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Abstract
Secondary data analysis (SDA) is the process of transforming and further analysing
previously collected data or information for new research questions and/or with new
techniques or theoretical models. The aim is to generate additional interpretations,
conclusions or knowledge that are different from those reported in the main study. Whilst
SDA within mathematics educational research is not new, it is underutilised within the field
as a genuine form of research, since funded primary research projects are considered the
benchmark in educational research. However, such funding is becoming increasingly difficult
to source and government agencies are looking to leverage the funding they do provide for
research purposes. As such there are opportunities for SDA to contribute to sustaining
mathematics educational research into the future.
SDA is considered a methodology. However, there are very few models that explicitly
describe how to undertake SDA. This thesis advocates and applies a methodological, processbased framework that can be utilised for secondary data analysis in mathematics education
across both quantitative and qualitative paradigms. The Knowledge Discovery in Databases
(KDD) framework is a systematic, iterative and generative process that involves a series of
sequential steps, each with corresponding decision-making components. This thesis utilised
this framework across several different data sets to illustrate how the framework supported
SDA. Across the course of this candidature, there was a need to broaden the original
framework so that it encompassed a wider scope required for educational research. Hence, a
modified version of the KDD framework was developed and is described within the thesis.
This modified KDD (MKDD) framework was also used to analyse data from a secondary
perspective.
This thesis is presented as a series of six publications that advocates for the increased use of
SDA in mathematics education research. Each of the publications adds to the narrative that
SDA and the use of the KDD and MKDD frameworks are valuable to mathematics education.
The first paper adds to the context of the study, describing the availability of data sets for
secondary data analysis in mathematics education. The second paper describes the MKDD
framework and presents an illustrative example of how the KDD framework was used to
manage and analyse a qualitative data set. The third, fourth, fifth and sixth papers all show
how the KDD and MKDD frameworks were used as a process-based approach to SDA that
promoted a systematic way of organising and managing data sets for analysis. Each of these
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four application papers present new insights into mathematics education concerning the areas
of spatial reasoning and the impact of digital technologies on mathematics engagement.
An analytic architecture was developed as a mechanism for explaining the respective
dimensions that were considered in terms of research manuscript development and the
application of the KDD and MKDD frameworks. This architecture incorporates three
elements, namely, (1) paradigm and methodological approach; (2) data source and context;
and (3) data composition. Such an architecture provides researchers with an overarching
understanding of how various data sets can be considered for SDA.
Several implications for practice and policy emerged from the research. From a practice
perspective, there needs to be an increased uptake of SDA through the MKDD framework in
mathematics education. This would provide opportunities for existing data sets to highlight
new theoretical and conceptual perspectives and lessen the burden on schools and education
systems to support primary data collection. From policy perspective, undertaking SDA would
increase the value proposition of the research funding provided to researchers, which may in
turn, increase the number data sets made available for SDA in national repositories. If SDA is
used more broadly, there will be less reliance on empirical data collection, more opportunities
for early career researchers and HDR students, better use of government funds and new
knowledge and insights from data that may have previously been rendered dormant once
research projects are completed.

Keywords
secondary data analysis; knowledge discovery in data; analysis framework; educational
research; mathematics education

ii

Table of Contents

Abstract .................................................................................................................................................... i
Keywords .................................................................................................................................................ii
Certificate of authorship ..........................................................................................................................iii
Acknowledgements ................................................................................................................................ vii
Part 1: Introduction to the thesis.............................................................................................................. 1
Introduction ................................................................................................................................. 1

1.
1.1.

Preamble .................................................................................................................................. 1

1.2.

Rationale and aims .................................................................................................................. 1

1.3.

Background of the study.......................................................................................................... 4

1.3.1.

Secondary data analysis in educational research ............................................................. 4

1.3.2.

Knowledge Discovery in Databases (KDD).................................................................. 12

1.3.3.

Connecting KDD to secondary data analysis in education............................................ 14

1.3.4.

Research questions ........................................................................................................ 16

1.4.

Significance of the study ....................................................................................................... 16

1.5.

Structure of the thesis ............................................................................................................ 17

1.5.1.

Development of the papers for the thesis .......................................................................... 17

1.5.2.

Summaries of the papers ................................................................................................... 19

1.6.

References ............................................................................................................................. 22

1.7.

Paper 1: Starting a conversation about open data in mathematics education research .......... 29

Part 2: Design of the MKDD framework .............................................................................................. 39
2.

Paper 2: A practical, iterative framework for secondary data analysis in educational research 39

Part 3: Application of the KDD and MKDD frameworks ..................................................................... 61
3.
3.1.

Four applications of the KDD and MKDD frameworks ........................................................... 61
Paper 3: Co-thought gestures: Supporting students to successfully navigate map tasks ....... 61

3.2. Paper 4: The influence of test mode and visuospatial ability on mathematics assessment
performance ....................................................................................................................................... 81
3.3. Paper 5: Gender perspectives on spatial tasks in a national assessment: A secondary data
analysis. ........................................................................................................................................... 103
3.4.

Paper 6: Digital games and mathematics learning: The state of play. ................................. 125

Part 4: Conclusions and Implications .................................................................................................. 159
4.
4.1.

Outcomes of the study ............................................................................................................. 159
Findings in relation to the research questions of the study.................................................. 159

4.1.1.
What types of architectures are required to design research using secondary data analysis
in ways that broaden the scope of the methodology? ...................................................................... 159

v

4.1.2.
How do the KDD and MKDD frameworks support the analysis of multiple data sets, from
multiple sources, within a given field? ............................................................................................ 163
4.1.3.
In what ways does secondary data analysis produce new findings that continue to develop
our understanding of students’ mathematical thinking? .................................................................. 165
4.2.

Implications for research practice and policy ...................................................................... 168

4.2.1.

Research practice ............................................................................................................. 168

4.2.2.

Policy ............................................................................................................................... 169

4.3.

Limitations and areas for future research ............................................................................ 170

4.3.1.

Limitations....................................................................................................................... 170

4.3.2.

Areas for further research ................................................................................................ 171

4.4.

References ........................................................................................................................... 173

vi

Acknowledgements
Firstly, I would like to express my gratitude to my PhD supervisors Prof Robyn Jorgensen and
Prof Robert Fitzgerald for your patience, insights and guidance over the past few years. You
encouraged me to undertake this journey and were with me every step of the way and for that
I am extremely appreciative.
A heartfelt thank you to my work supervisor and colleague Prof Tom Lowrie for your
insightful comments on my research and continued encouragement to complete my thesis.
You provided time and space for me to work on the research and I would not be where I am
now without you.
I would also like to thank Prof Tom Lowrie and Prof Carmel Diezmann for trusting me with
your research data in order to complete aspects of this research. It has been a great privilege to
be involved with your work and have you as co-authors. Thank you to Ms Kim Woodland, I
have valued your contribution to the research we have undertaken. A thank you must also go
to the anonymous reviewers of the publications. The rigour and impartiality of the academic
publishing process has resulted in important feedback that has been critical to the
development of quality manuscripts.
My sincere thanks to my colleagues at the University of Canberra, and in particular, the team
in the STEM Education Research Centre for your encouragement and feedback on various
aspects of the thesis. Kevin Larkin from Griffith University receives a big thank you for
taking the time to read and edit the thesis.
Finally, I would like to acknowledge with sincere gratitude, the support and love of my
husband, Mathew, my two children, Lachlan and Alexander, and all my family. In their own
way, they all kept me going and without them this thesis would not have been possible.

vii

Sustaining mathematics education
research: A secondary data analysis
framework
Part 1: Introduction to the thesis
1. Introduction
1.1. Preamble
This thesis is presented as a series of publications that advocates for the increased use of
secondary data analysis (SDA) in mathematics education research. It proposes a modification
of an existing framework through which secondary data analysis can be successfully
undertaken and argues that this provides insights into students’ mathematical thinking in
relation to spatial reasoning and digital experiences. The rationale behind presenting the thesis
in this format is twofold: (1) the use of a framework to undertake secondary data analysis, in
context, has been validated and verified through the peer review process of academic
publication; and (2) it was a more powerful way to demonstrate the application of a
framework to multiple data sets and contexts through the publication of multiple papers.
Unlike a chapter-based thesis, the reader will find elements of repetition within the papers as
the majority utilise either the original framework or the modified version within the design
and structure of the papers, as well as within the methodology. This provides evidence of the
frameworks’ applicability across a diverse range of data. The thesis guides the reader through
the narrative encompassing this research, concluding with the cumulative effect of the papers,
the significance of the findings and the contribution of knowledge to mathematics education.

1.2. Rationale and aims
The foundation of this research considers two sequential lines of logic, namely: (1) the
mandate that most if not all funding bodies require research project data to be stored in digital
repositories and made available for re-use by others; and (2) with the increase in research data
in these repositories, there is a need to better understand SDA as a valid and meaningful
methodological approach to undertaking important educational research. SDA “involves the
utilisation of existing data, collected for the purposes of a prior study, in order to pursue a
research interest which is distinct from that of the original work” (Heaton, 1998). Further
explanation about SDA is provided in Section 1.3.1.
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1. Since the release of the Organisation for Economic Co-operation and Development’s
(OECD) (2007) document, Principles and guidelines for access to research data from public
funding, funding bodies have moved to mandate the storage and sharing of research data from
publicly-funded projects. In the sciences, such practices are becoming more common place
(Butlin, 2011). In the social sciences the uptake has been slower, with the exception of some
long-standing repositories such as The UK Data Archive (Bryman, 2015). With developments
in digital technology, the capacity to collect, store and share digital data is now widely
available. This has resulted in a shift in priorities for governments and funding bodies in
Australia and internationally in how research is funded and supported with a focus on
collaboration and establishing infrastructure and research services across sectors (Lowe,
2015). To this end, research funding bodies have identified a possible mismatch between the
cost of undertaking empirical research and the impacts and benefits of that research to wider
society, that is, beyond academic publications and acknowledgment (Houghton & Gruen,
2014). In response to this, funding bodies have advocated for the storage and re-use of
empirically collected research data from publicly funded projects and recommended that such
data are made available to others through data repositories once the research project has
reached its natural finish. While rules and regulations surrounding the storage, curation and
access to data repositories vary greatly across countries, a common understanding is the need
to better leverage the investment in research and in particular educational research. Section
1.7 of the Introduction (Paper 1) describes the recent history and context of data access and
sharing in mathematics education. Given this background, providing opportunities to leverage
the research data asset is at the forefront of political policy debate and will continue to drive
research data being made publicly available for re-use.
2. With the digital storage and curation of research data becoming increasingly available,
accessible and even mandated, the second line of thought for this research was to understand
how such data can be utilised in sophisticated ways to add value to the already completed
research. It also sought to understand how utilising such data can aid in sustaining
mathematics education research into the future under an ever-uncertain research funding
program. SDA was identified as one such way to realise the potential of re-using and reanalysing existing data. As described in Section 1.3 of the Introduction, SDA provides
opportunities for new insights to be gleaned from existing data. In educational research, SDA
generally incorporates two main views: re-analysing existing data for a new purpose, such as
generating new research questions; and re-analysing existing data with new techniques or
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theoretical models (Smith, 2008a). Both have merit in educational research and both are
applicable to quantitative and qualitative paradigms. While SDA is not new to educational
research (see for example Glaser, 1962; 1963; Glass, 1976), it has an ambiguous standing in
the field and its application is not widely utilised (Smith, 2011). Also, there are surprisingly
few models or frameworks of how to undertake SDA as a methodology. There seems to be a
general understanding and consensus that once a secondary data set has been acquired,
methodologically, it is treated the same as for any primary analysis. Hammersley (2010, p. 1)
even suggested “that the process of analysis here (secondary analysis) is no different in
epistemic status from that in primary research”. Many of the papers utilising secondary data
analysis take as assumed that the reader will know what was involved in the preparation of the
data set. However, there are nuances associated with secondary data analysis that warrant a
more structured framework and protocol, much of which is required before any analysis takes
place (Doolan & Froelicher, 2009). It is proposed here that the Knowledge Discovery in
Databases (KDD) and the Modified Knowledge Discovery in Databases (MKDD)
frameworks provide a structured approach and protocol through which SDA can be
undertaken.
The KDD is derived from the field of data mining of big data, that is, data stored in
repositories called data warehouses. In its initial form, Knowledge Discovery in Databases
(KDD) has developed from the connection between various research fields such as highperformance computing, pattern recognition, Artificial Intelligence, data visualisations and
machine learning. Fayyad (1996, p. 21) defines KDD as “…the non-trivial process of
identifying valid, novel, potentially useful, and ultimately understandable patterns in data”.
The KDD approach was developed in response to an increased technological capacity to
collect, monitor and store large amounts of data, such as in retail sales, banking,
manufacturing and marketing (Fayyad, Piatetsky-Shapiro, & Smyth, 1996). The challenge for
those wanting information from this data was finding a way of processing and analysing such
large and varied data sets. This definition and challenge echo the current situation with
secondary data analysis in the social sciences, and more specifically in educational research.
Indeed, there is a similar growing challenge with the recent influx of large amounts of digital
research data, in educational contexts, due to recent policies on research data storage and reuse (see Logan, 2015a; paper 1). This thesis provides a strong case for the educational
benefits of the use of the KDD and MKDD as a methodological framework to undertake
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secondary data analysis on various data sets, in the field of mathematics education and in so
doing proposes that its use can help continue quality mathematics education research
Within the broader agenda of SDA, there is a growing recognition of the need to make
research data and outcomes more open and accessible to other researchers and the wider
public, including a push for more collaboration and engagement with industry and end users
(The Academy of Technological Sciences and Engineering, 2015). Within education, this
broader agenda includes school leaders and classroom teachers developing or enhancing their
skills and knowledge to engage with data in meaningful ways to enhance school functioning
and student learning outcomes (Campbell, Pollock, Briscoe, Carr-Harris, & Tuters, 2017;
Zardo, 2017). Evidence-based education, where schools and teachers are expected to be using
a variety of tools and resources to engage with data for decision-making purposes, is on the
rise. A report by Renshaw, Baroutsis, van Kraayenoord, Goos, and Dole (2013) identified that
many schools and school systems are overwhelmed with the amount of data that is created or
given to them, much of which is not utilised effectively. The report also suggested that the use
of data in schools focused on accountability measures, with little understanding of the role
data can play in supporting differentiated learning. Such limitations are also identified by
Goss, Hunter, Romanes, and Parsonage (2015) who highlight the need for teachers and school
to have both access to better data that enables targeted teaching for differentiation as well as
the skills and tools to be able to use that data effectively. While this thesis does not address
this broader agenda specifically, it acknowledges that effective data use is essential for
teachers and schools and that SDA, and the processes associated with this methodology, play
a key role in assisting teachers and schools in this endeavour.
The following section provides a more detailed account of the use of secondary data analysis
in the social sciences and educational research, along with further explanation of the KDD
framework and the modified KDD framework developed through this research.

1.3. Background of the study
1.3.1. Secondary data analysis in educational research

Secondary Data Analysis (SDA) is not a new means of conducting research and has been
utilised by quantitative researchers and analysts throughout the twentieth century and, more
recently, by qualitative researchers also (Heaton, 2004). It is considered a methodology, with
its own set of underlying principles and theories (Heaton, 2004) and has been distinguished in
this way since the 1960’s (see for example Cook, 1974; Glaser, 1962; 1963; Glass, 1976;
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Hyman, 1972). Yet, in education, and in the social sciences more broadly, it remains an
underutilised methodology for conducting research (Smith, 2011). The reasons for this
underutilisation are not straightforward. Gorard (2002) suggested that educational researchers
generally do not use a quantitative research approach or are weak in their understanding of
quantitative studies and as such do not seek numerical data sets for secondary analysis. From
the qualitative perspective, there has been rigorous debate regarding the perceived
appropriateness of qualitative data for secondary analysis (Grinyer, 2009; Hammersley, 2010:
Irwin, 2013). These debates have mainly focused on the ethical concerns of re-using
qualitative data (e.g., Irwin, 2013). Regardless of where a researcher is placed on the
quantitative-qualitative research continuum, there are growing opportunities for SDA in
educational research that may have “social, methodological and theoretical benefits” (Smith,
2008a, p. 336).
As indicated earlier, secondary data analysis has been defined as:
…any further analysis of an existing data set which presents interpretations,
conclusions or knowledge additional to, or different from, those produced in
the first report on the inquiry as a whole and its main results. (Hakim, 1982, p.
1)
This definition provides an overview of the underlying principles SDA applicable across most
data sets. Much of the literature describing SDA identifies three main purposes: to investigate
new or additional research questions to those in the original study; to utilise new analysis
techniques or methods with the data; and verification of existing studies (Heaton, 1998;
Smith, 2008a; 2008b)1. Cheng and Phillips (2014) also note that hypothesis-driven and datadriven approaches are common across SDA. As the name implies, hypothesis-driven SDA
starts with an a priori question to which the researcher is seeking an answer, then a suitable
secondary data set is located which might contain information useful in answering the
research question. Data-driven SDA begins with a pre analysis of a data set to identify what
additional research questions might be generated and answered from the available data. This
suggests that both confirmatory and exploratory analysis can be undertaken using SDA.

It should be noted that in this thesis, a distinction is made between SDA and meta-analysis. The differentiation
described by Heaton (1998) is adopted where SDA is concerned with exploring new research questions,
verifying existing studies and/or applying new analysis techniques and is conducted predominantly on the raw
data of the original data set. By contrast, meta-analysis focuses on summarizing and appraising existing findings
and is usually conducted with research reports and academic publications.

