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Abstract

This study addresses the urgent need to improve Indonesian students’ numeracy,
following declining mathematics performance in PISA 2022 despite curriculum
reforms. It aims to provide insights into effective teaching practices by developing
an empirically based, web-based learning environment focused on fractions.
Guided by two main questions: (1) how to integrate numeracy and fraction
learning in elementary classrooms and (2) what characteristics make a learning
environment valid, practical, and impactful. The study combines literature review,
learning trajectory design, and iterative development. The resulting local
instructional theory emphasizes real-life applicability of part-whole relationships,
equivalence, addition with unlike denominators, and division of fractions. The
developed web-based environment aligns with theoretical foundations (validity),
1s feasible and usable for students (practicality), and shows potential effects by
promoting students’ reasoning and engagement. Evaluation through Guskey’s five
levels revealed positive student responses, active participation, and improved test
performance, supported by strong organizational commitment. Overall, this
dissertation demonstrates how carefully designed learning environments can
foster numeracy competence and offers implications for future research and

practice.

Keywords: Design Research, Fraction, Numeracy, Reasoning, Web-Based

Learning Environment
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Abstract

Penelitian in1 menanggapi rendahnya hasil literasi matematika siswa Indonesia
pada PISA 2022 meskipun telah dilakukan reformasi kurikulum yang
menekankan pada numerasi. Tujuan utamanya adalah memberikan wawasan
tentang praktik pembelajaran melalui pengembangan lingkungan belajar
berbasis web yang berfokus pada materi pecahan. Penelitian ini menjawab dua
pertanyaan utama: (1) bagaimana mengintegrasikan pembelajaran numerasi dan
pecahan di sekolah dasar, serta (2) bagaimana karakteristik lingkungan belajar
yang valid, praktis, dan berdampak. Melalui tinjauan pustaka, perancangan
lintasan belajar, dan proses pengembangan bertahap, dihasilkan teori
instruksional lokal yang menekankan penerapan pecahan dalam konteks nyata,
meliputi relasi bagian-keseluruhan, pecahan senilai, penjumlahan pecahan
berbeda penyebut, dan pembagian pecahan. Lingkungan belajar yang
dikembangkan terbukti valid (sesuai dasar teoritis dan empiris), praktis (mudah
digunakan siswa), serta memiliki potensi dampak positif. Evaluasi menggunakan
lima level Guskey menunjukkan respons positif siswa, keterlibatan aktif,
peningkatan pemahaman pecahan, serta dukungan organisasi sekolah yang kuat.
Secara keseluruhan, disertasi ini menunjukkan bagaimana desain pembelajaran
yang terstruktur dapat memperkuat kompetensi numerasi siswa, serta

memberikan implikasi bagi penelitian dan praktik selanjutnya.

Keywords: Design Research, Lingkungan Belajar Berbasis Website, Numerasi,

Pecahan, Penalaran
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Introduction
1.1 Why numeracy matters

Mathematics education aims to develop students’ ability to solve real-life quantitative problems
(Hoogland, 2016; Niss & Jablonka, 2014; O’Donoghue, 2002). This means numeracy is the
intended outcome of mathematics education. According to Goos et al. (2018), numeracy is a
competency that enables individuals to solve real-life situations involving mathematical elements.
There are several terms used to describe this definition, for example quantitative literacy and
mathematical literacy (Goos et al., 2018; Niss & Jablonka, 2014; Tout & Gal, 2015). This study will
use the term numeracy.

Goos et al. (2018) further elaborate on common situations where numeracy is needed: at home
(for cooking, doing groceries, keeping scores of a favorite basketball team), at work (as nowadays,
every job requires numeracy, even low-skilled job (Liu, 2020), and in community and civic life, as
numeracy allows individual to be active and thoughtful citizens (Crowe, 2010; Geiger et al., 2015).

Because of its importance, many countries participate in international assessment to evaluate their
citizens’ level of numeracy. Several international assessments measure numeracy, such as the
Programme for International Student Assessment (PISA) and The Programme for the
International Assessment of Adult Competencies (PIAAC). These assessments provide evidence
for governments and stakeholders regarding the numeracy levels of their citizens, reflecting the
educational conditions of each country (Li et al, 2025). This highlights the significance of
numeracy for a country’s population.

