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Abstract: The early optimism for how technology might transform teaching
and learning practices in mainstream school classrooms has long faded in many
countries around the world. Whilst early research findings suggested that this
was due to obvious barriers such as access to the technology itself, more recent
attempts to scale student-access have illuminated other factors and provided a
more sound theoretical foundation for us to understanding the processes and
products of scaling educational technology innovations. This keynote will use
findings from key projects and initiatives to highlight what is being learned —
and how this might inform future endeavours to realise a more 21* century cur-
riculum.

1 Introduction and Overview

This paper summarises the keynote presentation given at CSEDU 2016 in Rome
that aimed to highlight the complexity of the processes of integration of educational
technology in mainstream classroom. What follows is a brief overview of the talk.

There are many interpretations of how digital technologies impact upon learners’
educational experiences in the broadest sense. I begin by drawing on the ideas of two
early visionaries, Burrhus Skinner and Seymour Papert, on order to contrast their very
different perspectives on children’s learning experiences during school education. I
then use the example of a current large-scale longitudinal research study in England to
highlight the processes and products of scaling that is providing substantial research
evidence to enable us to characterise features of successful widespread implementa-
tions. I conclude by highlighting the implications of these findings and suggest ques-
tions for future research and further consideration by the educational technology de-
sign and research communities.
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2 Early Optimism — The Visionaries in Education

Technology is not a new idea in education. There have been significant attempts at
technology integration in education since the early 1900s. For example, the introduc-
tion of paper and pencil caused much anxiety for teachers who had developed confi-
dent practices in their classrooms with the traditional classroom slate, based on teach-
er exposition and rote learning. Teachers questioned why they should opt for a new
technology that threatened aspects of their existing pedagogic approaches, such as the
requirement to mark students’ written work and hand it back to them. Worries about
the spiraling costs of widespread implementation of paper and pencils were expressed
- alongside concerns about the need for new pedagogies and classroom management
techniques. The arrival of moving film in the 1910s promised another educational
revolution - with pioneers such as Thomas Edison predicting widespread use of what
we now call video in the future. The radio broadcasts of the 1920s prompted similar
predictions. In my own primary school education in England during the 1960s we had
radios on the wall of all classrooms and it was a commonly used media as the class sat
to listen to stories and plays. Similarly for television in the 1950s and, with the arrival
of computers to mainstream education in the 1970s, again came an early optimism
and the promise of yet another educational technology revolution.

However, there were very different views on how all of these technologies might
impact on the students learning experiences. I contrast the perspectives of two early
visionaries to highlight this point.

The psychologist and social philosopher B.F Skinner, conceived an early mechani-
cal teaching machine. In Skinner’s vision of the classroom students worked individu-
ally and in silence as they responded to exercises that were administered and ‘as-
sessed’ by the learning machine. See Figure 1.

Figure 1 A boy working on a teaching machine (c1950)

Skinner claimed that use of the teaching machine would lead to the “formation of
correct behaviours — the student quickly learns to be right” by giving immediate feed-
back to students and, by doing so, students would be “free of uncertainty or anxiety
about success or failure — his work is pleasurable” [1].

By contrast, the mathematician Seymour Papert, who was the father of construc-
tionism, believed that computers could be an expressive medium for students’ own
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mathematical ideas and creations saying “the idea is simple, let a child learn mathe-
matics by speaking in mathematics about things that really matter to him” [2]. With
colleagues at MIT, he developed the LOGO programming language and its most in-
fluential peripheral device, the floor turtle. See Figure 2.

Figure 2 Young children working with a LOGO floor turtle (c1980)

Furthermore, Papert believed that expressive mathematical media such as the LOGO
computing language provided an opportunity to affect the nature of mathematical
knowledge itself, leading to new computational approaches and insights into topics
such as recursion and fractal geometry.

If we move to the present day, the internet abounds with millions of digital exer-
cises in the spirit of Skinner’s vision, and, even though the nature of the interactions
and the opportunity for more nuanced and intelligent feedback are now possible, these
resources are predominantly designed to provide fast and efficient ways to assess
particular educational content that has already been taught. This prompts the question,
what about the digital design of educational content that aims to introduce students to
significant knowledge in the first place?

Within the mathematics education community, technology has been a topic of in-
terest since the early 1980s. The International Commission on Mathematics Instruc-
tion (ICMI) held its very first topic study conference on The Influence of Computers
and Informatics on Mathematics and its Teaching in 1985. During this conference
mathematicians and mathematics educators explored the way the computer was influ-
encing mathematics itself and the way in which mathematicians worked, its likely
influences on the curriculum of high-school and undergraduate students, and the way
in which the computer might be used to improve mathematics teaching and learning
[3].