1
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Which particular approach the secondary analyst undertakes depends upon the data set(s) with
which they are working and the specific intent of their research.
Heaton (2004; 2008) identified three main points of access to various data sets for SDA that
range from utilising very open access data through to restricted access data: (1) Formal data
access: includes accessing national repositories, general archives, special collections, and
public records; (2) Informal data access: utilising primary researchers’ personal data
collections, disciplinary networks and organisations’ in-house collections; and (3) Personal or
inside data: limited access to primary researchers’ personal collections and organisations’ inhouse collections. Within Australia, Australian National Data Service (ANDS) and Research
Data Australia (RDA) are examples where there are both formal, open access data repositories
and also “by permission” sharing established. However, as indicated in Logan (2015a),
Australian mathematics education is somewhat isolated and conservative when it comes to
providing fully accessible research project data stored in national repositories, indicating that
much of the secondary data analysis undertaken in the field are from government/public
collections (non-research based) or the primary researcher re-analysing their own data. Data
accessed by permission of the primary researcher are not commonplace but may appear in
post-graduate research. The research presented in this thesis has examples of data sets
obtained through all three access points identified by Heaton (2004; 2008) (see Section 1.5).
Benefits and limitations

Burstein (1978) described the advantages and merits of secondary data analysis in a way that
resonated with the overall rationale of this thesis. He promoted secondary analysis as a
contributor to new knowledge across five areas: “(a) perspective and theoretical persuasion;
(b) psychological distance from the phenomenon under investigation; (c) current theory and
practice; (d) substantive and methodological competencies; and (e) incidental complications
such as time, and economic and psychological constraints” (p. 10). These five aspects are
explored in detail below.
a). From a theoretical perspective, educational research has many lenses through which data
can be analysed, and it is not likely that an original project would, or in fact could, consider
all these aspects. Secondary analysis allows various theoretical lenses to be placed over data
sets so that different questions can be answered with reference to the data.
b). The notion of psychological distance suggests that the original researcher can become so
close to their project and data that they aren’t able to see a range of interesting questions on
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the fringe. Here, secondary analysis can consider many aspects of the project and data that
may not have been initially conceived as important or as possible within the restraints of the
initial project. Conversely, and in line with more recent discussion on limitations, there is also
the suggestion that distance may be detrimental to secondary data analysis as there is less
personal attachment to the data and a lack of contextual understanding (Yardley, Watts,
Pearson & Richardson, 2014).
c). The third aspect related to current theory and practice and how, over time, new
developments in both warrant revisiting large studies. Since research funding is provided to
conduct large-scale studies at a particular point in time, those studies are reflective of the
current theoretical positions and understandings of best practice at that point in time. With
evolving developments in theory and practice in educational research, such studies should be
revisited with the aim “to allow researchers to try out their ideas in the context of existing
data sets before we decide to support massive new data collection with the possibility of
repeating the cycle of obsolescence” (p. 10).
d). Methodologically, Burstein identified that researchers and data analysts have skills sets
that interact with data in different ways. Hence, having researchers from various
methodological viewpoints can enrich findings from the data in ways not originally
considered.
e). The last aspect focused on the logistical complications associated with primary data
collection, such as time and financial constraints. Secondary data analysis bypasses many of
these types of constraints. Burnstein also identified psychological constraints of the original
researchers, where large-scale or longitudinal projects might result in fatigue and lack of
motivation. Having external researchers interrogate the data in a secondary manner can
maximise the usefulness of the data to answer further research questions.
Burstein (1978) also highlighted the importance of secondary analysis to collegiality and
advancement of the field. He indicated that introducing a secondary data analyst to projects
could not only open the collegial exchanges of ideas but also increase the impact and
sustainability of a project or a research theme. This collegial approach is often undertaken in
education research, at undergraduate and post-graduate level, where research teams share data
to analyse but it does not mean that secondary data analysis is limited to this type of sharing.
Promoting secondary data analysis can help maintain the significance of a research topic long
after the funding for the project has been expended.
7

Four decades on, Burstein’s interpretation and understanding of the benefits of secondary
analysis still hold true and underpin many of the assertions this thesis promotes.
In addition to the benefits identified by Burstein, an additional benefit of secondary data
analysis is its versatility and flexibility as “it can be applied to studies designed to understand
the present or the past, to understand change, to examine phenomena comparatively, or to
replicate and/or extend previous studies” (Kiecolt & Nathan, 1985, p. 47).
Table 1.1 provides a brief overview of the various benefits and limitations as suggested by the
literature across a broad range of research fields. This list is not exhaustive; however, it
encapsulates the most pertinent issues raised in the literature.
Table 1.1
Benefits and Limitations of Conducting Secondary Data Analysis
Benefits
Generally more time and cost efficient than
empirical data collection

Limitations
Time associated with developing familiarity
with the data sets

The quality and scope (e.g., sample size,
number of variables) of the data are often
superior to those collected by smaller,
individual projects

Epistemological concerns surrounding lack
of immersion in collection and the context
of data collection is unknown or not clearly
described

The capacity to examine data in depth,
longitudinally and across sub-groups

Lack of fit: data is restricted to the aims and
scope of the original data collection

Possibilities for cross cultural studies

Limited access to full data sets

Triangulation with other data sources

Errors or missing variables within the
existing data sets

Use in teaching and learning and training

Statistical analysis and sampling errors in
large-scale numerical data sets

Increased use of research data from public
funding

Complexity of data sets
Ethical considerations (see below for an
overview)

Note: Benefits and Limitations identified from: Bishop (2012); Bryman (2015); Burstein (1978); Cheshire, Broom, and Emmison (2009);
Hammersley (2010); Hofferth (2005); Irwin, (2013); Rew, Koniak-Griffin, Lewis, Miles, and O’Sullivan (2000); Rogers, Anderson, Klinger,
and Dawber (2006); Smith (2008a; 2008b); Thomas and Heck (2001).

Many of the benefits and limitations associated with SDA are contingent on the data set
accessed for SDA (Heaton, 2004; 2008) and the type of data being re-analysed, be it
quantitative or qualitative.
8

Much of the discussion regarding the limitations of SDA relates to ethical concerns regarding
the re-use of data collected previously for other purposes. Whilst it is not the intention of this
thesis to remedy or overcome these concerns, it is necessary to highlight the current debate as
it has implications for future research both in primary data collection and analysis and in
secondary data analysis.
Ethical considerations of SDA in research

The codification of ethics in human research began, as a response to the mistreatment of
human subjects in experiments during World War II, with the development of The Nuremberg
Code in 1947. It was further codified with The Declaration of Helsinki in 1964 that identified
guiding principles for conducting medical research with human participants (Nijhawan et al.,
2013), such as participants rights to self-determination, their right to make informed
decisions, that the research is likely to have a benefit to a larger population and is conducted
using approved processes and protocols. Since then it has evolved with supporting
documentation from the World Health Organisation (WHO) (2011) and The Organisation for
Economic Cooperation and Development (OECD) (2016). However, as methods of research
have changed, and access to research data has increased, the debate concerning archiving and
reusing research data involving human participants, especially in the social sciences and with
qualitative datasets, has continued. Predominantly, the debate centres upon informed consent
and sensitive data (e.g., possible participant identification, cultural considerations) (Australian
National Data Service [ANDS], 2017; Bishop, 2017; Yardley, Watts, Pearson & Richardson,
2014).
As data archiving and sharing became more common place, questions were raised regarding
whether the research participants in the primary data collection were “informed” about this
type of sharing and possible reuse of their data and, therefore, not being able to provide
informed consent to their data being used in this way. Many participants had to be recontacted to provide further consent for their data to be archived and/or reused (Bishop,
2009). The logistics of gaining such secondary consent for large cohorts could be
overwhelming. It has only been during the past 10 years that participant information and
consent forms have included statements surrounding the management, sharing and reuse of
participants’ data and options for consent on these issues. This is in line with data
management protocols mandated by funding bodies and has become commonplace in most
researcher projects (Yardley et al., 2014). Despite this, the OECD (2016) advises caution in
this area since there are limitations regarding how “informed” participants can be made aware
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of all future uses of their data and of the specific time periods covering consent. They suggest
that increased public engagement, and better ongoing communication methods with potential
research participants, are required. They recommend that researchers and data collectors:
Consider the means of obtaining, and wording of, the consent sought for new
data collection with a view to ‘future-proofing’ the consent to enable future
research projects to use the data, and where possible, offer the public and in
particular research participants the means to receive updates about the progress
of the research, including previously unanticipated uses of data and
opportunities to reaffirm consent for use, where possible. (OECD, 2016, p. 9)
Another concern is the use of sensitive data, where it is the duty of the researcher to keep
participant identity confidential, and state that data will only be utilised by the research team
(Bishop, 2009). Although most researchers de-identify and anonymise data as a matter of
routine, with the sheer amount of publicly available data, there are possibilities to triangulate
or link datasets and identify groups of participants or other information about the participants
(Accenture Labs, 2016). Also, many researchers who work in culturally sensitive situations
rely on the trust of the researcher/participant relationship to gather data. Maintaining this trust
often includes indicating that participants’ data will not be seen or used by others outside of
the research team, allowing these participants to be more open and honest with researchers
(Irwin, 2013). De-identifying this information is often not possible. This has been a barrier to
sharing insightful data from culturally sensitive situations. Both the OECD (2016) and ANDS
(2017) advocate for managing the risk associated with data linkage and triangulation leading
to re-identification of participants. The curators of data repositories must be vigilant to ensure
the ethical use of the dataset. OECD and ANDS also acknowledge that it is often the case that
some data will not be able to be reused due to the sensitive nature of the participants and their
context. Whilst this may be a limitation of secondary data analysis, there should not be a
blanket expectation that all data is made available for sharing and reuse, especially in cases
where it could potentially cause harm or discomfort to those participants or their community.
Increasingly, both ethics committees and researchers are cognisant of the requirements
surrounding data management, sharing and reuse, as are the participants themselves and also
those who provide consent for individuals unable to do so themselves. Thus, whilst ethical
limitations remain for accessing and reusing older dataset that do not have the required
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permissions and data curation, looking forward, many of the ethical concerns associated with
SDA may be alleviated as ethics practices continue to evolve.
Existing practices for secondary data analysis

As indicated earlier, SDA is not new to educational research or other fields of research,
especially medicine and nursing, however it is underutilised within educational research
(Smith, 2008a). One possible reason for this is that the actual process—the “how to”
method—of undertaking SDA is not widely published. There are examples from the health
field, with Smith et al. (2011) and Cheng and Phillips (2014) providing overviews of the
considerations required when working with secondary data sets. Brewer (2007) provides
further insights into conducting SDA by illustrating a generic process in a step-by-step
manner (see Paper 2 for further information). From an education perspective, Smith (2008b)
also provides an overview of practical questions researchers should consider when conducting
SDA. These are similar to those identified by Smith et al. (2011) and Cheng and Phillips
(2014) and are summarised in dot point form below.
•

What is the purpose of the research? Define your research topic and questions and
identify an analytic plan. Choose a secondary data set.

•

What do you know about your data set? Who collected the data, how and for what
purpose? Gain a good understanding about the strengths and weaknesses of the chosen
data set and access as much relevant documentation as possible in relation to the data
set, e.g., what were the sampling strategies and response rates? Who was the
information collected from?

•

Does the data set provide you with enough information to conduct the study? Does the
data set provide the appropriate variables for analysis? E.g., covariates, exposure
variables, outcome variables etc. Do the original definitions of those variables match
with the definitions being used in the SDA? What is missing from the data set?

•

How are the data grouped? How are missing data handled?

•

What are the practical (clinical) implications of the findings? Often large data sets can
have statistical significance but may not be meaningful in a practical or clinical
setting.

Cheng and Phillips (2014) offer a further suggestion for working with the variables within the
data set, suggesting that preliminary analysis be undertaken through cross-tab analysis and
frequency tables to better understand the data for recoding and reorganising. Such guidance
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was not offered elsewhere in the literature and whilst questions such as those provided above
are useful for researchers to consider when working with secondary data, they do not provide
a systematic approach to working with the larger data to create a data set that is functional for
analysis.
As such, a number of questions, not directly addressed by the existing literature on SDA, were
raised by this current research relating to the manipulation and organisation of data. Do I need
all the data in the data set? How do I know which variables are needed? How do I go about
winnowing the data? What sort of recoding or reorganising do I need to do? In what order do
I need to think about these questions? What sort of structures or architectures are required to
undertake SDA with various data sets?
The lack of a practical framework led to this current research, the use of an existing
framework and creation of a modified version of this framework, and to looking outside the
social sciences to a field of research not often considered by educational researchers; namely
artificial intelligence and machine learning.
1.3.2. Knowledge Discovery in Databases (KDD)

The continued improvement of digital technology and the flourishing information age has
produced a “data deluge” (Borgman, 2012, p. 1059). The sheer amount of data being created
is beyond comprehension, much of which is never fully analysed or understood. Originating
from this mass data warehousing is the notion of KDD, where large numerical data sets are
mined using computerised algorithms to find new and interesting patterns. Indeed, Fayyad et
al., (1996, p. 38), acknowledged that “KDD is an attempt to address a problem that the digital
information era made a fact of life for all of us: data overload”.
Traditionally KDD is understood as “the nontrivial process of identifying valid, novel,
potentially useful, and ultimately understandable patterns in data” (Fayyad et al., 1996, p. 40),
with an emphasis on the notion that “knowledge is the end product of a data-driven
discovery” (p. 39). The overarching goals and techniques of KDD are focused on
autonomous, computer-based processes, using sophisticated algorithms and models to mine
large volumes of data that are too laborious and complex for human analysis alone. The
development and use of KDD emerged from the fields of machine learning, artificial
intelligence, and statistics in an attempt to understand and extract information from the data
being generated in areas such as banking, commerce, health care and marketing, just to name
a few (Fayyad, 1996).
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The original KDD model, developed by Fayyad et al. (1996), presents a systematic, iterative
and generative process that involves a series of sequential steps, each with corresponding
decision-making components. According to Fayyad et al. (1996), there are five main steps in
the KDD model (see Figure 1.1).
(a) The Selection step involves selecting data from the larger database to create a target data
set. The target data set is based on the goals of the project and the relevant prior knowledge of
the data, i.e., focusing on a subset or a sample of data.
(b) Preprocessing involves reducing the target data set to the useful features which represent
the goals of the project, essentially sorting and organising the data. Preprocessing requires the
researcher to look at the data in a manner which allows them to make decisions about the
exact nature of analysis.
(c) Transformation of the data requires a suitable analysis technique to be identified based on
the goals of the project and the type of data being utilised. Data can be transformed through
any analysis technique, with the aim to classify, cluster and summarise the data.
(d) Data mining is seen as searching for and “determining patterns from observed data”
(Fayyad et al., 1996, p. 43). This step can often involve a form of visual representation of the
extracted patterns.
(e) Interpretation/Evaluation consists of interpreting any patterns and themes identified in the
data mining step in relation to the project goals and evaluating their usefulness and potential
interest to others.

Figure 1.1. An overview of the KDD process (Fayyad et al., 1996, p. 41).
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Although there have been a number of variations on the original KDD model (see Kurgan &
Musilek, 2006; and Mariscal, Marbán, & Fernández, 2010) the original model resonated with
its simplicity of description and generalised presentation and is still best suited to use across a
variety of applications. In essence, KDD is automated and large-scale secondary data analysis,
where data sets may be repeatedly mined for new information (Colonna, 2013). Although the
purposes of KDD fall much more under economic and commercial domains, and therefore are
not purely research based, the underlying principles are consistent with SDA, where new
information is gleaned from existing data.
One of the main advantages of the KDD model is the focus on process. Mariscal, et al. (2010,
p. 140) describe a process model “as the set of framework activities and tasks to get the job
done, including inputs and outputs in every task” and suggest that it should be maintainable,
repeatable, and traceable so as to make it manageable. A process model provides a structured,
systematic approach to working with large numerical data sets. Whilst the KDD process
utilises computer-based programs and systems to undertake the majority of these steps, there
are other ways to utilise such a process-based approach from a human researcher perspective.
1.3.3. Connecting KDD to secondary data analysis in education

As described in Section 1.3.1, there is no clear framework or set of protocol through which
SDA is undertaken. Given the increase in data stored in repositories that are being made
available for re-use, there is a need to have a well-defined process through which SDA can be
undertaken. It is proposed in this thesis that both the original KDD and a modified KDD can
be utilised as process-based frameworks to guide researchers through SDA. As described in
Paper 2 (Logan, under review, 2018), the original KDD model was modified slightly to
indicate a broader application of the framework. To highlight the connections with the
original KDD model and its applicability as a SDA framework, a description of the
modifications are provided. The modifications of the proposed MKDD framework focus on
three areas: (1) inclusion of non-numerical data; (2) removal of the term “Data mining” and
replacement with the term “Data analysis”; and (3) movement away from the fully
computerised process.
1). KDD is predominantly used in fields where large numerical databases are mined.
However, Hand (1998) and Colonna (2013) suggested that other non-numerical data sources
such as audio, image and text data are increasingly being examined using the process. These
types of data sets are often found in educational research and therefore would be characteristic
of the types of data likely to be sourced in educational research project repositories used for
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SDA. Hence, the use of the MKDD framework allows for a variety of data types to be
analysed.
2. As originally constructed, the KDD model includes data mining as one of the steps. The
term data mining has a specific meaning associated with it and tends to focus on exploratory
data analysis techniques rather than hypothesis-driven analysis. Data mining is also seen as
encompassing forecasting, predicting, patterning and discovery. Whilst there are elements of
such analysis in SDA, generally it is not the focus of educational research. Following
feedback from reviewers surrounding the specificity of the term “Data mining”, it was
determined that in order for the KDD to act as a framework appropriate for educational
research, and not only be associated with predefined expectations and limited types of
analysis, the data mining step of the process would be reconceptualised in MKDD as Data
analysis. Reconceptualising this step provided opportunities for broader applications of the
framework across many different data sets and for a variety of purposes.
3. There was also a modification to shift the overall view of KDD from being a model only
undertaken using computer software, towards a more holistic set of protocols that could be
used by human researchers. This modification moves KDD away from its traditional fields of
research and re-defines it with social science research, where the focus is on the cognitive,
social and cultural aspects of human behaviour (Gorard, 2013). Colonna (2013) recognised
that “KDD denotes the entire process of using unprocessed data to generate information that
is easy to use in a decision-making context” (p. 315). Utilising the MKDD as a process-based
framework provides a systematic approach to SDA that is manageable, traceable, repeatable
and maintainable. Such a framework is needed in the social sciences since a robust method is
imperative (Gorard, 2013) and even more so when undertaking SDA as its understanding as a
methodology is somewhat limited (Andersen, Prause, & Silver, 2011).
Given the aforementioned rationale and background, this research:
1. Advocates for, and undertakes, secondary data analysis of existing data for purposes
other than what it was originally collected for;
2. Demonstrates and validates the utility and rigour of the KDD and MKDD frameworks;
3. Provides new insights into mathematics education through the use of existing research
data.
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1.3.4. Research questions

The body of work in this thesis, comprising six publications, is guided by the following three
research questions:
1. What types of architectures are required to design research using secondary data
analysis in ways that broaden the scope of the methodology?
2. How do the KDD and MKDD frameworks support the analysis of multiple data sets,
from multiple sources, within a given field?
3. In what ways does secondary data analysis produce new findings that continue to
develop our understanding of students’ mathematical thinking?
Alongside the methodological approach this thesis provides to SDA, each application of the
KDD and the MKDD has resulted in new insights into mathematics education.

