole class discussion takes place with the teacher.
STlﬁi\Qos 2 The teacher discusses our questions.
STlSinl 2 The teacher demonstrates an idea.

Source: OECD (2009) and OECD (2017), compiled by author
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Appendix 4 Experimental studies of PBL by education disciplines

. - . # of % of
Education discipline Studies studies  studies
Hsu et al. (2015), Klahr and Nigam (2004), Stull and Mayer (2007),
Zhang (2019), Zhang (2018), Ashman et al. (2020), Hsu et al.
Science (2015), Chase and Klahr (2017), Matlen and Klahr (2013), Chen et 14 37.8
al. (2021), Nachtigall et al. (2020), Weaver et al. (2018), Aidoo et al.
(2016), Argaw et al. (2016)
Rittle-Johnson (2006), Chen et al. (2016), Chen et al. (2019), Chen et
al. (2020), Likourezos and Kalyuga (2017), Loibl et al. (2020),
Mathematics Kapur (2014), Kazemi and Ghoraishi (2012), Ajai et al. (2013), 12 324
Firdaus and Herman (2017), Hendriana et al. (2018), Amalia et al.
(2017)
. Steenhof et al. (2020), Imanieh et al. (2014), Penjvini and
Medical Shahsawari (2013) 3 8.1
Education Barth et al. (2019), Hendarwati et al. (2021) 2 5.4
Language Kyun et al. (2013), Lu et al. (2020) 2 5.4
Engineering Jabarullah and Hussain (2019) 1 2.7
Not identified De Witte and Rogge (2016) 1 2.7
Psychology Moreno (2004) 1 2.7
Social work Westhues et al. (2014) 1 2.7

Source: Compiled by author
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Appendix 5 Regression results of the expected learning outcomes

In order to calculate the anticipated outcomes of learning for the stratified random assignment,
the present study employs a linear mixed model (LMM) as outlined in Section 4.1. The
parameters of Section 4.1 will be estimated using a restricted maximum likelihood (REML)
technique, as opposed to the commonly used standard maximum likelihood (ML) method. The
REML approach is deemed more suitable for small-sample analysis (Galecki et al. (2013)
provide a comprehensive understanding of linear mixed models and REML). The results of the
LMM model for each experiment are presented below.

Experiment Experiment Experiment Experiment Experiment Experiment

1 2 3 4 5 6
Interceot 57.354%*%  B712%%*  53228%**  B9.668***  38.644%**  81.701%**
P (12.01) (10.58) (13.69) (11.97) (10.75) (9.16)
Gender -1.541%%% -0.560 -1.007* -0.700 -0.641 -0.749*
(0.51) (0.46) (0.61) (0.53) (0.47) (0.42)
Ade 1.168 1.318* 1.602 1.195 2.533%%* 0.196
g (0.84) (0.76) (1.00) (0.89) 0.77) (0.68)
SES| -0.004 -0.270 0.802* -0.256 0.400 0.205
(0.31) (0.30) (0.42) (0.35) (0.31) (0.27)

Random effect of

Class Controlled Controlled Controlled Controlled Controlled Controlled

N 528 477 209 223 453 236

Source: Compiled by author

The above table presents the LMM results for all six experiments of this thesis. The model
includes three predictors: Gender, Age, and SESI, as well as a random effect of Class, which is
controlled in all six experiments. The coefficients for each predictor are reported along with their
standard errors in parentheses and significance levels indicated by asterisks (* p < 0.1, ** p <

0.05, *** p < 0.01). The number of observations for each experiment is also reported.
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Appendix 6 Socio-economic status questions

Item SES1: What is your father’s occupation?

«  Managerial or professional

»  Technical, associate professional or administrative
«  Skilled manual worker

«  Semiskilled or unskilled manual worker

«  Not working or other
Item SES2: What is your mother’s occupation?

«  Managerial or professional

«  Technical, associate professional or administrative
«  Skilled manual worker

»  Semiskilled or unskilled manual worker

*  Not working or other
Item SES3: What is your parents’ highest level of education?

