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Prologue

At the time of writing this volume, the editors and authors were focused on finding
lessons from the Programme for International Student Assessment (PISA) interna-
tional benchmarking exercise to help enhance and innovate teaching and learning
approaches. Year 2020 will go down in history as the year that the COVID-19 pan-
demic changed the way we live, learn and work overnight forever. Never did we
imagine of a pandemic outbreak that had such great ramifications on education,
society, economy and politics globally. Clearly, a new era known as the post-
pandemic era has emerged.

Has education been able to change in time to meet the demands of the pandemic?
As we battle it, we have also discovered that societies have not been robust or resil-
ient enough. The sudden confinement to our homes and closed country borders have
impacted global economies and societies, which are clearly interdependent on
another. Concurrently, we have also witnessed the dangers on mental well-being
caused by being confined at home for long stretches. More than ever, inequality has
been exposed in all our countries. Rather than focusing on the devastating impact of
COVID-19, what it has changed and what will no longer be, we would like to direct
the reader to the opportunities that have arisen in education as a result of the pan-
demic. When we conceptualised this volume, we wanted to look at the benefits of
the PISA international benchmarking exercise and how opportunities can be seized
beyond the release of the results.

In November 2020, the Global Forum on the Future of Education and Skills 2030
launched two Education 2030 curriculum analyses reports. The reports were enti-
tled, What Students Learn Matters: Towards a 21st Century Curriculum and
Addressing Curriculum Overload: A Way Forward. The first report on what students
learn in the light of our fast-changing world aptly highlighted four dimensions of
the time lag between future needs and the current curriculum. These are (i) time lag
for curriculum change vis-a-vis real-world developments, (ii) decision-making time
lag where consensus among stakeholders can be a challenge, (iii) implementation
time lag where revisions in curriculum and adoption in the classroom do not happen
efficiently and (iv) impact time lag where visible change and experience for the
students is lacking despite initial action. The second report articulated succinctly the
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major issues of curriculum overload in practically every education system. Four
categories of curriculum overload can be identified: (i) expansion of curriculum, (ii)
overloading of content, (iii) perceived overload as experienced by students and
teachers and (iv) curriculum imbalance. In the areas of mathematics and science, the
following questions are pertinent: How do we deal with issues of new things to be
learnt? How do we handle the call for breadth and depth of content? Are our stu-
dents and teachers stressed out as they cope with the curriculum? Are the priorities
and allocation balanced, and for whom are they balanced?

There is opportunity now to rethink our current systems that have not really
changed for some time. The oldest standing universities are the University of
Bologna which was established in 1088, the University of Oxford which was estab-
lished somewhere around 1096 and the University of Salamanca in Spain which was
established in 1134. Though these have made themselves relevant to the times, the
pedagogical and physical structures have not changed very much. There is now
opportunity to really reshape education not just for the sake of change or a need
necessitated by the pandemic, but to go further and change for the sake of bettering
the education for our children, our societies and our world.

A great disruptor in 2020 was the closure of schools worldwide. This is some-
thing no one would have imagined was possible in any situation but we were proven
wrong. Learning continued in the midst of global school closures due to the tenacity
and resilience of our educators. They and students had to learn how to be socially
responsible by staying at home for home-based learning (HBL) though in some
countries, students who were at-risk and those without a computer or stable Internet
connection were allowed to go to school with dedicated educators to help their
learning continue. While HBL was made possible, it is not sustainable as education
is ultimately a human and social enterprise, and face-to-face interaction is much
needed as part of the teaching and learning process. Thus, what we are finding is an
opportunity for a mixed-modality blended approach where face-to-face and HBL
need to co-exist to bring about positive learning outcomes.

Other educational opportunities are paying greater attention to topics such as
Character and Citizenship Education, inequality issues and mental well-being.
Opportunities for public and private partnerships have also arisen. For example, to
help the students who needed IT support and infrastructure, the Ministry of
Education and schools in Singapore, in collaboration with private companies and
concerned individuals, loaned out 20,000 laptops and mobile devices, along with
1600 IT accessories such as dongles, to facilitate HBL for disadvantaged students.

The pandemic has also emphasised the importance of teachers as front-line
workers for every society. Many parents had a small taste of what it is like to teach
students as they had to help their children with schoolwork. From our students’
perspective, many missed interacting with both their peers and teachers during
school closures, and appreciated this interaction when schools reopened much
more. Globally, teachers have taken on new roles, such as healthcare workers, IT
specialists, social workers and so on. This also means that we need to rethink how
we prepare teachers and professionally develop them to ensure that we can retain
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them in the profession career-long. Globally, society needs to see teachers as profes-
sionals who undertake the arduous task of nation-building just as Singapore does.

The opportunities offered by international benchmarks of student achievement
and the many crises and disruptions faced can reenergise and reform our existing
systems. In rethinking educational paradigms for the future, we need to think about
a world in the post-pandemic and post-Fourth Industrial Revolution era. How can
educational policymakers and practitioners better prepare our teachers and students
for this complex and uncertain world ahead?

The title of this volume is about going beyond PISA, which intentionally sym-
bolises the reenvisioning of education beyond mere internationally benchmarked
test of student achievement. It is about seizing opportunities to reshape our educa-
tion systems and turning them into reality. We hope that the chapters in this volume
will help you to create the education ecosystems that can allow each individual to
thrive and prosper in the midst of great uncertainty worldwide. We dedicate this
volume to all educators who have kept learning going in pandemic times.

Centre for Research in Child Development Oon Seng Tan
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Overview and Policies



Chapter 1 )
Introduction Check or

Oon Seng Tan, Ee Ling Low, Eng Guan Tay, and Yaw Kai Yan

1.1 Introduction

In the last century, nations, such as Britain, Germany and France, the United States
and Japan, have made significant economic progress due to having critical masses
of people who are well educated in mathematics and science. Today, technology
continues to shift power and centres of economic dynamism. In recent years, coun-
tries, such as Singapore, South Korea, Japan, Finland, Estonia, Switzerland, the
Netherlands and Canada, have been able to innovate their societies and industries
based on good education that is grounded on the strong foundations of mathematics
and science. The Fourth Industrial Revolution, powered by the phenomenal advances
of digitalisation, has made it even more pressing for countries to prepare their
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people with the basic knowledge, reasoning and thinking in mathematics and sci-
ence. This is, of course, even more accelerated by other crises, such as the Covid-19
pandemic, which has caused nations to seriously consider what the future of educa-
tion and society would be like in a new norm. Furthermore, improved access to new
technologies, such as mobile Internet services and Artificial Intelligence programs,
not only provide for new opportunities but also call for education to ensure that the
new generation are well equipped to cope and thrive in the new economy.

The results from the 2018 Programme for International Student Assessment
(PISA) implemented by the Organisation for Economic Co-operation and
Development (OECD) were released in late 2019. Andreas Schleicher (2019),
Director for the Directorate of Education and Skills, made this remark in his insights
on and interpretation of the results:

The aim with PISA was not to create another layer of top—down accountability, but to help
schools and policymakers shift from looking upward within the education system towards
looking outward to the next teacher, the next school, the next country. (p. 3)

PISA has helped in the policymaking strategies of many nations (e.g., Stacey &
Turner, 2015). We observe that PISA has moved in tandem with the advancement of
knowledge in education research and rapid technological developments to bring
about changes in the organisation of the mathematics and science disciplines. In
addition, the processes of knowledge building and the interaction of theories with
applications have also been enhanced.

While certain education systems that had initially performed poorly in PISA but
have looked to systems that did well have benefitted, systems that had thought they
were doing well had a rude reality check (Center for Global Education, 2019;
Goldstein, 2019). In the specific case of the US, it was not that specific schools or
state systems were not doing well individually. It was that PISA results showed the
image of the country’s education system being an excellent overall system was only
a perception that was perhaps inaccurately correlated to its economic and political
success. “[Seemingly] successful school systems have many internal measures, but
without greater context, it is difficult to understand what the ‘best’ really is.
International benchmarks show what is truly possible in education; they can be a
healthy driver for reform efforts worldwide” (Centre for Global Education, 2019).

Amidst significant protests against the use of PISA to guide policy (e.g.,
D’ Agnesi, 2018), Schleicher (2019) made this fair comment:

Some people argued that the PISA tests are unfair, because they may confront students with
problems they have not encountered in school. But then life is unfair, because the real test
in life is not whether we can remember what we learnt at school, but whether we will be
able to solve problems that we can’t possibly anticipate today. (p. 3)

Indeed, to be fair, PISA was never intended to be the only source to motivate and
spur educational improvement efforts. This is because large-scale assessments have
their limits. The inclusion of assessing values and twenty-first century competencies
for future-ready learners has been debated on for some time now. We recognise that
quantifying these is not as easy as marking a mathematics or science test. Much
more than that, the skills needed for the workforce changes more quickly than we
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can develop assessments. In its two most recent Future of Jobs reports (2016, 2018),
the World Economic Forum (WEF) listed two slightly different sets of top-10 skills
that are priorities for employers (see Table 1.1). In just 2 years, employers have re-
ordered what was of priority, replacing 2015’s Items 6 (quality control) and 9 (active
listening) with 2020’s Items 6 (emotional intelligence) and 10 (cognitive
flexibility).

Thus, even though PISA “goes beyond assessing whether students can reproduce
what they have learnt in school [and assesses their ability] to extrapolate from what
they know, think across the boundaries of subject-matter disciplines, apply their
knowledge creatively in novel situations and demonstrate effective learning strate-
gies” (Schleicher, 2019, p. 3), it can only assess beyond to a certain extent. Instead,
PISA and other international benchmarks should spur us to think apart from the
traditional and into the future. In this case, PISA would have a greater impact on the
way we look at the concept and structure of education, which includes assessments,
curriculum, syllabus and knowing the purpose and role of education in any nation.

Yet, there are many other factors that influence education. Urban migration, cli-
mate change and equity issues all call for education to prepare for the next genera-
tion with greater numeracy and scientific literacy. OECD Secretary-General Angel
Gurria observed that whilst some countries have made significant improvements in
certain areas, “it is disappointing that most OECD countries saw virtually no
improvements on the performance of their students since PISA was first conducted
in 2000” (Horobin, 2019); still, expenditure per student (primary and secondary)
rose by some 15% over the same period.

How can we ensure a real and positive system transformation that is sustainable?
What are the strategies to establish strong mathematics and science foundations that
will build the capacity of people? How do we have scalable and effective implemen-
tation of future-orientated mathematics and science curricula?

Table 1.1 Top-10 Skills in 2016 and 2018 Future of Jobs reports

2015 2020

1. Complex problem-solving 1. Complex problem-solving
2. Coordinating with others 2. Critical thinking

3. People management 3. Creativity

4. Critical thinking 4. People management

5. Negotiation 5. Coordinating with others
6. Quality control 6. Emotional intelligence

7. Service orientation 7. Judgment and decision-making
8. Judgment and decision-making 8. Service orientation

9. Active listening 9. Negotiation

10. Creativity 10. Cognitive flexibility
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1.1.1 Singapore Education System
and Education Demographics

Singapore has been participating in PISA since 2009, making the 2018 participation
its fourth time. Its education system has had multiple decades to evolve. Specifically,
its primary level (elementary) spans from Years 1 to 6 and its secondary level (high
school) spans from Years 7 to 10 (Ministry of Education, Singapore [MOE], 2020).
While the primary level is already fully into subject-based banding (SBB), the sec-
ondary level will be progressively fully SBB by 2024. The current three-levels
streaming system (Express, Normal [Academic] and Normal [Technical]) was rel-
evant in the past as it helped align students’ academic progress and abilities.

It is, however, with the new education phase or reform, called the “Learn for
Life: Remaking Pathways” education phase, that Singapore is striving to seek a bal-
ance between the rigour of education and the joy of learning. One avenue is the
SBB, where for each subject, students will be able to choose which level suits them
best: G1, G2 or G3. G1 is suitable for advanced learners and G3 is suitable for stu-
dents less inclined to that subject. Unlike the three-level academic streaming system
where all students of one class take the same level for all subjects, students under
SBB may choose a level more suitable to himself or herself and those of the same
level go to one class for that one subject. For example, a student may choose to take
two Gl-level subjects, three G2-level subjects and one G3-level subject. Yet, another
in the same class may choose three G1-level subjects and three G2-level subjects.
This flexibility allows them to be agents of their own learning, preparing them to be
lifelong learners, self-directed learners and self-regulated learners.

Singapore schools are meant to provide a rich variety of holistic learning experi-
ences from building a strong foundation in literacy and numeracy to the physical,
aesthetic, moral, social and emotional (MOE, 2020). These are embedded through-
out the curriculum, whether through the academic or non-academic. There are also
opportunities to contribute to the communities and the society through Values-in-
Action programmes. Students also experience Applied Learning where they learn
by doing, learn about the real world and learn for life. At the corner of the education
system is the bilingual policy where students must take the English language and an
ethnically ascribed mother tongue language. This enables them to connect with
people from different backgrounds and is especially needed in a multiethnic and
multicultural country such as Singapore. This also gives them a competitive advan-
tage in a globalised world, where Singapore students are able to appreciate their
heritage and the culture of others.

In 2018, there were 356 schools, of which were 186 primary schools, 139 sec-
ondary schools, 15 junior colleges (JC), and 16 mixed-level schools (which com-
prise schools from primary 1 to secondary 4/5, and from secondary 1 to JC 2; MOE,
2020). In the same year, there was a total of 428,773 students, where the average
class size was 32.4 students across all levels. There was a total of 33,671 teachers,
school leaders and education partners (which include administrators, executives,
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allied educators, etc.). This meant that the ratio of teaching staff to primary school
pupils was 14.8 while to secondary school students, it was 11.6.

Following the launch of the PISA 2018 results, the first editor of this volume,
Professor Tan Oon Seng, was asked to make a commentary on how countries, such
as Singapore, were able to consistently improve their performances. Singapore was
able to ensure that her proportion of top performers increased, and that the weakest
performances achieved new heights. At the 2019 OECD Conference, Professor Tan
emphasised two key points: Singapore teachers and the Singapore curriculum.

Singapore is endeavouring to ensure that its education system is holistic and
future-ready. We have often said that our teachers are nation-builders and our stu-
dents are the contributors of the future. It is with this vision in mind that we endeav-
our to go beyond any one part of the education system. In our new education phase,
called “Learn for Life: Remaking Pathways”, we are recalibrating our emphasis on
assessment in order to balance it with bringing out the joy of learning (MOE, 2019).

Singapore’s achievement in mathematics and science education as reflected in
international assessments is well recognised. In the 2018 results, Singapore was
second for reading, mathematics and science (Schleicher, 2019). Advancement of
knowledge and new frontiers in research as well as rapid technological develop-
ments have brought about changes in the organisation of the mathematics and sci-
ence disciplines, processes of knowledge building and the interaction of theories
with applications. Singapore, especially, has in place a set of educational policies
for developing, supporting and sustaining the ongoing development of school teach-
ers and students, that also encourages innovative practices in pedagogy and learning
at a systemic, country-wide level.

1.1.2 PISA Criticism and Going Beyond

Although we had mentioned above that some education systems have been able to
improve their systems as reflected in their PISA rankings, the PISA international
benchmark is not without its critics. While some have sought to improve PISA, oth-
ers have had negative reactions to it. Zhao (2020) cited many likeminded others who
are adamantly against PISA though they do not seem to be averse to international
benchmarking exercises. Zhao compiled criticisms that include how the PISA sur-
vey is flawed, promotes a distorted view of education to produce economically
effective citizens, does not have the most rigourous research standards and pro-
motes a propaganda of ranking. Zhao further posited that PISA is adversely influ-
encing policymakers and leading them down the wrong path. He proposed PISA
makes an erroneous assumption that the PISA targeted group (i.e., 15 year olds) are
all preparing for the same challenges and need identical skills and competences
even though they come from different societies which have many cultural, political,
religious. Zhao claimed that PISA assumes that there is a universal set of valuable
skills and knowledge for all countries, and claimed this is an overtly monolithic and
primarily Western view of societies.
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While the editors of this volume understand Zhao’s concerns, we recognise that
PISA is still improving its methodology and processes. We are also interested in the
key features that drive the development of PISA which are briefly policy orientation
that identifies characteristics of education systems that have high-performing stan-
dards, innovative “literacy”” concept which looks at student capacity to apply knowl-
edge and skills to solve and interpret problems, relevance to lifelong learning,
regular progress monitoring and a breadth of geographical coverage and collabora-
tion (Schleicher, 2019). The strength of PISA is that they are also moving away
from just looking at ranking student achievements and looking at issues of embod-
ied in the titles of their three publications, namely, what students know and can do,
where all students can succeed, and what school life means for students’ lives.
These look into equality related to socio-economic status, gender and immigration
background, into school climate, teacher attitude and practices, student well-being,
and many others (OECD, 2019), and have been doing so for some time. These are
issues that are related and may affect or be affected by academic results.

Comparing one education system with another does not necessarily fall into the
trap of an overemphasis of ranking. In the PISA 2018 results, we see that China
(represented by the four provinces of Beijing, Shanghai, Jiangsu and Zhejiang) is
ahead of Singapore in reading, mathematics and science, being the first of all par-
ticipating countries. This is, of course, a change from the 2015 results where
Singapore was first and the four provinces were ranked 10th. This would lead us, in
friendly competition and even more curiosity, to ask how did they improve. Would
there be any lesson we could learn from them? But it is not just limited to who is
above Singapore but also those who are close to Singapore, geographically and in
terms of ranking. It would also be interesting to learn from places such as Estonia
that has been making education waves in its increase over the past few PISA exer-
cises. Or even from Hong Kong which is extremely close to Singapore not only in
terms of education, but also in terms of having historical, economic and geographic
similarities although having distinct differences such as political and social
approaches. We may also learn lessons from those that are maintaining their ranking
or even decreasing in ranking.

Yet, these comparisons should not confine Singapore or, for that matter, any
country seeking to continuously improve its education system in order to benefit its
citizens. In our opinion, international benchmarks have their uses and they are very
beneficial if used properly, astutely and wisely. Governments, however, should not
be swayed by the organisations that lead these international benchmarking exercises
or that advocate any other international approaches for the simple fact which
Singapore has always recognised: they need to be discerned well, understood thor-
oughly and contextualised to local needs. A country’s approaches are native to their
geographical or social circumstances which are different, no matter how ironically
similar they are from those of ours. PISA is not everything but neither is it nothing.
It is not a focus on the ranking that we are emphasising but the lessons and oppor-
tunities that come with such benchmarking exercises. No two societies are exactly
the same and thus, there is a need to understand international standards, contextual-
ise them and go beyond.
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And going beyond just using international standards is what is described in this
volume. It aims to provide insights to policymakers, leaders of science and mathe-
matics education, and practitioners on big picture thinking and multiple perspec-
tives that are key to how Singapore brings about effective science and mathematics
education across all levels. In the light of twenty-first century competencies, how do
we innovate the curriculum for life and ensure societal relevance? Given the knowl-
edge explosion, what constitutes the basic threshold, fundamental and core knowl-
edge in the fields of mathematics and science? In Singapore, purposefulness,
connectedness, pragmatics and future orientation characterise and shape the multi-
farious factors to enhance science and mathematics education. Issues addressed in
this volume include teacher education, pedagogy, curriculum, assessment, teaching
practices, applied learning, ecology of learning (e.g., science centres), talent groom-
ing (e.g., Olympiads), culture of science and mathematics, vocational education,
and STEM (science, technology, engineering and mathematics).

The mathematics chapters in this volume complement those in the recently pub-
lished Springer volume, Mathematics education in Singapore (Toh, Kaur & Tay,
2019). Firstly, they allow a common perspective of Singapore mathematics educa-
tion through the lens of PISA. Chapters 4 and 7 are prime examples of this approach.
The international comparison perspective allows readers unfamiliar with Singapore
to benchmark against situations more accustomed. Well-known PISA goals also set
up a common arena to view Singapore’s challenges. Thus, and secondly, the chap-
ters have a forward-looking perspective. Instead of dwelling on past achievements,
these chapters highlight challenges and possible solutions to Singapore mathemat-
ics education. They run the gamut of classroom practices, pre-service teacher edu-
cation and professional development, excellence in mathematics available for all,
and developing teacher-researchers.

The science chapters in this volume augment the discourse in the Springer vol-
ume, Inquiry into the Singapore Science Classroom: Research and Practices (Tan,
Poon & Lim, 2014). Whilst the earlier publication focused on the design and imple-
mentation of the inquiry-based science curriculum in Singapore, these chapters dis-
cuss the broad range of factors that contribute to the success of science education in
Singapore, including the future-oriented mindset of policymakers, adaptability of
teachers, quality of teacher preparation and professional development programmes,
and commitment of time and resources to education research. The chapters may
also be read alongside another recent Springer volume, Science Education in the
twenty-first Century: Re-searching Issues that Matter from Different Lenses (Teo,
Tan & Ong, 2020), as they present, in effect, Singapore-based case studies that
complement the findings of science education research from different countries
expounded in the latter.

In Chap. 2, Oon Seng Tan posits that Singapore’s stellar PISA achievements is a
corollary of continuous incremental improvements plus quantum leap changes in
the Singapore mathematics and science curricula ecology. This chapter aims to pro-
vide the big picture of how mathematics education and science education in
Singapore ride on waves of change to equip learners with the kinds of thinking
needed for the future world of work. Beyond the rigour of well-planned and
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resourced syllabuses rich in fundamentals and heuristics are the pedagogical
approaches of process thinking and applied learning. The aligning of learning with
applications in an ecology of inquiry and authentic experiences at every level has
been catalytic for the success of Singapore learners. In the light of all these is the
teacher policy factor that results in the mathematics and science teachers who can
bring about student engagement and agency in their pursuit of STEM aspirations.

The PISA and TIMSS mathematics and science results have been extrapolated to
imply successful STEM education as these two disciplines are core subjects in most
school systems around the world. However, the local and international STEM com-
munity remains divided in their understanding of STEM and STEM education. In
Chap. 3, Tang Wee Teo and Ban Heng Choy shed some insights on their understand-
ing of this acronym and provide an overview of STEM education in Singapore. The
chapter further discusses the work of different organisations towards STEM educa-
tion in Singapore. These are the research centre the Multi-centric Education
Research and Industry STEM Centre at the National Institute of Education (meri-
STEM@NIE), the outreach centre the Science Centre Singapore, and the elite spe-
cialised STEM schools. The authors raise four key issues and challenges which
STEM education stakeholders have to confront for STEM education in Singapore to
take the shapes and forms that meet its intended purposes.

Chap. 4 by Berinderjeet Kaur details the attainment of Singapore students in
Mathematics to give a background to Singapore’s efforts to improve its education
system. The mathematics attainment data after every cycle of TIMSS and PISA is
often of interest to mathematics educators in Singapore and elsewhere. Kaur gives
interesting examples of how the data collected from different systems of schooling
of the participating countries and economies offer opportunities for policymakers,
educators and researchers to use the data to benchmark school mathematics curricu-
lum against international standards, identify gaps in curriculum plans, envision
future goals of the curriculum and help contribute towards excellence in education
internationally.

Singapore inherited its education system and curricula from its colonial British
masters. The early years since independence in 1965 did not see much change.
However, change picked up in the early 1990s in response to the fast-changing
world and the needs of Singapore. Kai Kow Joseph Yeo and Lu Pien Cheng in
Chap. 5 attempt to describe how the mathematics curriculum in Singapore has inno-
vated and responded to such changes. In particular, the chapter has chosen three out
of many major innovations in Singapore mathematics education and discusses them
in relation to school mathematics: Problems in Real-World Contexts (PRWC),
Learning Support Programme for Mathematics (LSM), and Improving Confidence
and Numeracy (ICAN). These innovations are discussed with reference to three
questions Serdyukov would ask regarding innovations: What is this innovation for?
How will it work? What effect will it produce?

As a small nation with scant natural resources other than human resource, educa-
tion has played a crucial role in the economic survival, prosperity and progress of
Singapore since her independence. Singapore’s science curriculum aims to help the
young develop and realise their potential amidst a flexible and broad-based
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educational landscape. Centred on the theme of science as inquiry, the science cur-
riculum, from primary to pre-university levels, puts particular emphasis on the
knowledge, skills and processes, and ethics and attitudes of science, as well as the
understanding of the impact of science in daily life, society and the environment. In
Chap. 6, Jennifer Yeo and Kim Chwee Daniel Tan describe the evolution of the sci-
ence curriculum in Singapore, and how it supports students in developing the scien-
tific literacy, competencies and values necessary for them to take on challenges, and
thrive in an ever-changing world. They attribute the success of science education in
Singapore to three key factors: (1) the responsiveness and adaptability of policy-
makers and teachers, (2) fidelity of implementation, and (3) partnership with indus-
try and institutions of higher education.

In Chap. 7, Weng Kin Ho and Eng Guan Tay, examine the K-12 School
Mathematics Curriculum. In Singapore, nationwide educational policies and move-
ments have taken place frequently and within a short space of time from each other.
In turn, such educational initiatives get translated into changes in curricula of every
school subject — mathematics inclusive. In this chapter, the authors attempt to make
explicit the connection between Singapore students’ PISA performance and the cur-
ricular shifts by highlighting the major changes that have taken place in K-12
Singapore school mathematics curriculum, analysing them in terms of the shifts in
curriculum ideologies. The authors also map each of the dimensions of the PISA
assessment framework with the components of the Singapore Mathematics
Curriculum Framework to further substantiate the claim that “the [Singapore] edu-
cation system and school mathematics curriculum contribute in part towards the
success of Singapore’s students in ... PISA” (Kaur, Zhu & Cheang, 2019, p. 134).
Additionally, they give some answers to challenges posed in “Ten Questions for
Mathematics Teachers ... and how PISA can help answer them” (OECD, 2016) that
are relevant to the Singapore context. Based on the twenty-first century competen-
cies identified respectively by OECD and MOE, the chapter explores possible new
directions for the national mathematics curriculum.

In Chap. 8, Tin Lam Toh discusses how Singapore strives for excellence in math-
ematics education in various ways. The chapter begins with the importance that
Singapore has placed in identifying and developing its mathematically talented stu-
dents for the prestigious mathematics competitions. It also illuminates concurrent
movements of local mathematics communities that help popularise mathematics
competitions within the more interested student population, and even attempts to
align mathematics competitions with the school curriculum to benefit more in the
general student population in a variety of ways. The chapter continues to discuss the
expansion of mathematics competitive activities to include mathematics research
and real-world problem solving in order to identify and nurture a much wider group
of mathematics talents among the Singapore students. At the systemic level, various
attempts to develop and stretch our talents are emplaced, such as the Gifted
Education Programme and the Integrated Programme. Within the curriculum struc-
ture, much has been done to provide differentiated instruction for students from
primary to pre-university education. This culminates in the imminent SBB, which
will be implemented in full scale in the near future.
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In Chap. 9, Yew Hoong Leong reflects on an interesting perspective about how
mathematics education research influences classroom practices. Beginning with an
argument on the value of mathematics education research, he illustrates how under-
standing research contributes to actual classroom practice. His examples include
“Model Method”, mathematics problem-solving, and the concrete-pictorial-abstract
instructional heuristic.

In Singapore, informal science education is recognised by schools as an important
avenue for providing stimulating and enjoyable learning experiences that comple-
ment and extend what is taught in the science classroom. A wide range of informal
science education destinations are available in Singapore; these include not only
institutions that reach out to students as part of their mission, such as the Science
Centre, 700, and natural history museum, but also industrial establishments like semi-
conductor and soft drinks factories. Schools have been able to leverage the diversity
of such platforms to organise field trips for their students. Chapter 10, by
R. Subramaniam and Yin Kiong Hoh, explores the state of informal science education
in Singapore and shows how the informal science education destinations contribute
to raising science literacy levels in the country. They also highlight the necessity of
government support in the creation of institution-based destinations for informal sci-
ence education, such as the Science Centre and the Singapore Zoological Gardens.

With scientific inquiry as its pedagogical underpinning, the Singapore Science
Curriculum aims to instil curiosity, perseverance, creativity, and critical thinking,
and develop communication, collaborative, and inventive thinking skills in students.
Structures have been put in place to encourage teachers to try out different inquiry-
based activities that develop these twenty-first century competences. In Chap. 11,
Jennifer Yeo, Wenli Chen, Timothy Ter Ming Tan and Yew-Jin Lee present three
innovative approaches — Image-to-Writing (I2ZW), a model-based inquiry; Spiral
Model of Collaborative Knowledge Improvement (SMCKI), an argumentation-
based approach; and Microbial Fuel Cell (MFC), a design-based pedagogy — and
discuss how these approaches contribute to the development of the above compe-
tences. The I2W approach focuses on developing deep conceptual learning. The
SMCKI, on the other hand, focuses on the social and cognitive aspects of knowl-
edge construction, and the MFC prioritises inter-disciplinary learning. These exam-
ples show how different models of inquiry can each support students in developing
twenty-first century competences in its own way.

In Chap. 12, Kit Ee Dawn Ng and Eng Guan Tay discuss how mathematical lit-
eracy in Singapore is linked to twenty-first century competencies. They present
arguments on tensions that could arise from philosophical as well as pragmatic per-
spectives whilst acknowledging that twenty-first century teacher professionalism
requires specialist knowledge and skills in mathematics. Apart from curricula align-
ment, it is teachers who will ultimately bridge the learning gap, such as paving the
way for “Mathematical Literacy in the 21st Century” calls for innovation in pre-
service Mathematics Education, professional development and professional net-
works. The chapter presents a multi-faceted and multi-dimensional framework
which synergises teacher education, MOE, and professional teacher organisations
in providing teacher education for a twenty-first century mathematics teacher in
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Singapore from pre-service through to life-long professional development. The dis-
cussion covers Singapore’s pragmatic approach in preparing teachers who can adapt
to the constantly changing education landscape and provides directions for future
developments towards life-long, life-wide, life-deep, and life-wise learning.