1.4. Significance of the study
The study of mathematics teaching and learning has only been a serious focus of educational
research for the last 100 or so years, despite the discipline of mathematics being considerably
older (Kilpatrick, 2014). Whilst mathematics education research might be considered a
relatively young field, its success in gaining research funding (especially within Australia)
and the accompanying advances in knowledge have been significant (Lowrie, 2015). The
success in attaining funding for research projects implies that an increasing number of
mathematics education data sets are being placed into repositories with the possibility of
sharing and reuse. Despite past success, research funding is always difficult to obtain,
especially within education, and researchers should therefore be exploring other options for
research. By utilising SDA, there are opportunities to maximise the public investment in
mathematics education through sustained and impactful connections within and across
research projects.
From a methodological viewpoint, a clearer understanding of SDA, and of its application, is
required. Indeed, researchers may not yet notice or understand the distinction between SDA
and other forms of empirical research. As such, this thesis aims to clearly articulate and define
a framework through which SDA can be undertaken. Utilising the KDD and MKDD signifies
a shift in methodological thinking surrounding SDA and its application to educational
research.
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1.5. Structure of the thesis
This thesis is organised into four parts. The introduction in Part 1 has presented the rationale
and literature background to the study and includes this section which provides a brief
overview of each of the papers and describes the conceptual underpinnings of this thesis. Part
1 also contains Paper 1 (Logan, 2015a)—a context setting paper. Part 2 is a publication that
presents the design of the MKDD framework. Part 3 contains four publications that
demonstrate the application of the KDD and MKDD frameworks to various mathematics
education contexts. Part 4 presents the overall findings of the study and conclusions and
implications. The six papers included in this thesis are listed below:
•

Logan, T. (2015a). Starting a conversation about open data in mathematics education
research. In M. Marshman, V. Geiger, & A. Bennison (Eds.), Mathematics education
in the margins (Proceedings of the 38th annual conference of the Mathematics
Education Research Group of Australasia, pp. 373-380). Sunshine Coast: MERGA,
Inc.

•

Logan, T. (in press, May 2019). A practical, iterative framework for secondary data
analysis in educational research. The Australian Educational Researcher.

•

Logan, T., Lowrie, T., & Diezmann, C. M. (2014). Co-thought gestures: Supporting
students to successfully navigate map tasks. Educational Studies in Mathematics, 87,
87-102. doi 10.1007/s10649-014-9546-2

•

Logan, T. (2015b). The influence of test mode and visuospatial ability on mathematics
assessment performance. Mathematics Education Research Journal, 27, 423-441. doi:
10.1007/s13394-015-0143-1

•

Logan, T., & Lowrie, T. (2017). Gender perspectives on spatial tasks in a national
assessment: A secondary data analysis. Research in Mathematics Education, 19(2),
199-216. http://dx.doi.org/10.1080/14794802.2017.1334577

•

Logan, T., & Woodland, T. (2015). Digital games and mathematics learning: The state
of play. In T. Lowrie & R. Jorgensen (Eds.), Digital games and mathematics learning:
Potential, promises and pitfalls (pp. 277-304). The Netherlands: Springer.

1.5.1. Development of the papers for the thesis
This section describes the development of each of the papers presented in the thesis and
explains differences between when papers were chronologically published and the ordering of
the papers in the thesis. The first paper published using secondary data analysis was Logan,
Lowrie and Diezmann (2014) in Educational Studies in Mathematics. This paper was
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developed in conjunction with the chief investigators of the Australian Research Council
(ARC) Discovery project, Tom Lowrie and Carmel Diezmann, where the data was sourced.
The ARC project was not focused on gesture or mapping tasks specifically. The SDA
published here valued-added to the main project through its in-depth analysis of the students’
behaviours on the spatial mapping tasks. Noteworthy, this paper was my first SDA using the
KDD model. Although the analysis was secondary in nature, I was hesitant to describe it as a
SDA in the paper’s methodology—primarily because the chief investigators of the ARC
project were involved in the process and publication. However, as part of the doctoral process
I began to understand that SDA is associated with re-analysis of your “own” data for different
research purposes. It is for this reason that the ARC data set was utilised as the illustrative
example in the Part 2 method paper, Logan (under review), submitted to Australian
Educational Researcher.
Initially, this paper described the KDD framework used to analyse the ARC interview data for
the Logan, Lowrie and Diezmann paper. The paper was originally submitted to Research and
Methods in Educational Research—with the paper eventually rejected for publication after an
extended period of time. The reviewers maintained that the KDD framework is grounded in
exploratory analysis techniques, rather than hypothesis-driven analysis and that the term “data
mining” carried specific practices that the illustrative example from the ARC project was not
showing. This feedback was respectfully considered with the subsequent version of the paper
utilising the MKDD framework, while keeping the ARC project data as the illustrative
example. Although the SDA analysis for the Logan, Lowrie & Diezmann (2014) paper
utilised the KDD framework, it is described in Logan (under review) as the MKDD
framework. Such is the nature of a thesis by publication, where editorial viewpoints and the
ongoing development of the candidate’s methodological development interact. Figure 1.2
shows the development of the papers using the KDD and MKDD frameworks and how the
papers are presented in the thesis.
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Diezmann, 2014) are a direct result of the example provided in Paper 2 (see Section 1.5.1 for
further explanation).
Paper 3 (Logan, Lowrie & Diezmann, 2014) was conducted as a secondary analysis and
written as primary analysis. The reasoning behind this is that the primary researchers, Lowrie
and Diezmann, were co-authors on the secondary analysis paper. This was the first paper
written utilising the KDD as a framework for secondary data analysis. At the time, I was
unsure of how SDA would be received by journals and I was also unsure of utilising the term
SDA when the chief investigators of the original project were co-authors. Since progressing
with the PhD, I have understood more about the nature of SDA and how it can be undertaken
with your own data sets. Hence, Paper 3 is the direct result of the KDD process described in
Paper 2. One of the main differences in this study, however, was that the use of gesture in
students’ mathematical thinking was not part of the original project (hence why Logan was
the lead author) and as such, the data was used to investigate new research questions with a
different focus on the video data. This could be classified as a mix of the second and third
types of approaches to secondary analysis, where permission was granted for an additional
person to access and re-analyse the data along with the primary researchers re-using and reanalysing their own data (Heaton, 2004). The analysis utilised both quantitative and
qualitative techniques, with the findings providing insights into how gestures can play a part
when solving spatial mathematics tasks.
Paper 4 (Logan, 2015b) is situated within a project with which the researcher was also
involved. The main project investigated cross-cultural comparisons of processing
mathematics items in both digital and non-digital modes. This paper used a different lens to
examine the data in relation to the impact of spatial thinking and digital/non-digital modes
across mathematics content areas. The data itself was testing performance data in only one
cohort of students (Singapore) and the analysis was quantitatively based. Implications from
this paper include the need for testing agencies to look more closely at data that compares
computer-based and pencil-and-paper-based tests as there could be underlying performance
differences at the item level. Also, there is a need to better understand the impact of students
spatial thinking on mathematics understanding. This SDA was undertaken using the KDD
framework.
Paper 5 (Logan & Lowrie, 2017) looks more closely at the link between spatial thinking,
mathematics assessment and gender. The data set for this paper was sourced from the
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Australian National Assessment Program: Numeracy and Literacy (NAPLAN) provided to the
researcher with permission from the Australian Curriculum, Assessment and Reporting
Authority (ACARA). This paper used a different data set for the researcher, one that was not
sourced through existing connections with the larger project. This data set was a nationally
representative sample that would be classified, according to Heaton (2004), as a formal type
of access where permission was sought from the owner. This data set also provided
opportunities to look at data collected over time, not a closed data set collected at one point in
time. The analysis was predominantly quantitative; however, an inspection of the multiplechoice responses provided some qualitative insights into student processing on spatial tasks.
This paper analyses the way SDA can be utilised to drill down into summative mathematics
assessment data where further insights into student understanding can be established. This
SDA was undertaken using the MKDD framework.
Paper 6 (Logan & Woodland, 2015) took a different approach to SDA as it utilised a web
content analysis to establish the “state of play” regarding digital games and mathematics
teaching and learning. The chapter provided a “point in time” snapshot and was no means
exhaustive. The MKDD offered a structured framework to a data source that is changing and
progressing regularly. This approach helped to bound the data set into a manageable time
period and explicit focus areas. Given the data was publicly available, it was considered a
formal type of access, where the SDA used public documents and information as the data set.
The researcher had very little contextual understanding of the data set and qualitative analysis
techniques were predominantly utilised. Such a chapter provides a reference point to future
studies looking to see how the field has advanced. This SDA was undertaken using the KDD
framework.
It is suggested that readers of this thesis will see a generous amount of overlap due to its
structure and presentation, however, the conclusion and implication chapter is modelled after
a more traditional thesis chapter, where the research questions are addressed based on the
findings of the individual papers and the collection of papers as a whole thesis.
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Abstract:
This position paper discusses the role of open access research data within mathematics
education, a relatively new initiative across the wider research community. International and
national policy documents are explored and examples from both the scientific and social
science paradigms of mathematical sciences and mathematics education respectively are
provided. Within these examples, some of the more well-known concerns associated with
making data open and accessible are acknowledged and debated.
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This position paper discusses the role of open access research data within mathematics
education, a relatively new initiative across the wider research community. International
and national policy documents are explored and examples from both the scientific and
social science paradigms of mathematical sciences and mathematics education respectively
are provided. Within these examples, some of the more well-known concerns associated
with making data open and accessible are acknowledged and debated.

This paper is to provide insights into a research mandate that will become increasingly
relevant to mathematics education researchers; namely, the obligation to ensure research
data and findings are made public. The paper describes the international context, from both
policy and practice perspectives, drawing on specific examples from mathematical
sciences and mathematics education within Australia and beyond. The intent of the paper is
to establish a critical analysis of current practices.
Within Australia, government funding for research is at a crossroads. There is a
growing concern that severe cut backs will eventuate over the next few years. For the top
scientists and academics this will be problematic as scarce funds will be even harder to
secure. For other researchers, it could spell the end of their research programs. Within
these politically uncertain times, simmering under the surface is the question, what will
research look like in the future? Who and how will research be funded? In conjunction,
there is the an increased awareness that more and more research data are being collected
and stored, more often than not in digital forms. Universities around Australia (and indeed
the world) are increasingly dealing with a data deluge (Borgman, 2012), with the storage,
curation and cost issues associated with large data repositories yet to be fully realised. The
philosophies behind such repositories are that data are manageable, connected, accessible,
and discoverable. In effect, making the data as open as possible for re-use and re-analysis.
The paper provides an overview of open research data both internationally and nationally
and describes examples from both the scientific paradigm—mathematical sciences; and the
social science paradigm—mathematics education. The distinctions are made to highlight
the differences between the two paradigms in the advancement of open research data.
Some of the concerns regarding social science data being made available via open access
are considered.

International and National Research Policy Perspectives
The capacity to retrieve and share research data is not a new phenomenon. In the years
1996-1998, key stakeholders working on the Human Genome Project (HGP) developed the
Bermuda Principles. This was a set of principles that stated the sharing of DNA sequencing
information developed from the project should be publicly and freely available within 24
hours of being collected. The release of data pre-publication was ground-breaking across
most research fields (Contreras, 2011). Indeed, the Bermuda Principles set the scene for
other fields of research to consider benefits of releasing data sets, not necessarily prepublication of results, but certainly in conjunction with publication (see for example the
2015. In M. Marshman, V. Geiger, & A. Bennison (Eds.). Mathematics education in the margins
(Proceedings of the 38th annual conference of the Mathematics Education Research Group of Australasia),
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2003 Report Sharing Data from Large-scale Biological Research Projects: A System of
Tripartite Responsibility, commonly known as the Fort Lauderdale agreement). In 2007,
the Organisation for Economic Co-operation and Development (OECD) (2007) developed
a report outlining guidelines and principals for accessing and sharing data produced by
government-funded research. They argued that:
access to research data increases the returns from public investment in this area; reinforces open
scientific inquiry; encourages diversity of studies and opinion; promotes new areas of work and
enables the exploration of topics not envisioned by the initial investigators (p. 3).

It was from this point on that the international research community’s awareness was
heightened. Within the United Kingdom and United States, research funding bodies such
as the Economic and Social Research Council (ESRC, 2010), the Wellcome Trust (2010)
(UK) and the National Science Foundation (NSF, 2010) (USA) have documented policies
stating data management plans and provisions for the sharing of data must be submitted
with grant applications, that these sections are subject to review and will be influential in
the decision to award the funding. The European Union (European Commission, 2013)
also identified the need for policies on open access data within its major research and
innovation program called Horizon 2020. All publications and data generated through this
funding must comply with their guidelines for open access.
From the Australian perspective, the Australian Code for the Responsible Conduct of
Research (Australian Government, 2007) was published outlining the principles and
practices of researchers and institutions when conducting research. Section 2 in this
document outlined management of data and primary materials. In summary, it highlighted
the need to retain data for verification purposes and appropriate access for the wider
research community. Around the same time, changes started appearing in the Australian
Research Council’s (ARC) Discovery Project funding rules for 2008 (Australian
Government, 2006) where a section was added (1.4.5. Dissemination of research outputs,
p. 13) regarding the dissemination of data and outputs:
The ARC therefore encourages researchers to consider the benefits of depositing their data and any
publications arising from a research project in an appropriate subject and/or institutional repository
wherever such a repository is available to the researcher(s). If a researcher is not intending to
deposit the data from a project in a repository within a six-month period, he/she should include the
reasons in the project’s Final Report.

This general statement has remained relatively consistent throughout the Discovery
Project funding rules since 2008 and presently, for the funding rules for 2016 Discovery
Projects, the statements read:
A11.5.1 All ARC-funded research projects must comply with the ARC Open Access Policy on the
dissemination of research findings, which is available at www.arc.gov.au. In accordance with this
policy, any publications arising from a Project must be deposited into an open access institutional
repository within a twelve month period from the date of publication.
A11.5.2 Researchers and institutions have an obligation to care for and maintain research data in
accordance with the Australian Code for the Responsible Conduct of Research (2007). The ARC
considers data management planning an important part of the responsible conduct of research and
strongly encourages the depositing of data arising from a Project in an appropriate publically
accessible subject and/or institutional repository. (Australian Government, 2014, p. 19)

The ARC Open Access Policy (Australian Government, 2013a) specifically relates to
publications being placed in open access repositories. This is mandatory. However, the
interesting change is the separation of publications and data, with researchers being
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strongly encouraged to deposit data into repositories. This highlights the increased
importance placed on the accessibility of research data to the wider community.
In late 2013 (Australian Government, 2013b), the ARC released the Discovery
Projects—Instructions to applicants for funding commencing in 2015. This document
generally provides advice to applicants on dealing with the relevant systems and explaining
what each section of the proposal should contain. For the first time, that document
identified that the project description (Part C) is required to have a heading titled
Management of Data. This stated that all proposals must “outline plans for the
management of data produced as a result of the proposed research, including but not
limited to storage, access and re-use arrangements” (Australian Government, 2013, p. 15).
Through this inclusion, the ARC is effectively making data management and data re-use an
assessable component of the proposal, in a similar vein to the UK and USA systems. As
Borgman (2012) commented in relation to the NSF policy on data management, “ the NSF
has accelerated the conversation about data sharing among stakeholders in publicly funded
research” (p. 1061). The separation of publications and data in the ARC funding rules and
the inclusion of an assessable component related specifically to data management in the
proposal emphases the growing awareness from a political perspective that the data
generated by public funding is becoming increasingly valuable and needs to be made
accessible.

Data Repositories
There are a myriad of data repositories situated globally, with almost every university
having some form of searchable digital repository. This does not take into account
government funded resources or independent enterprises. Hence, the main priority over the
past few years has been the consolidation of, and access, to all the various data
repositories. The UK Data Archive (http://www.data-archive.ac.uk/) provides access to
social science and humanities data repositories and across Europe and the USA,
re3data.org is a registry of data repositories. These registries provide access to a wide
variety of data repositories internationally.
Within Australia, since 2004 previous and current federal governments have invested
approximately $2.5 billion through the National Collaborative Research Infrastructure
Strategy (NCRIS) funding scheme to support the infrastructure required to consolidate and
coordinate research across Australia (Lowe, 2015). This has included various aspects of
big data collections. Table 1 outlines some of the projects undertaken in relation to the
consolidation of data.
This paper will focus on the Australian National Data Service (ANDS) and Research
Data Australia as the national registry of research data within Australia.
The main aim of ANDS is to create:
a cohesive national collection of research resources and a richer data environment that will:
•

Make better use of Australia’s research outputs

•

Enable Australian researchers to easily publish, discover, access and use data

•

Enable new and more efficient research (ANDS, n.d.).