Numeracy is considered an essential outcome of compulsory schooling (Gal et al., 2020).
Therefore, it is crucial that the education students receive in compulsory school helps them to
become numerate (Bennison, 2015), an individual who possesses strong numeracy skills. For
example, Singapore designs its mathematics curriculum to focus on using and applying
mathematics in practical tasks, real-life problems, and within mathematics itself (Toh et al., 2019).
Through this curriculum, Singapore effectively supports their students in becoming numerate. As
a results, in PISA 2022, Singaporean students ranked significantly above the OECD average and
have consistently maintained this high ranking since their first participation in 2009 (OECD,
2023b, 2023a). This demonstrates Singapore’s successful curriculum implementation.

In contrast, in 2019, Indonesia reformed its curriculum to place greater emphasis on numeracy
and literacy (Pusat Asesmen dan Pembelajaran, 2020). One of the driving factors was the
Indonesian Ministry of Education’s goal for students to apply their mathematical knowledge in
various fields (Direktorat Jenderal Pendidikan Anak Usia Dini Pendidikan Dasar dan Pendidikan
Menengah, 2021). In other wotds, the reform aimed to support students in becoming numerate.
However, this reformation has not yet had a significant impact on Indonesia’s PISA 2022 result.
Indonesia’s average performace in 2022 declined compared to 2018, particularly in mathematics
(OECD, 2023b, 2023a). This suggests that factors beyond curriculum design, such as curriculum
implementation, affect students’ numeracy levels. In fact, based on our preliminary study,
mathematics teachers in Indonesia, particularly in Palembang, struggle to provide supportive and
appropriate learning experiences that help their students become numerate (Adelia et al., 2024a).



1.2 Students’ initial numeracy competence

In order to develop a meaningful instructional design, it is essential to consider students' starting
points (Gravemeijer & Cobb, 2006). This section provides an overview of elementary students’
initial numeracy competence based on their responses to selected numeracy tasks.

One of the problems used (see Figure 1), adapted from Goos et al. (2018), required students to
evaluate advice given by a chef about adjusting recipe quantities when changing the size of a cake
tin. Solving this problem demands reasoning with measurement, geometry, and proportional
reasoning. To support students’ visualization of the tins’ dimensions, an additional prompt (see
Figure 2) was given, asking them to identify which tins had the same shape.

A regular feature in a local newspaper invited readers to
write to a well-known chef with questions about recipes.
This reader’s question, and the reply, caught our eye:

@. | am planning to make a small Christmas cake in a six-
inch tin (15 cm) and would like to know how to calculate

the quantities of ingredients needed.

A. Just break down the recipe accordingly; for example,
if your cake recipe is for a 12-inch tin (30 cm), then halve

the recipe.

1 Think about the advice given by the cookery expert.
Was it good advice?
What would you have said?
2 Compare your responses with a partner and discuss the
numeracy demands of this task.

Figure 1. Students’ initial numeracy task

Although most students correctly identified option A as the pair of tins with the same shape
(noticing that both have square bases), many still agreed that halving the recipe was a good strategy
when reducing from a 30 cm to a 15 cm tin. This response pattern suggests that students struggled
to integrate different mathematical domains, geometry, measurement, and proportional reasoning,
in a real-world context (Goos et al., 2018). Their justification was often limited to surface features
(15 is half of 30) without attending to the deeper mathematical relationship involving area.

In analyzing students’ responses, we also paid attention to their critical orientation, that is, their
tendency to question, justify, and reflect on their reasoning (Goos et al., 2018). However, most
students accepted the surface-level advice without challenging it or offering alternative reasoning,
revealing a lack of critical engagement with the mathematical context. For instance, students could
have raised several assumptions worth examining: whether the depth of the tins is the same,
whether the tins are square-based or round-based, and whether the shape affects how the recipe
should be adjusted. The absence of such dimension indicates that students were not yet
accustomed to questioning underlying assumptions. To sum up, we see that students’ numeracy
capabilities remains limited. Therefore, we thought that it is important to provide learning
experiences that help students develop the numeracy capabilities.



With a 10 x 10 cm cake pan, which pair of the
picture that is correct?

Figure 2. Additional aid for numeracy task
1.3 Infusing numeracy into learning

Prior studies have outlined several solutions to support students’ numeracy learning. Australia
implemented organizational and whole-school management approaches to ensure that all students
have access to numeracy learning (Colbert, 2011). Another solution is building partnerships
between home, school and community to enhance children’s numeracy education (Goos & Jolly,
2004). From the teachers’ perspective, it has been found that to effectively embed numeracy into
their teaching, teachers need to possess appropriate knowledge of mathematics, pedagogy, and
curriculum (Bennison, 2015). These studies highlight that infusing numeracy into students’
learning can be achieved in various ways.