«  Both have completed tertiary education

«  One has completed tertiary education and the other has completed upper secondary
education

«  Both have completed upper secondary education

«  One has completed upper secondary education and the other has completed lower
secondary education

«  Both have completed lower secondary education or less

Item SES4: How many books are there in your home?

* None
« 1-10

« 11-25
«  26-50
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« 51 ormore
Item SES5: How often do you eat dinner together with your family?

*  Almost every day
. Once or twice a week
. A few times a month

. Almost never

Item SES6: How often do you take part in cultural activities (e.g. going to the cinema, theatre or

concert)?

«  Once a week or more
. Once or twice a month
«  Afewtimes ayear

. Almost never

Item SES7: How many computers are there at home for your own use?

. None
. 1
. 2

. 3 or more

Item SES8: How many rooms are there in your home for sleeping?

- 1
e 2
+ 3

. 4 or more

Item SES9: How many people sleep in your room?

- 1
s 2
« 3
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. 4 or more

Item SES10: How often do you have to go without eating because there is not enough food at

home?
. Never
*  Rarely

. Sometimes

. Often

To transfer the answers into a numeric measure, a scoring system can be used. This system
assigns a specific numerical value to each answer option, allowing for the data to be analyzed
quantitatively. For example, for the question about the number of books in the home, a scoring

system might assign the following values:

« None=1
« 110=2

« 11-25=3
« 26-50=4

i 51 or more =5

The final SESI is calculated by the following equation.

4 10
SESI = ZSESi/S + ZSES]-/LL
i=1 j=5
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Appendix 7 Constructing CFA latent variables

Figures Appendix 7.1, Appendix 7.2, and Appendix 7.3 present the CFA latent variable models
for Cognitive Load, Enjoyment, and Self-efficacy, respectively. The factor loading of the first
item is standardized to one, thereby expressing the magnitude of the other factor loadings
relative to it, facilitating the interpretation of the size and significance of the other loadings.
Furthermore, this normalization helps to establish a standardized metric for the latent variable,

enabling comparisons with other latent variables to be made with greater ease.

Figure Appendix 7.1

Cogload
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Source: Compiled by author
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Figure Appendix 7.2
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Figure Appendix 7.3
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Appendix 8 Cognitive load questions

Item CL1: How mentally demanding did you find the task?

*  Very demanding
»  Somewhat demanding
*  Not very demanding

* Not at all demanding
Item CL2: How much effort did you have to put into the task?

*  Alot of effort
«  Some effort

«  Alittle effort
*  No effort

Item CL3: How much did you have to focus on the task?

. All the time
. Most of the time
. Some of the time

* Notatall
Item CL4: How difficult did you find the task?

«  Very difficult

«  Somewhat difficult
*  Not very difficult

* Notat all difficult

Item CL5: How much did you feel you were working at your limit?

. All the time
. Most of the time

. Some of the time
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* Notatall
Item CL6: How much did you feel you were using your cognitive resources?

. All the time
. Most of the time
. Some of the time

. Not at all

Item CL7: How much did you feel the task was taking your attention away from other things?

. All the time
. Most of the time
. Some of the time

. Not at all

Item CL8: How much did you feel that the task was interfering with other things you were
doing?

*  All the time

*  Most of the time

»  Some of the time

. Not at all
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Appendix 9 Enjoyment questions
How much do you agree with the statements below?
Item E1: | generally have fun when I am learning Physics topics.
«  Strongly disagree
«  Disagree
 Agree
«  Strongly agree
Item E2: | like reading about Physics.
«  Strongly disagree
« Disagree
Agree
«  Strongly agree

Item E3: | am happy doing Physics problems.

«  Strongly disagree
« Disagree

Agree

«  Strongly agree

Item E4: | enjoy acquiring new knowledge in Physics.

«  Strongly disagree
» Disagree
 Agree
«  Strongly agree
Item E5: | am interested in learning about Physics.
«  Strongly disagree

« Disagree
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Agree
«  Strongly agree
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Appendix 10 Self-efficacy questions

Item S1: How confident are you in your ability to understand and apply Newton’s laws of motion
in a physics problem?