The topic was revisited by the community in 2008 within the 17" ICMI Study on
Mathematics Education and Technology - Rethinking the Terrain that focused on
“cultural diversity and how this diversity impinges on the use of digital technologies
in mathematics teaching and learning. Within this focus, themes such as mathematics
and mathematical practices; learning and assessing mathematics with and through
digital technologies; teachers and teaching; design of learning environments and cur-
ricula; implementation of curricula and classroom practice; access, equity and socio-
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cultural issues; and connectivity and virtual networks for learning, serve to organize
the study and bring it coherence” [4]. In the opening editorial, Hoyles and Lagrange
highlight a common concern within the mathematics education community that, de-
spite early optimism for the potential for technology to transform school, college and
university education, very little seemed to have changed in the intervening twenty
years with respect to students’ mathematical experiences as learners in classrooms.
Mathematics education research concerning technology use has now shifted to focus
more explicitly on the role of the teacher within technology mediated classrooms
[5,6]. Researchers have begun to articulate the complexity of the teacher’s role, which
combines:
e  Selecting appropriate technologies for teaching mathematical topics.
e Designing tasks that are mediated by chosen technologies.
e  Supporting students to become familiar and confident users of the tech-
nology within the mathematical context (the processes of instrumentation
and instrumentalisation [7]).
e Developing new pedagogies to employ productive use of the technology
in whole-class, small group and individualised teaching.
e Adapting assessment practices to take account of students’ digital work
and productions.

3 Two Important Definitions

In the examples that follow, which are taken from mathematics education, there are
two key terms that warrant deeper explanation: transformative mathematics technolo-
gy and landmark activities.

3.1 Transformative Mathematics Technology

The earlier illustrative examples from Skinner and Papert demonstrate how the un-
derlying affordances of the technological tool can shape and be shaped by the associ-
ated epistemology (and the potential pedagogies). It is possible to take the same tool
and use it in very different ways within educational settings - the technology itself
does not necessarily define its subsequent use. Artigue, referring to secondary math-
ematics teachers’ uses of computer algebra software, commented on “an explosion of
techniques which remain relatively ad hoc, and pose a didactic obstacle to the pro-
gressive building of mathematical activity instrumented in an efficient way”[8]. Con-
sequently, my colleagues and I have defined the term transformative mathematics
technology as a class of ‘computational tools through which students and teachers (re-
Jexpress their mathematical understandings’ [9, 10]. For teachers, these new mathe-
matical understandings concern both the content matter and the related pedagogies.
So when I begin to discuss the scaling of technology, I am referring to the scaling of
this particular class of technologies, an example of which will be provided later.
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3.2 Landmark Activities

When considering both the design and evaluation of technology enhanced learning
at scale, we use the notion of a landmark activity as one that is mediated by a disrup-
tive but carefully designed task that prompts a cognitive breakdown, or a “situation of
non-obviousness” [11]. These landmark activities serve two purposes:

e As focusing tasks for teachers during professional development. Teachers
work through the landmark activities for themselves before working col-
laboratively with colleagues to plan and reflect upon how they intend to
support their students through the planned moments of cognitive conflict
within their particular classroom settings. This approach offers focused
support for teachers as they begin to think how they will respond to a di-
versity of learner responses, supporting them to develop contingent
knowledge.

e As a research methodology to support the evaluation of teachers’ class-
room implementations. i.e. during observations of the landmark activities
being taught in the classroom, judgments can be made concerning the im-
plementation fidelity of the intervention in relation to the design princi-
ples (For more on this theme, see [12]).

4 The Current Picture Around the World

Many countries are now grappling with issues that relate to the scaling of educa-
tional technology in mathematics classrooms. This is partly due to the more ubiqui-
tous nature of technology - even in developing countries — but also due to the im-
mense financial and human investments that have been made to this end.

Around the world, recent research highlights some common and recurring issues ir-
respective of the level of mathematics teaching. For example, it is common that
teachers’ early pedagogies with technology tend to emulate their traditional teaching
approaches. Trigueros, Lozano and Sandoval concluded from their study in Mexican
primary schools that “teachers, who have only received training on the general use of
the software, without a hint of how to introduce them into specific lessons, often de-
velop teaching strategies where technology is used as replacement or amplification”
[13]. Many researchers also comment on the influence of teacher’s confidence to
teach using technology on their resulting practices. In New Zealand, Thomas and
Palmer’s study highlighted the “strong correlation between confidence in using tech-
nology in the mathematics classroom and pedagogical technological knowledge” [14]
in a secondary school setting. Concerning teachers’ motivations to use technology in
their teaching, the research within undergraduate mathematics teaching in Canada by
Buteau and Muller concludes that “overall it seems that the great majority of tutors
who integrate technology into their mathematics teaching do so by their own volition”
[15]. We know much about the issues and barriers that mitigate against teachers’ take-
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up of technology in their mathematics teaching — but far less about the conditions that
might lead to successful implementations on a regional or national scale.