The quality of teachers is the major determinant of how well a science curricu-
lum is enacted. Chapter 13 by Aik Ling Tan, Dominic Jing Qin Koh and Xin Ying
Lim provide details of the two key teacher education programmes at NIE in
Singapore — the 16-month Post-Graduate Diploma in Education and the 4-year
Bachelor of Science (Education) programmes — and explain how these programmes
prepare future-ready science teachers for the education system. Anchored on the
core values of learner-centredness, a strong sense of teacher identity, and service to
the profession and community, courses in the four-year programme equip preser-
vice science teachers with content knowledge, pedagogical knowledge and knowl-
edge of learners. Practicum experiences are also provided for preservice teachers to
apply their theoretical knowledge in actual classrooms. Four success factors for
pre-service science teacher education in the twenty-first century are identified:
meaningful practicum experiences, opportunities to carry out academic and educa-
tion research, good academic and practicum mentors, and a supportive multi-party
teacher education ecosystem involving the NIE, schools, MOE, and other
organisations.

In Chap. 14, Yaw Kai Yan and Kok Siang Tan discuss the pre-service and in-
service programmes at NIE, and explain how these programmes equip and support
student- and in-service teachers for the implementation of Singapore’s inquiry-
based science curriculum. NIE’s content-pedagogy integrated Initial Teacher
Preparation (ITP) programmes emphasise Pedagogical Content Knowledge (PCK),
innovative pedagogies, and the imparting of values and life skills through science
lessons. At the same time, in-service science teachers are encouraged to participate
in a wide range of continuing Professional Development (PD) courses to upgrade
and update their science content knowledge and pedagogical skills. Five pertinent
aspects of pre-service preparation and continuing professional development of
Singapore science teachers include (1) content knowledge upgrading, (2) updates
on pedagogical innovations in the teaching of specific subject areas, (3) new com-
petencies to meet changing societal needs and demands, (4) new developments and
initiatives in education, and (5) research and management skills.

In Chap. 15, Kim Chwee Daniel Tan and Jennifer Yeo elucidate Singapore’s sci-
ence education from a research perspective set in the twenty-first century. Science
education research involves systematic inquiry into the teaching and learning of
science. Research can be utilised to solve problems in the science classroom, for
example, educational researchers seek to determine how to help students learn dif-
ficult concepts or how to facilitate students’ engagement in scientific inquiry and
argumentation. Research findings can be disseminated through the publication of
books, journal papers and articles for teachers, as well as presentations during con-
ferences, workshops and formal courses. Teachers who have read the publications
or attended the presentations may gain new perspectives and understandings, and
these may encourage the teachers to examine and rejuvenate their practices. When


https://doi.org/10.1007/978-981-16-1357-9_13
https://doi.org/10.1007/978-981-16-1357-9_14
https://doi.org/10.1007/978-981-16-1357-9_15

14 O. S. Tan et al.

teachers engage in research themselves or collaborate with educational researchers,
they may also gain new experiences and insights which can impact how they think
and act. Thus, the impact of research on science classroom practices can be consid-
erable, especially in Singapore, where there is close collaboration in the research-
practice enterprise between the researchers from NIE, schools and MOE.

In Chap. 16, Tang Wee Teo and Aik Ling Tan offer insights into how the Singapore
science teaching fraternity builds up its human capabilities through committing
time, effort, and many other resources into engaging teachers in research to support
their evidence-based practices. In the process, these science teachers progressively
develop into established professionals. This chapter focuses on the repertoire of
opportunities available to Singapore science teachers to support them in their pro-
gression into established professionals. Besides short-term courses, obtaining a
Master’s degree is yet another way to build the professional capacity of the teaching
workforce. Investing time to pursue a Master’s degree requires commitment and,
more importantly, support from the school leaders and MOE. Singapore provides
different routes to obtaining a Master’s degree and the different funding sources
available to them. Bespoke professional development programmes for teachers also
come in the form of research partnerships that empowers teachers more than mere
participation. In this chapter, the authors describe the different projects that science
teachers have embarked on to gain first-hand experience in research. Action research
is popular among science teachers and have created opportunities for them to pres-
ent at professional meetings such as conferences.

Finally, in Chap. 17, Ban Heng Choy and Jaguthsing Dindyal expound on the
need to see teachers as more than just instructors in the classroom. There is a grow-
ing trend to position teachers as agents of change, who collaborate with different
stakeholders to innovate and improve their teaching practices. These changing
demands of educational systems have placed increased emphasis on developing
teacher-researchers who are able to adopt an inquiry stance in their mathematics
teaching. An overview of the crucial role of teacher-researchers is presented here by
drawing on relevant literature and looking back at the key shifts in teacher develop-
ment. The authors then describe some key competencies of a teacher-researcher and
how mathematics teachers could attain these competencies. These would be neces-
sary considerations for mathematics educators in developing mathematics
teacher-researchers.
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Singapore Math and Science Education:
The Larger Picture Beyond PISA
Achievements and ‘“‘Secret’ Factors

Oon Seng Tan

Abstract Changes in the industrial world and society today far outpace the cycles
of education reform in the curriculum. The digital age and social media have
changed the nature of knowledge acquisition in mathematics and science.
Complexity of problems, technological innovations, multi-disciplinary interfaces
and the availability of big data analytics call for new ways of learning in mathemat-
ics and science education. PISA achievements in Singapore is a corollary of con-
tinuous incremental improvements plus quantum leap changes in the Singapore
Math and Science curricula ecology. This chapter aims to provide the big picture of
how mathematics education and science education in Singapore ride on waves of
change to equip learners with the kinds of thinking needed for the future world of
work. Beyond the rigor of well-planned and resourced syllabuses rich in fundamen-
tals and heuristics are the pedagogical approaches of process thinking and applied
learning. The aligning of learning with applications in an ecology of inquiry and
authentic experiences at every level has been catalytic for the success of Singapore
learners. In the light of all these is the teacher policy factor that brings about the
Math and Science teachers who can bring about student engagement and agency in
their pursuit of STEM aspirations.
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2.1 Introduction: How Improvements Can Be Catalytic

I will begin this chapter in a somewhat unconventional way. Firstly, I will share my
own story as a math and science teacher. What is this transformative journey of
STEM (Science, Technology, Engineering and Math) education like in a typical
classroom in Singapore? Hopefully, my own anecdotal account paints a picture of
the dynamic transformation of STEM teachers in Singapore and the ecology that
accompanies the progress.

I started my career as a math and physics teacher for upper secondary students in
an average neighbourhood school in the early 1980s. During that time the Ministry
of Education (MOE) began to recruit degree-qualified people into the teaching ser-
vice. Through local teaching scholarships and awards many of us were selected
when we completed our pre-university (equivalent to high school) to pursue disci-
plinary specialisation at the local universities. Following our degree studies major-
ing in subjects such as mathematics, physics, chemistry or biology we were assigned
to be trained as teachers in these disciplines usually in two STEM-related subjects.
In my case it was Math and Physics. We had to complete a one-year teacher training
programme before being posted as accredited teachers. The teacher training we
received at that time was not impressive and many of the academic staff in the
teacher training college were not very qualified in the sophistication of teacher edu-
cation teaching, research or clinical practice. I shall use the term clinical practice to
refer to the practicum, that is, the teaching practice which a trainee teacher under-
goes practice in an actual classroom whilst under supervision. Although the teacher
education curriculum and experience did not appear to be very helpful to me I did
discover something good. I observed that many of my fellow trainee teachers were
really good in their disciplinary content and passionate about teaching when we
were taking curriculum studies, namely, “the teaching of mathematics” and “the
teaching of physics”. Some of us shared ideas with one another and did our own
reading. The training program was not very demanding and freedom of time meant
we could do more reading on our own and pick up various interests. Fortunately, the
library then had quite a number of good scholarly and inspiring books. One
could pick up ideas from current works then such as those of Lee Shuman’s peda-
gogical content knowledge. I read much about the history of mathematics, mathe-
maticians and interesting math problems which were never introduced during our
undergraduate studies in mathematics. It was also at the Institute of Education
library that I read George Polya’s “How to solve it” on my own.

When we finally got posted to our schools a number of us found that many of the
teachers in the system then were non-degree holders and often not very confident
and rigorous in the content and were relying primarily on resources provided by the
Ministry of Education. For me I could not understand why the more experienced
teachers then had to do routines such as copying the instructional objectives from
the syllabi into the teacher’s record book each week when time could be spent more
creatively thinking of ways to excite the students. For the Singapore system as a
whole the 1980s saw the recruitment of cohorts of individuals with strong content
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disciplinary backgrounds, often passionate in their disciplines. These were individ-
uals who would tell their students: “We are going to eat, sleep and talk mathemat-
ics” regardless of what they saw in their teacher training and the quality of the
teaching resources.

Fast forward a few years to the 90s. I was Head of Department for Science and
occasionally acting as deputy headmaster. Within a few years of teaching I had “cre-
ated” many new materials, problems and examples for my students and working
with fellow math teachers had actually produced a whole new series of mathematics
textbooks. In 1990 I launched my series entitled “Mathematics: A Problem Solving
Approach”. On top of providing the pedagogical content, I also had the involvement
of a well-known mathematician at the university.

The descriptions and illustrations below will give readers an idea of the textbook.
I used to tell my students that learning mathematics is about learning a system or
way of seeing things. It is about learning to find known and unknown patterns and
subjecting our findings to queries and the use of proofs as evidence. Because I was
teaching teenagers who liked the word “freedom”, sometimes I would remind them
that knowing math is learning to be free, to be free from illiteracy, to be free from
boredom and to be free to think creatively and powerfully. Yes, to be free to conjec-
ture and to think in analogical ways which in my interpretation is to be able to create
a parallel logic about things, like Edward de Bono’s lateral thinking.

Figures 2.1,2.2,2.3,2.4,2.5, 2.6, 2.7, and 2.8 show the typical introduction and
excerpts of some heuristics in the textbook I co-authored for secondary school stu-
dents (Tan & Yap, 1991).

Introduction To The L/‘E!Ej
Student [T :|>

In Book 1 of this mathematics course, you have worked on many
interesting activities, exercises and investigations. Whilst mastering
the many important concepts and skills in topics on arithmetic,
mensuration, algebra and geomeiry, you have also been introduced
to the various strategies in approaching a problem.

The problem-solving approach in our mathematics course will
help us become better thinkers and more effective problem-solvers.
Recall that generally there are four basic steps in approaching a
problem.

Step 1 . Understand the problem.
Step 2 : Decide on a plan.

Step 3 : Carry out the plan.

Step 4 : Look back (Reflect).

Fig. 2.1 Problem-solving approach
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Understanding the Problem

To understand the problem, it is important that we read the problem
carefully and actively. Initial careful reading reduces the chance of
mis-intepretation, mis-reading or missing key data.

Active reading involves using a pencil to circle key words and
information, drawing a diagram and putting the question into your
own words. The following examples illustrate how to better under-
stand a given question:

Example (Looking for key words and relevant data)

What is the percentage increase in value

il s 7
if 318 increased 1o §?

Circle key words and data as follows:

W’hati.s!heinvalue
if@ is increased lo?

Fig. 2.2 Understanding the problem

key words: (percentage increasé

data:

re-state data

to

00| 4
00| 1

The increase in value is now obvious:
Recall the concept:

percentage increase =

The answer can now be worked out easily.

Example (Using drawings)

actual increase
original value

x 100%

There are two routes from town A to town B and
three routes from town B to town C. How many
ways can one get from town A to town C?

Fig. 2.3 Use of basic Heuristics
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Use a diagram as follows:

./H@h\.$.
g c

2 ways 3 wavs

It is now easy Lo see that there are altogether (2 x 3) = 6 ways to gel
from A to C.

Fig. 2.4 Use of drawings

Example (Using symbols)

The sum of three consecutive numbers is 30. Find
the three numbers.

Consider any three consecutive numbers such as 3, 4, 5. They can be

written as 3, 3+ 1, 3 + 2.
Let the three required numbers be N, N + 1 and N + 2. Thus,

N+N+1)+(N+2)=30.

We can now use algebra to obtain the value of N.

Let us summarise the approach.

To understand a problem:

+ Look for key words, relevant data and relationship
among the data.

+ Identify what is wanted.

+ Re-state the problem with diagrams, simple nota-
tion or symbols.

Fig. 2.5 Use of symbols

21
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Deciding on a Plan and Carrying out the Plan

Successful problem-solvers consciously choose a plan, a method or
a strategy to solve problems. The following examples illustrate some
important strategies used to solve problems:

Example (Consider a simpler problem)

What is the percentage increase in value if % is increased to %?

The question may look difficult at first because of the different

denominators in % and %

What about the following question?

What is the percentage increase when $10 is increased to $12? |

12-10
10

(5-3)

] x 100%.

We can see immediately that we are looking for (

Similarly in the earlier problem, \Qe are looking for x 100%.

(ST

Fig. 2.6 Use of simplification

I was talking about process, heuristics, problem-solving and thinking in a text-
book. It was not an easy task and quite revolutionary. For my generation of math
teachers I think three things appeared obvious to us and we commonly conveyed
these to our students. Firstly, Math is challenging. So, we asked our students: “Do
you want to do things worth doing?” To do things worth doing there is always the
fun part of things and also a whole range of things you have to do which is some-
times laborious, tedious and even mundane. Secondly, learning Math is learning to
be a problem solver. To solve a problem you need to identify and understand where
to start, and use your experience and observations. In Math you learn to look for
patterns and use numbers and equations to capture patterns. Mathematical thinking
equips one with the fundamentals, logic and language that enable you to deal with
work in areas such as business, economics, scientific endeavours, engineering, and
computer science. Thirdly, it is the task of the Math teacher to help every student
learn well through principles, questioning, practice and motivation. In any case,
these are characteristics important to real-life learning and problem solving. For a
math teacher problem-solving skills has always been an evergreen competence to be
nurtured and not a new twenty-first century competence.
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Example (Guess and check)

I am thinking of two numbers. Their sum is 22 and
their difference is 10. What are the numbers?

Be bold to start by using any two numbers with a sum of 22.

Try: 10+ 12=22
Observe that 12 - 10 = 2.

The difference is too small, so try a larger number in place of 12.
You may want to list the numbers in a table like this:

se strategies to decide

Numbers Difference

12,10 2
14, 8 6
16, 6 10

Hence the numbers are 16 and 6.

Fig. 2.7 Use of trial and error

From the ground up, Math and Science teachers were able write problems and
create resources for their own students. Concurrently, the Ministry of Education
(MOE) in Singapore saw the need not only to develop curriculum specialists and
resources but also to open up the market for textbooks. Publishers were excited and
fellow teachers who saw these new texts were excited too. But to my surprise, in
that very same year in 1991 five new series like mine were launched, many also
written or adapted by teachers in Singapore collaborating with university profes-
sors. Each of these series had their unique approaches, innovation and features of
excellence in illustrations, explanations and user-friendliness for students and
teachers. These teacher-writers and many teachers like them were very well-versed
in their content mastery, and confident in the understanding of how best to teach
each topic and concept in mathematics. They had surpassed the traditional provision
of guided resources with line-by-line instructions for teachers. They understood the
assessment requirements and were able to design their own test questions, often
more challenging than traditional test questions. So you had some teachers telling
their students: “I (the teacher) am the curriculum and the textbook!” These students
grew in confidence and achievement. Math and science were taught not just accu-
rately but with clarity of principles and examples, and students learned to think like
scientists and mathematicians because these Singapore teachers were scientists and
mathematicians. Strong fundaments of mathematics and science can only come
about if you have people who know the subject and are passionate to teach it — better
still, teach it creatively. I can honestly say that by then there were many more Math
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Let us summarise at this point.

When deciding on a plan to carry out, ask questions such as:

« Does the question resemble some problems I have worked
before?

« Can I make some guesses and check?

« Can I draw a diagram?

+ Can I make a chart or table?

+ Is there a pattern?

« Can I work backwards?

« Can I use algebra?

Looking Back (Reflect)

Having obtained the solution of a problem by a particular method,
always learn to check the solution and consider why it is solved in
that way. You should also consider whether or not there is more than
one possible solution.

Some important questions to ask when reflecting are:
» How can I check the solution?

« Is there more than one possible solution?

» Is there another way of solving the problem?

« Can I find a general formula for the result?

« Can I explore related problems?

Fig. 2.8 Reflection process

teachers in the system of high calibre. By reasoning of mathematical induction one
can see that many more classrooms were flourishing with good Math teaching!

In my career as a teacher I also taught Physics at some stage when the need arose.
A corollary of that experience was my authoring of a physics guide book on concept
building and examples of physics problem-solving. What happened in Math also
happened in many ways with Physics. Some of the best teachers in physics were
also producing excellent textbooks. Many of them became master teachers and were
seconded to the National Institute of Education as teacher educators for part of their
career journey.

This is what happens when you get the right people into the profession. Years
later, in the mid 2000s during a study trip to Finland, I saw this “phenomenon” fur-
ther exemplified and amplified. It was in a lower secondary science class in Helsinki.
The Finnish teacher was dealing with biology and talking about fish. The teacher
did not stop at the biology. I was totally impressed when she gave many examples
of fishes in the Nordic region and went on to link the life cycles of fish to ecology
pertaining to climate and ocean geography with many charts and real-world data.
What a wealth of knowledge! I subsequently learnt that everyone of these teachers
has a master degree. My point is not that further degree qualifications are needed but
getting people with content expertise and passion in the subject with the confidence
to link things and make the subject totally alive is critical if we want to transform
STEM education.



2 Singapore Math and Science Education: The Larger Picture Beyond PISA... 25

2.2 The Marathon of Scaling Up Math
and Science Achievements

For simplicity I shall refer to Math and Science education simply as STEM educa-
tion in this chapter. Across the decades from 1980s to 2010s the Math and Science
teaching and learning in Singapore saw gradual and steady improvements in many
areas critical to successful STEM education. My own experience and observations,
which are an over-simplification, are summarised in Fig. 2.9 below.

Now that one has gotten a better sense of the kinds of math and science teachers
that were recruited beginning with the 1980s let us take a look at how the output has
been changing for Singapore in the 1990s to the 2000s.

Understanding improvements in Math and Science education entails that we see
the “telescopic picture” of how things are evolving. To illustrate this we will trace
some historical and current data on Singapore’s performance in the Trends in
International Mathematics and Science Study (TIMSS). TIMSS is an international
study coordinated by the International Association for the Evaluation of Educational

Phase Pragmatic Teaching and Manifestation of
Developments Learning Quantum Teacher Capacity
Leap as a result of
Gradual
Improvements
1980-1990 Recruitment of STEM Laying the foundation Teachers able to
teachers and for good standards of make “basic content”
development of domain knowledge. knowledge visible.
specialists with strong
content knowledge and
confidence in teaching
the subject
1990-2000 High quality teaching Sharpening of Teachers able to
and learning resources: | curriculum goals and align pedagogy with
Top down and ground increasing competence | assessment goals,
up in subject matter build concepts and
pedagogy incorporate heuristics
Reflective STEM
teachers
2000-2010 Initial teacher Shifts in understanding | Teachers able to talk
preparation, the curriculum in terms | aloud about their
pedagogical content of purposes, values thinking processes and
knowledge (PCK) and thinking. students learn thinking
resources and high and problem-solving
quality scientific content | PCK also incorporating | skills
and environment teaching of thinking
2010-2020 Re-thinking teacher Shifts in understanding | Teachers making
educaton for science learning in terms of “student thinking”
and math teachers for student engagement, visible and becoming
21st century and future | student agency and designers of learning
readiness learning from environment.
communities across Teachers involved
boundaries in research on
pedagogy with
high scientific literacy
and interest

Fig. 2.9 Singapore STEM improvements across the decades
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Achievement (IEA) located at Boston College. IEA is a non-profit independent
international cooperative of national research institutions and government agencies,
which conducts large-scale comparative studies of educational systems to inform
policies and practices. TIMSS follows a four-year cycle and Singapore has partici-
pated in every cycle of TIMSS since its inception in 1995. TIMSS measures stu-
dents at Grade 4 (Primary 4) and Grade 8 (Secondary 2) in terms of their abilities to
understand, apply, and reason in Math and Science (see official website of IEA’s
TIMSS: http://timssandpirls.bc.edu/). TIMSS benchmarks are often used to gauge
and affirm the quality of Mathematics and Science education in participating
countries.

If one were to look at the 2002-2003 TIMSS findings, you will note that
Singapore emerged first in both Mathematics and Science in a 49-country study of
Grade 4 (Primary 4) and Grade 8 (Secondary 2) students conducted in 2002-03. A
representative sample of Singapore students — 6700 Primary 4 and 6000 Secondary
2 students from all primary and secondary schools, to be precise - took part in the
survey in October 2002. The representative sample of Secondary 2 students came
from all courses then, namely, Special, Express, Normal (Academic) and Normal
(Technical) streams.

For Math (Primary 4) Singapore came up tops with a TIMSS Average
Achievement of 594 points. Behind Singapore was Hong Kong, SAR (575), Japan
(565), Chinese Taipei (564). England was 10th with 531 points and USA 12th with
518. The OECD International Average was 495 with Australia 499 just above and
New Zealand 493 just below.

For Math (Secondary 2, Grade 8) Singapore came up tops with a TIMSS Average
Achievement of 605 points. Behind Singapore was Rep of Korea (589), Hong Kong
SAR (586), Chinese Taipei (585) Japan (570). USA was 15th with 504. The OECD
International Average was 467 with Romania 475 just above and Norway 461
just below.

For Science (Primary Grade 4) Singapore came up tops with a TIMSS Average
Achievement of 565 points. Behind Singapore was Chinese Taipei (551), Japan
(543), Hong Kong SAR (542), England (540), USA (536). The OECD International
Average was 489 with Slovenia 490 just above and Cyprus 480 just below.

For Science (Secondary 2, Grade 8) Singapore came up tops with a TIMSS
Average Achievement of 578 points. Behind Singapore was Chinese Taipei (571),
Rep of Korea (558), Hong Kong SAR (556), Estonia and Japan both at 552. The
OECD International Average was 474 with Jordan 475 just above and Rep of
Moldova 472 just below.

As a guide the comparison of TIMSS performance across countries uses four
points on the scale as international benchmarks, namely, the advanced benchmark
(at 625 let’s call it A), the high benchmark (at 550, let’s call this benchmark B), the
intermediate benchmark (at 475, which we refer as benchmark C) and the low
benchmark (at 400, referred as benchmark D).

By the early 2000s, it can be seen that Singapore was beginning to perform well
in Math and Science attainments for Grade 4 cohort. In the 2002 Study for
Mathematics, 38% of Singapore students performed at or above A, 73% reached the
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high benchmark B, and 91% reached C. The corresponding international averages
were A = 8%, B =33% and C = 64%. For Science, 25% of Singapore students per-
formed at or above A, 61% reached the high benchmark B, and 86% reached the
intermediate benchmark C. The corresponding international averages were A = 7%,
B =32% and C = 65%.

For the Grade 8 cohort the results were equally promising. For Mathematics,
44% of Singapore students reached the A (advanced benchmark), 77% reached B,
and 93% reached C. The corresponding international averages were A = 6%,
B =24% and C = 51%. For Science, 33% of Singapore students reached A, 66%
reached B, and 85% reached C. The corresponding international averages were A
=6%, B =26% and C = 56%.

Earlier I mentioned the anecdote on textbook transformation and teacher quality.
When we have good math and science teachers, these teachers are the walking cur-
riculum. Table 2.1 shows how instructional resources including quality textbooks
improved from 1995 to 2003 based on the TIMMS index.

As seen from the table that compares the index of resources for Math and Science
instruction between 1995 and 2003 the index rose from 47% in 1995 to 86% in 2003
for Grade 4 Math, 47% in 1995 to 85% for Grade 4 Science, 55% in 1995 to
88% (2003) for Grade 8 Math and 66% (1995) to 92% (2003) for Grade 8 Science.
Curriculum resources are important but even more important are people who know
how to use resources creatively and are able to produce new resources on their own.

Let us now look at the more recent TIMSS results. The TIMSS 2015 study
involved 64 education systems and benchmarking entities. In Singapore, some 6500
randomly selected Primary 4 students from all primary schools and about 6100
randomly selected Secondary 2 students from all secondary schools participated in
the study. Primary 4 pupils achieved the highest mean score of 618 in mathematics.
Hong Kong SAR came close in second with a score of 615. Singapore Primary 4
students also attained the highest score of 590 in science with South Korea coming
second with 589.

The stability of Singapore’s attainment in the TIMSS affirms the curriculum and
people policies and their implications on math and science learning and achieve-
ment. The PISA 2015 results alluded to several desired outcomes of math and sci-
ence education at the primary and secondary levels. Firstly, the achievement of
prerequisite thinking in mathematical reasoning and scientific logic. The strong
foundations of conceptual thinking and fundamental math literacies mean a good
baseline of human capital for further STEM education - important for a future

Table 2.1 Indices showing Singapore’s progress in Math/Science Instruction

1995 1995 2003 2003
Singapore International Average Singapore International
Grade 4 mathematics 47% 26% 86% 33%
Grade 4 science 47% 22% 85% 28%
Grade 8 mathematics 55% 23% 88% 26%
Grade 8 science 62% 22% 92% 26%
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economy driven by a new era of digital environment and artificial intelligence.
Secondly, the curriculum transformation such as “teach less, learn more” and
“engaged learning” seem to bear fruit in the right direction of improving higher-
order thinking skills. Teachers and curricula specialists who are deep in math and
science are aware of the changing landscape of the world around us so they recog-
nize the need for constant changes but they also develop intuition to know what
constitutes an “invariant” core for applied learning and acquisition of advanced
knowledge. As such, we take an enlightened look of the curriculum depicted in
Fig. 2.10.

Figure 2.10 known as the OSTAN curriculum model looks at curriculum as
follows:

(a) The desired learning outcomes of the subject with the appropriate levels of
analytical thinking skills along with the taxonomies from understanding to
sophisticated evaluation.

(b) The processes of bringing about the articulated learning outcomes where exper-
imentation, engagement and pedagogical innovation enrich heuristics and
metacognition.

(c) The integrated ecology of learning where design of learning environments
beyond the classroom comes into play and where socio-emotional factors
and broader interests are involved.

With this new perspective of the curriculum we do not need to spend too much
time debating about how much more content to put in or take out. Learning more or
covering less is not the issue. The process is more important as many “learning to
learn” and “thinking to think” skills in the wonder of math and science pursuits can
happen with increasing engagement and development of interest in the subject. As
Layton (1991) once noted, Science is “quarry” to be raided rather than a “cathedral”
of conformation. This brings us to the third point, which is the increasing positive
affect for STEM subjects. More students are enjoying the learning of math and sci-
ence as teachers do curriculum as (b) and (c) above, i.e. paying attention to the
process and ecology of the curriculum. The integration ecology perspective encour-
ages the meta-learning and meta-cognition advocated by research in science educa-
tion (Thomas, 2006).

Evidences from research in science of learning and neuroscience increasingly
affirm the importance of cognitive and emotional interface. Learning through expe-
rience and collaboration as well as opportunities for self agency lead to a greater
sense of the relevance and importance of learning math and science subjects. TIMSS
2015 data shows that the proportion of our Primary 4 and Secondary 2 students who
did not attain the lowest (“Low”) international benchmark has remained very small
in both subjects. More than half of our Primary 4 and Secondary 2 students are
highly competent in Mathematics, attaining the “A” international benchmark, and
about 40% in the “A” category for Science. These are significant gains compared to
the 2002 results.

As a matter of triangulation, we should also look at the OECD Programme for
International Student Assessment (PISA) Study. PISA is a triennial study that
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Fig. 2.10 OSTAN curriculum model.

attempts to examine how well education systems are helping their students acquire
the essential knowledge and skills to participate in the modern economy. In these

studies, PISA data provide international norms for comparison with measures that

assess the capacity of 15-year-old students to apply knowledge and skills in

Mathematics and Science.

The PISA assessments in 2012 also attempt to measure the extent to which ana-
lytical skills, reasoning skills and communication skills are evident as participants
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solve problems in a range of real-life contexts. In PISA 2012, Mathematics was also
the major domain studied.

A total of 65 education systems took part in the PISA study for 2012 and
Singapore students emerged 2nd in Math and 3rd in Science. A total of 5369 stu-
dents, mainly from Secondary 3 and 4, from all 166 public secondary schools and
177 students from six private schools participated in PISA 2012. The random sam-
pling was representative of the 15-year-old population in Singapore.

The PISA results revealed that Singapore’s 15-year-olds possess a range of
knowledge and skills that are valued in the modern society and demonstrated the
ability to inquire, reason, and communicate clearly in solving unfamiliar real-life
problems. These problem-solving competencies indicate that Singapore students
have strong foundations to enable them to participate in the twenty-first century
economy. In a related sub-study of 32 education systems involving computer-based
assessments of Math, Singapore was also among the top performers. The stellar
results across the different areas of assessments demonstrated that Singapore stu-
dents were adept at applying their knowledge and skills in novel ways and were able
to navigate in a computer-based environment to deal with ambiguous information as
well as less structured real-world data and representations. It appears that Math and
Science teachers in Singapore have facilitated the learning of higher-order cognitive
thinking skills in resolving problem situations.

As observed earlier, over the decade, Math and Science teachers were shifting
pedagogies to emphasize greater engagement in Math and Science classrooms and
designing for inquiry-based learning encouraging independent, collaborative and
active learning. Another noteworthy development apart from diversification of ped-
agogies was the attention paid to the students weak in Math and Science. In fact, the
2012 PISA results showed that Singapore made a significant leap in levelling up the
academically-weaker students. Concomitant with enhanced achievements were stu-
dents’ increased levels of motivation, engagement and confidence in learning.

The effects of the enlightened perspective of the curriculum with the balance of
(a) desired learning outcomes, (b) the learning processes innovation and (c) ecologi-
cal integration were even more felt in the PISA 2015 study. There were 72 partici-
pating education systems in the PISA 2015 study. A total of 5825 students, mainly
from Secondary 3 and 4, from all 168 public secondary schools and 290 students
from 9 private schools were randomly selected to take part in PISA 2015. They were
representative of the 15-year-old population in Singapore. Singapore students took
first places in Science, Reading and Mathematics. The findings affirmed that
Singapore’s 15-year-old students not only possess strong fundamentals in literacy
and numeracy, but also demonstrate abilities to think critically and apply their
knowledge and skills effectively to solve problems in unfamiliar real-life settings.
Furthermore, Singapore students have high levels of motivation in learning sciences
and felt that they had fun in the process of acquiring the necessary knowledge. The
fact is that there is a high proportion of top performers who are capable of advanced
thinking and reasoning. Despite the excellent performance Singapore is still con-
cerned with the low performers even though this is a relatively small proportion.
There is always a need to cater to diverse learners and to recognize that even their
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“mathematical” abilities are not necessarily manifested through paper and pencil
assessments. If Math is a study of patterns and there are those who see patterns in
different ways there must alternative ways of supporting and recognizing such
learners.