«  Very confident
«  Somewhat confident
«  Not very confident

. Not at all confident

Item S2: How confident are you in your ability to solve problems related to Newton’s laws of

motion?

«  Very confident
»  Somewhat confident
*  Not very confident

. Not at all confident

Item S3: How confident are you in your ability to explain Newton’s laws of motion to others?

»  Very confident
«  Somewhat confident
*  Not very confident

. Not at all confident

Item S4: How confident are you in your ability to use Newton’s laws of motion to predict the

behavior of objects in motion?

«  Very confident
»  Somewhat confident
*  Not very confident

. Not at all confident

Item S5: How confident are you in your ability to apply Newton’s laws of motion to real-world
situations?

187



Very confident
Somewhat confident
Not very confident

Not at all confident
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Appendix 11 Maximum guidance description

Opening: “Hello and welcome to this video lecture on Newton’s laws. My name is [Name] and
I’11 be guiding you through the three laws that explain the motion of objects. By the end of this
video, you will have a solid understanding of how these laws work and how they apply to the

world around us. Let’s get started.”

Law 1: “The first law is known as the law of inertia. It states that an object at rest will remain at
rest, and an object in motion will remain in motion at a constant velocity unless acted upon by an
unbalanced force. Let’s take a look at an example. Imagine a hockey puck on a frozen lake. The
hockey puck is at rest and there are no unbalanced forces acting upon it. According to the law of
inertia, the hockey puck will remain at rest. Now, imagine a player hits the hockey puck with a
stick. This action is an unbalanced force, and the hockey puck will start to move. This is how the

law of inertia works.

Let us proceed by presenting a step-by-step worked example for further illustration.” (Insert one

step-by-step worked example)

Law 2: “The second law is known as the force-mass-acceleration relationship. It states that force
is equal to mass multiplied by acceleration. In other words, F = ma. This means that if you want
to accelerate an object, you need to apply a force. The greater the mass of the object, the more
force is needed to accelerate it. Let’s take a look at an example. Imagine you’re pushing a
shopping cart. The cart has a mass of 20 kg and you’re applying a force of 10 N. According to

the force-mass-acceleration relationship, the acceleration of the cart is 0.5 m/s2.

Let us proceed by presenting a step-by-step worked example for further illustration.” (Insert one

step-by-step worked example)

Law 3: “The third law is known as the action-reaction principle. It states that for every action,
there is an equal and opposite reaction. This means that if you push on an object, the object will
push back on you with the same force. Let’s take a look at an example. Imagine you’re riding a
bike and you hit a pothole. You’re pushing down on the front wheel, and the road is pushing
back on the wheel with an equal and opposite force. This is how the action-reaction principle

works.
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Let us proceed by presenting a step-by-step worked example for further illustration.” (Insert one

step-by-step worked example)

Closing: “That’s it for this video on Newton’s laws. You now have a solid understanding of the
law of inertia, the force-mass-acceleration relationship, and the action-reaction principle.
Remember, these laws apply to the world around us and help us explain the motion of objects. If

you have any questions, don’t hesitate to reach out for help. Thank you for watching.”
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Appendix 12 Moderate guidance description

Opening: “Hello and welcome to this video lecture on Newton’s laws. My name is [Name] and
I’1l be providing an overview of the three laws that explain the motion of objects. By the end of
this video, you will have a general understanding of how these laws work and how they apply to
the world around us. However, it’s important that you take the time to research and explore the

topic on your own for a deeper understanding. Let’s get started.”

Law 1: “The first law is known as the law of inertia. It states that an object at rest will remain at
rest, and an object in motion will remain in motion at a constant velocity unless acted upon by an
unbalanced force. Let’s take a look at an example. Imagine a hockey puck on a frozen lake. The
hockey puck is at rest and there are no forces acting upon it. According to the law of inertia, the
hockey puck will remain at rest. Now, imagine a player hits the hockey puck with a stick. This
action is an unbalanced force, and the hockey puck will start to move. This is how the law of

inertia works.”