In England, which provides the setting for the research that follows, the situation
is:

e Most secondary mathematics students do not use transformational math-
ematics technology in lessons [16].

e  Most English secondary schools are very well equipped with technology
with ratios of computers to students in the region of 1:3 [17].

e  Most secondary mathematics teachers have had limited training to use
technology in lessons. There are no subject-level standards for technology
competency within teacher training, nor is it mandated that technology
should be used within the National Curriculum and its associated assess-
ments.

5 The Cornerstone Maths Project in England

The Cornerstone Maths project built on the foundations of the SimCalc project in
the US, which had demonstrated students’ learning gains in the key mathematical
topic linear functions in a series of studies [18]. The key features of Cornerstone
Maths are:

* Replacement curriculum units that use mathematical representational tech-
nologies to enhance the teaching and learning of ‘big ideas in mathemat-
ics’ that are ‘hard to teach’.

» Teacher professional development materials, time for professional learning
alongside school-based support.

* A phased research project that is ‘scaling up’ across the country

5.1 Linear Functions — A Landmark Activity, ‘Shakey the Robot’

To give a sense of the particular transformative mathematical technology devel-
oped within the Cornerstone Maths project, a landmark activity from the curriculum
unit on linear functions is described.

The curriculum unit is set within a ‘realistic’ context within which students become
developers of games for mobile phones for a fictitious IT design company in which
their role is to advise the programmers on the mathematics that will make the game
characters move in particular ways — the students use mathematics to analyse and
create simulated motion games.

The design of the (web-based) software and the related tasks for students are based
on the following principles:

e Multiple mathematical representations show a dynamic simulation with
linked representations: animation; Cartesian graph of position-time; table
of values; and mathematical function.
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» Edit functionality enables the simulation to be controlled via the animation,
the graph or function.
* Representations can be shown and hidden, as required and/or necessitated.

Figure 3 shows the software for the landmark activity ‘Shakey the Robot’.
Figure 3 Shakey the Robot
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In a traditional introduction to this mathematical content students would be given
the mathematical function, y=f(x) and, by substituting values of x into the function,
generate a value of y to produce co-ordinate pairs that are then plotted on a Cartesian
graph plane. The Cornerstone Maths environment supports a more experiential ap-
proach whereby the students observe the effect of a particular function on the posi-
tion-time relationship for the character and, by editing different features arrive at a
more meaningful understanding of, in this case, linear functions. In particular, the
resulting mathematical knowledge includes:

* coordinating algebraic, graphical, and tabular representations;
¢ y= mx+c as a model of constant velocity motion — the meaning of m and c in
the motion context.

Within the landmark activity, students are directed to edit Shakey’s graph to pro-
duce a faster and slower animation and, in doing so, make sense of how speed, posi-
tion and time are represented in each of the graph, table and function. For teachers,
the pedagogical challenges arise as they develop ways to mediate the students’ learn-
ing in partnership with the technology.
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To date, we have worked with over 300 teachers from over 100 diverse schools in
England, involving nearly 8000 students aged 11-14 years. Teachers are reporting
positive outcomes — both in terms of their students’ mathematical learning - and their
motivation and attitudes towards learning mathematics. However, how do we decide
whether or not we have ‘scaled’ our innovation?

6 Conceptualising scaling in education

6.1  Scaling educational innovations

Cordingly and Bell carried out an extensive literature review that resulted in a
framework to support how ‘scaling’ might be conceptualised within the context of
educational reform - drawing heavily on the work of Coburn [19], who had conceived
four interrelated and overlapping dimensions:

e Depth: Going beyond surface structures and practices to alter beliefs,
norms of social interaction and pedagogical principles.

e Sustainability: The innovation can better respond consistently to new de-
mands and changing contexts - requires support mechanisms including a
supportive professional community of colleagues within a school.

e Spread: not only increasing numbers (of schools/teachers/students) but al-
so the ways in which reform norms and principles influence identifiable
operational structures such as policies, procedures and professional devel-
opment processes and priorities.

e Ownership: This must shift from an external reform to one controlled in-
ternally.