A very important observation of PISA 2015 is that Singapore Math and Science
teachers are an important factor in contributing to students’ strong interest and per-
formance in math and science. They use a variety of strategies in teaching science,
making learning authentic and relevant for students. They also provide students
with feedback on their performance, and tailor lessons based on students’ learning
needs. About 8 in 10 students said that their teachers give extra help when they need
it and Singapore students’ consistent strong performance in PISA and their positive
attitudes towards learning are a corollary of many factors positively reinforced and
developed over the long haul.

PISA 2015 findings can be summarized as follows. Firstly, the system of science
and math education enables Singapore 15-year-olds to consistently establish strong
fundamentals with abilities to apply these knowledge and skills in novel real-world
contexts thus providing for twenty-first century workplace readiness. Singapore stu-
dents were tops in all areas of content knowledge (which included physical systems,
living systems, earth and space systems and technology systems) as well as collabo-
ration problem solving. I mentioned earlier the shift to process and ecology.
Learning science is now understood as an inquiry process with engagement, experi-
mentation and experiential learning. Confident teachers provide for flexibility and
are bold to use approaches such as problem-based learning, project work and design
thinking approaches. Learning more is not a big deal and covering less is also not
alarming. Process approaches of learning to learn science leads to greater exposure
to scientific literacy, use of authentic contexts and application of learning to solve
day-to-day problems. Secondly, and very importantly, Singapore students are moti-
vated and enjoy learning the subject. For example, nearly 3 out of 10 students aspire
to work in science-related jobs (this is significantly higher than many high-
performing systems). Thirdly, the system encourages the sky as the limit and ensur-
ing no one is left behind. Singapore has the highest proportion of top performers in
every domain compared to all 72 participating systems. In Singapore, students with
interest in STEM are given some of the best resources and exposure for them to
stretch and learn from the best. But Singapore also has one of the lowest proportions
of low performers compared to all participating systems. In fact, the weakest per-
formers were largely at the international average levels. Fourthly, Singapore has an
excellent Math and Science teacher policy and development framework enabling
the system to be driven by highly skillful and caring teachers. These teachers who
are ecologically aware are the mediators of making the curricula process. Singapore
teachers use a variety of strategies to foster students’ interest to learn, and stand out
in tailoring lessons according to students’ needs and abilities.
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2.3 Teacher Policies for Successful Teacher Factor in STEM

The unprecedented pace of digital transformation of the economy calls for human
capital that transcends artificial intelligence and robots. STEM education must
transform and the people at the frontline of these challenges include our teachers,
who are tasked with preparing the next generation to cope in a fast-changing world
powered by internet technologies and a new cyber world of networks, social media,
commerce and every day routines. There is increased competition for talent from all
sectors of the economy and, as such, the education service must also do more to
attract a good proportion of talented and committed people for STEM education.
The teacher factor in STEM education is to me the most important catalytic variable
to impact student learning and achievement. Teacher quality plays an anchoring role
in ensuring high student outcomes and enabling students to grasp the new compe-
tencies and develop their agency. Looking at the TIMSS and PISA results, we are
aware that many factors contribute to the quality of overall STEM learning includ-
ing school and curriculum resources, and socio-cultural attitudes towards STEM
education and achievement. STEM education transformation must have a long haul
and futuristic perspective and the quality of STEM education impacts on people’s
capacity for adaption, value creation and innovation. Success in STEM reforms
calls for perseverance with great intentionality and temerity that bring about trans-
formation. The values that ensured Singapore’s education improvements are not
unique. There are right leadership and collaborative values with the long term view
in sight coupled with relevance and responsiveness to changing local and global
landscapes. The best framework is useless without the people. I will next share on
key strategies for effective teacher policy to empower teachers to bring about real
improvements with students (Fig. 2.11).

Using the OSTAN Teacher Policy Framework above (Tan, 2015) we can get a big
picture of how teacher policy strategies can be applied to raise good STEM teachers.

The teacher factor, unlike other systemic factors, is different — because it is the
human factor. Moreover, teachers play vital roles not only in ensuring strong aca-
demic foundations in fundamental literacies and scientific thinking but more impor-
tantly in inspiring, motivating, mentoring and facilitating every student’s interest.
Teachers are also key players in anchoring the ethos and values of society. In a very
real and tangible way, teachers are — for better or worse — the role models students
look up to, given that they are the adults with whom children and teenagers spend a
large part of their lives with outside of the family context. Given the importance of
the teacher factor, sufficient time and resources must be directed towards refining
our teacher policies to drive a constantly improving education system.

Applying the OSTAN Teacher Policy Framework to STEM teachers there is a
need to consider the following factors.
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Fig. 2.11 OSTAN Teacher Policy Framework. (Tan, 2015)

2.4 Recruitment of Quality Math and Science Teachers

The ideal teacher is one with a right balance of aptitude and attitude. To identify
teachers with the ideal profile, selection processes should encompass multi-pronged
approaches, and maintain a high degree of rigour in selection standards.

Strong content knowledge in Math and Science is a key criterion to ensure that
Math and Science teachers are able to ensure deep knowledge and teach the think-
ing processes for scientific literacy. Best practices for selection typically involve a
combination of at least a few clusters of tools, including: (a) academic performance
and/or an entrance proficiency test, (b) classroom simulations, (c) interviews with

experienced panels, (d) prior teaching experience and/or (e) vocational fit
assessments.
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2.5 Compensation and Incentives for Math
and Science Teachers

Policy makers need to understand the reasons why people may or may not be
attracted to becoming a STEM teacher. We need to know why potentially good can-
didates with STEM capabilities are shying away from becoming teachers. Negative
perceptions of teaching relating to starting salaries, professional image, working
environment and career prospects need to be actively addressed. Ensuring competi-
tive salaries for teachers is essential and policymakers should benchmark salaries
appropriately. However, raising salaries above the market average does not neces-
sarily lead to substantial increases in quality. The environment factors are important
and teachers need to see support and resources for innovation and creativity in
working alongside their students in the classroom, laboratories, outdoor explora-
tion, and iconic scientific activities. Math and Science learning environments must
bring about joy of learning for both teachers and students.

2.6 Initial Teacher Preparation and Teacher Education

A quality initial teacher education (ITE) program is critical to ensuring effective
teacher STEM preparation. The best ITE programs are holistic, and include both
general and specialized content knowledge training, with a substantial focus on
research-informed pedagogy. They also integrate theory and practice effectively,
and facilitate the growth of strong learning communities. A good STEM teacher
affects student learning positively in terms of providing the catalytic environment
for the individual to flourish in his/her total development. The teacher’s engagement
with learners must add value to intellectual learning of Math and Science as well as
provide holistic development of wellbeing, values and character. Math and Science
learning provides for grounding in values of accuracy of facts, sound reasoning
based on evidences and scientific approaches of verification and authenticity.
Science addresses issues of health, wellbeing, the environment, climate changes and
sustainability from a larger picture of earth and humankind (Fig. 2.12).

The NIE V3SK model that I conceptualized when I was dean of teacher education
at NIE has been used to produce several cohorts of Math and Science teachers for
Singapore. Pre-service teacher education is seen as the backbone in shaping a think-
ing teacher who can best prepare learners for the twenty-first century. Known as the
National Institute of Education’s TE?*' Model (Teacher Education for twenty-first
century Model), the major emphasis is on teachers’ values in developing the think-
ing teacher. A values-driven teacher education programme reflected in the V3SK
(Values, Skills, Knowledge) model provides the underlying context for teachers to
be effective in their role of developing the individual to maximise his/her potential,
and to have a strong sense of rootedness to the community and nation. A three-
dimensional Values paradigm comprising: Learner-centredness, Teacher Identity
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Fig. 2.12 V*SK Framework — a compass for twenty-first century TE

and Service to the Profession and Community forms the centre of our teacher edu-
cation goals. Learner-centred values refer to teachers’ beliefs about the learner.
Teacher identity focuses on the sense of pride in the profession in terms of their role
and the quest for excellence, beyond academic results. There is a moral component
of doing a job well so that it inspires others. Service to the profession and commu-
nity refers to growth, development and advancement through continuous collegial
learning and sharing of best practices. (For more information on the components of
the V3SK Framework, see Chap. 13.) NIE ensures that the curriculum enables peda-
gogy to be enhanced and diversified, while assessment for learning and of learning
is improved. The catalytic factor is the theory-practice nexus fulfilled through the
innovative e-portfolio and mentoring model in the teaching practice. Whilst an inte-
grated approach is used the challenge of paradigm shifts continues to enable all
stakeholders involved to envision the complexity of moving forward through trust,
autonomy and professionalism. Conversations in schools contribute opportunities
for teachers to learn and improve. Furthermore, preparation of STEM teachers
incorporates a strong mentoring and feedback mechanism through graduated practi-
cum programs and formal mentor-mentee relationships, thus ensuring high stan-
dards of teaching by active alignment with national professional standards and
rigorous accreditation.
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2.7 Career Development Structures

Education is becoming an increasingly complex enterprise and sophisticated exper-
tise is needed in pedagogy, curriculum development, and leadership of educational
units. There is a need to facilitate the creation of career tracks to provide opportuni-
ties for career progression and talent allocation. For example, different tracks should
be carved out for teachers with passion to work in the classroom, for teachers with
interest to work on content and curriculum specialization, and for teachers with the
aspiration and capacity for school leadership. Clearer professional pathways also
signal professional authority and autonomy amongst teaching professionals. Two
decades ago, Singapore’s teaching force was facing problems of attrition with
younger teachers leaving and older ones retiring. Presently, attrition rates for Math
and Science teachers remain remarkably low. One key reason has to do with facili-
tating job differentiation for Math and Science teachers having different aspirations,
interests and skill sets. Singapore has well-defined career ladders designed to help
teachers to attain their full potential in the trajectory of their professional develop-
ment. These include the Teaching Track, Leadership Track, and Senior
Specialist Track.

The Teaching Track is for those who want a career with a focus on teaching
excellence as a calling. This track allows for progression to newly-recognized levels
of seniority and expertise, such as Master Teacher and Principal Master Teacher.
The Teaching Track caters to the majority of officers in the Education Service. The
Teaching Track provides improved professional development advancement oppor-
tunities for excellent teachers. The peak appointment on the Teaching Track is
“Master Teacher”, appointed from amongst Senior Teachers. Master Teachers con-
tinue to teach and help develop teaching excellence through mentoring, developing
good teaching practice and model lessons. Master Math Teachers earn the equiva-
lent of the pay of a senior Head of Math Department. Teachers on the Teaching
Track have opportunities to advance professionally through advanced diploma and
higher degree programs and other forms of professional development. Teachers
moving up to the higher levels are required to meet thresholds in terms of skills and
knowledge and have to demonstrate the necessary competencies and performance
for the higher job level. As such, a novice science teacher can have a career vision
of how he/she should progresses in terms of competencies. For example, a Science
Senior Teacher would be very well versed with an extensive repertoire of teaching
pedagogies beyond excellent didactic and be able to design novel approaches as
problem-based thinking and, project-based learning. A Principal Master Science
teacher will be able to not only do innovative pedagogies effectively but also mentor
others. The Leadership Track gives teachers opportunities to take on leadership and
administrative positions in schools and at the Ministry of Education’s headquarters.
For example, those on the leadership track can progress from being heads of depart-
ments to school principals, and further on to roles within the Ministry such as clus-
ter superintendents and directors of various education units.
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The Senior Specialist Track is available for those who are inclined towards more
specialised areas where deep knowledge and skills are essential for breaking new
ground in the educational landscape. For example, specialists may focus on curricu-
lum design and instruction, educational psychology, educational testing and man-
agement, or educational research and statistics. All of these tracks have salary
grades that are designed to provide all educators (teachers, leaders, and specialists)
with an incentive to advance as far as they can. For example, a senior teacher can
receive a salary equivalent to that of a school vice principal. Hence, there is no need
for excellent teachers to depart from their career track inclination to earn higher pay.
In Singapore, the Senior Specialist Track is offered to develop a strong group of
officers with deep knowledge and specific skills in Math and Science to innovate,
break new ground and keep Singapore on the leading edge in developments in
STEM. Apart from skills and knowledge, Senior Specialists need to possess compe-
tencies which enable them to exhibit outstanding performance in their job. The vari-
ous competencies articulated provide guidance for teaching professionals to identify
areas of improvement and to continually develop effective teaching practices which
correlate with career progression.

2.8 Professional Development and Continuous Learning

It is imperative that teachers consistently and continuously keep up-to-date with
new knowledge, skills and teaching practices. For teacher effectiveness to happen
there must be a balanced three-prong perspective where (i) larger policies empower
the status and respect of teachers by all stakeholders, (ii) teacher professional com-
munities grow autonomously with catalytic support to better impact their roles on
learners and the community and (iii) teachers as individuals grow in their personal
professionalism and identity. Larger and long-term policies of development and
mentoring are important to create more professional space for teachers. Firstly, the
teacher has a belief system that empowers every child to grow and to achieve.
Effective teachers have competencies, attributes and values that nurture every child
they interact with. I mentioned previously that Math and Science teachers are
recruited with the best possible expertise in their domain knowledge but they are
most importantly a teacher of the learner and not the subject. As such, it is important
for teachers to grow professionally through continuous learning about how their
students learn best.

Secondly, teacher effectiveness has much to do with the personhood of the
teacher. A good teacher is sustainable in the long haul only if the teacher identity is
autonomous. Recent evidences from motivational studies and positive psychology
point to the fact that teachers who are effective are often characterized by strong
teacher identity where the quest for excellence comes from within the teacher. The
twenty-first century learning environment provides ample opportunities for teachers
to take ownership of their roles and development, yet we see many systems where
the teacher identity is stifled by the erosion of their professional capacity, space and
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time. We need to pay attention to teacher efficacy, trust and teacher image if we
want effective teachers.

Thirdly, we see that teacher effectiveness is a corollary of good teacher learning
and the presence of mentoring. Reflective teachers and those with an unquenchable
thirst to learn and improve are often infectious in their influence on fellow teachers
and their students. Mentoring, formal or informal, has an enduring effect on the
transmission and preservation of the being and becoming of effective teachers.
Whether we are looking at one-on-one mentoring of expert to novice, peer mentor-
ing or more formalized professional learning communities the camaraderie in a
teacher’s community, however small, is important. Thus, the effective teacher in the
twenty-first century is not just one of didactic and individual instructional skills, but
more importantly one of learning with others and working in teams to create the
best possible learning for students. The increase in professional space should lead to
increasing capacity, adaptability and innovation where the teacher effectively
impacts and inspires the next generation of learners. School leaders need to provide
support in terms of time and resources to meet the needs of teachers at different
stages of their careers. Optimal professional development goes beyond workshops
and courses, to include school-embedded professional development, sophisticated
induction and mentoring, collaborative teacher networks and project-based research-
cum-inquiry approaches to improve teaching practices and learning outcomes.

2.9 Accountability, Performance Management
and Evaluation

Teacher evaluation should focus on both teacher development and accountability. A
pragmatic and multi-faceted approach is recommended. Common tools for evalua-
tion include classroom observations by peers and senior teachers, interviews/dia-
logue sessions, keeping a portfolio, individual goal-setting and self-evaluation, and
broader evidence of student learning and development. At the same time, pragma-
tism calls for an appreciation of the resource costs of implementing sophisticated
evaluation tools, and calibrating these tools to each school’s context.

2.10 School Leadership

School leadership plays a critical role in transforming the environment in which
teachers and learners function. Top-performing systems pay more attention to the
selection of school leaders, and promote effective leadership practices and the
development of leadership capacity. Proactive approaches and succession planning
is essential. Those with leadership aptitude should be given leadership roles pro-
gressively, and programs should be developed to promote research-based and
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instructional leadership practices. Leaders should be trained to handle policy imple-
mentation, nurture professional involvement and development, and practise effec-
tive public engagement.

2.11 Teacher Symbolism

Our vision of teachers must go beyond them being mere communicators of content,
and must also encompass their roles as leaders in pedagogical thinking, inspira-
tional role models, respected domain experts and custodians of societal values. Key
policy factors in enhancing teacher symbolism include (i) building on cultural
regard for teachers, (ii) making space for professional autonomy and trust, (iii) pub-
licizing quality-driven recruitment, selection criteria and training, (iv) managing
workloads and the general working environment, (v) giving national recognition for
the accomplishments of teaching professionals, and (vi) utilizing branding and mar-
keting campaigns which raise the attractiveness of the profession.

2.12 Policy Integration, Alignment and Coherence

The whole is more than the sum of its parts when it comes to effective policy imple-
mentation. Effective education systems have a “big-picture” perspective and coor-
dinate policies with a view to longer-term impact. Key policy strategies include (i)
governance structures that ensure congruence of goals, alignment of activities and
optimization of resources, (ii) ensuring collaboration among all stakeholders, and
(iii) the presence of mediating layers and networks for facilitating implementation.

2.13 Future Orientations: Teaching Roles
in the Twenty-First Century

In a rapidly changing world, teachers need to be cognizant of the changing nature of
knowledge, learning and environments. There is a need to equip teachers with new
roles such as being facilitators of learning and designers of the learning environ-
ment. Teachers need to embrace new pedagogies and transform pedagogical prac-
tices, for example, to account for new ways in which learners absorb information
through technology and social media. Teachers must appreciate their role in culti-
vating twenty-first century competencies including problem solving, critical think-
ing, collaboration, creativity, and interpersonal skills. Teachers also play a critical
role in helping students build character and inculcate values.
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2.14 Conclusion

Beyond PISA points to the fact that education transformation in STEM is for the
long haul and time and iterations and the building block approach are key to
the quality of STEM education to impact on people’s capacity for adaption and inno-
vation future readiness. Right leadership and collaborative values with the long term
view in sight coupled with relevance and responsiveness to changing local and
global landscapes are necessary.

Teacher Policy is a key lever in enhancing STEM education. The best framework
is useless without the people. In this chapter we have shared on key strategies for
effective teacher policy to empower teachers to bring about real improvements with
students. Firstly, recruiting and developing a core of great teachers with aptitude,
attitude and capacity. Secondly, understanding how to create the right ecology for
teachers to be empowered to do the transformation. Thirdly, initial teacher educa-
tion should be very futuristic an innovative. In the case of Singapore, pre-service
teachers are prepared in much alignment with twenty-first century skill sets (Tan,
Lee & Cheah, 2017). There is also early recognition of the values paradigm (Low,
Hui and Cai, 2017). The recent OECD Learning compass 2030 include “Attitudes
and values” as a key component recognizing the importance of beliefs that influence
choices, judgements, behaviours and actions impacting individual, societal and
environmental wellbeing. As OECD noted: (i) Attitudes and values are increasingly
integrated into curriculum frameworks — an acknowledgement that competencies
require more than knowledge and skills, (ii) A diverse range of education systems
are pursuing integrated approaches to developing values and attitudes, often draw-
ing on cultural and societal traditions, while addressing global challenges. (iii)
Recent trends in technology, notably the use of artificial intelligence, have put ethics
high on the education agenda. Today’s students will benefit from the capacity to
evaluate the extent to which technology may or may not ensure a fair and equita-
ble world.

Fourthly, teachers need a vision of their career path and growth in this new jour-
ney of job transformation. Fifth, continuous learning where professional develop-
ment is sophisticated with collaborative teacher networks and project-based
research-cum-inquiry approaches to improving teaching practices and learning out-
comes. Sixth, establishing a growth mindset of holistic development and empower-
ing student agency outcomes. Seventh, addressing the role of school and community
leadership (Tan and Low, 2018). Eighth, promoting a vision of 2030 teacher’s image
and symbolism. Ninth, ensuring coherence for effective implementation especially
understanding that the whole is more than the sum of its parts when it comes to
effective policy implementation. Effective education systems have a “big-picture”
perspective and coordinate policies with a view to longer-term impact. Key policy
strategies include (i) governance structures that ensure alignment of activities and
optimization of resources, (ii) ensuring collaboration among all stakeholders, and
(iii) the presence of mediating layers and networks for facilitating implementation.
Tenth, listening to teacher’s voice.



2 Singapore Math and Science Education: The Larger Picture Beyond PISA... 41

Beyond PISA calls for a A New perspective of the Curriculum. We need an
enlightened view of the curriculum. Teachers and curricula specialists of 2030
should be highly cognizant of the changing landscape of the world around so
that they can recognize the need for constant changes and develop an intuition to
know what constitutes an “invariant” core for applied learning and acquisition of
advanced knowledge. As such we need an enlightened look at the curriculum in
terms of the desired learning outcomes of the subject, the processes of bringing
about the learning outcomes emphasizing affect, engagement and heuristics and
an integrated ecology of learning where design of the learning environment brings
STEM learning into the broader spaces.
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Chapter 3
STEM Education in Singapore

Tang Wee Teo and Ban Heng Choy

Abstract Singapore students’ outstanding performance in international bench-
mark tests such as PISA and TIMSS has attracted attention from all sectors of
education. The PISA and TIMSS mathematics and science results have been
extrapolated to imply successful STEM education as these two disciplines are core
subjects in most school systems around the world. However, the local and interna-
tional STEM community remains divided in our understanding of STEM and
STEM education. In this chapter, we shed some insights on our understanding of
this acronym and provide an overview of STEM education in Singapore. Based
upon our understanding of STEM, we show how we have used it to inform our
work at our STEM education research centre, the Multi-centric Education Research
and Industry STEM Centre at the National Institute of Education (meriSTEM @
NIE). We also describe the work of the Science Centre Singapore and the Ministry
of Education in catalyzing STEM education in secondary schools. Last, we
describe two specialized, independent schools in Singapore that are similar to the
elite, specialized STEM schools in the United States. In the final section of this
chapter, we raise four key issues and challenges which STEM education stakehold-
ers have to confront as STEM education in Singapore continually takes shape
and form.
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3.1 PISA and TIMSS: Strong Foundations
and Rising Challenges

Singapore’s outstanding performance in Trends in International Mathematics and
Science Study (TIMSS) and Programme for International Student Assessment
(PISA) (OECD, 2019a; Teng, 2016) has attracted attention from all sectors of edu-
cation (policy-making, teaching and research) to try and understand “what works?”
in the Singapore education system. The areas of interest include policies and prac-
tices that result in the excellent and consistent outcomes across the measured
domains. Specifically, Singapore’s 15-year-old students topped the mathematics,
science and reading PISA 2015 tests. To quote an Organisation for Economic
Co-operation and Development (OECD, 2019b) comment about top performers,

Top-performing students in science can use abstract scientific ideas or concepts to explain
unfamiliar and more complex phenomena and events. In mathematics, they are capable of
advanced mathematical thinking and reasoning. In reading, top performers can retrieve
information that requires the student to locate and organise several pieces of deeply embed-
ded information from a text or graph.

Not only did Singapore students score well in the subjects, they also topped the
Collaborative Problem-solving portion of PISA 2015, meaning that they could work
in teams to solve problems (OECD, 2017). This suggests the success of the Ministry
of Education (MOE) focus on developing twenty-first century competencies (MOE,
2018a), beyond improving the quality of mathematics and science education in
Singapore.

Against an international backdrop where “the jobs of the future are STEM [acro-
nym for science, technology, engineering, and mathematics) jobs” (National Science
and Technology Council, 2013, p. vi), there is a growing urgency in many countries,
including Singapore, to develop their STEM capabilities amidst perceived and
actual needs to fill current and future STEM jobs (see e.g., Lee, 2015; U.S. Department
of Education, n.d.). Singapore’s excellent performance in PISA and TIMSS have
been extrapolated to imply successful STEM education as these two disciplines are
amongst the core subjects in STEM education. Therefore, the success of Singapore’s
mathematics and science education has stirred up interest among international pol-
icy makers, educators and researchers to find out how Singapore pursues its STEM
ambitions.

However, STEM education in Singapore is still emerging and evolving.
Internationally, STEM education is a nebulous concept as there is no consensus on
the definition of “STEM” (Holmlund, Lesseig & Slavit, 2018). As Jonathan Gerlach
(2012), an American teacher who was awarded the Albert Einstein Distinguished
Educator award said,

“Everybody who thinks they know what it means, knows what it means within their field,
and everybody else is defining it to fit their own needs.” I think it is truly impossible to
define STEM because it means so much for so many different groups of people. Whether it
is researchers, science and mathematics teachers, the aerospace industry, or the construction
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industry, they all have one thing in common: It is about moving forward, solving problems,
learning, and pushing innovation to the next level.

While we agree that it is very challenging to come up with a definition of “STEM”,
it is important for people to state upfront how they understand “STEM” to qualify
their recommendations and claims.

As the Co-Heads of the first STEM education research centre called the Multi-
centric Education Research and Industry STEM Centre at the National Institute of
Education (meriSTEM @NIE) set up in Singapore, we will focus more on how our
work is informed by what we think is considered “STEM”. To some individuals,
any work in the field of S, T, E, or M may be classified as STEM-related; to others,
some degree of explicit integration is necessary. We lean towards the latter class of
definitions. Riley (2014), for example, have described STEM as “the intentional
connection between two or more of these [STEM] selected content areas to drive
instruction through observation, inquiry, and problem solving as an approach to
teaching and learning” (p. 19). Tsupros, Kohler and Hallinen (2009) has described
STEM education as follow:

[STEM education] is an interdisciplinary approach to learning where rigorous academic
concepts are coupled with real world lessons as students apply science, technology, engi-
neering and mathematics in contents that make connections between school, community,
work, and the global enterprise enabling the development of STEM literacy and with it the
ability to compete in the new economy.

Certainly, the term “intentional” is crucial to STEM education as many existing les-
sons labelled as “STEM” are activity-driven rather than disciplinary-driven. For
example, students may be excited about a robotics activity because they have learnt
how to write codes to control a car. However, students may not value the disciplinar-
ity of the STEM disciplines integrated in the activity if they do not appreciate how
purposeful connections of the STEM disciplinary knowledge and practices have
afforded the observed outcomes. Clearly, there is a vast difference in the quality of
students’ learning experience in simply having fun and invoking what we call,
disciplinarity-valuing. In another paper (Tan, Teo, Choy, & Ong, 2019), we have
discussed at length how various scholars, including Becher (1989), King and
Brownell (1966a, b) and Toulmin (1972a, b) have theorized about the construct
“discipline”. Our purpose was to underscore the importance of understanding the
nuances of different disciplines in terms of the conceptual, epistemic, and social
affordances and constraints (Kelly & Licona, 2018). With this knowledge, teachers
can then design and enact meaningful curriculum that help students to appreciate
the value of STEM integration. The balancing act of horizontal integration for deep-
ening and vertical integration for broadening knowledge and practices has to be
carefully orchestrated in the school curriculum to meet diverse education outcomes.

As academics, teacher practitoners and policy makers continue to seek clarity on
what is “STEM”, we aim to offer some broad and specific insights to the fast-
changing STEM education landscape in Singapore and to highlight the ground-up
initiatives and the support provided by MOE to drive STEM education across K-20
education sectors. In what follow, we provide snapshots of what is happening in the
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STEM education landscape in Singapore. Last but not least, we will point to the key
challenges and issues in STEM education and suggest how future research may
provide new insights into the design and implementation of STEM education in
Singapore, and possibly beyond.

3.2 The STEM Education Landscape in Singapore

Learning about STEM education has gained traction in Singapore, as well as world-
wide, as cross-disciplinary (as opposed to mono-disciplinary) knowledge and skills
are valued in modern times to meet the demands of the fourth industrial revolution
(Penprase, 2018). The advent of the fourth industrial revolution places importance
on digitization and technology on human life and communities. Their impact on and
transformation of the lives of ordinary people have never been more significant.
Responding to the potential impact of the STEM economy, our Singapore leaders
have voiced the importance of STEM education. In his keynote at ASEAN@50: In
Retrospect Seminar in 2017, Emeritus Senior Minister Goh Chok Tong (Yong,
2017) said, “We must push bright young students towards STEM.” Former Minister
of Education, Mr. Heng Swee Keat (2017) have also said, “STEM education centres
on ideas, inquiry, and innovation. These are instrumental to life and can be applied
to many other fields.” According to Prime Minister Lee Hsien Long, developing
STEM capabilities have been identified as necessary to maintain Singapore’s eco-
nomic growth (Lee, 2015). Given that there is a lack of natural resource in Singapore,
STEM education is responsible for providing Singapore with three forms of intel-
lectual capital:

* STEM experts (e.g., scientists, engineers) who will do research and develop
STEM products central to the economic growth and national security of
Singapore.

e STEM proficient workers who are capable of dealing with the demands of the
STEM-based workplace.

e STEM-literate citizens who can make informed decisions about public policies
and understand the world around them and their families.

Yet, despite the overwhelming outputs of STEM knowledge and artefacts, the
abilities of our educators and young people to take advantage of these new opportu-
nities remain diffused (Koh, 2018). There is, therefore, a need for concerted and
deliberate effort by STEM researchers to be involved in more cross-disciplinary
education research, so as to understand how innovators and entrepreneurs can
“marry technology with design, psychology and sociology” (Koh, 2018). With
increasing global trends of reliance on STEM achievements and advancement in the
twenty-first century workforce, Singapore needs to ensure that STEM education is
infused into our education system effectively to prepare a future-ready workforce.

Although there is no explicit STEM curriculum framework at this point in writ-
ing, there has been systemic support from the Ministry of Education (Singapore) to
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promote STEM education through funding several STEM initiatives: STEM Inc.,
STEM Applied Learning Programmes, two STEM-focused schools, and from
numerous ground-up effort from schools offering STEM co-curricular activities,
competitions, and research projects. In addition, the meriSTEM@NIE Centre at
NIE has also played a key role in driving STEM education research, teaching and
outreach.

To scope this paper, we will focus on the following and for the respective reasons:

1. meriSTEM@NIE: It is the only STEM education research centre in Singapore
focusing on STEM education research, teaching and outreach.

2. STEM Inc. and MOE STEM Applied Learning Programme (ALP): STEM
ALP has been widely adopted by primary and secondary schools in Singapore.
STEM Inc., an entity of the Science Centre Singapore, is established to support
schools in the implementation.