Law 2: “The second law is known as the force-mass-acceleration relationship. It states that force
is equal to mass multiplied by acceleration. In other words, F = ma. This means that if you want
to accelerate an object, you need to apply a force. The greater the mass of the object, the more
force is needed to accelerate it. Let’s take a look at an example. Imagine you’re pushing a
shopping cart. The cart has a mass of 20 kg and you’re applying a force of 10 N. According to

the force-mass-acceleration relationship, the acceleration of the cart is 0.5 m/s%.”

Law 3: “The third law is known as the action-reaction principle. It states that for every action,
there is an equal and opposite reaction. This means that if you push on an object, the object will
push back on you with the same force. Let’s take a look at an example. Imagine you’re riding a
bike and you hit a pothole. You’re pushing down on the front wheel, and the road is pushing
back on the wheel with an equal and opposite force. This is how the action-reaction principle

works.”

Closing: “That’s it for this video on Newton’s laws. You now have a general understanding of
the law of inertia, the force-mass-acceleration relationship, and the action-reaction principle.
Remember, these laws apply to the world around us and help us explain the motion of objects.

It’s important that you take the time to research and explore the topic on your own for a deeper
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understanding. If you have any questions, don’t hesitate to reach out for help. Thank you for

watching.”
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Appendix 13 Minimal guidance description

Opening: “Welcome to this video lecture on Newton’s laws. My name is [Name], and I’ll be
providing a brief overview of the three laws that explain the motion of objects. It’s important to
note that this video will not provide all the information and it’s up to you to research and explore

the topic on your own for a deeper understanding. Let’s get started.”

Law 1: “The first law is known as the law of inertia. It states that an object at rest will remain at
rest, and an object in motion will remain in motion at a constant velocity unless acted upon by an
unbalanced force. This can be demonstrated by a hockey puck on a frozen lake. If there are no

forces acting upon it, it will remain at rest.”

Law 2: “The second law is known as the force-mass-acceleration relationship. It states that force
is equal to mass multiplied by acceleration. In other words, F = ma. This means that if you want
to accelerate an object, you need to apply a force. The greater the mass of the object, the more

force is needed to accelerate it.”

Law 3: “The third law is known as the action-reaction principle. It states that for every action,
there is an equal and opposite reaction. This means that if you push on an object, the object will

push back on you with the same force.”

Closing: “That’s it for this video on Newton’s laws. As you can see, these laws have a lot to do
with the motion of objects and how they’re affected by forces. However, this video only
provided a brief overview of each law. It’s up to you to research and explore the topic on your
own for a deeper understanding. | encourage you to use the resources provided below for further

learning. Thank you for watching.” (Insert list of resources.)
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Appendix 14 Initiate problems

Q1. Why do objects in motion tend to stay in motion, and objects at rest tend to stay at rest?
Q2. How do forces affect the motion of an object?

Q3. Why do two objects that collide always experience an equal and opposite force?

Q4. How do we explain the action-reaction principle in everyday examples?

Q5. Why does a hammer hit a nail harder than a feather?
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Appendix 15 Testing questions

1. Which of the following statements best describes Newton’s First Law of Motion?

« a) Anobject in motion will remain in motion, and an object at rest will remain at rest,
unless acted upon by an external force.

» b) Force equals mass times acceleration.
»  ¢) For every action, there is an equal and opposite reaction.

» d) The gravitational force between two objects is proportional to their masses and
inversely proportional to the square of the distance between them.

2.  Newton’s Second Law of Motion is represented by which equation?
 aF=ma

* Db)F=mv

« C¢)F=m/a

e dF=am

3. Which of the following statements best describes Newton’s Third Law of Motion?

« a) Anobject in motion will remain in motion, and an object at rest will remain at rest,
unless acted upon by an external force.

« b) Force equals mass times acceleration.
«  ¢) For every action, there is an equal and opposite reaction.

« d) The gravitational force between two objects is proportional to their masses and
inversely proportional to the square of the distance between them.