Among other responsibilities, ANDS developed and currently manages Research Data
Australia, a searchable registry of data. This registry provides access to a large number of
research data, projects, documents, people, institutions and groups. It has been designed
utilising the following categories: Collections; Parties; Activities; and Services. Collections
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are research datasets or collections of research materials. Parties are researchers or research
organisations that create or maintain research data sets or collections. Activities are
projects or programs that create research data sets and collections. Services are the services
that support the creation and use of research data sets and collections. Entries are
categorised accordingly and there are linking nodes among these categories. With regard to
access, there are three levels of access identified within Research Data Australia: Open;
Conditional; and Restricted. Open access is defined as online data that can be
electronically accessed free of charge with no conditions imposed on the user. Conditional
access is seen as online or offline data that can be accessed free of charge, providing
certain conditions are met (e.g., registration is required to access data online). Restricted
access is online or offline data where access to the data is heavily restricted.
Table 1.
A Sample of Projects Undertaken Through NCRIS Funding to Support Data Consolidation
Projects
National Computing Infrastructure and
Supercomputing Centre
Research Data Storage Initiative
National eResearch Collaboration Tools and
Resources
Australian National Data Service (including
Research Data Australia), National
Research Network and Australian Access
Federation
Australian Data Archive and Australian
Data Archive Social Science

Description
High-end supercomputing services to
researchers.
Supporting national data storage
Desktop-based data analysis and modelling
tools for researchers
Building better electronic communication,
connectivity and collaboration networks
between national and international research
institutions
Collection and preservation of digital
research data

Note: Adapted from Lowe (2015).

The information within Research Data Australia is supposed to represent all fields of
research within Australia, so in order to understand how mathematics education is situated,
a comparison between a scientific paradigm, mathematical sciences and a social science
paradigm, mathematics education is presented.

Open Research Data in Two Paradigms
Within mathematics education, and education more generally, there is an increasing
awareness of data storage and re-use. However, compared to the mathematical sciences,
education appears to be well behind in their understanding of, and participation in, making
research data more open. To demonstrate this, a brief comparison is presented between the
scientific paradigm and the social science paradigm. A search was conducted of Research
Data Australia to determine the number of entries under mathematical sciences and
Education. As described above, entries are represented by collections, parties, activities, or
services. The entries are also collated under subjects according to the ANZSRC Field of
Research (FoR) classification. It was through these subject classifications that the search
was initially conducted. It should be noted that if the entry was not attached to a specific
FoR, it does not show up in these classifications, but may be identifiable through other
keywords searches. As such, subsequent keyword searches were conducted to identify the
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number of collections, parties, activities, and services related to the keywords. These
keyword searches also enabled filtering to identify those entries with open data access.

Scientific Paradigm: Mathematical Sciences
The Mathematical Sciences is the 01 classification under the ANZSRC FoR. It includes
research areas such as Applied Mathematics, Statistics, and Pure Mathematics. A search at
the two-digit level revealed 12,435 entries linked to this FoR. A keyword search of
mathematical sciences revealed more than 85,000 entries, as categorised in Table 2.
Table 2.
Number of Entries Identified by Keyword Search of “Mathematical Sciences” and Open
Data Licence in Research Data Australia by Category
Category
Collections
Parties
Activities
Services

Mathematical Sciences
57,273
2,129
25,495
120

Open Data Licence
19,999
—
160
—

That is a large number of open data licences, so what does that data actually look like.
The data in these fields of research are more often than not quantitative and may contain
complex systems of numbers and text and spatial information. Generally, this data relates
to environmental, biological, or other physical phenomena as opposed to human subjects.
It could be argued that much of this type of data is objective and factually based.
Many areas in these sciences have established data archiving and sharing practices,
with some academic journals even making it a condition of publication that data be
deposited into a publicly accessible database or provided as appendices for others to access
(Borgman, 2012). However, this is not the case for the social sciences.

Social Science Paradigm: Mathematics Education
Education is the 13 classification under the ANZSRC FoR and includes Education
Systems, Curriculum and Pedagogy, and Specialist Studies in Education. Under the twodigit code, 280 entries are identified. This is an underwhelming amount and there is a large
difference in the number of entries between the two subject codes at this level. A keyword
search for mathematics education revealed 73 entries as categorised in Table 3. None of
the entries provided open data licences; however, almost all of the collections indicated an
available data set. It is acknowledged that mathematics education is a much more
specialised field compared to the general classification of mathematical sciences; however,
even at the two-digit level, the differences are stark.
The data sets linked to those collections were classified as conditional or restricted
access, which required contacting the chief investigator or the research group/institution to
negotiate terms and conditions of use. For example, the research team at the International
Centre for Classroom Research at the University of Melbourne have listed all their data
sets from the International Learner Perspective Study. However, access must be negotiated
with the Centre.
Without an openly available data set to compare with the mathematical sciences, the
following section draws on the literature to better understand what mathematics education
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data might look like and highlights some of the common issues associated with openly
sharing this type of data.
Table 3.
Number of Entries Identified by Keyword Search of “Mathematics Education” and Data
Sets in Research Data Australia by Category
Category
Collections
Parties
Activities
Services

Mathematics Education
45
18
10
0

Data Sets
44
—
—
—

Understanding Mathematics Education Data
Mathematics education research data comes in varied forms. Similar to other social
science research and depending upon methodology, it can include surveys, interviews,
focus groups, tests, classroom observations, policies and other documentation, and various
types of digital media such as audio and video recordings. Much of the data collected
within mathematics education is rich qualitative data; however, quantitative data is also
widely collected. It could be argued that this type of data is subjective insomuch as it
specifically relates to human endeavour and behaviour.
There has been much research attention afforded to the storage, archiving and re-use of
qualitative data (Bishop, 2012; Cheshire, 2009; Cheshire, Broom, & Emmison, 2009;
Corti, 2012; Fielding, 2004; Hammersley, 1997; Mauther & Parry, 2009).
Overwhelmingly, the debate revolves around four main areas as identified by Cheshire
(2009):
Broadly, these concerns revolve around issues of research ethics, specifically informed consent and
participant confidentiality; data security and access; intellectual property; and the enhanced insight
into meaning that is gained from being involved in the data collection enterprise and which is
subsequently lost in any secondary analysis. (p. 27)

These four issues will be discussed briefly to highlight the nature of the debate and identify
any steps that have been taken to alleviate some of these issues.

Ethics, Security, and Access
The ethical issues with storing and re-using data from human participants tend to focus
on the type of informed consent provided at the beginning of data collection and the need
to maintain confidentially. Previously, participants were told that after a certain period of
time their data would be destroyed and that only members of the research team would have
access to it. Hence, the majority of research conducted under those ethics will never be
able to be re-used outside of the research team. Those terms have changed and now
participants need to be informed about how their data will be kept and that other
researchers may have access to the de-identified data. There are real possibilities that
participation in research from the Education sector may decline because of these
requirements. Certainly when researching sensitive areas, such as different cultures, often
the participants only consent because their words, information or data will only be heard or
seen by the research team, and often it has taken years of developing trust to get to even
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that point (Cheshire, 2009). Coinciding with this is the levels of security and access that
others have to the data sets. Much of this can be decided upon by the researcher. As was
demonstrated in the example above, many of the mathematics education data sets in
Research Data Australian are restricted access, meaning that any form of re-use is
negotiated with the owner of the data. ANDS recently published a guide to publishing
sensitive data (Olesen, 2014). This outlines some of the steps that can be taken to make
sensitive data more open and accessible through data repositories.

Intellectual Property
The majority of research projects that actually get funded are a result of the reputation
and knowledge and skills of the chief investigator and the research team. Not only does the
idea have to be good and the methodology sound, the researchers must be deemed fit to
carry out the project. In some circumstances, the collection of the data comes at a personal
cost also. Hence, it is little wonder that many researchers covet their data. However, the
data itself actually belong to the researcher’s institution and upon retirement or leaving,
that data remains the property of that institution.

Context
Research conducted with human participants and about the characteristics of those
participants is contextually based. Without context, much of the data is sometimes
rendered meaningless and often very hard to interpret. Bishop (2012) identified that “for
qualitative methodology, a key issue is context, as data are deemed inseparable from the
context in which they are generated” (p. 345). In order to store data and make it
appropriate for re-use, often very detailed descriptions of the context of data collection will
be required along with data collection instruments and the data itself.

Implications Moving Forward
Given the current political climate and the requirement for ARC funded projects to
have their data deposited into a repository, conversations need to begin within the
mathematics education community about data storage and open data access. The relatively
low number of mathematics education entries into Research Data Australia may be
indicative of the culture of our research environment, but it may also highlight the
difficulty of having a data set that can be easily stored and made accessible. Despite the
advances in technology that have allowed such data repositories to exist and function, it
could be the case that much of the data collected in mathematics education is done so in
non-digital form and hence time, money and equipment are needed to make it repository
ready. Alternatively, it could be the case that consent for such storage and access was not
sought or not granted by the participants. Regardless of the reasons, research funding is
limited and looking into the future, data repositories may be the only viable source of data
available to conduct research.
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Abstract:
Secondary data analysis in educational research has been an established research method for
many years. Yet few publications outline the “how to” of undertaking the process. This paper
presents an analysis framework suitable for undertaking secondary data analysis within the
field of education. The framework is a modification and application of a pre-existing data
mining research process known as Knowledge Discovery in Databases (KDD). The KDD
process is interactive and generative and involves a series of sequential steps and decisionmaking processes. The modified KDD process is described to show how it supports
secondary data analysis and provides an example of how the modified KDD process was
applied across a secondary analysis in mathematics education. This paper provides
educational researchers with a practical and iterative framework through which to undertake
secondary analysis that enhances flexibility and encourages depth and saturation.
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Abstract
Secondary data analysis in educational research has been an established research
method for many years. Yet, few publications outline the “how to” of undertaking
the process. This paper presents an analysis framework suitable for undertaking secondary data analysis within the field of education. The framework is a modification
and an application of a pre-existing data mining research process known as Knowledge Discovery in Databases (KDD). The KDD process is interactive and generative and involves a series of sequential steps and decision-making processes. The
modified KDD process is described to show how it supports secondary data analysis and provides an example of how the modified KDD process was applied across
a secondary analysis in mathematics education. This paper provides educational
researchers with a practical and iterative framework through which to undertake secondary analysis that enhances flexibility and encourages depth and saturation.
Keywords Secondary data analysis · Knowledge Discovery in Data · Analysis
framework · Educational research

Introduction
Secondary data analysis (SDA) is a research methodology that has the potential to
impact greatly on educational research (Smith 2011). The opportunity for secondary analysis has increased with the deluge of available digital data (Carter et al.
2011), with worthwhile applications across varying contexts (e.g. Attwood and Croll
2011; Morris and Ecclesfield 2011). Bishop and Kuula-Lummi (2016) highlighted
that qualitative secondary data analysis has become almost mainstream, with a large
influx of researchers accessing data repositories and utilising secondary analysis
techniques over the last 10 years.
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Nevertheless, there is scant literature concerning ways to conduct SDA in education contexts, especially in terms of process. Within the social sciences, Corti and
Fielding (2017, pp. 10–11) suggested that “as new and larger data sources come on
stream, so methods and tools need to be adapted to allow us to select, query, and visualize data”. Following this call for adaptation, the purpose of this paper is to offer a
research analysis framework suitable for undertaking SDA within the field of education. The framework is a modification of a pre-existing data mining research process
known as Knowledge Discovery in Databases (KDD) (Fayyad et al. 1996), more
traditionally seen in the fields of machine learning and statistics. Despite a growing
interest in educational data mining (Romero and Ventura 2013), the application of
the KDD process is not usually seen in educational research conducted outside of
quantitative data or without computerised methods. This paper provides an opportunity to view secondary data analysis in a different light.
The paper is structured under three main sections. First, the background and literature on SDA and its increasing importance in educational research is presented.
Second, each step of the methodological framework is described in detail. Third, an
example of how the framework was applied to a secondary dataset is described. Utilising a qualitative example of video interview data, this last section describes how
the framework was followed and implemented to uncover new knowledge from the
data.

Secondary data analysis in education
The term secondary data analysis has various definitions. Smith (2008a) identified
two approaches that have emerged from previous literature. The first related to analysing existing data for a new purpose, such as new research questions. The second
related to re-analysing existing data with new techniques or theoretical models. Both
are considered SDA and can be undertaken by the initial research team or others.
Hakim (1982) defined SDA as:
[S]econdary data analysis is any further analysis of an existing dataset which
presents interpretations, conclusions or knowledge additional to, or different
from, those produced in the first report on the inquiry as a whole and its main
results. (p. 1)
SDA within education is not new with Burstein (1978) advocating its importance
and potential back in the late 1970s. Burstein described the advantages and merits of secondary data analysis and promoted secondary analysis as a contributor to new knowledge across five areas: “(a) perspective and theoretical persuasion; (b) psychological distance from the phenomenon under investigation; (c)
current theory and practice; (d) substantive and methodological competencies;
and (e) incidental complications such as time, and economic and psychological
constraints” (p. 10). However, as Smith (2011) lamented, it is not an often-used
research technique. Much of the SDA undertaken to date hails from large-scale
datasets such as national surveys, national and international student assessments,
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and increasingly, digital data captured through education institutes such as learning management systems, student surveys and administrative records (Goodwin
2012). For example, the Trends in International Mathematics and Science Study
(TIMSS) and the Programme for International Student Assessment (PISA) have
been frequently analysed and re-analysed since their inception in 1995 and 2000
respectively. These datasets are made publicly available to researchers who wish
to investigate the results further, whereas other datasets will need permission to
access. Devine (2003) suggested there were many advantages to conducting SDA
on large-scale datasets such as assurances regarding the quality of the data; a
large sample size; monetary and time savings compared to having to collect data;
reduced burden on participants; increased transparency in reporting of findings
and opportunities to analyse longitudinal and cross-country data. The majority of
such secondary analysis is based upon quantitative data and associated analysis
techniques.
More recently, the sharing and re-use of qualitative research data has been discussed and debated and there is an increasing trend for qualitative data to be used
in secondary analysis (e.g. Irwin et al. 2012; Thompson 2000). From a social science perspective, Bishop and Kuula-Lummi (2016), Corti and Fielding (2017) and
Cheshire (2009) highlighted the advances being made in re-using and re-analysing
qualitative data, starting with the digital archiving and depositing of data into repositories, increased access to such repositories and better management in dealing with
sensitive data (Olesen 2014). Internationally the use of qualitative data for secondary analysis has been an established practice for many years (see for example UK
Data Service, previously Qualidata and Finnish Social Science Data Archive) and
recently within Australia, repositories for qualitative data have been established such
as the Australian Data Archive (see https://ada.edu.au/).
Irrespective of research paradigm, there are a number of critical issues to consider when conducting SDA (Cheshire 2009):
• Access to the original or near original datasets is often difficult, with many

researchers only making summarised data available for others to re-use;
• Understanding the purpose for which the data were originally collected can be
difficult without detailed descriptions from the researcher—this is especially
relevant within educational research where in some cases, the context of the
research is critical to developing understanding; and
• Ethical considerations regarding the extent to which informed consent advised
research participants that their data may be used for purposes other than a particular project. Given that previous ethics protocols generally stated that all data
would be destroyed after a certain number of years, ethics committees are now
being encouraged to restate such claims so that data can be utilised by others.
The ethical considerations of data storage, re-use and open access is an important
issue as educational research moves forward. However, it is not the intent of this
paper to go into detail about such issues.
In conjunction with the above points, a pertinent document in the Australian context is the newly revised Australian Code for the Responsible Conduct of Research
43
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(National Health and Medical Research Council 2018) that outlines ethical research
practices.
Hammersley (2010) argued that many of the issues concerning the re-use of data
were being debated and indeed overcome as technological advances means more
flexibility with the storage and archiving of data. Despite these conceivable issues,
SDA has the potential to be highly beneficial to educational research into the future.
Why is a research framework for secondary data analysis needed?
Increasingly, research data from publicly-funded projects are required to be retained
for future use. As such, more and more research data are being collected and stored
digitally. Logan (2015) suggested that the Organisation for Economic Co-operation
and Development’s (2007) principles and guidelines for access to research data
from public funding was a catalyst for major research funding bodies globally to
introduce measures to manage and store data generated from their funding. Logan
identified that since approximately 2010, organisations and government bodies such
as the Economic and Social Research Council (ESRC 2010), the Wellcome Trust
(2010) (UK), the National Science Foundation (NSF 2010) (USA) and the Australian Research Council (Australian Government 2013), have consistently included a
section on data management, storage and re-use in project applications. Hence, there
has been a concerted effort to develop digital data archives and management policies
regarding access to and re-use of these research data.
Perhaps as a direct result of such policy initiatives, Borgman (2012) suggested
that many universities and organisations are dealing with data deluge. Yet, a report
into data archiving and sharing in Australia found that research data sharing and
curation may well be worth up to $5.5 billion per year, with approximately $4.9 billion of this not being fully leveraged by industry or other stakeholders (Houghton
and Gruen 2014). The report also suggested that Australia had some way to go in
fully understanding and engaging in the management, curation and sharing of the
research data and that the chance to leverage the research data asset is not being
fully utilised. As such, there are opportunities for researchers, especially early-career
and post-graduate researchers, to access these data archives to undertake SDA.
Whilst many studies utilise secondary data analysis as their methodology, not all
identify as secondary analysis. For example, Rowan and Ramsay (2018) analysed
national and state assessment data accessed through a public website and the state
jurisdiction. They do not specifically use the term secondary data analysis, however,
the use of the national and state assessment data is secondary in nature, especially
since they combine two different datasets into one analysis. Articles that claim to
have undertaken SDA do not always elaborate on the processes undertaken when
working with the secondary data itself. For example, Bobis et al. (2013) utilised
university level data in a secondary analysis. They described the process of ethically
collecting the data but nothing about transformation techniques or processes concerning the variables within the data. As a result, the actual process—the “how to”
method—of undertaking secondary data analysis is not widely published.
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Brewer (2007) provided insights into conducting SDA by illustrating a generic
process in a step-by-step manner. Figure 1 is an example provided by Brewer
(2007, p. 876) that was described as applicable to quantitative data. This was a
generic process not specific to any particular area of research and does not provide a lot of detail regarding each step.
There are useful examples from the health discipline, with Smith et al. (2011)
and Cheng and Phillips (2014) having provided overviews of the considerations
required when working with secondary data sets. From an education perspective, Smith (2008b) also provided an overview of practical questions researchers
should consider when conducting SDA. These are similar to those identified by
Smith et al. (2011) and Cheng and Phillips (2014) and are summarised below.