3. STEM-focused schools for gifted and talented students: There are four spe-
cialized independent schools in Singapore (MOE, 2017) catered to talented stu-
dents with specific interests in sports, the arts, mathematics and science, and
applied learning. Two of these schools specifically cater to students who are
gifted and/or talented in the sciences and/or mathematics and are similar to spe-
cialized STEM schools in the United States (Thomas & Williams, 2009).

3.2.1 meriSTEM@NIE

Located within the Nanyang Technological University and leading teacher educa-
tion institute, the National Institute of Education, meriSTEM@NIE is well-
positioned to harness the strengths of STEM and STEM education experts in
Singapore. meriSTEM @NIE is an aspiring powerhouse of local and international
scientists, technologists, engineers, mathematicians and educationists, responsible
for bridging pure STEM disciplines and education research for the purpose of pro-
moting the translation and scalability of STEM research outputs to K-20 (kindergar-
ten to graduate) education contexts. The mission of meriSTEM @NIE is:

[T]o enhance the quality of STEM literacy in Singapore through cross-disciplinary partner-
ships in research, teaching, and outreach so that future generations of educators, learners,
and citizens are able to harness relevant STEM knowledge and skills in addressing current
and emerging challenges for self and others.

Research, teaching and outreach form the three key pillars of our work. As a research
centre within a teacher education institution, we ground our work in empirical
knowledge drawn from research, build upon and extend the work of the STEM
scholarly community and apply them in our teaching practices so that these are
evidenced-based. We believe that partnerships with other organizations or entities
with vested interest in STEM is important in order to create impact on teachers’ and
students’ learning. Hence, we perform local and international outreach work in
sharing our vision and approach to STEM curriculum making.
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At meriSTEM@NIE, we adopt the working definition of STEM education as follow:

STEM education is a cross-disciplinary platform for learning disciplinary knowledge,
practices, and dispositions of science, technology, engineering, and mathematics in integra-
tive ways through the process of inquiring into real world problems and searching for
improved outcomes.

The term “cross-disciplinary” is intentionally chosen to encapsulate the different
forms of integration—namely, multi-, inter- and trans-disciplinary (Choi & Pak,
2006). According to Vasquez (2014/15), multi-disciplinary, inter-disciplinary, and
trans-disciplinary forms of learning depict the different degree of connections
between the separate disciplines. While disciplinary integration entails the separate
disciplines, multi-disciplinary involves thematic learning but the concepts and skills
are learnt separately. Inter-disciplinary work emphasizes on the integration of con-
cepts and skills from two or more disciplines. Trans-disciplinary work blurs the
boundaries between the disciplines as the focus is on the problem at hand. To make
learning meaningful, it is always important to anchor the problem or issue for stu-
dents to tackle within a real-world context (King & Ritchie, 2011). One of the pur-
poses of STEM education is to fill a gap that traditional disciplinary education
cannot offer, that is, to support students in making connections across the artificial
disciplinary boundaries so as to better prepare them for the demands of the era of
the fourth industrial revolution characterized by the convergence of digital, biologi-
cal and physical innovations (Schwab, 2016). This definition has served as a guide-
post in the design of an integrated STEM instructional framework, called the STEM
Quartet (Tan, Teo, Choy, & Ong, 2019).

3.2.1.1 Research-Informed Curriculum Work at meriSTEM @NIE

In our paper entitled the S-7-E-M Quartet (Tan, Teo, Choy, & Ong, 2019), we have
discussed how meriSTEM@NIE conceptualize integration in STEM. Different
from other conceptual frameworks (see e.g., Banks & Barlex, 2014, Kelly &
Knowles, 2016; Moore, Johnson, Peters-Burton, & Guzey, 2016), the S-T-E-M
Quartet underscores the explicit vertical connections within the disciplines and hor-
izontal connections between the disciplines. Figure 3.1 shows the S-T-E-M Quartet
instructional framework anchored by a “problem” that has three characteristics,
namely, persistence, complex and extended (Bereiter, 1992).

The recurrent nature of the problem—that has wide implications or impact on
many different individuals or groups and that cannot be easily addressed using one
discipline—is something that we look for in anchoring the STEM curriculum. The
degree and number of disciplines that have strong connections may differ depend-
ing on the amount of conceptual knowledge, and epistemic practices and skills
engaged in the problem-solving process (refer to the outer circle in Fig. 3.1).

To provide an example for illustration, Fig. 3.2 shows an example of a STEM
activity which we have mapped out using the S-T-E-M Quartet as a guide. The
“problem” resides in the real-world context to offer an authentic experience for
students so that they find it meaningful to engage in the activity. In this instance, the
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Fig. 3.1 The S-T-E-M
Quartet instructional
framework developed by
meriSTEM @NIE. (Picture
taken from Tan, Teo, Choy

& Ong, 2019)
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problem of an aging population is real to Singapore and many other parts of the
world including Japan, Italy, Portugal, Germany, Finland and the United Kingdom
(Haider, 2017). According to the United Nations (n.d.), “Globally, the number of
persons aged 80 or over is projected to triple by 2050, from 137 million in 2017 to
425 million in 2050. By 2100 it is expected to increase to 909 million, nearly seven
times its value in 2017.” Singapore is also feeling the impact of the rapidly ageing
population. Singapore Prime Minister, Mr. Lee Hsien Loong, has raised concerns
about the rise in the “sandwiched” families supporting the younger and elderly
dependents, and increased demand for healthcare and social services (Ng, 2019). In
the United States, the village movement has resulted in the forming of aging vil-
lages, due to the large numbers of elderly in one district, for the elderly to age grace-
fully in their own homes rather than to be relocated (Mercer, 2010). However, one
problem often faced by the elderly is that the communities are not conducive
to aging.

As such, the STEM problem is to get students to think about the control of traffic
lights in an area with high elderly population. They may conduct research about
some existing solutions (e.g., the Singapore Land Transport Authority Green Man +
scheme [LTA, 2013]) and critique them. Then, they can think of other novel solu-
tions such as adopting IoT (internet of things)-enabled sensors to adapt according to
the needs of the elderly and ambient conditions (e.g., increased loudness of beeping
for elderly who have hearing problems). Students can design and build prototypes
of the traffic controls and test out how well their solutions work. Besides engineer-
ing and technology, some science knowledge and skills in building the circuits
would be needed. While there is strong emphasis on S, T and E, some mathematics
(small “m” to depict less mathematics emphasis) may be involved in performing
some calculations on the rate of walking and the rate of change of traffic lights in
order to not cause traffic congestion.

We have conducted several inservice courses for teachers in Singapore and else-
where to teach teachers how to use the S-T-E-M Quartet to design, enact and evalu-
ate STEM lessons. Figure 3.3 shows a photograph of a STEM lesson being mapped
onto the S-T-E-M Quartet by a group of teachers from Hong Kong. After observing
a STEM lesson in a Singapore school, they tried to identify the S, T, E and M and
connections between the disciplines. Following this (not captured in the photograph
in Fig. 3.3), they identified how the conceptual, epistemic and social goals of educa-
tion (Kelly & Licona, 2018) have been addressed in the various parts of the lesson
associated with the S, T, E or M.
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Fig. 3.3 Using the
S-T-E-M Quartet to unpack
a STEM lesson

3.2.2 STEM Inc. and MOE STEM Applied Learning
Programme (ALP)

STEM Inc. is the acronym for Science, Technology, Engineering and Mathematics
Innovation and Creativity, or Incorporation. It was established in 2014 as a unit of
the Science Centre Singapore tasked to ignite students’ passion in STEM and
receives direct funding from the MOE. The main mandate of STEM Inc. is to sup-
port Singapore secondary schools in implementing the MOE STEM Applied
Learning Programme (ALP):

Applied Learning refers to an approach that emphasizes authentic and practice-oriented
learning experiences, and is not necessarily restricted to vocational or technical education.
It gives students additional opportunities to acquire skills and qualities based on the practi-
cal application of knowledge in real-world contexts, and strongly supports our focus on
developing twenty-first century competencies and values in our students. (MOE, n.d.)

Applied Learning in schools is characterized by these features:

* Emphasizes the relevance of what is being learnt to current needs and future
trends of industries;

e Provides hands-on or experiential learning for students to enact authentic
scenarios;

e Equips students with the skills to engage in the practical application of knowl-
edge; and.
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e Could involve partnering the industry, community, institutions of higher learn-
ing, and/or professional training bodies.”

MOE schools that embarked on the ALP will receive funding from the MOE to
implement its programme. Schools can choose to focus on STEM, languages,
humanities, business and entrepreneurship, aesthetics and interdisciplinary ALP. To
date, there are more than 50 secondary schools who have embarked on the STEM-
related ALP such as applied science, engineering and robotics, environmental sci-
ence and sustainable living, food science and technology, health science and health
care technology, info communications technology (ICT) and programming, mate-
rial science, simulations and modelling, and transport and communication (MOE,
n.d.). The curriculum in the ALP lessons are non-examinable. Students who have
interest in and aptitude for specific fields of applied study can pursue STEM-related
Applied Subjects such as Electronics and Mobile Robotics as an examinable subject
in the upper secondary (Grades 9-10, aged 15-16) levels (MOE, 2018b).

For secondary schools, STEM Inc. has played a key role in the implementation
of STEM ALP. The following information about STEM Inc. objectives are taken
from the website (STEM Inc., 2018):

e To ignite students’ passion for Science, Technology, Engineering and
Mathematics (STEM) so as to inspire them to take up STEM-related courses.

* To raise students’ aspirations in pursuing STEM careers by exposing them to the
real-world industries.

* To uplift professional STEM career images.

STEM Inc. adopts the mindset and approach of the maker culture in its STEM cur-
riculum making. This entails drawing inspiration from open sources, learning
through doing, troubleshooting, receiving instant gratification, collaborating and
experimenting (Tan, 2019). To date, STEM Inc. has created many curriculum pack-
ages which schools can select for their STEM ALP lessons. These topics include
embedded electronics, engineering design and modeling, robotics, food science and
technology, alternative energy, urban design and innovation, material science, flight
and aerospace, and game design and simulation.

STEM Inc. and the MOE work in close partnership to support schools in their
initial years of STEM ALP implementation. When a school embarks on STEM ALP
and engages the help of STEM Inc., an officer from MOE and a Curriculum
Specialist from STEM Inc. would offer consultations and customize lesson pack-
ages to meet the schools’ and students’ needs. A STEM Educator from STEM Inc.
would be assigned to a school for a period of 3 years to develop, implement, revise,
and finally hand over the STEM ALP curriculum to the school. During this time, the
school teachers may preview, undergo professional development and co-teach the
STEM lessons with the STEM Educator to gain experience in STEM curriculum
making. In addition to curricular support, STEM Inc. also facilitate partnerships
between schools and the industries through the STEM Industrial Partnership
Programme for STEM professionals to volunteer as student project mentors. STEM
Inc. runs teachers’ professional development, sets up the STEM Communities of
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Practice for networking and sharing, and organizes competitions for students
(STEM Inc., n.d.). Such a model of partnership and continuing support allows for
sustainability in STEM education efforts.

3.2.3 STEM-Focused Schools for Gifted and Talented Students

In a report (Rapporteur, 2011) provided by the U.S. National Research Foundation,
Committee on Highly Successful Schools or Programs for K-12 STEM Education,
four types of STEM schools in the U.S. were identified: selective schools, inclusive
STEM-focused schools, STEM-focused career and technical education, and non-
STEM-focused schools that offer STEM programmes.

Elite or selective STEM schools, such as the Illinois Mathematics and Science
Academy, are STEM-focused schools designed for students who are highly-
motivated and competent students interested in postsecondary and STEM careers.
Through an advanced STEM coursework, highly qualified expert STEM teachers
provide opportunities for students to engage in STEM-related independent research.
STEM-focused career and technical education schools, on the other hand, prepare
students for a broad range of STEM careers or engage students who are at-risk of
school dropout. Inclusive STEM-focused schools are magnet schools that cater spe-
cifically to the underrepresented student groups so that they may pursue college
education and careers in STEM. Some non-STEM-focused schools also offer STEM
programmes for their students who have interest and are competent in these
disciplines.

With the exception of the inclusive STEM-focuses, similar programmes to the
other three types of schools or programmes can be found in Singapore. In particular,
we will focus on the elite specialized STEM schools in Singapore. Even though the
schools are not described as “STEM schools”, they have similar programmes and
share similar student demographics as some of the elite specialized STEM schools
in the United States.

The National University High School of Mathematics and Science (NUS
High) NUS High was established in 2005 with a founding principal, Associate
Professor Lai Yee Hing, who was a faculty member in the Department of Chemistry
at NUS. NUS High is an independent, specialized co-educational school offering a
six-year (Grades 7—12, aged 13—18) curriculum which culminates in a NUS High
Diploma (NUS High, 2019). The Diploma is recognized by local and top overseas
universities. Although its curriculum niche is in STEM domains, the school also
offers non-STEM subjects to offer students a rich and broad-based curricular expe-
rience. NUS High shares the common features of U.S. elite specialized STEM
schools.

First, it offers advanced STEM coursework for students. Year 1-2 are the founda-
tion years during which students will build strong foundations in the subjects. Year
3—4 are the advancement years where they will advance their knowledge and apply
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them. Year 5-6 are the specialization years where they will engage in advanced
courses in their subject majors. Students are required to complete core, elective,
enrichment, and honours modules as coursework; only core modules are compul-
sory. According to the Programme of Studies book (NUS High, 2018, p. 4) for stu-
dents, “Honours modules are advanced modules designed at university undergraduate
level for students specifically reading Mathematics or Science subject at Major with
Honours level.”

Second, besides mathematics and statistics, computing studies, biology, chemis-
try, physics, english language and literature, languages, humanities, music and art,
the NUS High Da Vinci programme is a keystone programme that complements the
subject-specific curriculum. The aim of this six-year programme is to develop stu-
dents” multi-disciplinary and inter-disciplinary knowledge and skills in research,
innovation and enterprise in multiple disciplines. In the first 4 years, they undergo a
structured programme. This helps to prepare them to carry out independent research
in Year 5-6 under the supervision of their teachers or with mentors at the university-
based or national research laboratories. The students will then present their work at
the NUS High School Research Congress or other local and overseas conferences.
Such experiences help students to build up their communication and thinking skills
needed in research and innovation work.

Third, NUS High has highly qualified teachers, many of whom have a Masters or
Doctorate degree. As NUS High School is an independent school, it has autonomy
in the hiring of teachers, including those without a teaching qualification but has
relevant experience needed to deliver the school curriculum.

The School of Science and Technology (SST) SST is also one of the four special-
ized independent school in Singapore (SST, 2021). Established just 5 years after
NUS High, SST offers a 4-year (Grades 7-10, aged 13—16) niche-programme in
applied learning so that students gain strong foundation in STEM. At the end of the
4 years, students will sit for the national examinations. Besides the academic sub-
jects, SST also leverage widely on ICT as it is one of the six schools on the
FutureSchools @ Singapore programme (MOE, 2015), which are supported by MOE
to push frontiers in teaching and learning by harnessing ICT school-wide to effec-
tively engage students in learning. The programme in SST is categorized as general
curriculum, applied subjects, and extended curriculum. The general curriculum
includes the languages, science, mathematics, integrated humanities, and sports and
wellness. For applied subjects, SST offers biotechnology, computing, and design
studies and electronics to cater to different interests of their students.

A key component of the extended curriculum is the ChangeMakers Programme,
which aims to provide students with an integrated learning experience towards
developing the attitudes and attributes of an innovator with an entrepreneurial mind.
The programme integrates principles, knowledge and skills from the follow-
ing areas:

e Art, Design, Media, and Technology;
e Innovation and Entrepreneurship;
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e Information and Communication Technology;
e Mathematics; and.
e Science.

Students are taught to apply design thinking as an integral part of the innovation
process to bring forth ideas that can improve the lives of people. They will learn by
taking a project through all its stages — from conceptualisation, planning, designing
to building the prototypes and models and presenting their marketing plans. The
ChangeMakers Programme will also involve industry partners to provide students
with insights of real world applications in various areas, and where possible, mentor
students working on selected projects.

In addition, as part of their Talent Development Programme, SST also provides
opportunities to uncover, nurture, and celebrate students’ strengths, talents, and sus-
tained interests, starting from what they are good at. SST’s strong partnership with
Nanyang Technological University (NTU), Singapore University of Technology
and Design (SUTD), and Ngee Ann Polytechnic (NP) as well as leading industry
players such as 3 M, Apple Inc. and DSO National Laboratories, has exposed stu-
dents to varied and enriching learning opportunities in STEM.

3.3 Key Challenges and Directions for Future Research

The snapshots of the STEM initiatives in Singapore have highlighted the different
pathways we have taken to step up our STEM education. These initiatives have built
on the foundations of a strong educational system, while providing a supportive
environment for a thousand flowers to bloom. However, it is now timely for us to
acknowledge and address the four main issues facing STEM education in Singapore
so that we can move forward in our STEM agenda.

First, as highlighted by English (2016), there has been uneven representation of
the different disciplines in STEM. In particular, mathematics and engineering are
under-represented in many studies on STEM education. Without a clear universally-
accepted definition of STEM and STEM education, it will be challenging to design,
implement, and assess STEM education programmes. Although Vasquez’s (2014/15)
ideas of multi-disciplinary, inter-disciplinary, and trans-disciplinary forms of learn-
ing may provide a way to depict the different degree of connections between the
separate disciplines, it remains vague how teachers, school leaders, and policy mak-
ers can ensure that students learn the core disciplinary ideas of science, technology,
engineering, and mathematics, while they focus on the integrative applications of
these ideas. Getting some form of clarity and agreement with regard to the defini-
tions of STEM and STEM education will be critical for STEM education to grow
and flourish. The S-T-E-M Quartet proposed by Tan, Teo, Choy, and Ong (2019)
may also provide a common base for educators and researchers to start thinking
about STEM in terms of the deep connections within and between the four disci-
plines. Whether, and if so how, the S-T-E-M Quartet can facilitate the design,
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implementation, and review of STEM lessons in the classrooms will be an impor-
tant area of research to pursue.

Second, if the focus on solving complex STEM problems were to be the centre
of our STEM endeavours, what kind of student outcomes should we aim for? The
issue of student outcomes is also related to the integrative nature of STEM. Unlike
a singular discipline, the knowledge, skills, and dispositions espoused in the cur-
riculum documents of a STEM curriculum cannot be a simple amalgamation of the
knowledge, skills, and dispositions of the four disciplines. Instead, it has to be built
on what is common and yet central to each of the disciplines and articulate what is
different but yet central to the enterprise of STEM as a whole. Resolving this ten-
sion between maintaining the balance between discipline-specific outcomes and
STEM-centric outcomes will be critical for educators as they begin to articulate the
desired student outcomes of a STEM curriculum.

Third, we need to address another critical issue should we want to develop STEM
competencies through our education systems—What is a STEM classroom and how
does it look like? What would students be doing in such a classroom? What kind of
resources, tools, and environmental structures are needed in order to enact a produc-
tive STEM curriculum? These questions have no easy answers and answering them
requires us to think more deeply about the previous two issues—definitions of
STEM and desired student outcomes. Part of the STEM agenda is to change the way
we teach each of these disciplines: from one that focuses solely on the disciplinarity
of the subjects to one that builds on the disciplinarity of each subject and harnesses
the affordances of each subject to solve real-world problems. Perhaps, our future
research needs to focus on developing evidence-based classroom exemplars of
STEM curriculum implementation so that we can identify some of the essential
features of a good STEM programme.

Last, if we envision STEM to be an integrative and connected enterprise, focus-
ing on the dispositions central to each of the four disciplines, what competencies do
teachers need? More importantly, how do they develop such skills? While the idea
of developing a Da-Vinci type of teacher, who is a universalist—someone who is
strong in each of the disciplines—may seem attractive, it may not be practically
possible. This is so considering that many teachers are specialists in the secondary
schools and generalists in the primary schools. Moreover, today’s problems are
often complex and requires experts with different skills to collaborate and work on
the problems together. Consequently, requiring teachers to develop expertise in each
of the disciplines may not be the way forward. Instead, we may have to re-envision
how teachers may collaborate in a STEM classroom to design, implement, and
review a STEM curriculum. Re-envisioning STEM teaching will not only provide a
better understanding of the competencies needed by a STEM teacher, but also the
productive mindsets of a STEM teacher. Doing this will definitely go a long way in
providing a clearer direction for our professional development efforts.

Even though these issues are challenging and may even threaten the future of
STEM education, we could also see these issues as opportunities to build on our
existing strengths and seek new partnerships with STEM stakeholders to design
new and relevant learning experiences for our STEM students.



3 STEM Education in Singapore 57

References

Banks, F., & Barlex, D. (2014). Teaching STEM in the secondary school: Helping teachers meet
the challenge. Milton Park, UK: Routledge.

Becher, T. (1989). Academic tribes and territories: Intellectual enquiry and the cultures of
disciplines. Milton Keynes, UK: Society for Research into Higher Education and Open
University Press.

Bereiter, C. (1992). Referent-centred and problem-centred knowledge: Elements of an educational
epistemology. Interchange, 23(4), 337-361.

Choi, B. C., & Pak, A. W. (2006). Multidisciplinarity, interdisciplinarity and transdisciplinarity
in health research, services, education and policy: 1. Definitions, objectives, and evidence of
effectiveness. Clinical and Investigative Medicine, 29(6), 351.

English, L. D. (2016). STEM education K-12: Perspectives on integration. International Journal
of STEM Education, 3(1). https://doi.org/10.1186/s40594-016-0036-1.

Gerlach, J. (2012). STEM: Defying a simple definition. Retrieved on June 10, 2019 from https://
www.nsta.org/publications/news/story.aspx ?7id=59305

Haider, F. (2017). Countries with the largest aging population in the world. Retrieved on June 7,
2019 from https://www.worldatlas.com/articles/countries-with-the-largest-aging-population-
in-the-world.html

Heng, S. K. (2017). Sppech at the Preseident’s Science & Technology Awards 2017 ceremony on
13 November 2017, at the Istana. Retrieved on June 19, 2019 from https://www.a-star.edu.sg/
language/en-SG/News-and-Events/News/Speeches/ID/5741

Holmlund, T. D., Lesseig, K., & Slavit, D. (2018). Making sense of “STEM” education in
K-12 contexts. [International Journal of STEM Education, 32. https://doi.org/10.1186/
s40594-018-0127-2.

Kelley, T. R., & Knowles, J. G. (2016). A conceptual framework for integrated STEM education.
International Journal of STEM Education, 3(11), 1-11.

Kelly, G.J., & Licona, P. (2018). Epistemic practices and science education. In M. Matthews (Ed.),
History, philosophy and science teaching (pp. 139-165). Cham, Switzerland: Springer.

King, A. R., & Brownell, J. (1966a). The curriculum and the disciplines of knowledge.
New York: Wiley.

King, A. R., & Brownell, J. (1966b). The curriculum and the disciplines of knowledge.
New York: Wiley.

King, D., & Ritchie, S. M. (2011). Learning science through real-world contexts. In B. J. Fraser,
K. Tobin, & C. J., McRobbie (Eds.), Second international handbook of science education
(pp. 69-79). Dordrecht, The Netherlands: Springer.

Koh, T. (2018). Commentary: Humanities at the heart of a holistic education in a tech-driven
world. Retrieved on June 17, 2019 from https://www.channelnewsasia.com/news/commentary/
tommy-koh-humanities-education-fourth-industrial-revolution-10522334

Lee, P. (2015). Science, technology, engineering, math skills crucial to Singapore for next 50 years:
PM Lee. Retrieved on June 17, 2019 from https://www.straitstimes.com/singapore/education/
science-technology-engineering-math-skills-crucial-to-singapore-for-next-50

LTA. (2013). Longer green man time for elderly and disabled pedestrians at 239 more pedes-
trian crossings. Retrieved on June 17, 2019 from https://www.lta.gov.sg/apps/news/page.
aspx?c=2&id=830c5cd6-f3cf-4624-b35b-f0f84dbb44 1d

Mercer, M. (2010). Villages take root around Virgina. Retrieved on June 17, 2019 from https://
www.aarp.org/home-garden/livable-communities/info-09-2010/villages_take_root_around_
virginia.html

MOE. (2015). Research and development. Retrieved on June 17, 2019 from https://ictconnec-
tion.moe.edu.sg/masterplan-4/our-ict-journey/masterplan-3/implementation-strategies/
research-n-development


https://doi.org/10.1186/s40594-016-0036-1
https://www.nsta.org/publications/news/story.aspx?id=59305
https://www.nsta.org/publications/news/story.aspx?id=59305
https://www.worldatlas.com/articles/countries-with-the-largest-aging-population-in-the-world.html
https://www.worldatlas.com/articles/countries-with-the-largest-aging-population-in-the-world.html
https://www.a-star.edu.sg/language/en-SG/News-and-Events/News/Speeches/ID/5741
https://www.a-star.edu.sg/language/en-SG/News-and-Events/News/Speeches/ID/5741
https://doi.org/10.1186/s40594-018-0127-2
https://doi.org/10.1186/s40594-018-0127-2
https://www.channelnewsasia.com/news/commentary/tommy-koh-humanities-education-fourth-industrial-revolution-10522334
https://www.channelnewsasia.com/news/commentary/tommy-koh-humanities-education-fourth-industrial-revolution-10522334
https://www.straitstimes.com/singapore/education/science-technology-engineering-math-skills-crucial-to-singapore-for-next-50
https://www.straitstimes.com/singapore/education/science-technology-engineering-math-skills-crucial-to-singapore-for-next-50
https://www.lta.gov.sg/apps/news/page.aspx?c=2&id=830c5cd6-f3cf-4624-b35b-f0f84dbb441d
https://www.lta.gov.sg/apps/news/page.aspx?c=2&id=830c5cd6-f3cf-4624-b35b-f0f84dbb441d
https://www.aarp.org/home-garden/livable-communities/info-09-2010/villages_take_root_around_virginia.html
https://www.aarp.org/home-garden/livable-communities/info-09-2010/villages_take_root_around_virginia.html
https://www.aarp.org/home-garden/livable-communities/info-09-2010/villages_take_root_around_virginia.html
https://ictconnection.moe.edu.sg/masterplan-4/our-ict-journey/masterplan-3/implementation-strategies/research-n-development
https://ictconnection.moe.edu.sg/masterplan-4/our-ict-journey/masterplan-3/implementation-strategies/research-n-development
https://ictconnection.moe.edu.sg/masterplan-4/our-ict-journey/masterplan-3/implementation-strategies/research-n-development

58 T. W. Teo and B. H. Choy

MOE. (2017). Singapore’s education system. Retrieved on June 20, 2019 from https://www.
moe.gov.sg/images/default-source/album/education/landscape/images/education-landscape-
overview-2017.jpg

MOE. (2018a). 21st century competencies. Retrieved on July 7, 2019 from https://www.moe.gov.
sg/education/education-system/21st-century-competencies

MOE. (2018b). Secondary school education: Shaping the next phase of your child’s learning jour-
ney. Retrieved on June 17, 2019 from https://www.moe.gov.sg/docs/default-source/document/
education/secondary/files/secondary-school-education-booklet.pdf

MOE. (n.d.). Courses and subjects for secondary schools. Retrieved on June 19, 2019 from https://
beta.moe.gov.sg/secondary/courses/

Moore, T. J., Johnson, C. C., Peters-Burton, E. E., & Guzey, S. S. (2016). The need for a STEM
road map. In C. C. Johnson, E. E. Peters-Burton, & T. J. Moore (Eds.), STEM road map: A
[framework for integrated STEM education (pp. 3—12). New York: Routledge.

National Science and Technology Council. (2013). A report from the committee on STEM educa-
tion. Washington, DC: National Science and Technology Council.

Ng, K. (2019). Singapore feeling impact of rapidly aging  population.
Retrieved on June 16, 2019 from  https://www.todayonline.com/singapore/
singapore-feeling-impact-rapidly-ageing-population

NUS High. (2018). Programme of studies for the class of 2019. Retrieved on June 17, 2019 from
https://www.nushigh.edu.sg/qql/slot/u744/POS_Class%200f%202019_final.pdf

NUS High. (2019). NUS High School diploma: Our programme. Retrieved on June 17, 2019 from
https://www.nushigh.edu.sg/academic-curriculum/nus-high-school-diploma

OECD. (2017). Programme for International Student Assessment (PISA) results from PISA 2015
Collaborative Problem-Solving. Retrieved on June 17, 2019 from https://www.oecd.org/pisa/
PISA-2015-Collaborative-Problem-Solving-Singapore.pdf

OECD. (2019a). Programme for International Student Assessmetn (PISA) Results from PISA
2018. Retrieved on July 19, 2020 from https://www.oecd.org/pisa/publications/PISA2018_
CN_SGP.pdf

OECD. (2019b). PISA 2015 key findings for Singapore. Retrieved on June 17, 2019 from https://
www.oecd.org/countries/singapore/pisa-2015-singapore.htm

Penprase, B. E. (2018). The fourth industrial revolution and higher education. In N. Gleason (Ed.),
Higher education in the era of the fourth industrial revolution. Singapore, Singapore: Palgrave
Macmillan.

Rapporteur, A. B. (2011). Successful STEM education: A workshop summary. Washington, DC:
National Academies Press.

Riley, S. M. (2014). No permission required: Bringing STEAM to life in K-12 schools. Westminster,
MBD: Visionyst Press.

Schwab, K. (2016). The fourth industrial revolution: What it means, how to respond. Retrieved
on June 21, 2019 from http://www.inovasyon.org/pdf/WorldEconomicForum_The.Fourth.
Industrial. Rev.2016.pdf

School of Science and Technology. (2021). Retrieved on April 10, 2021 from https://www.
sst.edu.sg

STEM Inc. (2018). STEM Inc.: About us. Retrieved on June 17, 2019 from https://www.science.
edu.sg/stem-inc/about-us/about-stem-inc

STEM Inc. (n.d.). Continued support for STEM ALP schools. Retrieved on June 17, 2019 from
https://www.science.edu.sg/docs/default-source/scs-documents/steminc/about-us/continued-
support-for-stem-alp-schools-flyers-rearranged.pdf

Tan, A. L., Teo, T. W., Choy, B. H., & Ong, Y. S. (2019). The S-T-E-M Quartet. [nnovation and
Education, 1(3), 1-14.