Cordingly and Bell added fifth dimension, purpose or aim, whereby the goal of the
innovation must be understood and connected to the starting point [20]. Whilst tech-
nology is not specifically excluded, Cordingly and Bell’s review did not focus on, nor
draw any conclusions in relation to any specific aspects of educational technological
innovations.

6.2  Scaling technological educational innovations

Hung, Lim and Huang theorised about the scaling of maths and science technolo-
gy-based educational innovations in Singapore, leading to a product-process model.
By products, they refer to the deliverables (performance indicators) of successful
scaling, which are commonly defined according to strict numeric outcomes (e.g. the
number of teachers, the number of schools, the number of school clusters, etc). The
define innovation-scaling as a set of processes “not to be replicated, but instead to be
re-created / re-instantiated / re-enacted” [21]. In our Cornerstone Maths research we
have applied and expanded Hung et al’s construct to give the themed set of products
and processes as shown in Table 1.
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Table 1 Scaling Cornerstone Maths: Products and Processes

Theme

Products

Processes

1. Geographical reach

a) Number of

schools involved

a) Development of web-
based curriculum activi-
ty system.

b) Development of teacher

community.

b) Number of local

hubs involved

c¢) Development and
maintenance of regional
hub-based offer of pro-
fessional support.

d) Development of school
clusters, supported by
project team leading to
development of local
hubs with local CM pro-

ject lead.

2. School buy-in

¢) Improved student

attainment

e) School-devised methods
to evaluate students’

outcomes

d) Number of whole
departments in-

volved

f) Development of school-
based PD.

g) Support to embed CM
within local of schemes

of work.

e) Wider use of the

h) Teacher use of the mate-

materials rials beyond their origi-
nal project commitment.
(e.g. with older classes
11
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or revision classes).

3. Penetration in f) Number of partic- | i) Development of a lead
mathematics de- ipating teachers in practitioner (who may
partment each school be the subject leader).

j) Development of peer-
support for participating

teachers.

Our earlier phases of work, funded by Li Ka Shing Foudndation, focused on ex-
tending the geographical reach of Cornerstone Maths, which resulted in the refine-
ment of the web-based curriculum activity system, support for the teacher community
and the regional/local professional support through school clusters. However, as the
number of schools has increased and our evaluation research has indicated wide varia-
tion of outcomes related to Theme 2, the school ‘buy-in’ of the innovation, our atten-
tion has moved to research successful features of ‘within-school” scaling that in turn
lead to Theme 3, ‘penetration within departments’.

7 Implications for further research

The current phase of Nuffield Foundation-funded research is responding to the fol-
lowing research questions:

e  What is the impact on teachers’ mathematical knowledge for teaching of
their engagement with cycles of professional development and associated
teaching of the difficult mathematical concepts; algebraic generalisation,
geometric similarity, and linear functions?

¢ What mathematical knowledge for teaching and mathematical pedagogic
practices are desirable for teachers to integrate dynamic visual technolo-
gies in their teaching of these concepts?

*  What are the design features of professional development activities for
lower secondary mathematics teachers that support them to use dynamic,
visual technology in ways that become embedded for both the teachers
and their pupils and lead to effective learning?

Our methodology involves design-based research cycles of co-development of
web-based resources to support ‘within school’ scaling of Cornerstone Maths working
in collaboration with project schools and teachers. We conjecture that, by articulating
the specific mathematical knowledge for teaching and associated mathematical peda-
gogic practices with [Cornerstone] Maths landmark activities, we can produce re-
search-informed professional development resources that better meet teachers’ needs.
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Alongside this, we aim to illuminate the processes of ‘within-school’ scaling through
longitudinal (3 year) case studies in a sample of project schools.

In closing, I would like to highlight for wider consideration three tensions that exist

within the educational design community.

8

1. Do we design technology-enhanced learning for teachers/lecturers that aim
to solve epistemological or pedagogical issues that neither recognise? OR do
we work with teachers/lecturers to design TEL that takes account of prevail-
ing epistemologies/pedagogies?

2. Do we design 21st century technology-enhanced learning to provide access
to 21st century curricula OR do we design 21st century technology-enhanced
learning to support 19th century curricula?

3. Do we design technology-enhanced learning solution ‘because we can’ OR
do we design and implement technology-enhanced learning to develop 21*
century skills/knowledge/practices?

There are no simple answers to these questions, however, whatever you conclude,

without a clear understand about how any technology-enhanced learning might

scale, the efforts and resources might never realize that early optimism!
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