Fig. 1 Brewer’s (2007) steps in
secondary data analysis
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• What is the purpose of the research? Define your research topic and questions
•

•

•
•

and identify an analytic plan. Choose a secondary data set.
What do you know about your data set? Who collected the data, how and for
what purpose? Gain a good understanding about the strengths and weaknesses
of the chosen data set and access as much relevant documentation as possible
in relation to the data set, e.g. what were the sampling strategies and response
rates? Who was the information collected from?
Does the data set provide you with enough information to conduct the study?
Does the data set provide the appropriate variables for analysis? E.g. covariates,
exposure variables, outcome variables etc. Do the original definitions of those
variables match with the definitions being used in the SDA? What is missing
from the data set?
How are the data grouped? How are missing data handled?
What are the practical (clinical) implications of the findings? Often large data
sets can have statistical significance but may not be meaningful in a practical or
clinical setting.

Cheng and Phillips (2014) offered the most useful suggestions for working with
the variables within the data set, suggesting that preliminary analysis be undertaken
through cross-tab analysis and frequency tables to better understand the data for
recoding and reorganising. Such guidance was not offered elsewhere in the literature and whilst questions such as those above are helpful for researchers to consider
when working with secondary data, they do not provide a systematic, comprehensive, transparent and replicable approach to working with the larger data to create a
data set that is functional for analysis. In much SDA, the datasets being re-analysed
are not neat and tidy and ready for immediate data analysis. An operationally sound
winnowing process is needed to create a workable dataset. In the absence of existing
guidelines within education, the field of Knowledge Discovery in Data was identified as an area to provide an appropriate analysis framework.

Knowledge Discovery in Data research framework
Knowledge Discovery in Data (KDD) is “the nontrivial process of identifying valid,
novel, potentially useful, and ultimately understandable patterns in data” (Fayyad
et al. 1996, pp. 40–41). Fayyad and colleagues (Fayyad 1996; Fayyad et al. 1996)
and others (see Cabena et al. 1998; Chen et al. 1996; Hand 1998; Pyle 1999) began
researching this notion of KDD in the mid to late 1990s. Across the disciplines of
artificial intelligence, machine learning and statistics, KDD is an established framework. Traditionally, KDD is centred on exploratory analysis techniques that aim to
address the rapidly growing proliferation of digital data by extracting high-level,
useable knowledge from comparatively raw, lower level datasets. The fundamental
principle to KDD is the use of computers and algorithms to systematically explore
massive amounts of data to find patterns that are predictive and descriptive in nature.
The framework is both interactive and generative and involves a series of sequential steps and corresponding decision-making processes. It is also interdisciplinary
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in nature and is applicable in many research contexts. At the core of KDD is the
notion of data mining. Data mining can be a standalone process, although it is also
acknowledged as one step in the larger KDD process. Hand (1998, p. 112) defined
data mining as “the process of secondary analysis of large databases aimed at finding…relationships which are of interest or value”. Although data mining is generally
the domain of large, numerical datasets, Hand (1998) suggested that increasingly
data mining is being used with other non-numerical data sources such as audio,
image and text data.
This paper, however, adopts an alternative view of the use of the KDD framework within educational research, referred to as the Modified KDD. It is advocated
here that the KDD process need not be utilised in the customary manner only. That
is, it does not need to be strictly exploratory in nature, nor does it have to rely on
computerised analysis methods. Rather, it can be utilised as a way of systematically
organising and managing a large dataset for any type of analysis. Colonna (2013, p.
315) recognised that “KDD denotes the entire process of using unprocessed data to
generate information that is easy to use in a decision-making context”. One of the
main advantages of the KDD model is the focus on process. Mariscal et al. (2010,
p. 140) described a process model “as the set of framework activities and tasks to
get the job done, including inputs and outputs in every task” and suggested that it
should be maintainable, repeatable and traceable to make it manageable. Hence, the
structure of the modified KDD provides a practical research framework to sort and
organise the data in order to undertake secondary data analysis.
Figure 2 illustrates the modified KDD process. According to Fayyad et al. (1996),
there are five steps in the traditional KDD process: (a) Selection; (b) Pre-processing;
(c) Transformation; (d) Data mining and (e) Interpretation/Evaluation. However,
throughout this paper, the Data mining step has been modified to Data analysis in
order to more appropriately reflect the intended research framework proposed here.
Data mining is seen to encompass forecasting, predicting, patterning and discovery.
Whilst there are elements of such analysis in SDA, generally it isn’t the focus of
educational research. As such, it was determined that for the KDD to act as a framework and not only be associated with predefined expectations and limited types of

Fig. 2 An overview of the modified KDD process. (adapted from Fayyad et al. 1996, p. 41)
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analysis, the Data mining step of the process would be renamed as Data analysis.
Re-naming this step provided opportunities for broader applications of the framework across many different data sets and for a variety of purposes. This modification
shifts the KDD away from being purely exploratory, to a methodological framework
that provides opportunities to undertake both exploratory and hypothesis-driven
analysis with an appropriate secondary dataset. The five steps of the modified KDD
are described in turn.
Selection
The Selection step involves selecting data from the larger database to create a target dataset. The target dataset is based on the goals of the project and the relevant
prior knowledge of the data, i.e. focusing on a subset or a sample of data. This step
requires a clear overview of the research goals and questions to be answered. Rew
et al. (2000) suggested that when undertaking secondary analysis, the validity and
reliability of the original dataset needs to be determined through understanding the
context in which the data were collected and how the variables were functionally
defined. They also identified that the process of selecting the appropriate target dataset is an interaction between choosing the most appropriate data to represent the
research questions and modifying the research questions to represent the data. As
Smith et al. (2011) advocated, the project aims should be flexible in order to adapt
to the various strengths and limitations of potential datasets. This matching of data
to research questions and back again only happens in this selection step. By the end
of this step, research aims, questions and/or hypotheses must be established to eliminate any potential “data grubbing”, bias or unethical research as the process moves
forward.
Smith et al. (2011) also suggested that using a little-accessed dataset or combining datasets would add innovation and complexity to the secondary analysis. Hofferth (2005, p. 899) discussed a number of questions the researcher would
need to consider when selecting the target data such as “Are the sample sizes for
the subgroup of interest large enough? Does the dataset have the measures I need?
Am I familiar with previous analyses of the data?” Such questions provide guidance on better understanding the larger dataset in relation to the secondary analysis
requirements.
Pre-processing
Pre-processing requires the researcher/s to look at the data in a manner that allows
them to make decisions about the exact nature of analysis to be conducted. This
step could include descriptive analysis of variables via frequency tables and crosstabulations to determine profiles of the variables including identifying strategies to
deal with issues such as missing data or outliers (Cheng and Phillips 2014). Smith
et al. (2011) recommended using a flowchart to monitor participants or specific data
excluded from analysis and to provide reasons for this exclusion (an example of such
a flowchart can be found in Logan and Woodland 2015). Given the iterative nature
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of the KDD process, it is during this step that the researcher/s may find they need
supplementary data or to revisit the larger dataset to find additional variables related
to the research questions (Zhang et al. 2003). The overall goal of the pre-processing
step is to have a well-ordered dataset prior to analysis with which to answer the
established research questions.
Transformation
Transformation involves reducing the target dataset to the useful features which represent the goals of the project, essentially sorting and organising the data. It also
requires a suitable analysis technique to be identified based on the goals of the project and the type of data being utilised. Data can be transformed through any analysis technique, with the aim to classify, cluster and summarise the data. This could
include representing the data in a way which enables patterns and solutions to be
easier to find through recoding of variables (Cheng and Phillips 2014). This is often
a critical step and success of the KDD process can often rely on the researcher/s
domain knowledge and understanding of the research questions in relation to how
they transform the data (Fayyad 1996).
Data analysis
Data mining is seen as searching for and “determining patterns from, observed
data” (Fayyad et al. 1996, p. 43). Traditionally, this step involved utilising discovery
algorithms to establish useful patterns in large-scale datasets. Here, in this modified application, it is interpreted as Data analysis, to capture both quantitative and
qualitative analysis techniques (not necessarily automated computer algorithms) and
where such techniques are applied to the dataset in a manner that is understandable
through statistical and descriptive patterns. Analysis techniques will vary according
to the data set being analysed.
Interpretation/Evaluation
The Interpretation/Evaluation step consists of interpreting any patterns and themes
identified in the data analysis step and evaluating their usefulness and potential
interest to others. As Fayyad et al. (1996, p. 41) ascertained, the discovery of “…
knowledge in this definition is purely user oriented and domain specific and is determined by whatever functions and thresholds the user chooses”. Hence, this interpretation must be closely linked to research questions and project goals and aims. Some
considerations may include distinguishing if the new knowledge is novel; valid; and/
or useful to the field.
The structure of the modified KDD framework provides a comprehensive, transparent, replicable and practical process for those researchers wishing to undertake
secondary analysis. Within this modified approach, the initial premise is the same
as the original KDD purpose: using and analysing data collected for another purpose to discover new knowledge. The main differences between the original intent
49
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of KDD and the framework presented here are that the Data mining step has been
replaced with Data analysis; the main steps and analyses are not completed using
computerised methods alone and the intent of the analysis is not solely exploratory
in nature, it can also be utilised for hypothesis-driven research. This makes the process as an analysis framework much more flexible and provides a utility that has not
been shown in other SDA processes.
As indicated previously, SDA occurs across both quantitative and qualitative paradigms, however, the history of qualitative applications is more recent. The following section describes how the modified KDD framework was applied to a secondary
analysis of a qualitative data set. This example illustrates the practical and iterative
nature of the modified KDD framework.

An application of the modified KDD framework
To demonstrate the application and utility of the modified KDD framework to educational research data, an example of a secondary data analysis is presented. Specifically, the example is situated in mathematics education, using a qualitative dataset.
Some outcomes of this study have been published (see Logan et al. 2014). The aims
of the secondary analysis were to better understand primary-aged students’ verbal
and non-verbal behaviours while completing multiple choice assessment tasks that
incorporated maps, and identify what patterns of behaviour successful and unsuccessful students exhibit when solving those map tasks. This differed from the
original study where the focus was much more on the performance and thinking
processes of students on graphics tasks in mathematics. The research questions associated with the secondary analysis project were:
• What mathematical understandings do primary-aged students require to interpret

map tasks?
• What patterns of behaviour do these students exhibit when solving map tasks?
• What profiles of behaviour do successful and unsuccessful students exhibit on
map tasks?
The following sections detail the processes undertaken and how each step helped
contribute to the outcomes of the study.
Selection of the data

The selection step required the researcher to identify the appropriate data from
the original dataset. The initial step for the secondary project consisted of identifying a subset of the data from the original project to suit the aims of the secondary analysis. The subset of data was identified in three ways. First, the data were
restricted to only the video data from the interview phase of the original study.
The video data provided opportunities to consider the students’ verbal and nonverbal behaviours in ways that were not possible from other project data. Second,
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three tasks were selected from the mathematics instrument that had map structure
typically found in the relevant curriculum (road map, pictorial map, coordinate
map). It was important to select map tasks that related to the content the students
were learning in school, so a comparison of the types of skills and knowledge
expected and observed could take place. Third, the data were limited to 43 participants from one cohort who completed each of the three map tasks in the interview phase of the original study. Because a detailed analysis was undertaken, an
analysis of the larger cohort was beyond the scope of the project at the time. This
highlights the depth provided by the modified KDD analysis framework, where
the focus is not always on larger sample sizes. Figure 3 provides an example of
one of the map tasks utilised in the study.
Through focusing on the research questions and aims of the secondary study,
the selection step had a clear purpose and limited the selection of the data. Hence,
this step removed any “noise” from the rest of the dataset that were not beneficial
to answer the research questions. Other data available included test scores on the
mathematics instrument; scores on the Raven’s Standard Progressive Matrices
(Raven et al. 1998); interview responses to other types of questions within the
mathematics instrument and the interview data from the remaining participants
from the larger cohort.

Fig. 3 The Picnic Park task (Queensland School Curriculum Council 2001)
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Pre-processing the data
The pre-processing step was second in the modified KDD framework and involved
organising the data for analysis, using data reduction techniques and “finding useful features to represent the data depending on the goals of the task” (Fayyad et al.
1996, p. 42). In this project, the target video data were separated to provide the distinction between Task Solution and Task Explanation. Each participant’s video segment was separated into two distinct episodes which occurred in sequential order.
Episode 1 focussed on the Task Solution and consisted of the video excerpt that
showed the participants solving the question. Episode 2 was the Task Explanation
and consisted of the video excerpt of participants explaining their solution. Figure 4
presents the structure of the pre-processing step.
The purpose of pre-processing the video data in this way was to provide opportunities to consider the participants’ verbal and non-verbal (gestural) behaviours from
two different perspectives, when they were solving the task and when they were
describing how they solved the task. This helped to identify patterns of behaviour
among participants and facilitated the development of the profiles of the successful and unsuccessful participants. Following the pre-processing step, there were 43
video excerpts for episode 1 and 43 excerpts for episode 2. For this study, the preprocessing step was not overly complex; however, at the end of this step, the study
had a well-organised set of video data that did not require any additional data from
the original dataset and did not have any missing data or outliers.
Transformation of the data
Transformation of the data was the third step in the modified KDD and involved
classifying, categorising and summarising the target data with respect to the aims
of the project (Fayyad et al. 1996). As such, various codes were developed based on
the research questions in relation to both episodes of the video data. Establishment
of these codes was inductive, where they were developed based on observing video

Fig. 4 The pre-processing step in the modified KDD for episode 1 and 2 (Episode 2 gestural categorisation was based on McNeill’s (1992) classification of hand gestures)
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excerpts of participants in each situation. For episode 1, the codes described participants’ performance on the task and the behaviours they exhibited whilst solving the
tasks. In this instance, the data were transformed into a dichotomous arrangement.
That is, participants were deemed to have answered the task as correct or incorrect
and were deemed to be exhibiting a purposeful gesture or non-purposeful gesture.
Figure 5a–e provide visual representations of the types of gestures coded as either
purposeful or non-purposeful respectively.
For episode 2, the coding of the verbal explanations was based on the extent to
which the students utilised mapping skills and the solution approaches they used on
the map tasks. The gestural behaviour exhibited by students as they explained their
solution was coded under McNeill’s (1992) classification of four types of hand gestures: iconic, metaphoric, beat and deictic. Also, those students who did not exhibit
any gesture (based on similar behaviours as illustrated in Fig. 5d, e) were coded as
no gesture.
Content analysis was undertaken on the video data using the established codes for
each episode. According to Payne and Payne (2004, p. 51) “content analysis seeks to
demonstrate the meaning of written or visual sources…by systematically allocating
their content to pre-determined, detailed categories, and then both quantifying and

Fig. 5 a Purposeful gesture type one: the participant using a finger or a pen to touch the page as he
solves the task. b Purposeful gesture type two: the participant using his pen to hover over the page as he
engages with the task. c Purposeful gesture type three: the participant counting on her fingers as a place
keeper, to keep track of thinking. d Non-purposeful gesture type one: the participant sits with his hands
under the desk, making no movement toward the task with his hands. e Non-purposeful gesture type two:
the participant plays with her pen, but makes no movement toward the task
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Table 1 Contingency table
for cross-tab analysis for task
solution on the Picnic Park

Correct

Total

No (% of
Yes
total correct)
Used gesture

No (% of
total correct)

5 (100)

19 (50)

24 (56)

Yes

0 (0)

19 (50)

19 (44)

5 (100)

38 (100)

43 (100)

Total

Table 2 Mapping skills for Picnic Park task by correctness
Type of behaviour

Correct responses
(N = 38) (%)

Incorrect responses
(N = 5) (%)

Total (N = 43) (%)

Identify and use landmarks

38 (100)

5 (100)

43 (100)

Identify and use coordinates

38 (100)

4 (80)

42 (98)

Identify and apply key

25 (66)

2 (40)

27 (63)

interpreting the outcomes”. Hence, counts of observations were generated for each
of the codes.
The transformation of data in the secondary study relied heavily on the researcher’s domain and pedagogical knowledge of mapping skills, student processing and
gestural behaviours. The establishment of a set of codes that directly related to
the project aims and research questions was a critical step. It enabled the transfer
from the initial preprocessed video footage, to a dataset that could be analysed by a
quantifiable ‘what’s there’ measure (Miles and Huberman 1984); thus, enabling the
researcher to undertake data analysis.
Data analysis
Data analysis was the fourth step in the modified KDD and was “searching for and
determining patterns from observed data” (Fayyad et al. 1996, p. 43). The observed
data in the secondary study were taken from the content analysis during the Transformation step. The transformed data provided descriptive counts in relation to student performance and observable verbal and gestural behaviours on the three map
tasks. This information was used to find patterns that emerged among groups of students with similar verbal and non-verbal behaviours. These patterns were considered
with reference to the (a) respective map tasks; (b) students’ performance on these
tasks; (c) students’ behaviour and (d) students’ explanations. The process for developing a framework to identify commonality traits among students was generated by
Anticipatory Data Reduction (Miles and Huberman 1984). This reduction occurred
by focusing and bounding the data. In this analysis, the bounding was undertaken,
in the first instance, by analysing each Map task separately. This provided a form of
data reduction which allowed for an analysis of task type. As an example, Tables 1,
2, 3 and 4 provide the type of results generated through the data analysis for the
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Table 3 Solution approaches for Picnic Park task by correctness
Type of behaviour

Correct
responses
(N = 38) (%)

Incorrect
responses
(N = 5) (%)

Total (N = 43) (%)

Employed process of elimination

16 (42)

0

16 (37)

Immediately accessed positional information
(with key)

18 (47)

0

18 (44)

Fixated on reference point

0

5 (100)

5 (12)

Other: Indicated the black line did not go
through B4 square (specific to this task)

4 (11)

0

4 (9)

Picnic Park task presented in Fig. 3. Table 1 focuses on episode 1, presenting the
cross-tab analysis of the performance and gesture use.
For episode 2, Table 2 presents the type of mapping skills demonstrated by the
students as they explained how they solved the task.
Table 3 provides the different solution approaches evident from the students’ verbal descriptions from episode 2.
Visual data displays and matrices were generated for each task. These data displays were analysed in relation to student performance (task correctness) and potential patterns that emerged with specific reference to gesture use, mapping skills and
solution approaches. This process was replicated for the three map tasks. Further
analysis drew meaning from these data by seeking patterns, explanations, causal
flow and irregularities (Miles and Huberman 1984). This component of the analysis
created reasoning paths that represent various types of solutions. Representing solutions on these pathways enabled the researcher to identify commonalities and differences among students. They also allowed the researcher to present a holistic view of
a particular type of reasoning during the solution of a task. Figure 6 illustrates the
reasoning paths for the Picnic Park task.
The data analysis stage of the modified KDD is similar to any research process
be it primary or secondary analysis. Data can be analysed using any quantitative or
qualitative technique. The original Data mining stage was dominated by the use of
computerised or automated algorithms searching for patterns in data. By modifying
this step to a more generalised analysis step, the modified KDD process becomes
applicable to a wider range of datasets and research processes.
Interpretation/Evaluation of the analysis of data
Interpretation/Evaluation was the final step of the modified KDD framework and
provided an opportunity to present findings about uncovered knowledge by documenting and reporting on the analysis of data, answering the research questions and
establishing recommendations for relevant stakeholders. This step also allowed for
the resolving of any potential discrepancies in data analysed in the data analysis step.
For this study, this section summarised findings based on the interactive and generative interpretations of the transformation analysis and the reasoning/behavioural
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Establish coding and content analysis of video data

What mathematical understandings do primary-aged students require to interpret Map tasks?
What patterns of behaviour do these students exhibit when
solving Map tasks?
What patterns of behaviour do these students exhibit when
solving Map tasks?