Tan, M. H. (2019). Incorporating STEM in the K-12 curriculum: The Science Centre Singapore.
Presented at the regional STEM symposium on 28 May 2019, Bangkok, Thailand.


https://www.moe.gov.sg/images/default-source/album/education/landscape/images/education-landscape-overview-2017.jpg
https://www.moe.gov.sg/images/default-source/album/education/landscape/images/education-landscape-overview-2017.jpg
https://www.moe.gov.sg/images/default-source/album/education/landscape/images/education-landscape-overview-2017.jpg
https://www.moe.gov.sg/education/education-system/21st-century-competencies
https://www.moe.gov.sg/education/education-system/21st-century-competencies
https://www.moe.gov.sg/docs/default-source/document/education/secondary/files/secondary-school-education-booklet.pdf
https://www.moe.gov.sg/docs/default-source/document/education/secondary/files/secondary-school-education-booklet.pdf
https://beta.moe.gov.sg/secondary/courses/
https://beta.moe.gov.sg/secondary/courses/
https://www.todayonline.com/singapore/singapore-feeling-impact-rapidly-ageing-population
https://www.todayonline.com/singapore/singapore-feeling-impact-rapidly-ageing-population
https://www.nushigh.edu.sg/qql/slot/u744/POS_Class of 2019_final.pdf
https://www.nushigh.edu.sg/academic-curriculum/nus-high-school-diploma
https://www.oecd.org/pisa/PISA-2015-Collaborative-Problem-Solving-Singapore.pdf
https://www.oecd.org/pisa/PISA-2015-Collaborative-Problem-Solving-Singapore.pdf
https://www.oecd.org/pisa/publications/PISA2018_CN_SGP.pdf
https://www.oecd.org/pisa/publications/PISA2018_CN_SGP.pdf
https://www.oecd.org/countries/singapore/pisa-2015-singapore.htm
https://www.oecd.org/countries/singapore/pisa-2015-singapore.htm
http://www.inovasyon.org/pdf/WorldEconomicForum_The.Fourth.Industrial.Rev.2016.pdf
http://www.inovasyon.org/pdf/WorldEconomicForum_The.Fourth.Industrial.Rev.2016.pdf
https://www.sst.edu.sg
https://www.sst.edu.sg
https://www.science.edu.sg/stem-inc/about-us/about-stem-inc
https://www.science.edu.sg/stem-inc/about-us/about-stem-inc
https://www.science.edu.sg/docs/default-source/scs-documents/steminc/about-us/continued-support-for-stem-alp-schools-flyers-rearranged.pdf
https://www.science.edu.sg/docs/default-source/scs-documents/steminc/about-us/continued-support-for-stem-alp-schools-flyers-rearranged.pdf

3 STEM Education in Singapore 59

Teng, A. (2016). Singapore students top global achievement test in mathematics and sci-
ence. Retrieved on July 29, 2020 from https://www.straitstimes.com/singapore/education/
singapore-students-top-global-achievement-test-in-mathematics-and-science

Thomas, J., & Williams, C. (2009). The history of specialized STEM schools and the
formation and role of the NCSSSMST. Roeper Review, 32(1), 17-24. https://doi.
org/10.1080/02783190903386561.

Toulmin, S. (1972a). Human understanding (Vol. 1). Oxford, UK: Clarendon Press.

Toulmin, S. (1972b). Human understanding (Vol. 1). Oxford, UK: Clarendon Press.

Tsupros, N., Kohler, R., & Hallinen, J. (2009). STEM education: A project to identify the missing
components. Pittsburgh, PA: Carnegie Mellon.

United Nations. (n.d.). Ageing. Retrieved on June 17, 2019 from https://www.un.org/en/sections/
issues-depth/ageing/

United States Department of Education. (n.d.). Science, Technology, Engineering, and Math,
including Computer Science. Retrieved on July 19, 2020 from https://www.ed.gov/stem

Yong, C. (2017). Asean needs leaders with vision, who trust one another, to succeed going for-
ward: ESM Goh. Retrieved on June 17, 2019 from https://www.straitstimes.com/singapore/
asean-needs-leaders-with-vision-who-trust-each-other-to-succeed-going-forward-esm-goh

Vasquez, J. (2014/2015). STEM: beyond the acronym. Educational Leadership, 72(4), 10-15.


https://www.straitstimes.com/singapore/education/singapore-students-top-global-achievement-test-in-mathematics-and-science
https://www.straitstimes.com/singapore/education/singapore-students-top-global-achievement-test-in-mathematics-and-science
https://doi.org/10.1080/02783190903386561
https://doi.org/10.1080/02783190903386561
https://www.un.org/en/sections/issues-depth/ageing/
https://www.un.org/en/sections/issues-depth/ageing/
https://www.ed.gov/stem
https://www.straitstimes.com/singapore/asean-needs-leaders-with-vision-who-trust-each-other-to-succeed-going-forward-esm-goh
https://www.straitstimes.com/singapore/asean-needs-leaders-with-vision-who-trust-each-other-to-succeed-going-forward-esm-goh

®

Check for
updates

Chapter 4

A Look at Singapore Mathematics
Education Through the PISA and TIMSS
Lenses

Berinderjeet Kaur

Abstract Singapore participates in benchmark studies, like Trends in International
Mathematics and Science Study (TIMSS) and Programme for International Student
Assessment (PISA) to assess the state of its education system. Mathematics, being
a subject that is used as a proxy indicator, is an assessment tool used in both studies.
As such achievement in mathematics after every cycle of TIMSS and PISA is often
of interest to mathematics educators in Singapore and elsewhere. The data collected
from systems of schooling of the participating countries and economies offer oppor-
tunities for educators and researchers to infer and investigate their concerns.
Educators and researchers in Singapore use the data to benchmark school mathe-
matics curriculum against international standards, identify gaps in curriculum plans,
envision future goals of the curriculum and incidentally also contribute towards
excellence in education internationally.

Keywords TIMSS - PISA - Singapore - School Mathematics Curriculum - Low
Attainers - Textbooks - International Systemic Benchmark

4.1 Introduction

International surveys such as TIMSS (Trends in International Mathematics and
Science Study) and PISA (Programme for International Student Assessment) assess
the state of education systems. They do this through tests for curriculum subjects
that have the most coherence internationally, such as mathematics, science and
language, and questionnaires for students, teachers and policy makers. Both TIMSS
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and PISA offer information on the achievement of students in mathematics from
participating countries. Such information allow participating countries to examine
their student achievement that is essentially the attained curriculum and relate it to
their intended and enacted curricula of mathematics (Robitaille et al., 1993). It also
allows them to benchmark their students’ achievement and mathematics curricula
against that of other participating countries, use the international data to drive up
education standards and examine features of education systems that are excelling
(UCLES, 2017).

TIMSS is conducted by the International Association for the Evaluation of
Educational Achievement (IEA), once in every 4 years. It is curriculum based and
measures trends in fourth- and eighth-grade mathematics achievement in an interna-
tional context. TIMSS 2015 was the sixth and most recent cycle of assessment.
Singapore has participated in all six cycles of TIMSS so far. PISA was launched by
the Organisation for Economic Co-operation and Development (OECD) in 1997. It
is skills-based and evaluates education systems by assessing to what extent students
at the end of their compulsory education can apply knowledge to real-life situations
and be equipped for society. It is conducted once in every 3 years. Although in every
cycle, mathematics, science and reading are assessed, only one subject is the focus.
For example in PISA 2009, reading was the focus and in PISA 2012, mathematics
was the focus and in PISA 2015 Science was the focus. Initially participants of
PISA were OECD countries, but at present non-OECD countries like Singapore and
economies like Shanghai are also participating. Singapore participated in PISA for
the first time in 2009.

Kaur (2013a) noted that Singapore participates in TIMSS and PISA for four
main purposes that are as follows:

* to benchmark the outcomes of schooling, viz-a-viz the education system against
international standards;

e to learn from educational systems that are excelling;

* to update school curriculum and keep abreast of global advances; and,

* to contribute towards the development of excellence in education
internationally.

In the following sections we look at the participation of Singapore’s students in
TIMSS and PISA, what affirmations these studies surface and also the contribution
of these studies towards national as well as international aspects related to the teach-
ing and learning of mathematics.

4.2 Singapore’s Participation in TIMSS and PISA

In this section, we briefly present Singapore students’ achievement in, two bench-
mark studies, namely TIMSS and PISA.
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4.2.1 An Overview of Singapore’s Participation in TIMSS

The achievement of Singapore’s students in TIMSS, the first benchmark study
Singapore students participated in since its inception, i.e. 1995 onwards has been
presented in several publications ((Kaur, 2005, 2009a, 2009b, 2013b; Boey 2009;
Kaur, Boey, Areepattamannil, & Chen, 2012; Kaur, Areepattamannil, & Boey 2013,
Kaur, Zhu & Cheang, 2019). Here we provide an overview of their participation
across the six TIMSS that have already taken place.

The performance of Singapore students in TIMSS for mathematics in the six
cycles held so far has been consistently outstanding as shown in Table 4.1. Students
who participated in TIMSS 2015 at the grade 8 level are from the same cohort of
grade 4 students who participated in TIMSS 2011. Similarly, the 8th graders in
TIMSS 2011 were from the same cohort of 4th graders in TIMSS 2007. This shows
that the trend in performance has been consistent. In addition, as of TIMSS 2007
with the availability of international benchmarks data there is more insight to stu-
dent performance. Proportions of students reaching the benchmarks are perhaps
telling of certain strengths and weaknesses of mathematics education programmes
of the country. The benchmarks delineate performance at four points of the perfor-
mance scale.

It is apparent from Table 4.1, that as the cohorts of students progressed from 4th
to 8th grade higher proportions of the students reached the advanced international
benchmark. 41% of grade 4 students at the advanced international benchmark in
TIMSS 2007 compared to 48% grade 8 at the same benchmark in TIMSS 2011 and

Table 4.1 Ranking of Singapore’s students for Mathematics in TIMSS for the six cycles &
Percentage of the students in last three cycles of TIMSS at the respective benchmarks for
mathematics achievement

International benchmarks®

TIMSS |Grade |'Rank |Advanced (625) |High (550) |Intermediate (475) |Low (400)
2015 4 1 50 (2.1) 80 (1.7) 93 (0.9) 99 (0.3)
2011 4 1 43 (2.0) 78 (1.4) 94 (0.7) 99 (0.2)
2007 4 2 41 (2.1) 74 (1.7) 92 (0.9) 98 (0.3)
2003 4 1 - - - -

1999 4 - - - - -

1995 4 1 - - - -

2015 8 1 54 (1.8) 81 (1.5) 94 (0.9) 99 (0.2)
2011 8 2 48 (2.0) 78 (1.8) 92 (1.1) 99 (0.3)
2007 8 3 40 (1.9) 70 (2.0) 88 (1.4) 97 (0.6)
2003 8 1 - - - -

1999 8 1 - - - -

1995 8 1 - - - -

() — standard errors

—TIMSS 1999 did not test grade 4 students

Source: Mullis et al. (2016) Exhibits 2.3 and 2.10

International benchmarks data was only available from TIMSS 2007 onwards
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43% grade 4 at the advanced international benchmark in TIMSS 2011 compared to
54% grade 8 at the same benchmark in TIMSS 2015. Table 4.1 also shows that per-
centages of grades 4 and 8 students reaching the high and advanced benchmarks
have steadily increased over the last three cycles of TIMSS. However, for the low
international benchmark level, the proportion of students below it decreased by 1%
from 2007 to 2011 but remained the same at 1% from 2011 to 2015.

4.2.2 An Overview of Singapore’s Participation in PISA

Although PISA came into being in 2000, Singapore only participated from 2009
onwards. Since participation, Singapore has been amongst the top-performing
countries in PISA for the last three cycles. Several publications detail the achieve-
ment of Singapore students in PISA (Kaur, 2011; Kaur & Areepattamannil, 2012;
Kaur, Zhu & Cheang, 2019). Table 4.2 shows that Singapore has maintained high
positions in PISA overall rankings from 2009 to 2015.

PISA 2012 focused on mathematics. Singapore ranked second with a mean score
of 573 points that was significantly lower than Shanghai-China and significantly
higher than Hong Kong that ranked third. For PISA 2012, Table 4.3 shows that on
average across OECD countries, 13% of students were top performers in mathemat-
ics with proficiency Levels 5 or 6. These students have the capacity of developing
and working with models for complex situations, and they can work strategically
using broad, well-developed thinking and reasoning skills (OECD, 2013). Two-
fifths (40%) of students from Singapore were at these levels. On the other side, 23%
of students in OECD countries did not achieve Level 2 in PISA mathematics. Level
2 is stated as the baseline level on the mathematics proficiency scale that is required
for full participation in modern society (OECD, 2013). The percentage of low
achievers who were below Level 2 was 8.3% for Singapore and this is of concern to
educators in the country as its only natural resource for survival is its people.

Curriculum specialists at the Ministry of Education in Singapore noted that the
results of the 2015 and past PISA cycles reflected outcomes of the deliberate cur-
ricular shifts made over the years. These shifts included greater emphasis on higher-
order, critical thinking skills, and pedagogical shifts in moving learning beyond
content to mastery and application of skills to solve authentic problems in various

Table 4.2 Global features of Singapore performance in PISA 2009, 2012 and 2015

Mathematics Reading Science
Year | Focus Average Score | Rank | Average Score and Rank | Average Score and Rank
2009 | Reading 562 2 526 (5) 542 (4)
2012 | Mathematics | 573 2 542 (3) 551 (2)
2015 | Science 564 1 535 (1) 556 (1)

Source: OECD (2009, 2012, 2015)
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Table 4.3 Percentage of students from Singapore and the OECD average in PISA 2012 at each
level of mathematics proficiency

International benchmarks

Above Above Above Above Above

Level 2 Level 3 Level 4 Level 5 Level 6
Country Rank | Average | (420) (482) (545) (607) (669)
Singapore |2 573 91.7 79.5 62.0 40.0 19.0

(1.3)

OECD 490 77.0 54.5 30.8 12.6 33
average 0.4)

() — standard errors
Source: OECD (2012)

contexts in the school curriculum in Singapore schools (Ministry of Education,
2016a,b).

4.3 Impact of TIMSS and PISA on the Teaching
and Learning of Mathematics

In this section we examine how the data from TIMSS and PISA has affirmed and
also identified gaps specific to the teaching and learning of mathematics in Singapore
schools. We also examine how the same has provided evidence and knowledge for
mathematics education elsewhere.

4.3.1 National Level Outcomes Arising from Participation
in TIMSS and PISA

At the national level, item analysis of all released items after every cycle of TIMSS
is of interest to mathematics educators in Singapore. Such an analysis helps to check
the performance of students on items with respect to the content and cognitive
domains. This analysis provides insights on how well students do on specific con-
tent strands and cognitive domains. For PISA, the achievement of students at the
international benchmark levels are informative about students’ mathematical liter-
acy. Such knowledge allows for a critical appraisal of the school mathematics cur-
riculum during its periodic cycles of revision (Kaur, 2015). The following
sub-sections illustrate how data from past cycles of TIMSS and PISA have led to
changes to the teaching and learning of mathematics in Singapore schools.
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Content - Probability
Before 2007 Grade 10 (Secondary 4)
(UCLES, 2006) - probability as a measure of chance
- probability of single events
- probability of simple combined events
- addition and multiplication of probabilities
- mutually exclusive events and independent events
2007 onwards Grade 8 (Secondary 2)
(Ministry of Education, 2006) - probability as a measure of chance
- probability of single events
Grade 10 (Secondary 4)
- probability of simple combined events
- addition and multiplication of probabilities
- mutually exclusive events and independent events

Fig. 4.1 Content of Probability in the School Mathematics Curriculum
4.3.1.1 Alignment of Content with International Trend

One specific example of content alignment with international trends that resulted
from Singapore’s participation in TIMSS was the partial shift of the topic. Probability
that was taught in grade 10 prior to 2006 to grade 8 in 2007 as shown in Fig. 4.1.
This was necessary as questions in the TIMSS tests for grade 8 tested basic knowl-
edge of probability that was beyond intuition of many students.

Figures 4.2 and 4.3 show the performance of students on two data and chance
items before and after the curriculum alignment for the topic Probability in the
Singapore school mathematics curriculum. It is apparent from Fig. 4.2 that in
TIMSS 2003 and TIMSS 2007 close to almost half of the students from Singapore
that participated in the TIMSS tests managed to answer the item correctly. There
may be several reasons for them doing so despite minimal formal exposure to the
content domain of the item. However, as shown in Fig. 4.3, after students had basic
knowledge of probability, their performance for a similar content and cognitive
domain item improved significantly, in fact being the best amongst all participating
students in TIMSS 2011.

4.3.1.2 Developing Future Ready Citizens

Unlike TIMSS, PISA tests students’ mathematical literacy, when they are about to
complete secondary schooling. Singapore’s participation in PISA and students’
achievement in PISA has had a two-fold outcome. The first is an affirmation that
mathematical concepts and skills together with mathematical processes are critical
components of mathematical literacy and that our students are able to apply math-
ematical knowledge in varying contexts to resolve mathematical tasks of real-life
contexts. The second is an attempt to heighten emphasis on the generative aspect of
mathematical knowledge — a significant move away from algorithmic knowledge.
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Content Domain Data and Chance

% Full Credit

Roland’s spinner has three sectors of different colours,
orange, purple, and green. Roland spins the pointer 1000
times. The chart below shows how many times the pointer
stops on each section.

Colour Times Stopped
Orange 510
Purple 243
Green 247

Draw lines on the spinner above to make the three sectors
the approximate size you would expect them to be. Label
them orange, purple, and green.

Average

Cognitive Domain: Applying Country TIMSS  TIMSS
Item ID M032688 2003 2007
Rep of Korea 68.2 50.5
Japan 65 70.4
Singapore 48.9 53.7
Chinese Taipei 47.4 39.6
Hong Kong SAR 47.3 46.6
International 321 27.3

Fig. 4.2 TIMSS 2003 and TIMSS 2007 data and chance item

Content Domain Data and Chance
Cognitive Domain: Applying

Country

% Correct

to land on the red sector?

A. 30
B. 40
C. 50
D. 60

The spinner is for Steve’s new game. Out of 600 spins,
approximately how many times should he expect the arrow

Average

Item ID M032507 TIMSS 2011

Singapore 70

Rep of Korea 68

Orange

) Japan 60

@ Chinese Taipei 55

Hong Kong SAR 55

International 31

Fig. 4.3 TIMSS 2011 data and chance item
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Benchmark level examinations of mathematics at grades 10 and 12 have incorpo-
rated mathematical tasks on problems in real-life contexts. This outcome is aimed
at allowing every child access to the new economic future (Heng, 2012).

4.3.1.3 Belief that Very Child Can Achieve!

From Table 4.1 it is apparent that the percentage of students reaching the advanced
international benchmark has steadily increased from 41 in 2007, to 43 in 2011 to
50in 2015. This significant positive student outcome has been linked to the periodic
revisions of the school mathematics curriculum from the year 2000 onwards that
placed heightened emphasis on problem solving and mathematical processes such
as thinking skills and reasoning (Ministry of Education, 2016a,b). However, for the
low international benchmark level, the proportion of students reaching it improved
by 1% from 2007 to 2011 but remained the same at 99% from 2011 to 2015. In addi-
tion, data from PISA 2012 showed that 8.3% were below Level 2 of the interna-
tional benchmark. Inferring from the PISA international benchmarks, students
below Level 2 of the benchmark:

can[not] interpret and recognise situations in contexts that require no more than direct infer-
ence. They can[not] extract relevant information from a single source and make use of a
single representational mode. Students at this level can[not] employ basic algorithms, for-
mulae, procedures or conventions to solve problems involving whole numbers. They are
[in]capable of making literal interpretations of the results (OECD, 2018, pp. 63-64).

These findings have been of concern to policy makers and educators in Singapore as
they believe that every child can achieve. It may be said that the revisions of the
curriculum have had limited impact on the learning of mathematics by the mathe-
matically least able students. Two exploratory studies, funded by the MOE, were
carried out to investigate possible causes for low attainment in mathematics. The
first was on low attainers in primary mathematics (Kaur & Ghani, 2012) and the
second on teaching and learning mathematics in the classrooms of low ability sec-
ondary school students (Toh & Lui, 2014). Findings from these studies together
with knowledge of mathematics curriculum specialists at the MOE have led to the
Improving Confidence And Numeracy (ICAN) project. This project spearheaded by
the MOE started in 2013. It assists teachers of low attainers (essentially the bottom
15% of each cohort) in mathematics, by enhancing their capacity to facilitate the
learning of mathematics by such students. The project advocates eight pedagogical
principles that are 1. Establish classroom norms conducive for learning, 2. Check
and diagnose students’ pre-requisite knowledge, 3. Create a motivating environ-
ment, 4. Focus on the fundamentals of mathematical knowledge, 5. Provide direct
and explicit instruction, 6. Simplify and scaffold, 7. Provide guided practice —
encourage reasoning and communication, and 8. Provide individual practice and
review (Toh & Kaur, 2019). Teacher development is in the form of workshops,
mentoring, network meetings, provision of pedagogical resources for whole class
use, and an annual symposium. Concerted efforts are been expanded in terms of
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building the capacity and sustaining the project by growing the pool of mentors and
mentees at the national level.

4.3.1.4 The Sky’s the Limit!

In tandem with concerns about improving the learning of mathematics by low
attainers has been the quest to engage the more able students in the disciplinary
aspect of mathematics. The revised school mathematics syllabuses for secondary
schools (Ministry of Education, 2018) to be implemented in 2020 and the primary
schools (Ministry of Education, 2019) to be implemented in 2021 advocates teach-
ing for Big Ideas, where a Big Idea is a statement of an idea that is central to the
learning of mathematics, one that links numerous mathematical understandings into
a coherent whole” (Charles, 2005, p. 10). This has sparked a conversation about
what is central to mathematics learning amongst teachers, curriculum developers,
educators and researchers. By 2026, when the next mathematics curriculum review
is due these conversations would have crystalized into “knowledge” to guide the
next leg of our journey of teaching and learning of mathematics.

4.3.2 International Level Outcomes Arising from Participation
in TIMSS and PISA

As noted by Kaur (2013a), one of the purposes of Singapore’s participation in the
international benchmarks studies, TIMSS and PISA is to contribute towards the
development of excellence in education internationally. It is worthy to note that this
purpose is incidental and came about after Singapore students’ remarkable achieve-
ment in mathematics in both TIMSS and PISA. In the following sub-sections we
discuss the contribution of Singapore mathematics textbooks internationally and
also Singapore’s mathematics education as a systemic benchmark for excellence.

4.3.2.1 Adoption and Adaptation of Singapore Mathematics Textbooks

Singapore’s mathematics education gained international recognition following
repeated good performance in TIMSS. The data of the studies showed that not only
did the average Singapore students perform very well against international bench-
marks they also had a positive attitude towards the learning of mathematics (Kaur,
Zhu & Cheang, 2019). As part of interest in Singapore’s mathematics education a
study of mathematics textbooks used in Singapore schools was carried out by the
American Institutes for Research (Ginsburg, Leinwand, Anstrom & Pollock, 2005).
The study found that in textbooks used in Singapore schools the topics were treated
in depth, with appropriate illustrations and mathematical representations. It also
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made apparent that of all the elements of Singapore’s successful mathematics sys-
tem, its textbooks were the easiest to transfer to US schools, certainly with adapta-
tions. This led to the adoption of ‘Singapore Math’, a teaching method primarily
based on the Concrete-Pictorial-Abstract approach that pervades teaching of maths
in Singapore schools, by textbook writers in the United States. Like the United
States many other countries, such as Indonesia, Philippines, Israel and others, have
also adopted and adapted Singapore mathematics textbooks for use in their schools.
It must be noted that textbooks are only tools of the teacher as without comprehen-
sive understanding of the underlying philosophy of the books the implementation
may be problematic. Therefore in many of these countries, educators from Singapore
are invited to provide professional development for key instructional leaders in
mathematics.

4.3.2.2 Singapore as an International Systemic Benchmark

To improve educational practices and move up the educational value chain Singapore
always benchmarks itself with the best systems in the world. For example Singapore’s
mathematics curricula were developed after reviewing mathematics research and
practice from around the world. Following participation in TIMSS (1995, 1999,
2003, 2007 and 2011) and PISA 2009 and 2012 Singapore has become notably an
international benchmark for others in the world.

In a report entitled: How the world’s best performing school systems come out on
top by Mckinsey & Company (Mourshed, 2007), lessons that the world can learn
from Singapore as one of the world’s best performing school system are detailed. In
another report produced by OECD for the US entitled: Strong performers and suc-
cessful reformers in education: Lessons from PISA for the United States (OECD,
2011) a case study of Singapore’s education system is presented as an example of a
nation that has had rapid improvement followed by strong performance. In yet
another, OECD publication, Ten questions for Mathematics Teachers ... and how
PISA can help answer them (2016) the Singapore school mathematics curriculum
framework is presented as a robust model for teaching mathematics (p. 16). The
framework shown in Fig. 4.4 draws attention to five aspects that are critical for the
learning of mathematics so as to develop mathematical problem solvers (for an in-
depth discussion on how mathematics education has evolved in Singapore, see
Chap. 7). These reports and the many other research papers that have drawn on
Singapore’s data present succinctly Singapore as an international systemic bench-
mark worthy of emulation by nations desiring change and growth.
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Belief, appreciation,
confidence, motivation,
interest and perseverance

Awareness, monitoring
and regulation of thought
processes

Metacognition

Mathematical
Problem-solving
Competencies in
abstracting and reasoning,
representing and
communicating, applying
and modelling

Proficiency in _carrying
out operations an
algorithms, visualisin,
space, handling data an

using mathematical tools

Understanding of the properties
and relationships, operations
and algorithms, of concepts

Fig. 4.4 Framework of the school mathematics curriculum

4.4 Conclusion

In tandem with a quest to improve and perfect the teaching and learning of mathe-
matics in Singapore schools, data from benchmark studies such as TIMSS and PISA
has been drawn on to affirm and identify gaps in the intended school mathematics
curriculum. However, the outstanding achievement of Singapore’s students in both
PISA and TIMSS has not signalled in any way to educators and policy makers to
rest on their laurels. They have continued to scan the international landscape and
assess economic needs of Singapore and input into the periodic review of the school
mathematics curriculum. These periodic reviews have culminated in continued
refinements to the school mathematics curriculum. Within the larger context of
school curriculum, the role of mathematics as a compulsory school subject has also
been continually re-visited to align with the needs of the nation so as to produce
future ready citizens of not only Singapore but also of the world.
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Chapter 5
Policy Innovations in Singapore
Mathematics

Kai Kow Joseph Yeo and Lu Pien Cheng

Abstract Mathematics education in Singapore schools in the twenty-first century
is still going through the period of change and innovation that began in the early
1990s: changes in emphasis from rote memorisation to meaningful understanding
of concepts and problem-solving; from a dependence on paper and pencil and
manipulative calculations and skills to mental computations and thinking strategies;
and from teaching by telling to activity-based learning, group work, and communi-
cation in mathematics. This chapter makes an attempt to describe how the mathe-
matics curriculum in Singapore has responded to such changes and innovations. At
the same time, the chapter has chosen three out of many major innovations in
Singapore mathematics education and discusses them in relation to school mathe-
matics: problems in real-world contexts (PRWC), Learning Support for Mathematics
(LSM), and Improving Confidence and Achievement in Numeracy (ICAN). These
innovations are selected because the ways Singapore has approached them might be
of theoretical and practical interest to international readers.

Keywords Innovations - Problems in real-world contexts - Learning Support for
Mathematics - Improving Confidence and Achievement in Numeracy

5.1 Introduction

Singapore’s achievement in the Trends in International Mathematics and Science
Study (TIMSS) and Programme for International Student Assessment (PISA) has
drawn international interest in the mathematics education community. Although the
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syllabus and curriculum materials may have contributed somewhat to this success,
the research suggests that the achievement of the students is due to a more diverse
interplay of factors rather than a few simple factors. Innovation and evolution are
essential “for an individual, a nation, and humankind to survive and progress”, in
particular, innovations in education because “education plays a crucial role in creat-
ing a sustainable future” (Serdyukov, 2017, p. 5). A closer examination of the
Singapore school mathematics curriculum shows that it has undergone several sig-
nificant changes from the 1950s to 2019 in line with national initiatives in educa-
tion. Although schools now have more leeway to plan and conduct enrichment and
other programmes to develop their students further, the curriculum subjects follow
the Ministry of Education’s prescribed syllabi, and students still take the common
nationwide examinations at the end of their primary and secondary education. This
chapter describes the development of school mathematics in Singapore and reports
and considers three major policy innovations in relation to Singapore school math-
ematics: Learning Support for Mathematics (LSM), Improving Confidence and
Achievement in Numeracy (ICAN), and the use of problems in real-world contexts
(PRWC) for teaching, learning, and assessment. These policy innovations are cho-
sen because the ways Singapore has handled them might be of theoretical and prac-
tical interest to the international readers. We hope that the Singapore journey in
mathematics education depicted in this chapter will bring about fruitful discussions
and collaborative research among educators from Singapore and other countries.

5.2 The Development of the Mathematics Curriculum
in Singapore

A school curriculum can be defined in terms of its objectives, content and resources,
teaching and learning strategies, as well as assessment principles and practices
(Wong, 1991). It is clear from the review of the developments in the education sys-
tem of Singapore in the last six decades that the aims of the school curriculum are
shaped by economic policies of the government that are necessary for the survival
of Singapore in a fast-changing world. School mathematics curriculum as part of
the school curriculum has played a critical role in the economic development and
progress of Singapore during the last six decades. The structure of mathematics cur-
riculum has been updated to match the changing emphasis and requirements.
Essentials have been added to the pentagonal framework as it was first conceptual-
ised in the 1980s. The pentagonal framework was last refined in 2019, and the latest
secondary mathematics syllabus released in 2019 was implemented in 2020. The
core of this pentagon is “mathematical problem solving”, and the five interrelated
factors are concepts, skills, processes, metacognition, and attitude. Mathematical
problem-solving remains central to the Singapore mathematics curriculum though
it has undergone several rounds of review of revision (Lee, Ng, & Lim, 2019).
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The official curriculum for school mathematics in Singapore is very encompass-
ing. It comprises the background, goals and objectives, the syllabus design — spiral
and connected — the framework that underpins the teaching and learning of mathe-
matics in the classrooms and the role of learning experiences, the principles of
teaching, and phases of learning and assessment in the classroom. Every 6 years or
so, the mathematics syllabi undergo a periodic review to ensure that they remain
relevant so as to prepare our students for the challenges and opportunities of the
future and also to be aligned with the national initiatives. The structure of mathe-
matics curriculum has been updated to manifest the changing emphasis and require-
ments. For instance, in 2012, the pentagonal framework under the process factor
includes reasoning, communication and connections, applications and modelling,
thinking skills, and heuristics (Ministry of Education, 2012a). However, when the
mathematics curriculum was revised in 2019, reacting to global movements and
emphasis on a knowledge economy, the competencies in abstracting and reasoning,
representing and communicating, applying and modelling, communication, and
making connections were considered more important in the framework (Ministry of
Education, 2018a, b, c). The pentagonal framework links the “product” conception
of mathematics and the “process” feature of it and connects both of them to the five
interrelated factors that enable the development of mathematical problem-solving
(Wong & Lee, 2010). An in-depth discussion on how mathematics education has
evolved in Singapore, see Chap. 7.