This study offers another solution by providing an environment that contains empirical-based
mathematics materials to support students’ numeracy learning. Moreover, numeracy supports
students’ critical thinking by providing a foundation for reasoning and problem-solving (Sellars,
2017). In other words, numeracy serves as the basis for reasoning, and strengthening numeracy
skills directly contributes to the development of students’ reasoning abilities. Therefore, the initial
objective of this study is to provide insights into teaching practices within a numeracy learning
environment and the effects it has on students’ reasoning.

1.4 Fraction and numeracy in action

To provide effective numeracy learning, it is essential to embed the implication of mathematics in
real-life contexts (Adelia et al., 2024b). Therefore, the choice of mathematical domains must be
carefully considered. Fractions are one such domain, as they originate from human activities
(Streefland, 1991). Thus, fraction and numeracy are naturally interconnected.

This study designs fraction learning based on its original roots, human activities, which also serves
as the study’s aspiration. To achieve this, activities such as fair sharing and measuring are employed
to introduce and develop the concept of fractions. In this way, the learning developed in this study
not only addresses the philosophical origins of fractions but also fulfils the broader aim of
promoting numeracy.

1.5 Web-based learning environment to support students’ numeracy

In response to the problem of Indonesian students’ numeracy levels, this study proposes a web-
based learning environment that provides empirically grounded mathematics materials designed to
support students’ numeracy. A web-based learning environment serves as an educational tool
offering diverse learning experiences for both students and educators (Nam & Smith-Jackson,
2007). These environments have been widely utilized across educational levels, from elementary
schools to higher education, either to complement face-to-face teaching with targeted instructional
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resources or to deliver unique and engaging learning experiences that may not be feasible in
conventional classroom settings (Woo & Reeves, 2019).

The increasing need for web-based learning environments is driven by several factors. First, the
growing integration of technology in education has been shown to benefit students’ overall
learning outcomes (Hillmayr et al., 2020). This also aligns with PISA findings, which indicate that
the use of digital tools for learning positively supports students’ creative thinking (OECD, 2023a,
2023b). Second, there is a demand for accessible and flexible learning resources for teachers in
supporting students’ numeracy. This is reflected in the findings of our preliminary study (Adelia et

al., 2024a), which will be elaborated further in Chapter 2. Furthermore, digital learning

b
environments enable the creation of realistic situations and virtual training scenarios (Cirneanu &
Moldoveanu, 2024), which are essential for fostering students’ numeracy competence through

connections to real-life applications.

In this study, the web-based learning environment is utilized as a direct solution for both students
and teachers. It is designed to create meaningful numeracy learning experiences by embedding
mathematical concepts within realistic contexts, fostering students' reasoning abilities, and
providing teachers with structured resources to guide instruction. Therefore, this study aims to
document the development process of the web-based learning environment and to identify the
characteristics of this environment that support students’ numeracy and reasoning.

1.6 Description of development process

The development process of the web-based learning environment is described to address the
study’s aim of documenting how such an environment is developed. This process follows three
main phases—preliminary, prototyping, and assessment (Zulkardi, 2002), with each phase
comprising distinct activities (see Figure 3).

The preliminary phase focuses on gathering essential information to inform the development of
the web-based learning environment. It begins with a needs analysis to identify the requirements
and contextual needs for developing a web-based learning environment. Subsequently, a literature
review is conducted to explore existing research and best practices in designing learning that
support students’ numeracy.

The prototyping phase involves iterative design research studies aimed at formulating design
principles for fraction learning that enhance students’ numeracy. These principles guide the
development of the web-based learning environment’s components, namely instructional video.
Another main component is numeracy test item. These components form the first prototype,
which is then subjected to limited formative evaluation to assess the validity and practicality.

Building on these evaluations, the web platform is established as the final prototype. The
assessment phase seeks to address goal of this study by identifying the characteristics of the
developed web-based learning environment that support students’ numeracy and reasoning. This
phase evaluates the practicality and effectiveness of the web-based learning environment through
small group testing and field testing, providing empirical evidence of its potential impact on
students’ reasoning.