Transformation

Transformed data

Data analysis
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Success used as a lens to determine if successful and unsuccessful students were attempting these tasks in a similar
manner
Summary of findings, implications and recommendations

Data analysis and Interpretation/Evaluation What profiles of behaviour do successful and unsuccessful
students exhibit on Map tasks?

Interpretation/Evaluation

Patterns discovered in the transformed data attempted to
uncover and explain some common behavioural and reasoning traits among students on each map task

Descriptive counts as to how the students solved the map tasks
considering their mathematics and mapping knowledge and
their gesture

Organisation of data in preparation for analysis

Pre-processing

Outcome
Selection of target data

Question

Selection

Modified KDD framework step

Table 4 Relationship of research questions and modified KDD framework in the SDA

T. Logan
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Fig. 6 The Picnic Park task reasoning paths

profiles generated in the data analysis step (see Fig. 6). The information for this step
was represented using a combination of linguistic, numerical and graphical formats.
The modified KDD research framework was appropriate for this analysis as it provided a mechanism for systematically cleaning, transforming and analysing existing
data in order to discover new knowledge. Specifically, it provided scope for video
data to be re-analysed using both quantitative and qualitative techniques. Table 4
highlights how the structure of this framework allowed for the research questions to
be investigated.

Conclusion and implications
Although secondary data analysis has been utilised in various ways for a number
of decades, there are surprisingly few established research frameworks detailing
the process of undertaking such studies. This paper proposes and demonstrates an
approach to conducting secondary data analysis in educational research through the
modified KDD framework. A few publications describing secondary data analysis
within the social sciences provide elements of the processes described here (e.g.
Brewer 2007; Devine 2003; Kolb 2008), however, none provide a well-defined
framework that can be followed from beginning to end. The use of the modified
KDD framework provides a structured, iterative, comprehensive, transparent and
replicable process which guides the researcher through the progression of secondary data analysis. Such an approach can be undertaken by any researcher wanting to
analyse secondary data. Although the technical aspects differ between the original
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KDD process described by Fayyad et al. (1996) and the one described here, the
overarching rationale of each of the steps in the framework are similar.
The example described within this paper has its foundations in mathematics education research. The multi-method approach to analysing the data within the KDD
framework is inventive and combined sound features of both quantitative and qualitative methods. Consequently, one aspect of the results of that particular study has
been published in a mathematics education journal (see Logan et al. 2014), while
other secondary data analysis publications using the KDD and modified KDD
frameworks have also been published (see Logan 2015; Logan and Lowrie 2017;
Logan and Woodland 2015).
A number of implications arise from utilisation of the modified KDD analysis
framework. First, the modified KDD framework provides both scope and design for
secondary analysis to be conducted in educational settings. There are limited methodological tools to be used for secondary analysis, especially in terms of qualitative data analysis. This process provides a structure for both iterative analysis and
recursive decision making—both valuable features of qualitative and mixed-method
research (Onwuegbuzie and Johnson 2006). In order to manage bias, the formulation
of research questions, aims and/or hypotheses should be clearly established by the
end of the pre-processing step. The step-by-step process also supports quantitative
data analysis, where variables can be well-defined in the first steps of the model.
The framework also requires a partitioning of datasets that leads to detailed and
transparent decision making, which helps with validity and reliability of the secondary data process. Second, the framework is relatively easy to follow once the target
dataset has been identified and research questions formulated. The modified KDD
research framework is also accessible, ensuring it becomes a value proposition, not
only financially (Devine 2003), but in terms of leveraging research data. Education
research is criticised for being a cottage industry (Lowrie 2014), where small-scale
studies are replicated in multiple contexts without interrogating data at depth. The
modified KDD framework provides utility and flexibility that encourages analysis
with depth and saturation.
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Part 3: Application of the KDD and MKDD frameworks
3. Four applications of the KDD and MKDD frameworks
This section presents four published papers that have utilised the KDD and MKDD
frameworks for secondary data analysis. These papers incorporated various data sets accessed
from a variety of projects and sources.

3.1. Paper 3: Co-thought gestures: Supporting students to successfully navigate map
tasks
Logan, T., Lowrie, T., & Diezmann, C. M. (2014). Co-thought gestures: Supporting students
to successfully navigate map tasks. Educational Studies in Mathematics, 87, 87-102. doi
10.1007/s10649-014-9546-2
Abstract:
This study considers the role and nature of co-thought gestures when students process mapbased mathematics tasks. These gestures are typically spontaneously produced silent gestures
which do not accompany speech and are represented by small movements of the hands or
arms often directed toward an artefact. The study analysed 43 students (aged 10– 12 years)
over a 3-year period as they solved map tasks that required spatial reasoning. The map tasks
were representative of those typically found in mathematics classrooms for this age group and
required route finding and coordinate knowledge. The results indicated that co-thought
gestures were used to navigate the problem space and monitor movements within the spatial
challenges of the respective map tasks. Gesturing was most influential when students
encountered unfamiliar tasks or when they found the tasks spatially demanding. From a
teaching and learning perspective, explicit co-thought gesturing highlights cognitive
challenges students are experiencing since students tended to not use gesturing in tasks where
the spatial demands were low.
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Abstract This study considers the role and nature of co-thought gestures when students
process map-based mathematics tasks. These gestures are typically spontaneously produced
silent gestures which do not accompany speech and are represented by small movements of the
hands or arms often directed toward an artefact. The study analysed 43 students (aged 10–
12 years) over a 3-year period as they solved map tasks that required spatial reasoning. The
map tasks were representative of those typically found in mathematics classrooms for this age
group and required route finding and coordinate knowledge. The results indicated that cothought gestures were used to navigate the problem space and monitor movements within the
spatial challenges of the respective map tasks. Gesturing was most influential when students
encountered unfamiliar tasks or when they found the tasks spatially demanding. From a
teaching and learning perspective, explicit co-thought gesturing highlights cognitive challenges students are experiencing since students tended to not use gesturing in tasks where
the spatial demands were low.
Keywords Co-thought gestures . Map tasks . Spatial reasoning . Navigating

1 Introduction
Visual reasoning and spatial ability are essential aspects of mathematics thinking (National
Council of Teachers of Mathematics, 2000) and related disciplines (National Research
Council, 2006). In the 2006 report by the National Academy of Sciences (National Research
Council, 2006), spatial thinking was seen to encompass three major aspects, namely representation, space and reasoning. Graphics, such as maps, are one way of combining these three
aspects into mathematics engagement. Indeed, Liben (2008) advocated learning and instruction about maps as a powerful way to develop spatial thinking in children. Similarly, research
on spatial reasoning has identified the importance of gesture when expressing, communicating
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and thinking about spatial information (Alibali, 2005). In the past decade, maps have become
much more prevalent in our society. They have increased sophistication and detail (e.g.,
Google Earth), and there are more opportunities for people to engage with maps. Information
in maps is encoded through the spatial location of fixed marks and symbols (Mackinlay, 1999).
Clarke (2003) argued that in order to be map literate, the user is required to develop and access
a variety of spatial information. Hence, sound spatial reasoning skills are needed in order to
decode maps because the spatial relationship amongst the visual elements is of particular
importance. Despite their utility, maps have limited use in mathematics classroom contexts,
and some students, especially females, find maps difficult to decode (Lowrie & Diezmann,
2011). In this investigation, we look at the nature and function of gesture in supporting
students’ successful navigation of map tasks.

2 Spatial reasoning, mathematics and gestures
Spatial reasoning is made up of a number of different constructs, including spatial visualisation, spatial relations, spatial orientation and the real-world application of way finding
(Lawton, 2010). One aspect of spatial reasoning that has gained momentum is the role of
gesture in thinking through and working with spatial tasks. Close links have been identified
between gesture use and spatial visualisation/transformation tasks (Ehrlich, Levine, & GoldinMeadow, 2006; Sauter, Uttal, Schaal Alman, Goldin-Meadow, & Levine, 2012) which suggest
that gestures, when coupled with verbal descriptions, provide an insight into the students’
spatial reasoning and strategy use which might not be evident in the accompanying speech.
McNeill (1992) defined gestures as the “spontaneous and idiosyncratic movements of the
hands and arms accompanying speech” (p. 37) and suggested that they are a person’s inner
thoughts rendered visible which relate to “memory, thought, and mental images” (p. 12). He
advocated that gestures are symbols that display meaning designated by the speaker, and their
coexistence with words and speech offers an insight into the process of sense making. As
Garber and Goldin-Meadow (2002) indicated, “the gestures speakers spontaneously produce
when they talk can reflect substantive ideas relevant to the task at hand” (p. 118). In some
ways, the notion of gesturing provides explicit observable details of some cognitive/conceptual
aspects of learning which were once considered internal.
Work undertaken by Tversky (2007) and Heiser, Tversky, and Silverman (2004) highlighted connections between gestures and maps. Tversky and colleagues’ findings suggested that
certain types of gestures were used for different purposes when navigating maps and that
movement of the gestures was confined to the map itself, with pointing and tracing gestures
prominent. Although Tversky and colleagues’ research does not detail the exact nature of all
gestures, it certainly highlights that spatial arrangements such as maps are highly conducive to
gesture use when explaining and reasoning.
Much of the research in the field of gesture and mathematics has focused on gestures which
accompany speech and, in particular, when the meaning in the speech and the meaning
represented in the gesture are mismatched (e.g., Garber, Alibali, & Goldin-Meadow, 1998) or
understanding the ways that embodiment is acted upon in mathematical situations (Radford,
Edwards, & Azarello, 2009). However, recent research has started to examine the ways in
which individuals use gesture in mathematics, where the gesture is not only a way to
communicate to others their intended meaning, but also a functional support in the processing
of mathematical information (Alibali, Spencer, Knox, & Kita, 2011). Thus, the notion that an
individual may gesture as part of their mathematical processing has been postulated and may
be considered as gestures that accompany thinking, as opposed to the function of speech (Chu
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& Kita, 2011a). These gestures are not for others, but for the individual themself as they work
out the tasks at hand.

3 Gestures that accompany thought
There is now a view that individuals will often produce a spontaneous gesture when processing
mathematical information just for their own benefit and not to facilitate communicating with
others. These gestures are produced by the individual themself and are generally silent, small
movements of the hands or arms and are often directed toward an artefact or kept very close to
the person (Zurina & Williams, 2011). In their studies, Chu and Kita (2008, 2011a) found that
when solving spatial visualisation problems, people produced spontaneous, silent gestures as
they solved the tasks. They classified these types of gestures as “co-thought” gestures. The
tasks presented in their studies did not require the individual to speak or communicate with
others, yet these types of gestures were evident as their participants processed the spatial
information. Chu and Kita suggested that these co-thought gestures were produced by an
individual when they found the tasks difficult and that the use of such gestures was seen to aid
the individual’s thought processes as performance improved when they were produced. For
this paper, we adopted the definition of Chu and Kita (2011a) on co-thought gestures: “Cothought gestures are hand movements produced in silent, noncommunicative…situations,” (p. 102)
and the authors would add that these hand movements were directed toward the spatial information
contained within the task.
Zurina and Williams (2011) also found that students spontaneously produce co-thought
gestures for themselves as they engaged with fraction problems. Despite being in a group
situation, when students needed to reflect on their own thinking, they shifted their gaze away
from the group and produced small, silent hand movements related to the tasks. These gestures
were not intended to add to the group discussion, because the student did not speak when
gesturing, but were to clarify the student’s own thinking and understanding of the task at hand.
An appeal from Zurina and Williams to further investigate such instances of “gesturing for
oneself” in mathematics education supports the current investigation. Following on from the
work of Chu and Kita, we hypothesise that those students who utilise co-thought gestures
when solving map tasks will be more successful in their responses. Consequently, the intent of
this study is to determine the nature and function of co-thought gestures in supporting students’
successful navigation of map tasks.

4 Theoretical underpinnings
The theoretical underpinnings of the study are derived from the theoretical model of Pirie and
Kieren (1994) for observing and describing how students develop sense making. This model
provides the capacity for observation through and across eight embedded layers of understanding from a central core of primitive knowing through to an outer circle of inventising. The
second level, image making, involves creating visual and mental images, while at the next
image having level, the student is able to develop these image constructs without having to
rebuild these notions each time. Beyond this layer, the student would be able to notice
properties and formalise abstractions. This model is dynamic in nature—in the sense that
there is recognition that learning is not a linear process. Consequently, when a student is
confronted with a novel or challenging task, there is a tendency go back to a more well-known
inner layer in order to consolidate mathematics understandings and provide support before
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again moving forward, identified by Pirie and Kieren as “folding back.” Thus, folding back
“allows for the construction and elaboration of inner level understanding to support and lead to
new outer level understanding” (Pirie & Kieren, 1994, p. 173). From this perspective, we view
the use of co-thought gestures as a type of folding back from the image having level to the
image making level, as the student is relying on a more concrete/tangible action to assist with
processing mathematical information.
4.1 Research questions
The aim of the study was to ascertain the nature and function of co-thought gesture in
supporting students’ successful navigation of map tasks. The data are analysed both collectively (an analysis of the set of three tasks) and individually (an analysis of each of the map
tasks) in order to fulfil the aim. The following research questions were formulated:
1. How do students utilise co-thought gesture when solving map tasks?
2. What is the relationship between students’ performance and co-thought gesture use?

5 Method
5.1 Participants
Forty-three students (22 girls, 21 boys) at three Australian primary schools participated in the
study over a 3-year period. The participants commenced in the study when they were aged 9–
10 (grade 4) and participated annually for 3 years. The three schools involved consisted of one
government, one Catholic and one independent school, and they all catered for children aged
5–12 years (kindergarten to grade 6). Situated in a regional city with a population of over
60,000, these medium-sized schools all had enrolments of over 200 students. Given the
diversity of the school environments, the participants were from varying socioeconomic and
academic backgrounds and reflected the ethnic and cultural composition of the local community, with less than 5 % of the students speaking English as their second language. The
participants could be described as relatively monocultural with students typically from an
Anglo-Saxon background.
5.2 Procedure
This study focused on 43 participants as they solved one map task in interviews in each of
3 years. The participants were not subject to any treatment programmes in the study, and they
continued with the mandatory syllabus of the state. None of the participants had received overt
instruction about how to interpret maps.
The interview sessions were videotaped in order to record the gestures students exhibited
when solving the map tasks. To aid analysis, the interview recordings were split into two
sections. Section 1 was termed task solution, and this commenced when the participant started
to work out the task and concluded when they had written their answer (generated a solution).
Section 2 was termed task explanation and commenced from when the interviewer asked the
student to read out the question and explain how they answered the task and concluded when
the participant moved on to the next task. During the task solution section, no conversation
took place with the exception of participants asking questions to clarify the task. Given that the
focus of the paper is on the co-thought gestures produced during noncommunicative situations,
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this paper presents the analysis of the task solution section only in order to understand the
gestures students utilised when navigating and solving map tasks, as opposed to when they
explained how they worked out their solution. No further information is provided regarding the
task explanation section as the students were asked to communicate with the interviewer in a
verbal situation.
5.3 The tasks
The three map tasks were presented in a multiple choice, pencil-and-paper format, and
while they were novel to the children involved in the study, they were representative
of the types of mapping tasks typically found in mathematics classrooms for this age
group. Originally, these tasks were selected from state-based published numeracy tests
and were designed for students in the upper primary grade levels. Two of the tasks
were route-finding tasks, and the other was locating a coordinate on a grid. The three
map tasks are presented in Figs. 1, 2 and 3.
The Picnic Park task (Fig. 1; Queensland School Curriculum Council, 2001) was represented as a coordinate map, with positional points used to indicate landmarks (as opposed to
pictorial representations of specific landmarks). A key and a compass bearing were also
provided.
The Playground task (Fig. 2; Queensland Studies Authority, 2002a) was a pictorial
representation of a playground. Locational features include easily identifiable objects depicted
in pictorial form (e.g., a pool) and a representation not to scale.
The Street Map task (Fig. 3; Queensland Studies Authority, 2002b) is a traditional street
directory representation with some features represented from a bird’s-eye-view perspective
(e.g., the netball courts). Other features are represented in the key and depicted pictorially
on the map (e.g., the post office). The map includes coordinates, a scale and a compass
bearing.
5.4 Coding scheme
Given the focus of this paper on the task solution section (during which there was no
talking or speech), Chu and Kita’s (2011a) definition of co-thought gestures was utilised

Fig. 1 The Picnic Park task
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Fig. 2 The Playground task

as a starting point from which to code the participants’ gestures. That is: “Co-thought
gestures are hand movements produced in silent, noncommunicative…situations” (p. 102).
Additionally, the coding of a co-thought gesture for this study included that these hand
movements were directed toward the task itself. Therefore, gestures such as directly
touching the page, hovering over the page and participants tracking their thinking through
counting on fingers or drawing on the page were considered gestures for this study. The
observation of these gestures did not reflect the number of times a student gestured, but
rather whether they exhibited this behaviour at least once during task solution. Figures 4
and 5 provide examples of the types of hand movements observed as co-thought gestures
in this study.
The second aspect of the task solution section was based on student performance. Students
were coded according to whether they answered the task correctly or incorrectly based on their
chosen answer from the multiple choice options.
5.5 Data analysis
Students’ engagement with the map tasks during the task solution section was
analysed using content analysis (Krippendorff, 2004) to observe (a) the frequency of
students’ co-thought gestures when navigating and solving the task and (b) performance on the task. This counting procedure provided a quantifiable “what’s there”
reference (Miles & Huberman, 1984) to make further decisions about the data. In this
instance, the data are presented in a dichotomous form. That is, participants were
70

Co-thought gestures: supporting students to navigate map tasks

Fig. 3 The Street Map task

deemed to have (a) answered the task as correct or incorrect and (b) used co-thought
gestures or not when solving the task. Descriptive statistics were used to outline
student performance and observable gestures through content analysis.