4. Which of the following is an example of Newton’s First Law of Motion?

« a) A soccer ball rolling on the grass eventually comes to a stop.

* D) A car accelerates when the driver steps on the gas pedal.

*  ¢) Arocket launches into space due to the force of the exhaust gases.

« d) A person pushing a stalled car on a flat road.

5. A 2 kg object is accelerating at 4 m/s2. What is the net force acting on the object?
« a05N

« b)2N

* C)4N
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d)8N
If you push a heavy box across the floor and it doesn’t move, which of Newton’s Laws is

being demonstrated?

a) Newton’s First Law

b) Newton’s Second Law

c) Newton’s Third Law

d) None of the above

What is the Sl unit for force?

a) Kilogram kg

b) Newton N

c) Joule J

d) Watt W

Which of the following scenarios demonstrates an object in equilibrium?
a) A car accelerating on a straight road.

b) A person pushing a lawn mower at a constant speed.
c¢) A ball falling freely under the influence of gravity.
d) A book resting on a table.

When a person jumps off a diving board, which of Newton’s Laws describes the force

exerted by the person on the diving board?
a) Newton’s First Law

b) Newton’s Second Law

c¢) Newton’s Third Law

d) None of the above

. What does the term “inertia” refer to?

a) The tendency of an object to resist a change in its motion.
b) The force required to move an object.
¢) The gravitational force between two objects.

d) The energy required to change an object’s state of motion.
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11.

12.

14.

According to Newton’s Second Law, if the mass of an object doubles while the force

remains constant, what happens to the acceleration?
a) It doubles.

b) It remains the same.

c) Itis halved.

d) It is quadrupled.

An object is in free fall near the Earth’s surface. Which of the following best describes

the forces acting on the object?

a) Only the gravitational force is acting on the object.

b) The gravitational force and air resistance are acting on the object.

c) The gravitational force, air resistance, and normal force are acting on the object.

d) No forces are acting on the object.

. Which of the following is an example of Newton’s Third Law of Motion?

a) A person accidentally stepping on a tack.

b) An ice skater gliding across the ice at a constant speed.
c) A ball bouncing off a wall.

d) A car speeding up when the driver steps on the gas pedal.

If an object is moving in a circular path at a constant speed, which of Newton’s Laws

explains why the object is still accelerating?
a) Newton’s First Law

b) Newton’s Second Law

c¢) Newton’s Third Law

d) None of the above

. What is the net force acting on a 5 kg object moving at a constant velocity of 10 m/s?

a)5N
b) O N
c)10N
d) 50 N
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16.

In the absence of air resistance, which of the following will fall to the ground first when

dropped from the same height?
a) A 1 kg mass

b) A 5 kg mass

c) Both will fall at the same time

d) It depends on their shape

. What provides the centripetal force required for a satellite to stay in orbit around Earth?

a) The satellite’s speed
b) The satellite’s mass
c) The force of gravity

d) The satellite’s altitude

. Which of the following actions demonstrates Newton’s Third Law?

a) A person applying the brakes on a bike to slow down.

b) A swimmer pushing off the pool wall to move forward.
c) A book sliding across a table eventually coming to a stop.
d) A baseball flying through the air after being hit by a bat.

If a net force of 10 N is applied to a 5 kg object, what is the object’s acceleration?

a) 0.5 m/s?
b) 2 m/s2
) 5 m/s?

d) 10 m/s?

. A car is moving with a constant velocity on a flat road. Which of the following is true

about the forces acting on the car?

a) The net force acting on the car is zero.

b) The net force acting on the car is equal to the gravitational force.
c) The net force acting on the car is equal to the normal force.

d) The net force acting on the car is equal to the frictional force.
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Appendix 16 Digital assistance

Figure Appendix 16.1: Illustrating Newton’s Law of Motion through Interactive Software (A)
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Figure Appendix 16.2: Illustrating Newton’s Law of Motion through Interactive Software (B)
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Figures Appendix 16.1 and Appendix 16.2 present an example of the interactive digital
environment offered by the Rainer software for students to interpret Newton’s law of motion.
Through this environment, students are able to select various parameters, including the mass of a
box, the force used to push the box, and the coefficient of friction. Upon pressing the button,
students can visually apply the selected force to the box and observe its motion and velocity

trajectory over time.