Small group tryout testing for
——practicality and field testing for

Needs analysis for developing a

Conductin Design Research
web-based numeracy learning — 9 9

. studies .
environment effectiveness
OQutcome: 1 Preliminary Study Qutcome: 4 HLTs on fractions, 4 Outcome: 1 article to
article (Chapter 2) design research study articles documenting the development
process (Chapter 5)
Published in AIP (Chapter 4a-Accepted in MTRJ,
Chapter 4b-Published in In Review in JME
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Outcome: 1 Systematic
Literature Review article
(Chapter 3) —

Published in IJERE
Validating the components

testing the practicality

|

Establishing the website —

Figure 3. Development process
1.7 Focus of this dissertation

As stated earlier, this study aims to provide insights into teaching practice within a web-based
learning environment, with a particular focus on fraction learning. Additionally, it explores the
potential of the web-based learning environment in supporting students’ mathematical reasoning,
as numeracy is reflected across various mathematical processes (Diez-Palomar et al., 2023).
Therefore, since this study seeks to provide a numeracy web-based learning environment, it is
necessary to inform the development process in detail. Hence, this study is guided by two main
research questions:

1. How to integrate numeracy and fraction learning into mathematics classroom for
elementary school students?

2. What are the characteristics of the developed web-based learning environment that
strengthens elementary students’ numeracy competence for reasoning in a way that is valid,
practical, and has potential effects?



Several interrelated chapters are provided to answer the main research questions. The initial
research question is answered through Chapter 3 and 4, while Chapter 2 serves as the foundational
background for the study. The second research question will be answered in Chapter 5.

1.8 Structure of this dissertation

This dissertation comprises a series of journal articles formatted as chapters, each focussing on a
different aspect of the study on developing a web-based learning environment. Table 1 illustrates
the structure of this dissertation, outlining the topics addressed and the sub-research questions for
each chapter.

Table 1
Structure of this Dissertation
Topic Research question Sub-research question

Chapter 1 Introduction

Chapter 2 Mathematics teachers’ How is the numeracy learning practice in
perspective of numeracy ~ Palembang?

Chapter 3 Approaches to How to integrate How to support students in
implementing numeracy ~ numeracy and becoming numerate in the
learning fraction learning into  classroom?

mathematics

Chapter 4 Designing fraction classroom for How do students
learning elementary school understand and reason

students? about the key components

of the part-whole
subconstruct in fractions?

How to design a learning
trajectory of fraction
equivalence by providing
students measurement
activity?

How does students
thinking about fraction
addition with unlike
denominators develop in a
sharing activity?

How do students utilize
their understanding of
fractions as parts of a whole
to comprehend the concept
of partition division?

Chapter 5 Developing the web- What are the characteristics of the developed web-
based learning based learning environment that strengthens
environment elementary students’ numeracy competence for

reasoning in a way that is valid, practical, and has
potential effects?

Chapter 6 Conclusion




Chapter 2 presents a preliminary study conducted to gather essential information that informs the
development of the web-based learning environment. By examining the current practices of
numeracy learning in Palembang, a city in southern Sumatera, this chapter establishes the
foundational groundwork for the study. The findings highlight existing gaps and identify specific
areas that requiring further support, providing valuable insights to guide the subsequent
development process.

Chapter 3 reports the results of a systematic literature review, emphasizing the importance of
appropriate numeracy learning in supporting students to become numerate. While the significance
of numeracy learning is well recognized, there remains a lack of clarity on how to effectively design
such learning. To address this gap, the systematic literature review gathers insights and best
practices for designing numeracy-focused instruction.

Chapter 4 provides insights into designing a learning trajectory for fractions through the Design
Research methodology. These learning trajectories address numeracy tenets, mathematics that are
applicable in real-life settings, and cover four features of fractions: part-whole relationship, fraction
equivalence, fraction addition with unlike denominators, and fraction division. These learning
trajectories are them synthesized to produce a local instructional theory (LIT) for learning fractions
through human activities.

Chapter 5 highlights the development process of the web-based learning environment. The
development is grounded in the LIT, which serves as the theoretical foundation for designing the
key components of the web-based learning environment. This environment is developed through
iterative cycles following the Design Research methodology, aiming to address the second main
research question regarding the characteristics of an effective web-based learning environment.

Finally, Chapter 6 summarizes the findings from all studies and connects them to answer the main
research questions. The usefulness and limitations of the developed web-based learning
environment are discussed, along with implication and suggestions for further research.
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