Fig. 4 Example of a student
touching the page with their finger
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Fig. 5 Example of a student hovering over the page with their
finger

6 Results
6.1 An analysis of co-thought gesture use on the set of map tasks
In order to establish how students utilise co-thought gesture when navigating map tasks, the
three map tasks were considered collectively so that patterns of gesture use over the set could
be identified. A high proportion of participants utilised co-thought gesture on at least one of the
three tasks. Fourteen of the 43 participants (33 %) used co-thought gestures for each of the
three tasks, while four participants (9 %) did not use a gesture for any of the tasks (see Table 1).
With 25 participants (58 %) utilising co-thought gestures on only one or two tasks, it
seemed that the gesture use exhibited by participants was aligned to the task rather than to the
individual student. That is, not every student utilised co-thought gestures on all three tasks.
Based on the model of Pirie and Kieren (1994), these results could indicate that many of the
participants may have had sufficient knowledge to manage those tasks at the image having
level and did not need to fold back to the image making level of the model by utilising a
supportive gesture for certain tasks or a task. For the 14 students who did utilise co-thought
gestures on all three tasks, they found those tasks unfamiliar or significantly difficult enough to
necessitate the use of a gesture to support their thinking.
6.2 An analysis of performance and co-thought gesture use on the map tasks
A frequency table (Table 2) was produced to gauge the interaction between co-thought gesture
use and the number of tasks answered correctly. There was a loading of counts within

Table 1 Proportion of students using co-thought gesture across the three map tasks
Gestures on the 3 tasks

0

1

2

3

Frequencies (N=43)
(%)

4
(9)

7
(16)

18
(42)

14
(33)
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Table 2 Frequency distribution by correctness and co-thought gesture use
No. tasks gestures used

No. correct responses

Total

0

1

2

3

0

0

2

0

2

4

1

1

1

3

2

7

2

0

5

6

a

7

18
b

3

0

0

4

10

14

Total

1

8

13

21

43

a

Participants correctly solved each task by using gesture for only two of the tasks

b

Participants correctly solved all three tasks by using a co-thought gesture on each task

particular cells. The cells with the highest number of frequencies are loaded towards the cells
that represent a higher success rate and higher gesture use.
For example, the ten participants (Table 2) who correctly solved all three tasks also used a
co-thought gesture on each task. The seven participants (Table 2) who correctly solved each
task used gesture for only two of these tasks. The participants who gestured in each of the three
tasks were likely to answer two or more of the tasks correctly, whereas the success rate for
participants who gestured on only two of the tasks was spread relatively evenly across one, two
or three tasks answered correctly. Hence, although the use of a gesture appeared advantageous
for a correct solution, it did not guarantee a correct solution.
The individual tasks were analysed with respect to task correctness and co-thought gesture
use in order to ascertain the interaction between these two variables on each of the three tasks.
In terms of task correctness, 88 % of participants correctly solved the Picnic Park; while 72 and
65 % of participants correctly solved the Playground and the Street Map, respectively. With
regard to co-thought gesture use, this varied from 84 % of participants using a gesture on the
Street Map, to 70 % on the Playground and 44 % on the Picnic Park. A between group analysis
of variance (ANOVA) was conducted to determine whether there was a difference between the
difficulty of the tasks and gesture use. The ANOVA revealed statistically significant differences between students’ gesture use across the three items (F(2, 128)=8.53, p<0.001, partial
η2 =0.12). As the students found the tasks increasingly difficult to solve, they were more likely
to use gesture to solve the task. Table 3 displays the mean and standard deviation for
correctness and gesture use for each of the three tasks.
An ANOVA was conducted to determine whether there were differences between students’
effective gesture use across the three items (difficulty). An effective gesture score was
generated for student responses on each item by scoring gesture and correct (+2), gesture
and incorrect (+1) and no gesture use (0), such that each student’s effective gesture score
would range from 0 to 2 for each item. There was a statistically significantly difference
between the mean scores of effective gesture use across the three items (F(2, 128)=4.79,
Table 3 Mean (and standard deviation) for correctness and co-thought gesture use by task
Task

Number

Correct

Gesture

The Picnic Park
The Playground

43
43

0.88 (0.32)
0.72 (0.45)

0.44 (0.50)
0.70 (0.46)

The Street Map

43

0.65 (0.48)

0.84 (0.37)
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p<0.01, partial η2 =0.07), revealing that effective gesture use increased with task difficulty.
That is, the mean scores for those who gestured and answered correctly increased from the
easiest item [picnic park, M=0.82, SD, 0.99], to the moderate item [playground, M=1.23, SD,
0.89], to the difficult item [street map, M=1.42, SD, 0.76].
These data on correctness and gesture use revealed an inverse relationship between task
correctness and the proportion of participants who gestured within each task (Fig. 6). That is, the
proportion of participants who utilised co-thought gestures for the Picnic Park task was relatively
low (44 %) given the high success rate (88 %), whereas on the Street Map task, the converse
occurred with gesture use being quite high (84 %) while the success rate was lower (65 %). Hence,
the students were more inclined to gesture on tasks in which they were less successful.
Similarly, the distribution of students who did not exhibit a gesture decreased as fewer
participants answered the task correctly (see Fig. 7). The 19 students who did not gesture to
correctly solve the Picnic Park halved to eight students for the Playground and more than
halved again to three students for the Street Map. This indicates that those students who were
not gesturing on the Picnic Park began to gesture and answered correctly or began to gesture
and answered incorrectly on the Playground and the Street Map.
Figure 7 presents the cross tab analysis of correctness and gesture use for each task. It also
provides a visual representation of the flow of student gesture use from (a) no gesture with a correct
response to (b) gesture with a correct or incorrect response (represented with arrows from the top
left-hand corner to the middle and bottom). However, the number of students who did not gesture
and answered incorrectly stayed relatively constant across the three tasks, with either five (the Picnic
Park and the Playground) or four students (the Street Map) in this category. Looking at these results
with the model of Pirie and Kieren (1994), one could argue that many of the students needed to fold
back to more primitive forms of support, such as a co-thought gesture, when navigating the
Playground and the Street Map tasks. Given this, each task will be considered individually regarding
the spatial demands of the tasks, the processes required to achieve a correct answer and how the use
of a co-thought gesture may have facilitated a correct solution.
6.3 The spatial demands of the map tasks and co-thought gesture use
6.3.1 The Picnic Park
The Picnic Park task required an understanding of locating landmarks and reading coordinate
position (see Fig. 8). If students (a) understood the intent of the question and (b) had general
mapping knowledge, they were more than likely able to answer correctly. Although the coordinate
Fig. 6 The inverse relationship
between task correctness and gesture use
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Fig. 7 Distribution of students’ gesture use across the three tasks from cross tab analysis

grid was provided in the map, the spatial demands of this task from a visual perspective could be seen
as quite high as there is a lot of information presented in various forms (e.g., labelled dot points, a
compass point, a key with a picture, the axes). The navigational requirements of this task, however,
were fairly simple in that the students only had to identify the bike track and work through which one
of the coordinate options the track did not pass through.
The 19 students who utilised co-thought gestures on this task were all successful in
answering correctly, suggesting that the use of a gesture supported sense making. Figure 8
presents an example of a type of co-thought gesture utilised on the Picnic Park task. This type
of gesture was typical for the students in the cohort.
A sequence is tracked on the map, showing where Laura’s finger movements were in
relation to the task on the page. Image 1 depicts Laura locating the coordinate square A5,
which is the first option in the answers. Image 2 depicts Laura locating the coordinate square
B5, the second option in the answers. These gestures were a form of process of elimination as
the students worked their way through the answer options, navigating the coordinates by
matching up the two axes with their fingers. These gestures helped students to navigate the
spatial aspects of the task and helped them focus on the important features of the task.
6.3.2 The Playground
The Playground task required students to interpret a bird’s-eye-view representation of a
playground (Fig. 9). Location skills were required to identify specific landmarks (e.g., the

Fig. 8 Laura’s co-thought gestures as she solved the Picnic Park task
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Fig. 9 Jeremy using his pencil to navigate the route in the Playground task

track) while directional skills (e.g., movement) were needed to navigate from specific landmarks through a given route. This type of map would be described as a pictorial map, where
many of the landmarks are displayed as labelled pictures. The spatial demands of this task
from a purely visual perspective are relatively low. However, from a navigational perspective,
the task itself requires a number of movements around the map while at the same time tracking
the number of times that route crossed one of the landmarks.
Thirty students utilised co-thought gestures when they solved the Playground task. Of
these, 23 answered correctly. This indicates that more students required the scaffolded
support of a gesture to navigate this task than the Picnic Park task. Figure 9 highlights a
type of co-thought gesture utilised to answer the Playground task.
Jeremy utilised his pencil to help him monitor his progress through the given route. The
numbers on the map indicate his movements. Keeping track of the route with his hands
allowed him to concentrate on the question, that is, how many times the track was crossed
during that route. This coordinated approach to keeping track of his movements was a practical
way to distribute the navigational demands of the task.
6.3.3 The Street Map
This task had a traditional street directory representation (Fig. 10) with some features represented from a bird’s-eye-view perspective (e.g., the netball courts) and others as labelled
points. Information represented in the key is depicted pictorially on the map (e.g., the post
office). Other features on the map include a scale and a compass bearing within a coordinate
arrangement. The spatial/visual demands of this task are high. There are many different map
elements represented which could distract children from identifying the important features.
The navigational demands of this task are also very high. Specific mathematics understandings
(e.g., North and ordinal numbers) and everyday language (e.g., right, left) are required to
navigate a route along streets to complete a journey and then identify a landmark.
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Fig. 10 Lachlan using his pen to follow the route in the Street Map task

Thirty-six students utilised a co-thought gesture on the Street Map task. This task had the
highest number of students utilising a co-thought gesture during their solution, indicating that
the spatial/navigational demands of this task required nearly all the students (84 %) to fold
back to a more supportive process. Interestingly, across the three tasks, this task also had the
highest number of students answer correctly utilising a co-thought gesture, which suggests
that, although utilising a gesture during the solution process did not guarantee a correct
solution, it was more likely to help scaffold thinking in order to produce a correct response.
Figure 10 presents a typical co-thought gesture utilised by this cohort on the Street Map task.
In a similar vein to the Playground task, Lachlan utilised his pen to monitor his movements
around the map as he followed the given route. The numbered sequence on the map indicates
his ordered movements (Fig. 10). This route-finding task utilised only a small number of
features on the map itself; however, the navigational instructions were complex enough for
students to need to track their movements with a concrete representation.

7 Discussion and implications
The aim of the study was to ascertain the nature and function of co-thought gesture in supporting
students’ successful navigation of map tasks. Although 33 % of students utilised gesture to solve
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all three tasks, 58 % of students gestured on only one or two tasks. This selective use of gestures
could indicate that the behaviours were aligned to the actual task rather than the students’
individual processing needs or preference. There is a view that gesturing influences the representations and processes that take place in students’ minds as they engage with spatial tasks and
that such behaviour can influence the pathways of spatial reasoning (Alibali, 2005). Thus, the
students who gestured for each of the three tasks did so as a component of their information
interpretation and cognitive processing. These gestures could have assisted their performance
because they provided a support mechanism for monitoring and navigating spatial information.
We are not suggesting that these co-thought gestures were intentionally utilised by the students.
In fact, it may be the case that they were unaware of these actions. Importantly, there was strong
evidence to suggest that co-thought gesturing was beneficial for students solving map tasks with
high spatial demands. More research needs to be undertaken to determine whether this gesture is
intentional, especially given that Chu and Kita (2011b) suggested that students do not have an
automatic meta-awareness that gesture can be supportive.
Notwithstanding the issue of intent, there was a clear pattern between task performance and
gesture use. The inverse relationship between correctness and gesture use suggested that
gesture was used as a scaffold to make connections between the spatial and navigational
arrangements and their mathematical ideas. Generally, students used co-thought gesture to help
make sense of the navigational challenges amongst the respective tasks. It provided a concrete
reminder as students tracked their thinking on the maps, and this was especially true when
students were required to follow a route on the map (i.e., the Playground and the Street Map
tasks). Given that gesture use became more effective as the tasks increased in difficulty, those
students who did not gesture either did not require such support or were unable to engage with
the task with enough understanding to utilise such a support mechanism. The utilisation of cothought gestures is explained by the theory of Pirie and Kieren (1994) on mathematical growth
where students “fold back” to more concrete forms of image making in order to fully engage
with the task. Thus, using co-thought gestures supported students’ understanding of the map as
a spatial representation.
The manner in which the students gestured for each individual task may also provide
insight into the reasons for such gesturing. For the Picnic Park, the students were required to
find a fixed point, a coordinate on the grid. As illustrated by Laura (Fig. 8), many students
simply worked through a process of elimination with the answer options, hence finding one
coordinate point at a time. For the Playground and the Street Map tasks, the route-finding
design meant that students had to monitor and follow a number of instructions one after
another, keeping in mind where they had previously been, where they were presently and
where they were to go next. The type of gesturing seen on these two tasks was similar in that
the hand movements acted as a type of place keeper for the directions. As illustrated in both
Jeremy and Lachlan’s gestures (Figs. 9 and 10), taking one direction at a time (e.g., Ben went
from the gate to the tap) and tracking it with their pen or hand allowed the students to then
think about the next direction without having to remember where they were presently or
previously had been. The concrete reminder of where they were up to in the sequence of
directions allowed them to continue on with the next direction. This type of co-thought
gesturing reduced the cognitive load of the students from having to consider multiple
directions down to just having to find one fixed point each time, in a similar manner to the
Picnic Park.
From a theoretical perspective, the findings of the study suggest that gesturing is an
important element of spatial engagement in mapping tasks. Although gesturing has long been
recognised as an important component of communication (Radford, 2009), the findings reveal
the effectiveness of gesturing when students are solving mapping tasks that require spatial
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processing. The claim that gesturing supported student understanding is documented elsewhere. Chu and Kita (2011a), for example, argued that the utilisation of supportive gestures is
most likely to be triggered when the spatial visualisation demands are very difficult and could
not be accomplished using mental imagery alone. Consequently, the more concrete form of
image making provided opportunities for the students to monitor their thinking and plan
subsequent spatial movements from more concrete “fixed points.” Indeed, as the spatial and
navigational demands of the map tasks increased, so did the prevalence of co-thought gesture
use. Although student success declined on the most spatially challenging task, the Street Map,
the number of students who utilised co-thought gesture and answered correctly was the highest
for any of the three tasks. Thus, as students folded back to a more primitive form of knowing,
these co-thought gestures helped with the successful navigation of the spatial challenges of the
respective tasks.
From a classroom teaching perspective, taking notice of when students use gesture to solve
tasks can help teachers identify the cognitive challenges students are experiencing since
gesturing is particularly effective when students need concrete support to solve tasks.
Indeed, it would seem prudent to encourage the explicit teaching of gesturing—particularly
in map tasks and in situations where spatial demands are high. Moreover, the variability of these
data could indicate that explicit teaching about maps is not widely undertaken in schools and
could be an area considered for future research.
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Abstract:
Mathematics assessment and testing are increasingly situated within digital environments with
international tests moving to computer-based testing in the near future. This paper reports on
a secondary data analysis which explored the influence the mode of assessment—computerbased (CBT) and pencil-and-paper based (PPT)—and visuospatial ability had on students’
mathematics test performance. Data from 804 grade 6 Singaporean students were analysed
using the knowledge discovery in data design. The results revealed statistically significant
differences between performance on CBT and PPT test modes across content areas
concerning whole number algebraic patterns and data and chance. However, there were no
performance differences for content areas related to spatial arrangements geometric
measurement or other number. There were also statistically significant differences in
performance between those students who possess higher levels of visuospatial ability
compared to those with lower levels across all six content areas. Implications include careful
consideration for the comparability of CBT and PPT testing and the need for increased
attention to the role of visuospatial reasoning in student’s mathematics reasoning.
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Abstract Mathematics assessment and testing are increasingly situated within digital
environments with international tests moving to computer-based testing in the near
future. This paper reports on a secondary data analysis which explored the influence the
mode of assessment—computer-based (CBT) and pencil-and-paper based (PPT)—and
visuospatial ability had on students’ mathematics test performance. Data from 804
grade 6 Singaporean students were analysed using the knowledge discovery in data
design. The results revealed statistically significant differences between performance on
CBT and PPT test modes across content areas concerning whole number algebraic
patterns and data and chance. However, there were no performance differences for
content areas related to spatial arrangements geometric measurement or other number.
There were also statistically significant differences in performance between those
students who possess higher levels of visuospatial ability compared to those with lower
levels across all six content areas. Implications include careful consideration for the
comparability of CBT and PPT testing and the need for increased attention to the role of
visuospatial reasoning in student’s mathematics reasoning.
Keywords Secondary data analysis . Computer-based testing . Visuospatial ability .
Mathematics assessment