The Singapore school mathematics curriculum emphasises a balance between
mastery over basic skills and concepts and the application of higher-order thinking
skills to solve mathematical problems. The achievement of Singapore students in
benchmark studies such as TIMMS and PISA “affirms that the school mathematics
curriculum is robust and is tandem with global trends” (Kaur, 2019, p. 31). In
Singapore, “Mathematics remains a compulsory part of the school curriculum up to
the end of secondary education. This gives every child 10 years of education in
Mathematics” (Soh, 2008, p. 27). The education and progression structure of the
Singapore education system provide opportunities for every child in school to learn
mathematics that is suited to his or her ability.

5.2.1 Drivers of Change in Mathematics Education
in Singapore

In the 1990s, the policymakers of the education system in Singapore recognised that
it was necessary to respond to the needs of the globalisation, surge in information,
technology, and the economy. The education system became therefore constantly in
a state of change. Many initiatives were introduced as a response to the vision of
developing thinking schools and a learning nation. In particular, since 2000, an
ability-driven education paradigm has been adopted for the education system in
contrast to the old efficiency-driven one. Under this paradigm, instead of a
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one-size-fits-all education package, teachers now are expected to identify the diverse
talents and abilities of individual students so as to maximally develop and “harness”
their unique potentials. The emphasis is on the development of creative and innova-
tive young people in their respective fields. Schools are given the autonomy to bring
the focus of education from quantity to quality by engaging in curricula and peda-
gogical reform and innovation (Ng, 2008).

In An Overview of Mathematics Education in Singapore, Soh (2008) explained
the cautious and thorough process that Singapore goes through in developing and
changing the mathematics curriculum. According to Soh (2008), from the early
1960s, the education system in Singapore has evolved with changes that reflect the
progress of the country, the priority of the education system, and the needs of the
people. In 1965, Singapore achieved independence. The urgency was to give every
child a place in school. There was little effort to further differentiate the mathemat-
ics curriculum, whereas there were optional syllabi at the higher levels. Overall,
although mathematical problem-solving was introduced into Singapore mathemat-
ics curriculum in the 1970s, it began to be the central focus only in 1990, following
the movement of problem solving in the USA and other parts of the world in the
1980s. In particular, he points out the need to make sure that insignificant content is
removed but essential content is kept in order to make sure that teachers have time
to teach without losing rigor and that students have time to learn the content in depth
in each level. Essentially, he surmised that the process of reducing quantity while
keeping core skills and concepts necessary for future learning is a demanding pro-
cess. This process required gathering feedback from all groups involved: (a) cur-
riculum specialists, (b) curriculum planning officers, (c) teachers from every level,
(d) mathematicians and mathematics educators from all levels of tertiary education,
and (e) representatives from the Singapore Examination and Assessment Board and
other assessment groups. In addition, with technology influencing every industry
and changing the nature of work, it is also vital to move away from the traditional
emphasis on academic and paper qualifications as the sole barometer of success.

In 2010, the curriculum 2015 committee set up to study twenty-first-century
competencies in 2008 (for a more detailed discussion, see Chap. 7) unveiled the
twenty-first-century competencies framework. Following this in 2010, the review of
all mathematics syllabus was taken and resulted in the 2012 reviewed syllabus —
which noted the importance of a highly skilled and well-educated manpower critical
to support an innovation- and technology-driven economy (Kaur, 2019). In 2012,
the then Minister of Education Mr. Heng Swee Keat, in his keynote speech, at the
Singapore Conference in the USA, noted three key foci of the education system
moving forward “To help every child access the new economic future, to make the
system centred on students’ aspirations and interest, and to build fundamental val-
ues and skills”, and the minister made apparent that the education system had
embarked on a “values-driven, student-centric” phase (Kaur, 2019). (For a discus-
sion on the components of the framework and the differences between the four
phases, see Chap. 7.)
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5.3 Policy Innovation in Mathematics Education

In the next two sections, we will describe three main policy innovations imple-
mented in Singapore mathematics education: problems in real-world contexts
(PRWC), Learning Support for Mathematics (LSM), and Improving Confidence
and Achievement in Numeracy (ICAN). According to Serdyukov (2017, p. 9), “Itis
crucial, therefore, when innovating to ask, ‘What is this innovation for?” ‘How will
it work?’ and ‘What effect will it produce?’” Indeed, despite its inavailability of
publications on the intended effect and actual effect of these three policy innova-
tions, anecdotal evidence appears to indicate that mathematics teachers may have
made mathematics learning enjoyable and meaningful to their learners. Therefore,
our descriptions of the three policy innovations are structured using the first two
critical questions: “What is this innovation for?”” and “How will it work?”’

5.3.1 Problems in Real-World Contexts (PRWC)

The first policy innovation that we present in this chapter is the use of problems in
real-world contexts (PRWC) for teaching, learning, and assessment or, in other
words, applying mathematics to a real-world scenario. Problems in real-world con-
texts (PRWC) has the added benefit of helping students grasp concepts through
linking abstract, unfamiliar mathematical concepts to real-life situations (Yeap &
Kaur, 1992). The real-world contexts here mean problems that include modelling
activities and word problems that include authentic data. Moreover, “using mathe-
matics to solve real world problems...is often called applying mathematics, and a
real world problem which has been addressed by means of mathematics is called an
application of mathematics” (Niss, Blum, & Galbraith, 2007, p. 10). In fact,
Galbraith (1999) further explained that although the mathematics and context are
related in an application of mathematics, they are separable. It meant that after
applying the necessary mathematics to solve the problem in some given context, the
context may not be “required” any more. Whatever the views and differences in
definition, we need to be mindful that problems in real-world contexts has to have
some link with real-life situation.

5.3.1.1 What Is This Policy Innovation For?

The 2012 reviewed mathematics curriculum placed increased emphasis on develop-
ing mathematical processes. A new content, problems in real-world contexts, was
therefore introduced in the mathematics syllabus document under applications and
modelling in the process component of the Singapore school mathematics curricu-
lum framework (Ministry of Education, 2006, 2012b). All Singapore secondary
school mathematics students are given opportunities to solve problems in real-world
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contexts as part of their learning experiences during their daily mathematics les-
sons. Students’ ability to solve problems in real-world contexts is assessed formally
at the high-stakes GCE “O” level mathematics examination since 2016 (Ministry of
Education, 2015a, b). The latest secondary mathematics syllabus in Singapore
which was released in 2018 and which was implemented in 2020 indicated that
“problems in real-world contexts should be included in every strand and level, and
may require concepts and skills from more than one strand” (Ministry of Education
2018, p. 3A-3).

The learning experience of solving problems in real-world contexts is important
in mathematics education. These experiences give students the opportunities to
apply the concepts and skills that they have learnt and to appreciate the value of and
develop an interest in mathematics. Because of this, problems in real-world contexts
have generated many discussions and studies by mathematics educators and
researchers (Niss et al., 2007; Galbraith, 1999; Yeo, Choy, Ng, & Ho, 2018). To
prepare our secondary school students for the workforce, PRWC can help students
develop important twenty-first-century competencies. The real-world contexts in
PRWC serve to “help secondary school students become more mature and aware of
their immediate environment and phenomenon (MOE, 2012b, p. 31)”. The
Organisation for Economic Co-Operation and Development (OECD) defines “math-
ematical literacy is an individual’s capacity to formulate, employ, and interpret
mathematics in a variety of contexts ...” (OECD, 2013, p. 5). Indeed, PRWC will
enhance the mathematical literacy of our secondary school students in the twenty-
first century. Moreover, the contexts in PRWC “highlights that meaningfulness,
rather than realism or usefulness, is the key to effective instruction (Carraher &
Schliemann, 2001)” (As cited in Yeo et al., 2018, p. 4).

5.3.1.2 How Does It Work?

PRWC are used in the secondary mathematics classrooms for teaching, learning,
and assessment purposes (for more information on how PRWC works in the class-
room, see Chap. 7). PRWC is one adaptation of an application tasks and differs from
mathematical modelling activities (Chan, Ng, Lee, & Dindyal, 2019). “In PRWC
tasks, students solve a multi-part mathematics problem where the stem of the prob-
lem presents the context and key variables” (Chan et al., 2019, p. 196). An example
of PRWC from Yeo, Choy, Ng, and Ho (2018, p. 53-54) is shown in Fig. 5.1.

To date, the National Institute of Education (NIE) has conducted numerous in-
service courses related to PRWC. One example of an in-service course under PRWC
is “Problems in Real-World Contexts: Design, Implementation and Assessment”
where secondary mathematics teachers learn how to craft problems situated in real-
world contexts which require students to choose and apply suitable mathematics
concepts and skills, similar in format to those assessed in GCE “O” level mathemat-
ics examination (Ng, Yeo, Chua, & Ng, 2019). Mathematics educators from NIE
also encouraged teachers to use the following four principles of design to craft their
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Mr Yeo usually pumps petrol for his car at either Petrol Station A or Petrol Station B, which
are situated beside each other along a road near his house. He has a loyalty card for each of the
petrol stations that entitles him to some discount on petrol, One day, he decided to apply for a
credit card that will give him additional discount on petrol.

(a) Calculate the total percentage discount on petrol for Credit Card X1. [1]
(b) Find the total percentage discount (including cash rebate) on petrol for Credit Card X2 [2]

Petrol comes in three grades listed here in increasing order of quality; Unleaded 92, Unleaded
95 and Unleaded 98.

Mr Yeo pumps only Unleaded 95 or Unleaded 98.

(c) Which credit card should Mr Yeo apply? Justify your decision and show your calculations

clearly. [7]
Credit Credit Percentage Upfront Discount* Percentage
Card Card Percentage Percentage Percentage | Credit Card
Company | Type | Site Discount Loyalty Card Credit Card Cash
Discount Discount Rebate**
X X1 5% 5% 4% -
X2 5% 5% - 4%
Y Y1 5% 5% - 5%
Y2 5% 5% 2% for -
Unleaded 92;
3% for
Unleaded 95;
8% for
Unleaded 98

* Percentage upfront discount is calculated based on percentage site discount (always given) + percentage loyalty
card discount (depends on whether the driver has the loyalty card) + percentage credit card discount (d epends

on type of credit card the driver has).
** Percentage credit card cash rebate applies on the remaining amount after upfront discount.

Price of petrol (per litre) before any discount

Petrol Station Unleaded 92 Unleaded 95 Unleaded 98
A $2.08 $2.16 $2.22
B $2.02 $2.14 $2.28

Fig. 5.1 PRWC credit card discount (with permissions from Shing Lee Publishers Pte Ltd)

own PRWC for effective instruction, meeting curriculum goals and policy goals
(Yeo et al., 2018):

(a) Realistic Principle: When crafting PRWC, the realistic principle proposes three
guidelines related to the context: authentic real-world context, real-world prob-
lem solving, and using real-world context throughout the PRWC. The PRWC in
Fig. 5.1 is relevant to students in the future to consider several factors before
making informed decision.

(b) Mathematical Principle: Once the real-world context is chosen, PRWC should
engage students to think and work with mathematical concepts and solutions to
all the part questions that require only mathematical knowledge or skills. The
solutions of the PRWC should not require nonmathematical knowledge or real-
life considerations.
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(c) Activity Principle: PRWC should engage students in mathematical thinking and
processes in the main problem. For example, in Fig. 5.1, PRWC in part (c)
requires students to justify their decision in the application for a credit card that
will give Mr. Yeo additional discount on petrol.

(d) Documentation Principle: It is necessary to document students’ thinking. In
Fig. 5.1, students are encouraged to make their thinking visible as illustrated by
part (c) when students need to show their working clearly or provide some
explanations when they justify their decisions.

5.3.1.3 Discussion on PRWC

While teachers are aware of the complexity of PRWC and appropriateness of the
problems to students’ experiences and backgrounds, the following are three key
considerations in implementing PRWC in our secondary school mathematics
curriculum:

(a) Accessibility of materials. To prepare teachers to use PRWC in the classroom,
all the secondary school mathematics textbooks approved by the Ministry of
Education have a separate section on PRWC at the end of the textbooks for
teaching and learning purposes (Yeo et al., 2018, p. 5). A PRWC resource book-
let containing 12 sample PRWC for assessment was produced by the Curriculum
Planning and Development Division (CPDD) from Singapore Ministry of
Education (MOE) to support teachers in the designing PRWC for assessment
(Yeo et al., 2018).

(b) Training and professional development of teachers. The Ministry of Education
rolled out intensive PRWC professional development courses for in-service
mathematics teachers (Ng et al., 2019). The policy is translated into the prepa-
ration of teachers so that they can deliver such educational outcomes. PRWC is
one of the topics included in the National Institute of Education pre-service
curriculum studies for secondary mathematics courses to prepare student teach-
ers to implement PRWC (Tay, Ho, Cheng, & Shutler, 2019).

(c) Teachers’ readiness. Since 2013, many secondary mathematics teachers have to
transit very quickly from a paradigm of solving routine and nonroutine prob-
lems to one of PRWC while meeting curriculum requirements. Some may adapt
quickly enough but others may struggle in the transit. Teachers are mindful that
this way of teaching using task related to PRWC also requires a dynamic class-
room environment which demands careful management in terms of behaviours
of students, focus of the lesson, and class discussions.

To ensure that PRWC is a continual learning experience for secondary mathe-
matics students, exchange of experiences and mutual support among schools will be
critically important to develop these pioneering efforts into sustainable problem-
solving experiences and practices.
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5.4 Learning Support for Mathematics (LSM)
and Improving Confidence and Achievement
in Numeracy (ICAN)

The second and third policy innovations are Learning Support for Mathematics
(LSM) and Improving Confidence and Achievement in Numeracy (ICAN). We hold
the view that both of these policy innovations share similar impetus for change, that
is, to level up educational achievement. The two policy innovations also reflect
common aims of the Ministry of Education such as to support the students to “dis-
cover their own talents, to make the best of these talents, to ... realise their potential,
and to develop a passion for learning” (Ministry of Education, 2018a, b, ¢ para. 1).
In the words of the then Minister for Education, Mr. Heng Swee Keat, delivered at
the Ministry of Education Workplan Seminar on 22 September 2015, he said that:

At MOE, we can be path builders. As path builders, we can build multiple pathways, diverse
pathways, distinctive pathways. Through our learning programmes, our policies, our assis-
tance programmes, our resources for schools, we lay out the multiple pathways that our
students can embark on.

The then Minister for Education, Mr. Ong Ye Kung, also aptly emphasised on the
need to create an alternate pathway for nurturing talent (Ong, 2018). The creation of
such pathways will make social mobility more accessible and achievable in the
future. Indeed, one key belief of Singapore education system is to make diverse
pathways for different types of students. Tharman (2003) said:

We are therefore creating more diverse pathways (for students)... This re-structuring will
loosen up the educational structure at key points to create a less bounded environment for
those with talents in different fields to go as far as they can to realise their potential.

This will allow more students to thrive in the education system, beyond the academ-
ics. This recommendation has been put in place in the education system through, for
instance, Learning Support for Mathematics (LSM) and Improving Confidence and
Achievement in Numeracy (ICAN). The LSM and ICAN policy innovations align
with two policy objectives for Singapore mathematics education clearly:

The mathematics curriculum aims to provide all students with a firm foundation in mathe-
matical concepts and skills that underpin a wide range of daily activities and uses. Second,
it aims to provide students who have the aptitude and interest in mathematics the opportuni-
ties to deepen their knowledge and skills, and to pursue their passion in mathematics so that
they will, in turn, contribute to the progress of the nation. (Soh, 2008, p. 28)

To us, programmes such as LSM and ICAN also illuminate “equity and quality” of
education where “equity in education means that personal or social circumstances
such as gender, ethnic origin or family background, are not obstacles to achieving
educational potential (definition of fairness) and that all individuals reach at least a
basic minimum level of skills (definition of inclusion)” (Asia Society, 2012, p. 6).
Lee, Lee, Low, and Tan also noted that “it seems levelling up the quality for all is a
more acceptable concept and a more worthwhile goal to achieve” (2014, p. 22). The
pathways can also be observed from 2024 when secondary school students will be
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allowed to take a mix of subjects at any one of three levels: G1, G2, and G3, depend-
ing on their aptitude instead of being streamed into Normal or Express (Ministry of
Education, 2019a). That is, once students enter secondary school, the full subject-
based banding (SBB) system will allow students to do individual subjects they have
strengths in at a more demanding level (Ministry of Education, 2019b). Streaming
allows students in different ability bands to study curricula which are differentiated.
In the Normal (Technical) stream, the least academically able students are given a
reduced mathematics curriculum compared with peers in the same cohort. In addi-
tion, Normal (Academic) students are given more time to complete the same math-
ematics curriculum as the Express stream students. The SBB allows students to
achieve “peak” for the subjects they are competent at and to learn at a more appro-
priate pace for the subjects they are weaker at. SBB may provide for a more custom-
ised approach to teaching and learning than the current streaming approach as each
student can progress in each subject at a pace and level suited to his ability in that
subject. The difference in the pace of learning offers alternatives accessible to stu-
dents in learning mathematics. Furthermore, the full SBB “hopes to encourage our
students to adopt a growth mindset and take greater ownership of their learning and
lifelong development” (Ministry of Education, 2019c).

5.4.1 Learning Support for Mathematics (LSM)

Education poses high demands on the competency of children’s foundational
numeracy skills and knowledge. In Singapore, Primary 1 students with limited
numeracy skills in the mathematics may face huge challenges in their education and
are at risk of failing the national examination taken at the sixth year of their primary
school education. As part of the Singapore Ministry of Education’s (MOE) efforts
to level up opportunities for children from the time they enter Primary 1, children
who need additional support in numeracy skills undergo the Learning Support for
Mathematics (LSM) (Ministry of Education, 2008).

5.4.1.1 What Is This Innovation for?

First implemented in all primary schools in January 2007, Learning Support for
Mathematics (LSM) is an early intervention effort aimed at providing additional
support to pupils who do not have foundational numeracy skills and knowledge to
access the Primary 1 mathematics curriculum. In fact, Teh (2014) noted that LSM
was extended from the Learning Support Programme (LSP), early intervention pro-
gramme in the lower primary who are weak in English language. To strengthen the
teachers’ delivery of LSM programme, curriculum specialists also assist teachers in
adapting instruction to meet students’ learning needs and addressing learning gaps
through observing and reflecting on how students respond (Ministry of Education,
2018a, b, ¢, July).
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5.4.1.2 How Does It Work?

About 5.5% of the Primary 1 cohort are identified and supported through LSM
(Ministry of Education, 2008). Students are identified for the intervention through a
screening test administered to all Primary 1 students in January each year. LSM
programme provides better support for selected Primary 1 and Primary 2 pupils who
need more reinforcement in their learning of basic numeracy in mathematics. They
were supported by a LSM teacher for 4-8 periods a week. In fact, “students are
taught in smaller classes during their regular mathematics periods or supplementary
lessons by specially trained teachers” (Ministry of Education, 2017, p. 6).
Intervention in LSM is guided by the four-pronged intervention approach (4-PIA)
(Cheam & Chua, 2009). The 4-PIA targets support in four domains: cognition,
metacognition, motivation, and environment.

5.4.2 Improving Confidence and Achievement
in Numeracy (ICAN)

To address the learning needs of the low-performing students (or low-progress
learners) in mathematics, Improving Confidence and Achievement in Numeracy
(ICAN) project was implemented in 2013. The ICAN project equips teachers with
strategies to better support low-progress learners in the teaching and learning of
primary and secondary mathematics.

5.4.2.1 What Is This Innovation for?

The goal of the project is to raise confidence and improve mathematics achievement
of low-progress learners from Primary 1 to Secondary 4 levels (Ministry of
Education, 2014). In fact, it was targeted to assist the bottom 15% of each cohort in
mathematics from both primary and secondary schools (Kaur & Toh, 2019).

5.4.2.2 How Does It Work?

Eight pedagogical principles were identified for the teacher building capacity of
ICAN “which serve to help the low attainers to get the basics right, also serve to
address the five dimensions of mathematical problem solving as represented by the
five sides of the Singapore school mathematics framework™ (Kaur & Toh, 2019,
p- 308). The eight pedagogical principles are:

1. Establishing routines and norms.
2. Check and diagnose.
3. Create a motivating environment.
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. Focus on fundamentals.

. Use explicit and direct instruction.
. Simplify and scaffold.

. Communicate and reason.

. Practise and review.

0NN LK

Principle 1 expects the teacher to set an environment ready for the low-progress
learners. Principles 2, 4, and 5 address the importance of developing learners’ con-
cepts and skills. Principle 3 promotes positive attitude towards learning mathemat-
ics. Principle 6 addresses the metacognitive awareness of learning mathematics.
Principles 7 and 8 provide opportunities for learners to demonstrate their mathemat-
ical processes. Teachers were trained before they can implement these pedagogical
principles to promote active learning and the desired outcomes. The trainings for
teachers for ICAN project include workshops and extend to “mentoring, network
meetings, pedagogical resources and an annual symposium” (Kaur & Toh, 2019,
p. 308). In addition, for sustainability of ICAN project for the longer term, continual
support for ICAN teachers was created where “a pool of cluster mathematics men-
tors from primary schools and secondary schools are supporting the training and
mentoring effort of teachers and school mathematics mentors at the cluster level”
(Kaur & Toh, 2019, p. 308).

5.4.2.3 Discussion on LSM and ICAN

In many countries, mathematics classes are formed by age. This is efficient and is
based on the premise that students of comparable ages would have progressed at
similar pace cognitively, emotionally, and socially. However, is this the most appro-
priate arrangement for mathematics as we ponder on Piaget’s developmental stage
theory of cognition, whereby each of the stages may span several years? We do not
have answer to this question, but what we strongly believe in is tailoring learning
experiences according to the way that each student learns best. Creating opportuni-
ties for success in mathematics is important, especially for the low-progress learn-
ers. Low attainment in mathematics has been found to be a result of not a single
influence but of the interplay of subject-related difficulties, specific intellectual and
behavioural characteristics of the pupils, and pedagogical shortcomings (Haylock,
1991). The stronger the ability of teachers to recognise how each student learns and
where the student has difficulty in, the more effective teachers can tailor their teach-
ing for better learning outcomes. For example, when teaching the same topic, differ-
ent learning resources or quizzes and tests can be prescribed to cater to the varied
needs of the learners.

The eight pedagogical principles in the ICAN project cannot succeed without
sustained effort by teachers and educators and their strong motivation to experi-
ment. These eight principles need to be tested for effectiveness and scaled up so that
they can become “standard” practices to make real impacts on learning.
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The final area of concern for LSM programme and ICAN project is “ownership”.
For a programme or project to become truly sustainable, the ownership had to move
to the teachers and the school. As long as ownership remained outside the school,
there was a good chance that the programme or project would end as soon as sup-
port was withdrawn.

5.5 Discussion and Conclusion

Problems and challenges are inevitable when implementing any policy innovations,
no matter how well it is planned. The three innovation policies described in this
chapter are examples of heavy investment on human capital in education with clear
and obvious philosophy in order to secure Singapore’s future and thrive in a chang-
ing landscape. Our education system has been evolving in order to be ready to meet
challenges in the twenty-first century. As policy innovations steer and guide some of
these evolvements, we need to be mindful that “innovation is valued, but not
fetishized” (Shirley, 2014, p. ix). Against this backdrop, we are encouraged to think
critically about the three policy innovations especially so when the main contribut-
ing factors to the improvement in our students’ academic achievement over the last
three decades (as observed from their performance in international studies, e.g.
TIMMS and PISA) are not likely to be the three policy innovations “as it takes time
to see their effects” (Teh, 2014, p. 80). It could also be argued that the LSM and
ICAN programme could not take into account the softer and finer aspects of educa-
tion that is embedded in human relationships. It is difficult to fully quantify or
capture evidence of the love, care, and role modelling of teachers in their everyday
teaching of low-progress learners. But it is in this softer and rather tacit aspect that
lies the noblest and most precious of education.

However, “innovation policy needs to focus both on the creation of new solutions
and their exploitation and diffusion, including the many feedbacks back and forth
that occur between the various phases of the innovation process” (Edler & Fagerberg,
2017, p. 4). Does the implementation process include enough flexibility for all the
stakeholders to be able to adjust quickly to relevant feedback, connecting both the
design process and the people affected by the policy? Also, unlike PRWC which is
applicable for all secondary school students, LSM and ICAN are intended for spe-
cific groups of students. We wonder if the pedagogical principles behind LSM and
ICAN are understood by educators in our education system before they adopt those
principles to cater to the needs of students not in LSM and ICAN and who are at risk
of underperforming in school mathematics. What is the balance? The balance
between catering to specific needs of students and social integration of these stu-
dents when these students are labelled as being in ICAN or LSM?

The Singapore pentagonal framework has included metacognition as one of the
five factors deemed to be essential to help students become good problem solvers.
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The LSM also includes metacognition as one of the four approaches (the other three
being cognition, environment, and motivation) for helping LSM students to learn
mathematics better. Wong and Quek (2009) indicated that metacognition is one of
the most problematic components for teachers to implement. They proposed that
in-class reflection and Student Question Cards (SQC) could be two specific tech-
niques for teachers to trial. At the moment, the efficacy of these techniques has not
been widely practised, but innovative teachers could begin to evaluate them through
their own action research or working with other teachers as a lesson study project.

It will take a few years before one could tell whether the three policy innovations,
PRWC, LSM, and ICAN, have worked as envisaged. The mathematics education in
Singapore is dynamic and constantly evolving. The impetus for this evolution, in
both the content of school mathematics and the way mathematics is taught, can be
traced to various sources, including knowledge gained from research. Initiatives and
policies are guided by research evidence, scans of other systems in the world, and
careful deliberations of leaders in education. Therefore it is crucial that teachers
keep up-to-date of changes in the system. In conclusion, as indicated by the
Mckinsey report (Mckinsey & Co., 2007), the quality of an educational system can-
not exceed the quality of its teachers.

Disclaimer The ideas expressed in this chapter are of the authors and do not represent the official
positions of the National Institute of Education or the Ministry of Education, Singapore.
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Chapter 6 )
Science Education in Singapore b

Jennifer Yeo and Kim Chwee Daniel Tan

Abstract As a young and small nation with little else other than human resource,
education has played a crucial role in the economic survival, prosperity and prog-
ress of Singapore since her independence. Closely aligned with its overall education
system, Singapore’s science curriculum aims to help the young develop and realize
their potential amidst a flexible, diverse and broad-based educational landscape.
Centred on the theme of science as inquiry, the science curriculum, from primary to
junior college/preuniversity levels, puts particular emphasis on the knowledge,
skills and processes, and ethics and attitudes of science, as well as the understanding
of the impact of science in daily life, society and the environment. In this chapter,
we discuss the evolution of the science curriculum in Singapore as well as how it
supports students in developing the scientific literacy, competencies and values nec-
essary for them to take on challenges and thrive in an ever-changing world.

Keywords Singapore science education - Science curriculum - Education reform

6.1 Introduction

As a young and small nation with little else other than human resource, education
has played a crucial role in the economic survival, prosperity and progress of
Singapore since her independence. Closely aligned with its overall education sys-
tem, Singapore’s science curriculum aims to help the young develop and realize
their potential amidst a flexible, diverse and broad-based educational landscape.
Centred on the theme of science as inquiry, the science curriculum, from primary to
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junior college/preuniversity levels, puts particular emphasis on the knowledge,
skills and processes, and ethics and attitudes of science, as well as the understanding
of the impact of science in daily life, society and the environment. In this chapter,
the evolution of the science curriculum in Singapore is described as well as how it
supports students in developing the scientific literacy, competencies and values nec-
essary for them to take on challenges and thrive in an ever-changing world.

6.2 History of Science Education in Singapore

The evolution of science education in Singapore can best be described in terms of
the phases of education reform that the country has gone through since gaining her
independence in 1965 — the survival-driven phase, efficiency-driven phase, ability-
driven phase and student-centric, values-driven phase. Table 6.1 shows a summary
of the four previous phases of education reform in Singapore and the science cur-
riculum, as well as the current phase. (For readers interested in how the education
phases influenced mathematics education, see Chap. 7.)