Beijing Rainer Software Technology Co., Ltd.%! is a leading provider of professional virtual

reality (VR) and interactive simulation teaching applications for primary and secondary schools.

31 Additional information can be found on the company’s official website, http://www.rainiersoft.cn/.
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Appendix 17 R packages

In order to conduct the statistical analyses presented in this thesis, the open-source programming
language and software environment for statistical computing and graphics, R, was utilized. R has
gained increasing popularity in recent studies (e.g., D. Jiang and Kalyuga (2020)). In particular,
all statistical analyses were carried out using version 3.6.2 of R. A comprehensive list of the R

packages and commands utilized in this study can be found in Table Appendix 17.1.

Table Appendix 17.1: R packages and commands utilized in this thesis

Statistic analysis

technique R package R command Parameters/Notes
ANCOVA stats a0V 112:?1:?1?; of variable should be placed in the end of the
ANOVA stats aov
CFA lavaan cfa std.lv = Ture
Cronbach's Alpha psych alpha
Generztrigghsiﬁtistical ggplot2 ggplot se = "bootstrap”
LMM Imed Imer ;réeNrIaLnSo_P:ut:rm isinput as (1| class);
Pillai's statistics to get approximate F value;
MANCOVA stats manova Interest of variable should be placed in the end of the
formula
MANOVA stats manova Using Pillai's statistics to get approximate F value
McDonald's Omega psych omega
OLS stats Im
Path analysis lavaan sem se = "bootstrap”
Tukey's range test stats TukeyHSD

Source: Compiled by author

Table Appendix 17.1 presents different statistical analysis techniques and the corresponding R
packages and commands used to perform them in this study. Each row lists the name of a
statistical technique, the R package that contains the technique, the R command to execute the

analysis, and some additional parameters or notes relevant to the use of the command. For
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example, ANCOVA analysis is performed using the aov command from the stats package, and
the interest of variable should be placed at the end of the formula. Similarly, CFA is performed
using the cfa command from the lavaan package with the parameter std.lv = True, and Tukey’s

range test is performed using the TukeyHSD command from the stats package.
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Appendix 18 Bootstrapping for estimating standard errors in path analysis

The standard errors of the path analyses performed in the present thesis were calculated through
the utilization of the within-sample bootstrapping method. This method involves resampling the
original sample repeatedly to create multiple datasets, each with the same sample size as the
original dataset. This is performed with the intention of estimating the variability of the path

coefficients by conducting path analysis on each of the resampled datasets.

Suppose the original dataset is represented as vector Y, and the aim is to estimate the standard
errors of the path coefficients in the path analysis model. The following steps outline the
procedure for using the within-sample bootstrapping technique:

1. Draw a sample of size n from the original dataset Y, represented as Y*. This sample will
be used to estimate the parameters of the path analysis model.

2. Conduct path analysis on Y* and estimate the parameters of the path analysis model.

3. Repeat steps 1 and 2 B times, where B is a large number (such as 1000 or 5000), to
generate multiple samples and estimates of the parameters of the path analysis model.

4. The standard error of each path coefficient in the path analysis model can be calculated
by taking the standard deviation of the B estimates of each parameter.

This procedure provides a more precise estimate of the variability of the path coefficients,
enabling more informed inferences to be made regarding the relationships between the variables

in the model. Mathematically, the standard error of a path coefficient () can be expressed as:

SEp = /var(,[?)

where B represents the estimated value of 8 and var(f) represents the variance of § across the

B iterations of the bootstrapping procedure.

In the context of the present thesis, the within-sample bootstrapping technique can be utilized to
estimate the standard errors of the path coefficients in the path analysis model, providing a more
accurate estimate of the variability of the path coefficients and allowing for more informed

inferences regarding the relationships between the variables in the model.
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