6.3 Survival-Driven Phase (1965-1978)

With little else but a thriving seaport industry and people as the only natural resource,
after independence, Singapore’s first concern was to survive amidst uncertain con-
ditions. One of its immediate goals was to shift the economy from an entrepot trade
to a focus on export-oriented industries and to attract multinational corporations to
Singapore. Producing a ‘literate and technically trained workforce’ (Goh &
Gopinathan, 2008), strong in mathematics, science and vocational skills, thus
became the main focus of the education system at that time. In order to prepare a
labour force with the skills required by the industry, the science curriculum during
the survival phase emphasized knowledge acquisition and development of skills
such as handling apparatus and materials and reasoning. Science teaching was
mostly didactic in nature, with the occasional confirmatory type of experiments.
The first government-administered national examination system, the Primary
School Leaving Examination (PSLE), was established in Singapore in 1960, to
unite the examinations conducted by the individual primary schools into one
national examination.
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Table 6.1 Phases of education reform in Singapore and her science curriculum
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6.4 Efficiency-Driven Phase: 1979-1997

The efficiency phase took over from the survival phase at the time when Singapore
was beginning to reap the fruits of her efforts. The country had a low unemployment
rate, an average growth rate of 10% and a booming manufacturing industry (Cahyadi,
Kursten, Weiss, & Yang, 2004). However, the lower labour costs of neighbouring
developing countries posed a real threat to the tight labour market and higher cost
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of operation in Singapore (Goh & Gopinathan, 2008). The Second Industrial
Revolution in the 1980s brought about by technology advancement created new
industries capitalizing on research and development, engineering design and inno-
vation and computer software development (Yuen, 2008). Coupled with falling birth
rates, all these impetuses meant that the country could no longer remain a highly
labour-dependent economy, but needed to break into more technology- and capital-
intensive industries (Goh & Gopinathan, 2008). The diversity in work opportunities
that came with this focus meant that the previous one-size-fits-all education system
was not able to sufficiently serve the needs of the research- and technology-intensive
economy. Hence, a more differentiated system was adopted. As well, the high attri-
tion rates in schools and low levels of English language competencies at that time
meant an efficiency model was needed to ensure that the country’s human resources
were fully maximized. One of the key features of the efficiency model was aca-
demic streaming to allow students to progress at their own pace, as well as to enable
students to progress as far and fast as possible academically (Chen, 2000). This
meant that students who were more inclined in science were given the opportunities
to specialize in the domains of science they were good at, while students who were
more inclined in technical work were streamed into vocational institutions. At the
primary (Grades 1-6) and lower secondary (Grades 7-8) levels, while a common
science subject was offered to all students, its conceptual and cognitive demands
were differentiated by streaming; those who were more academically capable will
study the subject at a higher and more demanding level. At the upper secondary
(equivalent of Grades 9 and 10) and junior college levels (equivalent of Grades 11
and 12), science was offered to the more academically capable students as single
disciplines (biology, chemistry and physics), while others were offered a combina-
tion of two or three of these science disciplines at a less demanding level.

Standardization was the other hallmark of science education during the effi-
ciency phase. For the first time, science textbooks, workbooks and teaching guides
were published by the Ministry of Education, Singapore (MOE). Large numbers of
teachers, including those with little science background, were trained to teach sci-
ence using these resources, and content mastery and skills development continued
to take centre stage. In 1995 Singapore took part in the Trends in International
Mathematics and Science Study for the first time and emerged among the top-
performing countries for Grades 4 and 8 (TIMSS International Study Center,
1996, 1997).

6.5 Ability-Driven Phase: 1997-2011

The ability-driven phase replaced the efficiency-driven phase as Singapore
approached the twenty-first century. This was an exciting time when the myriad of
changes to the education system, including the science education, were fuelled by
the rapid globalization and technological advances happening in the 1990s. As new
jobs appeared and old ones disappeared, there was a realization that learning could
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no longer be confined to the 10-16 years of formal education; the ability to learn
independently throughout one’s life, create knowledge, collaborate and think criti-
cally became coveted skills. To foster these twenty-first-century abilities along with
a passion for lifelong learning, the focus of the MOE was to help students develop
and harness their talents and abilities to the maximum (Tan, 2005). In place of stan-
dardized methods of teaching, innovative programmes and curricula, together with
multiple pathways to maximize one’s potential, were made available. Applied sub-
jects were introduced in 2008 to the secondary school students and offered as exam-
inable subjects at the General Certificate of Education Ordinary (GCE ‘O’) level to
better cater to the interests and aspirations of students who were keen to progress
along an applied and practice-oriented path of education. The GCE ‘O’ level exami-
nation, the national examination at the end of Grade 10, is administrated by the
MOE and the Cambridge International Examinations.

In the science curriculum, ‘science as inquiry’ was introduced as an overarching
framework for the science curricula (MOE, 2004) to nurture the inquiring minds
needed for lifelong learning and to develop the creative, critical and collaborative
skills needed in the knowledge-based economy. The inquiry framework identified
the ‘integral domains of (a) Knowledge, Understanding and Application, (b) Skills
and Processes and (c) Ethics and Attitudes’ (MOE, 2004 p. 1). Both the student and
the teacher were involved in the inquiry process with the student as the inquirer who
determined ways to solve problems by asking appropriate questions, planning and
conducting experiments, analysing the data collected, drawing conclusions and
communicating and defending their findings (Chinn & Malhotra, 2002). This cur-
riculum positioned the teacher as the leader of the inquiry (MOE, 2004), facilitating
the inquiry process in the classroom and encouraging the student to explore novel
situations, build new understandings and apply his/her knowledge and skills to
solve problems relevant to daily life. In alignment with the inquiry framework of the
science curriculum, school-based practical assessment was introduced in 2006 to
replace a one-time traditional practical examination at the end of the Grade 10.
Instead, students were assessed in a series of practical sessions throughout the 2
years on skills sets such as performing and observing, analysing and planning. A
similar practical examination format was applicable to the General Certificate of
Education Advanced (GCE ‘A’) level for the sciences at the end of Grade 12. (For
an in-depth discussion on inquiry as the pedagogical framework in the Singapore
science curriculum, see Chap. 11. For an in-depth discussion on how teachers are
prepared and continually developed professionally, see Chap. 14.)

During this period, alternative education pathways such as specialized schools
and integrated programmes (IP) were introduced to provide opportunities for
schools to experiment with more innovative instructional methods customized to
the needs of their students (MOE, 2012a). Two specialized schools for mathematics,
science and technology were established to develop those students who have par-
ticular talents and interest in the science. NUS (National University of Singapore)
High School of Mathematics and Science was set up in 2005 to nurture well-rounded
students with high aptitudes in science and mathematics through a 6-year diploma
programme. The School of Science and Technology was set up in 2010 to nurture
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passionate innovators through the application of science, technology, engineering
and mathematics (STEM). The IP, offered only to selected schools already in the
education system, provided an integrated secondary (Grades 7 to 10) and preuniver-
sity (Grades 11 to 12) education for secondary school students to proceed to preuni-
versity without taking the GCE ‘O’ Level Examinations at the end of Grade 10. The
time freed up from preparing for the GCE ‘O’ Level Examinations allowed schools
to experiment with different approaches of inquiry teaching and learning methods.
During this time, science education research in Singapore was gaining ground.
Partnerships among researchers and educators to develop inquiry pedagogies using
technology were encouraged. Examples of such research partnerships include proj-
ect that investigated problem-based learning approaches (e.g. Yeo & Tan, 2014),
knowledge building (e.g. Tan & Yeo, 2014; Yeo & Lee, 2012), informal learning
(e.g. Dairianathan & Subramaniam, 2011), students’ conceptions (e.g. Chu &
Treagust, 2014), science teacher education (e.g. Tan, Tan, & Wettasinghe, 2011) and
use of interactive digital media (e.g. Chee & Tan, 2012).

The proliferation of technology in everyday and working life also meant that
people needed to be comfortable to learn, live and work with technology. During
this educational phase, three Information Technology Masterplans were introduced
in 1997, 2002 and 2008, respectively (MOE, 2008a), firstly to equip schools with a
technology infrastructure and then to promote ICTs as pedagogical and communi-
cative tools. The development of ICT tools, such as multiplayer games, virtual real-
ity and mobile technologies, was and is still strongly encouraged. Education labs
(MOE, 2012b) and FutureSchools@Singapore (MOE, 2008b, 2009) have been
established for this purpose. As for teaching resources, there was also greater devo-
lution of textbook publication to commercial publishers to harness on the expertise
and creativity of these educational publishers to provide schools with a wider vari-
ety of interesting and stimulating instructional materials for the new curriculum
(MOE, 1998).

6.6 Student-Centric, Values-Driven Phase: 2011-2018

To further strengthen the ability-driven framework that guided the country through
the initial years of the twenty-first century, Singapore’s education system embarked
on its student-centric, values-driven phase. The trigger was to ensure that the young
remain relevant to the needs of the economy and the society. With more employers
valuing workers’ ability to work and communicate effectively with others regard-
less of race and nationality, it is paramount that the young learn to collaborate with
one another (MOE, 2011). To maintain the fragile fabric of social harmony, the next
generation will also need to develop a caring disposition and be committed to the
collective future of the country. Thus the focus of this education phase is holistic
development that goes beyond cognitive and skills development to include an
emphasis on ‘values and character development’.
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The twenty-first-century competencies framework (MOE, 2014a) was intro-
duced to define the thrust of education for the future and attributes needed for an
individual to thrive and contribute to an ever-changing world where this includes the
competencies of civic literacy, global awareness and cross-cultural skills, critical
and inventive thinking and ICT skills (refer to Fig. 6.1).

In this curriculum, science education acts as a platform for students, not only to
learn the basic concepts of science but also to nurture a curious mind, integrity,
perseverance and care for one another and the environment through an inquiry
approach. At the same time, Applied Learning Programmes (ALP) and Learning for
Life Programmes have been introduced to help students apply thinking skills and
knowledge across all subjects. These aim to provide ‘real-life experiential learning
to develop their character and values, cultivate positive attitudes, self-expression
and strengthen their people skills’ (MOE, 2013a). Related to the science curriculum
is the STEM ALP, which provides opportunities for students to apply their knowl-
edge and skills in science, mathematics and technology to solve real-world prob-
lems, hence deepening their competencies in scientific inquiry, reasoning and
problem-solving, design thinking, computational thinking, data analysis and use of
technology (MOE, 2014b). Examples of STEM ALP implemented in our local sec-
ondary schools include themes on health sciences and flight and aerospace. The
‘science as inquiry’ framework thus continues to be relevant for students to see the
contribution of science to their lives, society and their environment as they develop
and apply science content and skills to the solution of real-life problems.

Core Values

Communication, Critical and

Collaboration and Inventive Thinking
Information Skills CvicLEEmey o0 S
Awareness and

Cross-cultural Skills

Fig. 6.1 Twenty-first-century competencies framework (MOE, 2014a)
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6.7 Empowering Individuals, Nurturing the Joy of Learning
Phase: 2018-Present

Disruptions brought about by technology have accelerated over the last few years,
have displaced jobs and have changed the nature of industries. Skills upgrading and
deepening are essential for Singaporeans to face the challenges of a fast-changing
economy and a stronger demand for higher-skilled workers. Education can no lon-
ger be confined to the formal structures/years of education, but becomes a continu-
ous effort towards attaining expertise and mastery of skills beyond their present
competence. This cannot be driven merely by the current demands of their job, but
a dedication towards excellence and passion in each area of strength and interest.

To align with this vision of a culture that supports and celebrates lifelong learn-
ing, changes are made at the K-12 formal structures. One is to remake pathways in
education by offering greater flexibility with subject-based banding, in place of the
academic streaming introduced in the early 1980s. This change will allow students
to build on their strengths by taking subjects at a level suitable to their academic
ability. In other words, a student stronger in sciences can opt to take the sciences
subjects at a higher level even if his performance in other subjects are weaker.
Besides addressing the unintended consequences of labelling and stigmatization
associated with streaming (Davie, 2019), providing these flexible pathways to suc-
cess can better encourage students to adopt a growth mindset (Heng, 2014), put in
effort to develop their abilities and take greater ownership of their learning and
lifelong development. Another major initiative that has been recently introduced is
the inculcation of the joy of learning. To achieve this vision, efforts are made to
move away from an overemphasis on academic results. The number of school-based
assessments is reduced, and students’ holistic development is heightened. For the
science subjects, the school-based practical assessment conducted several times in
a year has since been reverted back to a one-time assessment model, but with a
stronger focus on the higher-order inquiry skills such as planning, analysing, con-
cluding and evaluating. The time formerly spent on preparing students for multiple
examinations and tests can now be used to engage them in activities that can better
develop the joy for learning.

With this recent bold move to change the face of education in Singapore, we are
starting to see other significant changes made to the science curriculum. Building on
the inquiry framework that has anchored the science curriculum for the last decade,
the revised curriculum goes beyond the acquisition of scientific knowledge and
foregrounds the ways of knowing and doing science. Such a move recognizes the
practices of science as more enduring in the quest for lifelong learning. With a less
emphasis on testing, there are also greater opportunities for informal learning. The
STEM ALP programme has expanded to include many more current and exciting
areas including engineering and robotics, environmental science and sustainable
living, food science and technology, health science and healthcare technology, ICT
and programming, material science, simulations and modelling and transport and
communication. Since 2018, all secondary schools offer ALP subjects to their
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students (MOE, 2018). It is targeted for all primary schools to embark on ALP by
2023 (Ng, 2018) to provide more science learning opportunities for the younger
students as well.

6.8 Promising Future Directions in Science Education

Over the years, the science education system in Singapore has shifted from a simple
mission of preparing her people to survive in a challenging world to ensuring that
they can thrive in a complex and ever-changing one. Thus far, it has managed to
achieve its goals. We attribute three factors which we believe are key in constructing
a successful science education in Singapore: (1) the responsiveness and adaptability
of policy makers and teachers, (2) fidelity of implementation and (3) partnership
with industry and higher education institutions.

6.8.1 Responsiveness and Adaptability

For the science education system to remain relevant, there need to be mechanisms
that ensure timely and appropriate actions are taken to respond to changes taking
place in the economy and education. In Singapore, a group of science curriculum
specialists and officers at the MOE regularly charts the direction of science educa-
tion and designs the curriculum. Having a dedicated group of science curriculum
specialists ensures that people who are well-equipped with knowledge and skills of
curriculum matters, as well as a keen awareness of the global trends of science edu-
cation, steer Singapore science education in the right direction. An annual workplan
seminar, whereby the Minister of Education presents the direction of education for
the year to a general education audience, ensures that teachers are informed of the
policies rolled out so that timely action can be taken in the charted direction.

Another mechanism is the frequency of syllabus reviews. The science syllabuses
are reviewed every 5 years, with an interim review every 2.5 years. This periodic
revisit of the syllabus ensures responsiveness to economic, societal and other
changes. The syllabus review committee usually consists of curriculum specialists,
teachers, teacher-educators and higher education partners who take into consider-
ation the needs of students, teachers and society. In view of the volatility of the
economy and the rapid changes in the society, perhaps the involvement of industry
partners could further align the science curriculum to the needs of the country.

As the curriculum changes, mechanisms are needed to ensure that teachers can
respond and adapt to these changes. Instead of centralized training that was charac-
teristic of the efficiency-driven phase, peer-based forums among clusters of schools
within close proximity, as well as professional learning communities among teach-
ers within a school, are set up to promote the efficient sharing of effective teaching
and learning practices among schools and teachers (Mourshed, Chijioke, & Barber,
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2010); these are elaborated in the next section. Teachers can also choose in-service
courses that suit their needs and interests within the 100 training hours per year that
each teacher is entitled to. In this way, teachers’ professional development needs are
adequately and readily addressed.

6.8.2 Fidelity of Implementation

When a syllabus is revised or changes in curriculum are introduced, it is necessary
to ensure that the curriculum is implemented as intended (Lee, 2013). Support in
terms of hard and soft infrastructure are provided to support the implementation of
the changes. Hard infrastructure refers to the hardware needed. For example, when
the IT Masterplan I was first introduced into the system, the first task was to intro-
duce the necessary hardware that could support science inquiry, and so schools were
equipped with data loggers to ensure that inquiry with technology was possible
(Ng, 2008).

The other factor that can affect the fidelity of implementation is the science
teachers. In this case, the soft infrastructure refers to continuing professional devel-
opment needed to prepare teachers to implement changes in curricula in their class-
rooms. They need to understand the rationale of the curriculum and to be able to
carry out learning activities that can best achieve curriculum knowledge, skills and
attitudinal objectives. Professional development plays an important role to ensure
that the curriculum is implemented as designed (Ng, 2009). For example, teachers
need to be equipped with the appropriate skills (e.g. facilitation, dialogic skills) to
carry out inquiry activities with their students. To this end, teachers are supported at
different levels — the community level, the school level and the individual level. At
the community level, schools within the same area come together to share best prac-
tices and innovation with one another. They can even plan and share lessons with
one another. At the school level, teachers, especially beginning teachers, are men-
tored by senior teachers who have been shown to have excellent pedagogical prac-
tices and have been specially appointed to support less experienced teachers to
enact the science curricular aims. Professional learning communities (PLCs) within
a school also encourage and support teachers to collaborate with one other to con-
duct critical inquiry on their practices (Ng, 2009). To this end, practical-based
research courses such as lesson study, learning study, learning circle and video-
based critical inquiry help to equip teachers with the know-how so that they can
better evaluate how their practices are aligned with the directions of the new curri-
cula (MOE, 2012c). The participation in teacher-led research is evident by the sig-
nificant number of presentations made by teachers at both local (e.g. Singapore
Teachers’ Conference) and international conferences (e.g. International Science
Education Conference, 2014, 2018).

At the individual level, there are many courses and programmes that in-service
teachers can pursue to keep themselves abreast with new pedagogy, to upgrade their
content knowledge and to develop new teaching and ICT skills in order to



6 Science Education in Singapore 101

implement the curricular initiatives (Bautista, Wong, & Gopinathan, 2015). These
are primarily offered by the Academy of Singapore Teachers (AST) and the National
Institute of Education, Singapore. The AST is the professional development arm of
the MOE. Organized into various subject chapters/learning centres by discipline
and learning profile of students, each subject chapter/learning centre offers work-
shops to teachers through their Networked Learning Communities (NLC). On the
other hand, NIE is an institution of the Nanyang Technological University,
Singapore, that works closely with the Curriculum Planning and Development
Division (CPDD) and AST in MOE to identify areas of teacher professional devel-
opment needed to realize the vision of MOE. As a higher education institution, it is
able to offer in-service and higher-degree courses and programmes that lead to cer-
tification. Many of these courses and programmes are fully sponsored by either the
MOE or the school to encourage teachers to upgrade themselves.

6.8.3 Industry and Research Partnerships

To help teachers and students better keep in touch with the world outside the con-
fines of the classroom, industrial partnership is encouraged. The teacher work
attachment programme (TWA) encourages teachers to take up work attachments in
external organizations to broaden their outlook of the kinds of industrial skills
needed by the economy and to experience life in these organizations
(Shanmygaratnam, 2004). With the experience and knowledge gained from these
work attachments, teachers are able to advise their students on career choices, the
importance of the skills, concepts and values that they are learning and how these
are applied in the workplace. For students, work-shadowing/attachments and/or vis-
its to science-related companies are also encouraged, with the intent of giving them
a taste of life outside the familiar confines of the school compound and helping
them make more informed career choices (MOE, 2013b).

In recent years, research partnerships between schools and science education
researchers have been encouraged. With a growing culture of education research
among teachers, there is also a greater collaboration among schools and science
education researchers to look for new ways of teaching science and/or to better
understand how students learn science. Examples of this research can be found in
http://www.nie.edu.sg/office-education-research/education-research-projects. Such
research partnerships help to ensure that improved and innovative ways of teaching
are well grounded in the contexts of implementation as the frontiers of teaching and
education are being explored.
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6.9 Conclusion

Science and technology has always been the foundation of Singapore’s progress
(Teo, 2015). This is evident in the growing diversity of STEM-related industries as
well as the increasing presence of global corporations and local start-ups. The medi-
cal technology industry, for example, which includes large MNCs and local start-
ups, contributed S$ 4.3 billion in output in 2011 (Economic Development Board,
2014). As the country forges its way into the science and technology-driven future,
much STEM expertise is needed. The science education system will continually
evolve to address the needs of society and the economy and continue to be the cor-
nerstone in the building of the nation.
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Chapter 7

K-12 School Mathematics Curriculum:
Insights on Development, Renewal

and Future Orientation

Weng Kin Ho and Eng Guan Tay

Abstract In Singapore, nationwide educational policies and movements have
taken place frequently and within a short space of time from each other. In turn,
such educational initiatives get translated into changes in curricula of every school
subject — mathematics inclusive. In this chapter, we make an explicit connection
between Singapore students’ PISA performance and the aforementioned curricular
shifts by highlighting the major changes that have taken place in K-12 Singapore
school mathematics curriculum, analysing them in terms of the shifts in curriculum
ideologies. Then we map each of the dimensions of the PISA assessment framework
with the components of the Singapore Mathematics Curriculum Framework to fur-
ther substantiate the claim that “the [Singapore] education system and school math-
ematics curriculum contribute in part towards the success of Singapore’s students
in ... PISA” (Kaur et al., Mathematics education in Singapore. Springer, Singapore,
2019, p. 134). Additionally, we give some answers to the “Ten Questions for
Mathematics Teachers ... and how PISA can help answer them” (OECD, PISA,
OECD Publishing, Paris, 2016) that are relevant to the Singapore context. Based on
the twenty-first-century competencies identified, respectively, by the OECD and
Ministry of Education (Singapore), we explore possible new directions the national
mathematics curriculum may head towards and hope to peek into the future educa-
tion landscape for Singapore mathematics.
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7.1 Introduction

The Organization for Economic Cooperation and Development (OECD) put in
place the Programme for International Student Assessment (PISA) in 1997 with the
main objective of evaluating the education systems globally. Singapore first partici-
pated in PISA, 2009, together with another 70 economies. In each PISA, data is
collected from students and school leaders, and a spectrum of data analysis is per-
formed and published on OECD web pages (http://www.oecd.org/pisa).

The stellar performance of Singapore in PISA has attracted attention from many
participating OECD countries (Coughlan, 2016). The Straits Times reported that
“all over the world, from the United States to Europe and Australia, educators and
policymakers held conferences and webinars to pore over the latest findings of the
study and draw comparisons across countries” (Davie 2013). One natural question
asked by these countries was what contributed towards the sustained good perfor-
mance in the last three cycles of PISA, (2009; 2012; 2015) for Singapore. As a
partial answer to this question, Kaur, Zhu and Cheang (2019) made an insightful
observation that “the results of the 2015 and past PISA cycles reflected the deliber-
ate curricular shifts made over the years towards a greater emphasis on higher-order
critical thinking skills, and pedagogical shifts in moving learning beyond content
mastery and applications of skills to solve authentic problems in various contexts”
(p- 113). This is also consistent with a justification supplied by Kaur (2013) earlier,
among several other reasons, that Singapore participated in PISA to update school
curriculum and keep abreast of global advances.

In this chapter, we make explicit the connection between the Singapore students’
high performance in PISA and the major curricular shift that occurred in Singapore
school mathematics curriculum. More precisely, in Sect. 7.2, we look at these cur-
ricular shifts through the lens of curriculum ideologies that evolved as Singapore
grew into a developed nation. We pay special attention to the major revisions of the
secondary school mathematics curricula in 2001, 2006 and 2012. In Sect. 7.3, we
turn our attention to the assessment framework for mathematical literacy adopted by
OECD in PISA. We carefully map each of the dimensions of the PISA assessment
framework with the components of the Singapore Mathematics Curriculum
Framework (SMCF) to further substantiate the claim that “the [Singapore] educa-
tion system and school mathematics curriculum contribute in part towards the suc-
cess of Singapore’s students in ... PISA” (Kaur et al., 2019, p. 134). In the same
section, we give some comments based on the PISA surveys completed by Singapore
participating teachers and students in relation to the “Ten Questions for Mathematics
Teachers ... and how PISA can help answer them” (OECD, 2016) that are relevant
to the Singapore context. In Sect. 7.4, we compare the twenty-first-century compe-
tencies identified independently by the OECD and Ministry of Education
(Singapore). Using this qualitative comparison, we explore possible new directions
the Singapore mathematics curriculum may head towards and hope to peek into
future education landscape for Singapore mathematics.
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7.2 Shifts in Singapore School Mathematics Curricula

Singapore’s education system, like any other system, has evolved and changed over
time subjected to the changing needs of the society. One may say that “the present
day School Mathematics Curriculum is one which caters for the needs of every child
in school” (Kaur, 2014, p. 1). We shall return to this claim based on our examination
of the shifts in curriculum ideologies. For now, it is important to note that the school
mathematics curriculum adopted in Singapore is based on the now-famous pentago-
nal framework which situates problem-solving as the main theme (see Fig. 7.1). To
equip Singapore students with problem-solving abilities, five components in the
students’ mathematical abilities are to be developed: concepts, skills, processes,
attitudes and metacognition (Ministry of Education, 2019).

These components are weaved together into a meaningful fabric of mathematics
learning experience in that students (i) acquire and apply mathematical concepts
and skills, (ii) develop cognitive and metacognitive skills through problem-solving
and (iii) nurture a positive attitude and passion for mathematics as a discipline.
Spanning over a total of 12 years, the Singapore mathematics curriculum is realised
by a set of syllabi tailor-made for students from primary through preuniversity and
is mandatory up to the culmination of the secondary education. Each syllabus has its
specific aims and objectives targeted to suit a range of needs and abilities of students.

There is a fair length of developmental history between 1946 and 2018 that has
shaped the present school mathematics curriculum, and these all have direct impact
on the developments in the education system of Singapore during the aforemen-
tioned period. For the past six decades, curriculum changes resulted with influences
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Fig. 7.1 Singapore Mathematics Curriculum Framework (MOE, 2019)
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from international reforms and changes in the mathematics examination syllabi
offered by Cambridge University (Wong and Lee, 2009). Lee (2008) chronicled
these changes with the following subdivision of the timeline: early days (1945-1960),
first local syllabus (1960-1970), maths reform (1970-1980), back to basics
(1980-1995) and new initiatives (1995-2005). Elsewhere, Kaur (2014) reported on
a classification of four trends of national changes to mathematics education in cer-
tain time segments: survival-driven (1959-1978), efficiency-driven (1979—1996),
ability-based and aspiration-driven (1997-2011) and values-based and student-
centric (2012—present). (For readers interested in how the education phases influ-
enced science education, see Chap. 6.) Suffices to say that curricular changes had
always been taking place alongside the nation’s development, and hence it would
have been too naive to claim a direct causal relationship between Singapore stu-
dents’ stellar performance in PISA and those curricular shifts that took place from
2009 to 2015. To obtain a more accurate understanding of the subtle relationship
between these, one may glean some insights by zooming into the major changes in
Singapore education policies, and their impacts on the mathematics curriculum,
through the lens of curriculum ideologies during four specific timeframes
(1959-1978, 1979-1996, 1997-2011 and 2012—present). (For a discussion on the
history and motivation behind the innovation, see Chap. 5.)

7.2.1 Curriculum Ideologies Briefly Explained

Schiro (2013) describes four curriculum ideologies, which we summarise below.

Scholar Academic Ideology

Through this lens, the operation of formal education in schools is viewed as a pro-
cess of acculturating children into formal education with the goal of turning them
into good and useful citizens. Educated adults teach children a body of shared
knowledge which has been collected within the academic disciplines that are found
in universities. For mathematics as an academic discipline, the Scholar Academic’s
perceived goal of mathematics curriculum is to initiate the child into the disciplinar-
ity of mathematics.

Social Reconstruction Ideology

Based on the assumption that human society is plagued or threatened by social
inequality, political corruptions and so on. Social Reconstructionist believes that the
only solution is to educate the next generation by shaping student’s beliefs and
behaviour so that in time to come they will grow up to be adults who will prevent
the continuation and worsening of the existing social problems.

Social Efficiency Ideology

Curriculum designers holding the Social Efficiency ideology believe that the pur-
pose of schooling is to meet the societal demands by training its youth to function
as future mature contributing members of the society. The content of whichever
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taught subject must include workplace skills and procedures, as well as domestic
craft skills that when applied would guarantee productive lives and the perpetuation
of a functional society.

Learner-Centred Ideology

The Learner-Centred ideology focuses on the needs and concerns of the individual
learners. Thus, the ultimate goal is to create a curriculum that develops around the
learner’s sensitivity and responsiveness rather than theories about learners. Through
this lens, learning experience in instructional design is the main feature of learner-
centred education.

7.2.2  Major Changes in Singapore Education Landscape
and Their Impact on Mathematics Education Through
the Lens of Curriculum Ideologies

Survival-Driven Phase (1959-1978): From Scholar Academic to Social
Reconstruction

This period is characterised by the thrust to (1) employ education to resolve some of
the pressing conflicts and dilemmas Singapore was facing in the 1950s and (2) to
expand educational opportunities in Singapore so as to democratise education as
well as to achieve national cohesion and economic restructuring of the society. In
short, this phase concerned conflict resolution and quantitative expansion (Yip, Eng,
& Yap, 1990). Singapore gained her independence in 1965, and with the People’s
Action Party (PAP) in power, a shift of emphasis from academic to technical educa-
tion took place in order to supply the then much needed manpower for the nation’s
industrialisation (Kaur 2014). Through the lens of curriculum ideology, it may be
said that there was a shift of ideology from Scholar Academic to Social
Reconstruction.

In this phase, all the ethnically (and culturally) diverse educational streams began
to merge into a unified national system with English being the first language and the
mother tongue being the second. Education in one language can be seen as a melting
pot for the diverse races in Singapore. Mathematics, being one of the core subjects,
was taught in English, and hence the examination board of choice was the University
of Cambridge Local Examinations Syndicate. For a chronicle of the various changes
in the Singapore mathematics syllabi, the reader is referred to Lee (2008).

Efficiency-Driven Phase (1979-1996): Social Efficiency Reigns

Among certain weaknesses of the Singapore education system that surfaced out
nearer the end of the 1970s was a high education wastage in the form of low literacy
levels in the country (Goh and the Education Team Study, 1979). The New Education
System (NES), which was put in place in 1981 resulting from the aforementioned
team study, implemented ability-based streaming at both the primary and secondary
levels. Taking care of the varied abilities of students, streaming as recommended by
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Goh’s report would enable weaker students to develop at their own pace and to have
enough runway for them to reach their personal maximum capacity. Even for stu-
dents who were less academically inclined, streaming would ensure that these stu-
dents have sufficient basic literacy and numeracy for skills training.

The NES saw the development of the new primary mathematics curriculum com-
prising detailed syllabi, textbooks, workbooks and teacher guides, all completed
with the collaboration of experienced mathematics teachers from schools, the
Ministry of Education and curriculum experts both internationally and locally (i.e.
from the Curriculum Development Institute of Singapore, CDIS). An important
approach introduced in the 1981 revised curriculum was the concrete-pictorial-
abstract approach to teaching and learning mathematics. For a history of how this
approach and its impact on Singapore mathematics education, the reader may con-
sult Leong, Ho, Cheng (2015). A manifestation of this approach was the “model
method”, introduced by CDIS, which was designed specifically to help students
who had difficulties with word problems (Kho, 1987). A significant milestone in the
Singapore mathematics curriculum was placed when the Curriculum Development
Division of the Ministry of Education was set up in 1981 to review and revise all the
mathematics syllabi. To articulate the philosophy of the revised curriculum, a frame-
work (now known as the Singapore Mathematics Curriculum Framework) was pro-
posed with mathematical problem-solving as its central theme. In the next section,
we shall compare and contrast the components of this framework with that of the
dimensions appearing in the PSA assessment framework. In summary, the Singapore
Curriculum Framework “presents a balanced, integrated vision that connects and
describes the skills, concepts, processes, attitudes and metacognition” (Leinwand &
Ginsburg, 2007, p. 32). The revised mathematics syllabi were implemented in 1981
for both the primary and secondary schools, stressing on problem-solving.

Ability-Based, Aspiration-Driven Phase (1997-2011): Moving Out of Social
Efficiency

Two major education movements were introduced during this phase. In 1997, the
then Prime Minister, Mr. Goh Chok Tong, in his speech at the opening of the Seventh
International Conference on Thinking called for changes to be made to the existing
education system. “The task of education must therefore be to provide the young
with the core knowledge and core skills, and the habits of learning, that enable them
to learn continuously throughout their lives...equip them for a future that we cannot
really predict” (Goh, 1997). The national vision “Thinking Schools, Learning
Nation” (TSLN) called the nation to build a total learning environment that extends
beyond the perimeters of the school to the whole country. As a result of this, the
Desired Outcomes of Education (DOE) were formally documented and published in
1988, and these represent qualities that “educators aspire for every Singaporean to
have by the completion of his formal education” (Kaur 2014, p. 27). The most nota-
ble impact on the education system was the creation of room for the implementation
of three initiatives: National Education (NE), Information and Communication
Technology (ICT) and Critical and Creative Thinking (CCT) (MOE, 2021).
Consequently, the Ministry of Education set in a content reduction of all school



7 K-12 School Mathematics Curriculum: Insights on Development, Renewal and... 113

subjects, i.e. about 10-30% cut in the content syllabi was implemented in 1999 but
without reduction in teaching time. This content reduction then set the tone for the
next initiative announced in 2005, called “Teach Less, Learn More” (TLLM).
TLLM brought about a shift of emphasis from efficiency-driven education system
to one that focuses on quality and choice in learning. The emphasis was for educa-
tors to better engage students in their own learning through more effective pedago-
gies; for instance, teachers need to spend more time reflecting on their classroom
practices, constantly improving on the style of delivery and the quality of interac-
tions — both peers and students. In the classroom, the emphasis is on the quality of
classroom interactions, opportunities for expression, acquisition of lifelong skills
and student character development. Concurrently, there is de-emphasis on quantity
of rote learning, repetitive class tests, use of “model answers” and memorisation of
formulae.

Following the content reduction exercise, a revision of the mathematics syllabi
was undertaken to (1) update the content to keep abreast with the latest develop-
ments and trends in mathematics education and (2) explicate the thinking processes
inherent in the subject and to encourage the use of ICT tools in the teaching and
learning of mathematics (Kaur 2014). The revised curriculum was implemented in
2001, and in the same year, textbooks for primary school mathematics were priva-
tised. All textbooks used in schools must be approved by the Ministry of Education.
Since 2001, the school mathematics curriculum undergoes revision every 6 years to
ensure that the curriculum stay relevant in this rapidly changing, highly competitive
and technologically driven world. Revision of the syllabi took place in 2006, and the
revised syllabi were implemented in 2007. One important change in the Mathematics
Curriculum Framework that took place between 2001 and 2006 was the replace-
ment of “Deductive Reasoning” and “Inductive Reasoning” by “Thinking Skills”,
which was meant to encompass a wider spectrum of higher-order thinking skills
available to mathematics students (refer to Fig. 7.2, Processes under 2001-2006).
For the familiarity with the use of technology in mathematics, the use of calculators
was introduced to the Primary 5 and 6 mathematics syllabi with their formal use in
the Primary School Learning Examination (PSLE) in 2009. For the revised second-
ary school syllabi, algebraic manipulation skills were put in the limelight. Note that
“Probabilistic” and “Analytical” concepts were included under Concepts.
Additionally, “Estimation and Approximation” was just named as “Estimation”.
“Mental calculation” and “Arithmetic manipulation” were bunched up under
“Numerical calculation”. “Communication” was expanded to include reasoning and
connection and reclassified under Processes. In order to allow students better appre-
ciate the practical uses of mathematics, “Applications and modelling” was added in
Processes. The skill of “Handling data” has been expanded to “Data analysis”,
which is higher-order statistical skill. For attitudes, “Appreciation” was included to
reflect the need for students to appreciate the beauty and versatility of mathematics.
To emphasise on students’ autonomy in learning, “Self-regulation of learning” was
included to illustrate the need for students to monitor their own cognitive processes
in learning mathematics.
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Secondary Three (O Level Mathematics)
(Strand: Geometry and Measurement)
Content Learning Experience
Properties of Circles Students should have the oppor-
tunity to:
1. Symmetry a) use paper folding to visual-
e Equal chords are equi- ise the properties of circles
distant from the centre .
° ... b) use dynamic geometry soft-
ware to explore the proper-
2. Angle properties ties of circles ...
e Angleinasemicircleis a
right angle
L]

Fig. 7.2 An example of a portion from the secondary mathematics syllabus (MOE, 2012)

Values-Based, Student-Centric Phase (2012-Present): From Social Efficiency
to Student Centred

The Curriculum 2015 Committee set up in 2008 looked into the twenty-first-century
skills and mind-sets of mind which are required to prepare future generations in
Singapore for a globalised world (MOE, 2009). The committee presented the 21st
Century Competencies Framework in 2010 — a point we shall be expanding on in
Sect. 7.4. Two years later, Mr. Heng Swee Keat, the then Minister of Education,
noted in his keynote speech at the Singapore Conference in the United States of
America that the Singapore education system would shift its emphasis to (1) aid
every child in accessing the new economic future, (2) centre the system on the stu-
dents’ aspirations and passions and (3) inculcate core values and develop core skills
(Heng, 2012). Additionally, Mr. Heng announced that the education system enters
into a “value-driven, student-centric” phase. In response to this call, the Academy of
Singapore Teachers was set up to develop professional competencies and excellence
in supporting student-centric and values-driven education in Singapore schools.

A review of all mathematics syllabi, from primary through secondary to preuni-
versity levels, took place in 2010 in view of the twenty-first-century competencies
unveiled by the Curriculum 2015 Committee. The revised syllabi of 2012, imple-
mented in 2013, explicated that the mathematics learning is an essential twenty-
first-century skill which is fundamental in the development of a highly skilled and
well-educated manpower to support technology- and innovation-driven economy.
The goal of the national mathematics curriculum is to “ensure that all students will
achieve a level of mastery of mathematics that will serve them well in their lives,
and for those who have the interest and ability, to pursue mathematics at the highest
possible level”. In particular, relevance in mathematics learning is underscored via
“learning experiences”. An example of a portion of the secondary mathematics syl-
labus is shown in Fig. 7.2.

Note that the statements are phrased in the form “students should have the oppor-
tunities to ...” so that teachers who design the classroom lessons can be mindful in
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adopting a student-centric approach, where the engagement of students in co-
creation of knowledge is held at a premium status, focusing on sense-making in the
creation of knowledge, and collaboration and communication of ideas through the
use of accurate mathematical vocabulary. The new 2016 mathematics syllabi
includes problems in real-world contexts (PRWC), which again stress on the appli-
cability and versatility of mathematics (for a discussion on PRWC in terms of pol-
icy, how it works and how NIE has implemented it in its courses, see Chap. 5).
Students are expected to apply their mathematical concepts, knowledge and skills to
derive solutions to problems or challenges couched within authentic real-world
contexts.

Mathematics curriculum revisions take place in cycles of 6 years, and this prac-
tice applies to the preuniversity syllabi too. For a parallel curriculum analysis of
Singapore preuniversity mathematics, the reader may refer to Ho and Ratnam-Lim
(2018) and Ho, Toh, Teo, Zhao and Hang (2018b). In those two works, similar
observations were made concerning the shift of curriculum ideologies and the
resulting changes in the various “A” level mathematics syllabi. As a summary of
what we have discussed so far, we tabulate all the changes in the Singapore
Mathematics Curriculum Framework within the last three phases of the education
system in Fig. 7.3.

After having seen how each time period brought forth specific changes in the
curriculum in terms of the components of the Singapore Mathematics Curriculum
Framework, we now move on to the next section where we match the PISA assess-
ment dimensions to the components of the above framework.

7.3 Commonalities Between PISA Assessment Dimensions
and the Components of Singapore School Mathematics
Curriculum Framework

7.3.1 PISA Assessment Dimensions for Mathematics Literacy

In 2012, the domain that was tested in detail was mathematical literacy, and PISA
2012 was built on a modified mathematics framework which incorporated the
computer-based assessment of mathematics and included those processes that stu-
dents undertake when using mathematical literacy and the fundamental mathemati-
cal capabilities that underlie those processes. Before we examine these processes in
detail, we pause for the official OECD definition of the domain of mathematical
literacy: “An individual’s capacity to formulate, employ, and interpret mathematics
in a variety of contexts. It includes reasoning mathematically and using mathemati-
cal concepts, procedures, facts and tools to describe, explain and predict phenom-
ena. It assists individuals to recognise the role that mathematics plays in the world
and to make the well-founded judgments and decisions needed by constructive,
engaged and reflective citizens” (OECD, 2013, p. 17).
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Component 1991-2000 2001-2006 2007-2012 2013-beyond
Concepts e Numerical e Numerical e Numerical e Numerical
e Geometrical e Geometrical e Geometrical o Geometrical
o Algebraic e Algebraic e Algebraic e Algebraic
e Statistical o Statistical o Statistical o Statistical
e Probabilistic e Probabilistic
e Analytical e Analytical
Skills e Estimation & e Estimation & e Numerical e Numerical
Approximation Approximation calculation calculation
e Mental e Mental o Algebraic o Algebraic
calculation calculation manipulation manipulation
e Communication | ¢ Communication | e Spatial e Spatial
e Use of e Use of visualisation visualisation
mathematical mathematical e Data analysis e Data analysis
tools tools e Measurement | ¢ Measurement
o Arithmetic e Arithmetic e Use of e Use of
manipulation manipulation mathematical mathematical
o Algebraic o Algebraic tools tools
manipulation manipulation e Estimation e Estimation
e Handling data e Handling data
Attitudes e Appreciation e Appreciation e Beliefs e Beliefs
e Interest e Interest e Appreciation e Appreciation
e Confidence e Confidence e Interest o Interest
e Perseverance e Confidence e Confidence
e Perseverance e Perseverance
Meta- e Monitoring e Monitoring e Monitoring of | e Monitoring of
Cognition one’s own one’s own one’s own one’s own
thinking thinking thinking thinking
o Self- o Self-
regulation of regulation of
learning learning
Processes e Heuristics e Heuristics e Reasoning, e Reasoning,
o Deductive e Thinking skills communication communication
reasoning and and
e Inductive connections connections
reasoning e Applications e Applications
and modelling and modelling
e Heuristics e Thinking
e Thinking skills and
skills heuristics

Fig. 7.3 Evolution of Singapore Mathematics Curriculum Framework (Kaur, 2014)

The PISA mathematics assessment has three dimensions:

Processes

Formulating mathematics encompasses all the activities where students can apply
and use mathematics, i.e. mathematical concepts can be put to use by the students
to resolve a problem or challenge presented to them. This process requires the stu-
dents to transform a given situation into an amenable form that allows relevant
mathematical treatment, exploiting mathematical structure and representations, set-
ting up variables and simplifying the problem by making suitable assumptions.
Employing mathematics means applying mathematical reasoning, using
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mathematical concepts and procedures, facts and tools to derive a mathematical
solution to the given problem or create an argumentation. This process inevitably
involves mathematical skills such as numerical calculations; algebraic manipula-
tion; solution of algebraic equations; exploitation of mathematical modelling prin-
ciples; analysis of the information given in the form of diagrams, charts and graphs;
and so on. Interpreting mathematics involves higher-order level cognitive skills of
reflection, e.g. reflecting upon mathematical solutions and results and assigning
meaning to these in the given context of the problem. This process includes all
opportunities for evaluating mathematical solutions or reasoning in relation to the
problem context, deciding the reasonableness of the results and sense-making of the
situation. A point to note: integrating mathematical modelling into the PISA assess-
ment framework has been a historical cornerstone (see OECD 2003) as reflected in
the definition of mathematical literacy. Because students apply mathematical con-
cepts and tools to solve problems in contexts, their work progresses through a series
of stages as represented by the PISA model of mathematical literacy in practice (see
Fig. 7.3).

Seven fundamental mathematical capabilities are explicitly identified from the
processes: communication; representation; devising strategies; mathematisation;
reasoning and argument; using symbolic, formal and technical language and opera-
tions; and using mathematical tools.

Contexts

Students employ mathematical concepts, knowledge and skills to tackle a myriad of
problems in real-world contexts. These real-world contexts are categorised as
“Personal”, “Societal”, “Occupational” and “Scientific”.

Content

To solve problems and interpret situations in personal, occupational, societal and
scientific contexts, it is necessary to base these on certain mathematical knowledge
and understandings. The OCED, (2013) acknowledges that “in schools, the mathe-
matics curriculum is typically organised around content strands (e.g., number, alge-
bra and geometry) and detailed topic lists reflect historically well-established
branches of mathematics”. For PISA items, situations are drawn up in various ways
based on the different mathematical concepts, procedures, facts or tools. There are
four overarching ideas for content: (1) change and relationships, (2) space and
shape, (3) quantity and (4) uncertainty and data (OECD, 2013, p. 33).

7.3.2 Matching PISA Model for Mathematics Literacy
with the Singapore Mathematics Curriculum Framework

The first commonality shared between the PISA model for mathematics literacy and
the Singapore Mathematics Curriculum Framework (SMCF) is mathematical
problem-solving. PISA 2012 adopted the “view of students as active problem



118 W. K. Ho and E. G. Tay

solvers”. In particular, the three verbs “formulate”, “employ” and “interpret”
describe the three processes in which students engage themselves as active problem-
solvers (OECD, 2013, p. 25). PISA items require participating students to solve
contextualised problems (e.g. see Fig. 7.5).

The central goal of the school mathematics curriculum in Singapore is mathe-
matical problem-solving as reflected in the School Mathematics Curriculum
Framework (Fig. 7.1). The curriculum documents across several revisions (e.g.
MOE, 1990; MOE, 2006) describe problem-solving in terms of what it encom-
passes, rather than as a definition of what problem-solving is:

Mathematical problem solving includes using and applying mathematics in practical tasks,
in real life problems and within mathematics itself. In this context, a problem covers a wide
range of situations from routine mathematical problems to problems in unfamiliar contexts
and open-ended investigations that make use of the relevant mathematics and thinking pro-
cesses. (MOE, 1990, p. 6)

Mathematical problem solving is central to mathematics learning. It involves the acquisi-
tion and application of mathematics concepts and skills in a wide range of situations,
including non-routine, open-ended and real-world problems. (MOE 2006, p. 3)

Several local studies (Foong, 2009) showed that up to 2009, mathematical
problem-solving (MPS) was mostly theoretical talk and not common in classroom
enactments. To address this problem, concerted research efforts were made from
2009 onwards with a new focus of enacting MPS in the classroom. One particular
body of research work was carried out by a team of researchers from the National
Institute of Education (Singapore) comprising Toh, Quek, Leong, Tay and Dindyal
who worked from 2008 to 2011 in actualising the intent of problem-solving curricu-
lum in Singapore under the project MProSE (Mathematical Problem Solving for
Everyone). Crucially, research in MPS has already moved beyond schools to teacher
preparation programme; suffices to say at this point that these research projects have
made a significant impact on the implementation of MPS in the school curriculum.

The second commonality between the two models shows up as a large amount of
overlap of the PISA “Processes” (three categories and seven fundamental capabili-
ties) and the SMCF components of “Processes” and “Skills”. Table 7.1 shows how
the PISA “Processes” match with the SMCF “Processes” and “Skills” components.

According to the PISA framework, students go through the experience of solving
contextualised problems, following closely the mathematical modelling cycle of
“Formulate-Employ-Interpret-Evaluate”. Incidentally, the Ministry of Education
(MOE, 2012) adopts a similar cyclical model for mathematical modelling in schools
(Fig. 7.6).

Although contextualised problems are common in mathematics textbooks and
instructional materials used in schools, it was until 2016 when the revised second-
ary mathematics syllabi specifically included a test item called “Problem in Real
World Context” (PRWC). PRWC questions allow students to demonstrate their abil-
ity in understanding real-world problems and applying salient mathematical con-
cepts, deriving solutions and interpreting their meanings and relevance in
contextualised situations. A sample PRWC question, such as the one shown in
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Table 7.1 Matching PISA “Processes” with SMCF “Processes” and ““Skills”

Singapore
Mathematics
PISA framework for Curriculum
mathematics literacy Framework
Processes Processes/skills
Category Formulating situations Processes Applications and
mathematically modelling
Employing mathematical Processes Applications
concepts
Interpreting, applying and Processes Reasoning,
evaluating mathematical connections
outcomes
Fundamental Communicating Processes Communication
mathematical
capabilities
Mathematisation Processes Modelling,
connections
Representation Processes Applications and
modelling
Reasoning and argument Processes Reasoning
Devising strategies for Processes Heuristics
problem-solving
Using symbolic, formal and | Processes Communication
technical language and
operations
Using mathematical tools Skills Use of
mathematical tools

Fig. 7.7, usually features a part question that is open-ended requiring students to
make a decision or choice that is supported by sound mathematical justification.
The interested reader may appreciate the similarities and differences of the PISA
item displayed in Fig. 7.4 and the sample Singapore PRWC question in Fig. 7.7.

The third commonality between the two models is the high similarity of the
selected content topics. Table 7.2 matches the content topics of the PISA assessment
with the items appearing under the “Concept” component of the SMCF.

In view of the classroom pedagogies and practices that enact the Singapore
mathematics curriculum, as depicted by the SMCEF, it therefore comes as no surprise
that Singapore students are already familiar with the disciplinarity of mathematics
insofar as the PISA model for mathematical literacy is concerned. The daily accul-
turation of students into active problem-solvers, directed by well-thought and effi-
ciently implemented educational initiatives, naturally justifies the sustained stellar
performance of Singapore students in PISA from 2009 to 2015.

Chan, Ng, Lee, Dindyal (2019) note that “through expanding the idea of problem
solving to incorporate applications and modelling, the Singapore mathematics cur-
riculum has poised itself in being relevant by implementing reformed pedagogies
and developing 21st Century skills with applications and modelling during a time of
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Challenge in real-world context
Mathematical content categories: Quantity, Uncertainty and Data,
Change and Relationships, Space and Shape
Real-world context categories: Personal, Societal, Occupational, Scientific

Mathematical thought and action
Mathematical concepts, knowledge and skills
Fundamental mathematical capabilities: Communication, Representation,
Devising Strategies, Mathematisation, Reasoning and Argument, Using Symbolic,
Formal and Technical Language and Operations, Using Mathematical Tools
Processes: Formulate, Employ, Interpret/Evaluate

Formulate

Problem in Context Mathematical Problem

Evaluate

Interpret

Results in Context Mathematical Results

Fig. 7.4 PISA model for mathematical literacy in practice (OECD, 2013, p. 26)

REVOLVING DOOR

A revolving door includes three wings which rotate within a circu-
lar-shaped space. The inside diameter of this space is 2 metres (200
centimetres). The three door wings divide the space into three equal
sectors. The plan below shows the door wings in three different
positions viewed from the top.

Entrance

Py

Exit

QUESTION
The door makes 4 complete rotations in a minute. There is room
for a maximum of two people in each of the three door sectors.
What is the maximum number of people that can enter the building
through the door in 30 minutes?

(A)60 (B) 180 (C)240 (D)720

Fig. 7.5 Sample PISA item: revolving door. Source OECD (2013, pp. 33-35)
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Mathematical
World

Real
World

FORMULATING

= Understand the problem

m Make assumptions to
simplify the problem

n Represent the problem
mathematically

Real-world Problem Mathematical Model

SOLVING
REFLECTING = Select and use
appropriate
. E{:ﬁﬂﬁg;on the real-world mathematical methods
and tools (including ICT)
= Improve the model  Solve the problem and

present the solution

Mathematical Solution

Real-world Solution

INTERPRETING

n Interpret the
mathematical solution in
the context of the
real-world problem

= Present the solution of

the real-world problem

Fig. 7.6 A simple view of the mathematical modelling process (MOE, 2012)

change”. In the next chapter, we shall compare and contrast the twenty-first-century
competency skills identified by OECD for PISA and the Ministry of Education for
the Future of Mathematics Education in Singapore.

7.4 Twenty-First-Century Competency Skills: PISA 2021
and the Future of Mathematics Education in Singapore

Instead of adopting a congratulatory stance that indulges ourselves in the past
success of Singapore students in PISAs, it is perhaps more important for us to move
on as a nation that prepares ourselves for future challenges. What lies beyond PISA
then? Before we attempt to answer this question, one ought to look into the future
of PISA, at least in the near future. Note that although mathematics was assessed by
PISA in 2000, 2003, 2006, 2009, 2012, 2015 and 2018, mathematics was only
tested as the main area of focus in 2003 and 2012. In 2021, mathematics will again
be the major domain to be assessed. In view that PISA 2021 offers the chance for
comparisons in student performance over time, especially in light of the changes
that are taking place in the twenty-first century globally, the discipline of mathemat-
ics and also in educational policies and pedagogies, OECD saw the pressing need to
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Palmleaf is a grower and distributor of oil palm seeds with two storage groves
at Alisano and Balsama. Currently, Palmleaf'is holding 20 000 tonnes of oil palm
seeds at Alisano and 15 000 tonnes of oil palm seeds at Balsama. Palmleaf has
its processing plants at Cupidia and Dugonia with capacities of handling 10 000
tonnes and 30 000 tonnes of oil palm seeds respectively. The distances between
the storage grooves and the processing plants are shown below.

Alisano 1 Cupidia

(20 000 t) (10 000 t)
1

Balsama Dugonia

(15000 t) 2 (30000 t)

Let a1 and a» denotes the number of tonnes of oil palm seeds that are to be
transported from Alisano to Cupidia and Dugonia respectively. Let by and b,
denotes the number of tonnes of oil palm seeds that are to be transported from
Balsama to Cupidia and Dugonia respectively. Each kilometre (km) a tonne (t)
of oil palm seed travels is called a kilometre-tonne (kmt). Palmleaf has con-
tracted a local trucking company to transport its oil palm seeds at a flat rate of 10
cents for every kilometre-tonne (kmt) of oil palm seeds.

(a) Write an expression, in terms of ai, a2, b and b, for the total cost $C for
transporting all the oil palm seeds from the storage groves to the processing
plants. [1]

(b) Mr Yeo is a manager at Palmleaf. To minimise the transportation cost $C,
he suggests that the company should transport the maximum amount of oil
palm seeds from Alisano to Cupidia (to be processed) because the distance
between them is the shortest, i.e. a1 = 10 000. If the company follows Mr
Yeo’s suggestion, find the transportation cost. [2]

(¢) Mr Ho is another manager at Palmleaf. To minimise the transportation cost,
he suggests a1 = b1 = 5000. Ms Ng is the owner of Palmleaf. She has to first
decide whether Mr Yeo’s or Mr Ho’s suggestion will result in a lower trans-
portation cost. Then she has to find out, by using algebra, whether there is
any other combination of ai, a2, b1 and b, that will give the least transpor-
tation cost. What should her decision be? Show your calculations and alge-
braic working clearly. [7]

Fig. 7.7 “O” level mathematics: problem in real-world contexts. (Source: Yeo, Choy, Ng, and Ho
(2018), with permissions from Shing Lee Publishers Pte Ltd.)
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Table 7.2 Matching PISA “Content” with SMCF “Concepts”

PISA framework for Singapore Mathematics

mathematics literacy Curriculum Framework

Content Quantity Concepts Numerical
Space and shape Geometrical
Change and Algebraic,
relationships analytical
Uncertainty and Probabilistic,
data statistical

re-examine and make changes to the PISA assessment dimensions for mathematical
literacy. For the purpose of PISA 2021, the definition of mathematical literacy was
modified as follows:

Mathematical literacy is an individual’s capacity to reason mathematically and to formu-
late, employ, and interpret mathematics to solve problems in a variety of real world con-
texts. It includes concepts, procedures, facts and tools to describe, explain and predict
phenomena. It assists individuals to know the role that mathematics plays in the world and
to make the well-founded judgements and decisions needed by constructive, engaged and
reflective 21st century citizens. (OECD, 2018)

The new direction adopted by the OECD is to steer away from the performance of
basic mathematical calculations towards meet the challenges of the rapidly chang-
ing world mastered by fast-advancing technology. Hence while being faithful to the
existing spirit of mathematical literacy such as that spelt out in PISA 2003 and 2012
frameworks, the new PISA 2012 framework aims for students to “make judgements
for themselves and the society they live in”. Thus, the distinctive contribution that
the PISA 2021 framework makes is to underscore the central theme of mathemati-
cal reasoning both to the problem-solving cycle and to mathematical literacy in
general. This central position of mathematical reasoning is illustrated as the stoke of
the wheel of mathematical literacy about which the problem-solving processes
(comprising “formulate”, “employ”, “interpret and evaluate™) revolve (Fig. 7.8).

Mathematical reasoning operates at two levels. On the first level, mathematical
reasoning is needed to employ their mathematical content knowledge to recognise
the mathematical nature of the problem and to formulate it mathematically. On the
second level, mathematical reasoning is the driving force behind the choice of the
problem-solving heuristics, the mathematical tools and procedures, etc. that would
eventually be used to construct the solution to the formulated problem. Mathematical
reasoning is also required in the interpretation and evaluation of the proposed solu-
tion to the problem in the given context. Since the outer circle of processes aids the
student in interacting with the contexts of the problem, one would expect that the
processes are set into motion across a spectrum of contexts in relation to the various
content categories, namely, “quantity”, “uncertainty and data”, “change and rela-
tionships” and “space and shape”. PISA 2021 problem contexts will still be classi-
fied under “personal”, “occupational”, “societal” and “scientific”.

A unique construct in the PISA 2021 framework is the identification of a set of
eight twenty-first-century skills which can be found in the complete illustration of
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Fig. 7.8 Relationship
between mathematical
reasoning and problem-
solving processes (OECD,
2018, p.9)

Interpret &
Evaluate

the PISA 2021 framework (Fig. 7.9). (For an in-depth discussion on 21st Century
Competencies Framework and mathematics education, see Chap. 12.) It is interest-
ing to note that while it is not the intention that the test items be crafted to involve
the testing of these twenty-first-century skills, it is to be expected that “by respond-
ing to the spirit of the framework and in line with the definition of mathematical
literacy, the 21st century skills that have been identified will automatically be incor-
porated in the items” (OECD 2019).

“Mathematical reasoning” has been incorporated as an essential item under
“Processes” in the Singapore Mathematics Curriculum Framework since 2007, and
so there is no further need for us to dwell on its importance. In view of the upcoming
challenges due to globalisation, changing demographics and technological advance-
ments in the twenty-first century, the Ministry of Education has formulated a frame-
work for the 21st Century Competencies and Student Outcomes (MOE, 2018) to
guide the education system in preparing the next generation of students to overcome
the aforementioned challenges (Fig. 7.10).

The framework for twenty-first-century competencies has a three-tiered struc-
ture. The inner most core represents the set of core values that underpins knowledge
and skills required in the twenty-first century. This feature stems from the maxim
that the core values define a person’s character and hence determine an individual’s
beliefs, attitudes and actions. The middle layer consists of the social and emotional
competencies which are skills needed by the students to manage their own emo-
tions, develop care and concern for fellow students, be responsible decision-makers
and make and maintain healthy relationships, as well as managing challenges in life
effectively. The outermost layer comprises the emerging twenty-first-century com-
petencies needed for the globalised world that we all live in: (1) civic literacy, global
awareness and cross-cultural skills, (2) critical and inventive thinking and (3) com-
munication, collaboration and information skills. The Ministry of Education
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Challenge in a Real-world Context

Space and Shape

21st-century Skills
Critical thinking
Creativity
Research & inquiry
Self-direction, initiative & persistence
Information use
Systems thinking
Communication
Reflection

Change and Relationship

Contexts
Personal
Occupational
Societal
Scientific

Reasoning :"

It t &
Evaﬂ:ale

Fig. 7.9 The PISA 2021 framework (OECD 2019)
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Fig. 7.10 A framework for 21st Century Competencies and Student Outcomes
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Table 7.3 Matching twenty-first-century competencies in PISA 2021 with those identified by the
Ministry of Education

PISA 2021 Ministry of education

Critical thinking Critical thinking

Creativity Inventive thinking

Research and inquiry Active contributor

Self-direction, initiative and Self-management, self-directed learner

persistence

Information use Information skills

Systems thinking Relationship management, responsible
decision-making

Communication Communication, collaboration

Reflection Social awareness, self-awareness, critical thinking

advocates that the totality of all these competencies will empower our next genera-
tion of Singaporeans to ride on the affordances of the new digital age while keeping
intact a healthy and cohesive Singaporean identity. For the reader’s convenience, we
have matched the twenty-first-century competencies in PISA 2021 with those iden-
tified by the Ministry of Education (see Table 7.3).

From Table 7.3, we see that there is a high level of alignment and agreement in
the identified twenty-first-century competencies by the Ministry of Education with
those set by OECD for the PISA 2021 framework. We do not know if this alignment
would guarantee the sustained stellar performance of Singapore students in PISA
2021 — granted that this matter is, in the authors’ opinion, not so meaningful after
all. What would be meaningful to Singapore mathematics educators is examine how
PISA can impact on the mathematics teaching in Singapore schools, a matter we
shall pursue in the next section.

7.5 PISA and the Singapore Mathematics Classroom

For most Singapore teachers, it would be unlikely that they have visited OECD for
professional development to learn first-hand how PISAs are designed and con-
ducted. However, Internet resources such as data sets and PISA test items prepared
by OECD are free and available for the public. In particular, the OECD resource
titled “Ten Questions for Mathematics Teachers” (OECD, 2016) was prepared with
the classroom teachers in mind, i.e. a compilation of lessons that can be drawn from
the principles and thinking behind the development of PISA mathematics assess