Introduction
This investigation is framed within two salient topics within mathematics education
assessment, namely the following: mode of assessment delivery and the influence of
visuospatial reasoning on student performance. Indeed, the influence of test mode effect
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on student performance has come to the fore again recently as The Organisation for
Economic Co-operation and Development (OECD) prepares to administer the
Programme for International Student Assessment (PISA) as a fully computer-based
test (CBT) for the first time, the long-term implications for which are relatively
unknown. Despite many individual states within the USA undertaking CBT for their
students, much of the research in this area has focused on test performance overall and
the students’ familiarity and competency within the computer environment.
For over two decades, attention has been afforded to student performance across
different modes of test delivery, that is, computer-based testing (CBT) and pencil-andpaper testing (PPT) (Bugbee 1996; Clariana and Wallace 2002; DeAngelis 2000;
Hardré et al. 2007). With continued advances in technology, CBT has become the
preferred method of assessment, with inevitable comparisons made to the more traditional PPT (Wang et al. 2008). However, test developers have an obligation to show the
equivalence between these modes of delivery (Bugbee 1996). Many earlier studies
were concerned with this equivalence issue because of the ongoing desire to ensure the
validity of score interpretations over time (Bennett et al. 2008). In mathematics
education, this is especially desirable given the longitudinal international data produced
by studies such as PISA and the move into CBT.
In tandem, there is a worldwide push to increase the number of young people
engaging in science, technology, engineering and mathematics (STEM)-based subjects
and careers (Marginson et al. 2013). Advanced knowledge of and skill with
mathematics is commonly accepted as a prerequisite for most of these careers. Uttal
and Cohen (2012) found that visuospatial ability is a strong predictor of students who
will enter the STEM fields. Visuospatial reasoning—being able to understand spatial
relationships—is considered to be an important aspect of mathematics performance in
the sense that students with high visuospatial ability tend to do better on mathematics
test than those students with lower visuospatial ability (Kyttälä 2008). These findings
may be due to shared processes associated with the fact that mathematics tasks are
represented in various spatial formats (Cheng and Mix 2014). These visuospatial
demands are potentially different across content areas since assessment items have
varying degrees of spatial information presented within a given task—with geometry
and measurement content particularly reliant on spatially based representations.
This study was undertaken as a secondary data analysis and as such, the paper
considers both topics in parallel due to the nature of the data set utilised.

Mode of assessment delivery
Mathematics tests and other forms of comparative data are increasingly moving from
PPT to CBT (Wang et al. 2008). Reasons for this transition include the cost of
producing materials, the capacity to provide results almost instantaneously and the
flexibility for tailored test design. From a psychometric viewpoint, there is strong desire
to ensure that CBT formats are equivalent to that of the previous PPT formats. In order
to utilise longitudinal data sets, the transfer from PPT to CBT needs to be as seamless
as possible. Although it may be the case that items within a test could vary considerably
across mode, most testing agencies need to ensure that the entire instrument (a
collection of items) is comparable across modes (Wang et al 2008). Indeed, differences
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between one version of a test and another would suggest the possibility of different
constructs being assessed. MacDonald (2002) identified that these differences cannot
readily be determined through statistical methods alone. Noteworthy, when no differences are identified, there is an immediate assumption that the tests are equivalent.
A number of studies have concluded that there were minimal differences between
overall performance across PPT and CBT modes; however, differences were identified
at an item level. In their studies, Johnson and Green (2006) and Threfall, Homer and
Swinnerton (2007) identified a number of differences at an individual task level across
mode. These related to the type of question and how it was posed, the magnitude and
quantity of numbers in a task and the students’ ability and willingness to show working
out. Indeed, Threfall et al. (2007) identified that in some cases, the cognitive load of the
students increased when tasks were presented in CBT form. Sweller’s (1994) cognitive
load theory suggests that for some students, tasks are less cognitively demanding when
all the elements of that task can be addressed sequentially as opposed to concurrently.
The study suggested that even if this mode effect applies to only some students, it is still
of concern for those attempting to assess mathematics knowledge fairly. Threfall et al.
(2007) also concluded that particular types of questions within defined content areas
impacted differently on student performance according to the mode in which they were
presented. This is particularly problematic given the manner in which data are now
reported. Fine-grained analysis associated with performance on mathematics content
areas is provided in a majority of national and international tests. The present study
examines the notion of test equivalence within mathematics content strands across CBT
and PPT modes.

Visuospatial ability and mathematics
Within this paper, visuospatial ability is considered as the ability to visually perceive
objects and understand the spatial relationships among those objects in both two- and
three-dimensional space (Halpern and Collaer 2005; Tversky 2004). Elements of
mathematics are inherently visuospatial in nature (Skemp 1986), so it is unsurprising
that studies have found visuospatial ability to be a significant predictor of mathematics
ability (Battista 1990; Casey et al. 1997; Reuhkala 2001; Rohde and Thompson 2007;
Zhang et al. 2014) and strongly predicts students who will go into STEM fields as
adults (Uttal and Cohen 2012). There is an even stronger case developed for the link
between visuospatial ability and certain content areas within mathematics such as
geometry (Clements 2004; Clements and Battista 1992), with Pittalis and Christou
(2010) finding that three separate measures of spatial ability were influential in
predicting performance on various 3-dimensional (3D), geometry tasks. More specifically, Kirby and Boulter (1999) found that for transformational geometry, Bin which
students learn to identify and illustrate movement of shapes in two and three
dimensions^ (p. 285), student’s posttest geometry score was significantly predicted
by their pretest spatial ability score, and stable individual differences were evident with
those students who were Bahead at the outset had made by far the greatest progress by
the end^ of the treatment (p. 291).
Other studies have considered how aspects of visuospatial ability connect with
various content areas and structural elements of representation within mathematics.
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Tolar, Lederberg and Fletcher (2009) found moderate links between 3D visuospatial
ability and algebra achievement in undergraduate college students. However, their
study considered algebra Bas symbol manipulation^ only (p. 260), and did not
consider other algebra topics such as pattern recognition, modelling and wordproblem solving. They also suggested that for this type of algebra, computational
fluency had a stronger influence on performance. Fuchs et al (2010) found that in
younger children (approximately 5 years old), visuospatial ability did not predict
procedural calculation or word-problem development. However, Lowrie and
Diezmann (2007) identified that visuospatial ability accounted for over 20 % of
the variance in performance across four categories of graphic mathematics tasks.
These categories of graphics tasks were not aligned to specific content areas;
however, all tasks required the decoding of graphic information which was essential
in order to solve the task. Hence, there is evidence that an individual’s visuospatial
ability is closely linked with their overall mathematics ability and in particular with
their geometry ability. What is less well known is whether visuospatial ability
relates to more specific content areas within mathematics for students in the middle
years of school. This is an important consideration as assessment frameworks are
often based on content areas and hence performance data may not be reflective of
content area knowledge, but different cognitive abilities.
This investigation utilised secondary data analysis techniques to analyse a preexisting data set. BSecondary analysis uses data for purposes other than that for which
they were originally collected^ (Devine 2003, p. 287). As such, the nature in which the
data were collected and recorded meant that multivariate approaches to data analysis
were not feasible and separate examinations of mode of test delivery and visuospatial
ability were deemed to be appropriate. Hence, the purpose of this paper was to identify
if the mode of delivery and the level of students’ visuospatial ability were influential in
mathematics assessment task performance across content areas.

Research questions and hypotheses
Given that the two areas of mode of assessment and visuospatial ability are investigated
in parallel, two research questions were developed:
&
&

Does the mode of assessment (iPad vs pencil-and-paper) impact on student performance on tasks from different mathematics content areas?
To what extent does a student’s level of visuospatial ability influence their performance on mathematics tasks from different content areas?

In light of the research literature on the two areas, the following two hypotheses
were generated:
&
&

There will be no difference in performance on the iPad and pencil-and-paper modes
across the content areas.
Those students with high visuospatial ability will perform better than the moderate
or low level students on the content areas usually associated with high spatial
demands, such as geometry and measurement.
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Methods and materials
Participants
The participants from the larger study were 807 grade 6 Singaporean students (aged
11–12 years) from 8 Singapore schools (six government and two government-aided).
There were 392 boys and 415 girls in this sample. For this secondary analysis, the
participants were a sub-sample of the larger cohort. For the Mathematics instrument, in
order to have a sample where an even number of students undertook the items in both
CBT and PPT, the number of cases analysed was reduced to 788. For the visuospatial
instrument, a sample of 804 complete cases was analysed. With regard to sampling,
students were randomly assigned to complete the mathematics instrument via CBT or
PPT. All students completed the visuospatial instrument on pencil-and-paper. It is not
clear from the original data set if the participants were familiar with the use of iPads or
not.
Design
A secondary data analysis was undertaken using the knowledge discovery in data
(KDD) design (Fayyad et al. 1996). The KDD design aims to extract useable knowledge from a collection of data and can be seen as Bthe nontrivial process of identifying
valid, novel, potentially useful and ultimately understandable patterns in data^ (Fayyad
et al. 1996, pp. 40-41). While traditionally KDD stems from fields of research such as
artificial intelligence, machine learning and statistics, the process is interdisciplinary in
nature and is applicable in many research contexts. Within the field of education, KDD
has emerged as an interdisciplinary research area, with national data repositories (such
as the National Centre for Educational Statistics in the USA) providing opportunities to
work with data that was previously inaccessible. Indeed, data mining within education
has gained momentum since 2008 after the establishment of a dedicated research
conference and journal for educational data mining. Baker (2010) provides an overview
of this field and highlights possible techniques and uses.
The KDD process is both interactive and generative and involves a series of
sequential steps and corresponding decision making processes. Figure 1 illustrates the
KDD process. According to Fayyad et al. (1996), there are five steps in the KDD
process. (a) The Selection step involves selecting data from the larger database to create
a target data set. The target data set is based on the goals of the project and the relevant
prior knowledge of the data, i.e. focusing on a subset or a sample of data. (b)
Preprocessing involves reducing the target data set to the useful features which
represent the goals of the project, essentially cleaning and organising the data.
Preprocessing requires the researcher to look at the data in a manner which allows
them to make decisions about the exact nature of analysis. (c) Transformation of the
data requires data reduction procedures through identifying a suitable analysis technique based on the goals of the project and the type of data being utilised. Data can be
transformed through any analysis technique, with the aim to classify, cluster and
summarise the data. (d) Data mining is seen as searching for and Bdetermining patterns
from observed data^ (Fayyad et al. 1996, p. 43). This step can often involve a form of
visual representation of the extracted patterns. (e) The Interpretation/Evaluation step
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Fig. 1 An overview of the KDD process (Adapted from Fayyad et al. 1996, p. 41)

consists of interpreting any patterns and themes identified in the data mining step in
relation to the project goals and evaluating their usefulness and potential interest to
others. This paper followed these steps.
Selection of the data
Data for this secondary analysis was sourced from a larger research project, whose aim
was to investigate the processing strategies (visual or non-visual) students’ employed to
solve mathematics tasks presented in digital and non-digital forms. The data for this
larger project consisted of three sets of data, namely the following: (1) performance
results on a 24-item test—where the test items were sourced from both Singaporean and
Australian national tests and presented in both iPad and pencil-and-paper modes; (2)
students’ self-reported strategy use on those test items—where students were presented
with a processing instrument to indicate the types of strategies they used when solving the
test items; and (3) results from the cognitive test, the Paper Folding Test (Ekstrom et al.
1976)—completion of up to 20 items which provided a measure of students visuospatial
ability. The target data for this paper was the performance results on the 24-item test in
both iPad and pencil-and-paper form and the results from the Paper Folding Test.
Instruments
This study will focus on two of the instruments used in data collection: the 24-item
mathematics test and the Paper Folding test. The mathematics test was developed by
the Chief Investigator of the larger research project using national testing items from the
mathematics components of the Singaporean grade 6 Primary School Leaving
Examination (PSLE) and the Australian grades 5 and 7 National Assessment
Program: Literacy and Numeracy (NAPLAN). Students were scored as correct or
incorrect on these items with their results revealing that the minimum total score was
3 and the maximum score was 24.
For the Paper Folding instrument, students were required to visualise the folding
action of a square sheet of paper. A hole is then punched in one part of the fold and
students are to identify how the punched sheet would appear when fully reopened. An
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example of an item in this test is shown in Figure 2. The Paper Folding Test consisted
of a set of 20 items, with participants given6 min to answer the set. According to the
test protocol (Ekstrom et al. 1976), a correct item is given a score of 1 mark and the
total score is calculated as follows: number of items marked correctly minus a fraction
of the number marked incorrectly. Following from the scoring used by Mayer and
Massa (2003), the total score for these participants was calculated as the number correct
minus one-fifth the number incorrect in 6 min. The minimum score was −4, and the
maximum score was 20 for these participants.
Preprocessing and transformation of the data
These steps require the data to be organised for analysis. Since the 24 items from the
mathematics test were sourced from two separate national assessments and therefore
developed under different curriculums, the more universal 2011 Trends in International
Mathematics and Science Study (TIMSS) Mathematics Assessment Framework
(Mullis et al. 2009) was used to classify items into content domains. Also, as the items
were originally designed for grades 5, 6 and 7 students, the grade 8 TIMSS content
areas were utilised, as the grade 4 TIMSS framework would not cover the types of
content presented in the higher grades. The 24 items were independently classified
under the content domains by five mathematics education researchers, with an interrater
reliability analysis using the intraclass correlation (ICC) statistic (two-way mixed
ANOVA) performed to determine consistency among raters. The interrater reliability
for the researchers was found to be ICC=0.78 (p<0.0.001), 95 % confidence interval
(CI) (0.656, 0.885), which is deemed to be a substantial level of agreement on item
classification (Shrout and Fleiss 1979).
Data collation
For the paper folding test, the raw scores of the students were classified as low, high
and moderate (Kozhevnikov et al. 1999). This data was transformed as follows: (i) low,
bottom 25 % of the distribution; (ii) high, top 25 % of the distribution and (iii)
moderate, the middle 50 % of the distribution. The purpose for the classification was
to address the second research question and determine if a certain level of visuospatial
ability influenced performance on certain content areas.
For the mathematics test, the items were collated under the 2011 TIMSS content
domains and sub-domains (see Table 1). The items loaded heavily on the Number
domain, and in particular, the Whole Number sub-domain. In order to have a more even
spread of items across the content areas, items were collated into new categories based
on the TIMSS sub-domains. For the Number domain, items assessing Whole Number
remained in this category, while items under the Fractions and Decimals and Ratio,

Fig. 2 Paper Folding Test (Reproduced with license and permission of Educational Testing Service, New
Jersey, USA)
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Table 1 2011 grade 8 TIMSS mathematics assessment framework content domains and new variables
Content Domain

Sub-domain

No. of items

New variables (n=No. of items)

Number

Whole Number

6

Whole Number (n=6)

Fractions and Decimals

2

Other Number (n=5)

Integers

0

Ratio, Proportion, and Percent

3

Patterns

4

Algebra Patterns (n=4)

Algebraic Expressions

0

N/A

Equations/Formulas and Functions

0

Geometric Measurement

5

Geometric Shapes

1

Location and Movement

1

Spatial Arrangements (n=2)

Data Organisation and Representation

1

Data and Chance (n=2)

Data Interpretation

0

Chance

1

Algebra

Geometry

Data and Chance

Geometric Measurement (n=5)

Proportion, and Percent sub-domains were collated under the new category Other
Number. Within the Geometry domain, items assessing Geometric Measurement
remained in this category and the items assessing Geometric Shape and Location and
Movement were collated into a new category classified as Spatial Arrangements.
Although there were only two items in the Spatial Arrangement category, it was classified
on its own since the Geometric Measurement items all required a unit of measurement to
be used while the Spatial Arrangement items related to the spatial relationships among
objects, such as orientation and transformations. Within the Algebra domain, the two subdomains of Algebraic Expressions and Equations/Formulas and Functions were not
represented by any of the items present in the 24-item test and so only Algebra Patterns
was used as a category (this was unsurprising given the grade levels the original items
were aimed at). The Data and Chance category was collated given the small number of
items present in all three sub-domains. Table 1 provides the content domains and subdomains within the grade 8 TIMSS framework, the number of items which were classified
under each domain, and the new categories created for this analysis. An example item
from each of the six new categories is provided in Table 2. The creation of these new
categories was based on the content of the items themselves in order to create a set of data
that would be suitable for analysis for the purposes of this paper.
Data mining and interpretation/evaluation
These two steps consist of applying data analysis techniques and interpreting the
results. Scores for these variables were generated by using percentages correct as
means due to there being an unequal number of items in each category.
Since there were an unequal number of items contained in each content area
variable, homogeneity of variance statistics were run in order to identify whether
parametric tests could be performed. The results revealed that for the first independent
variable of mode (iPad vs pencil-and-paper), the Levene’s test for equality was
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Table 2 Example items from the six content areas used in this study

Category
Whole Number

Example of performance test item
The chairs in a hall were arranged in rows. Each row had the same number of
chairs. Weiming sat on one of the chairs. There were 5 chairs to his right and 5
chairs to his left. There were 7 rows of chairs in front of him and 7 rows of
chairs behind him. How many chairs were there in the hall?
© 2009 Singapore Examinations and Assessment Board

Other Number

Ben has 2 identical pizzas. He cuts one pizza equally into 4 large slices.
He then cuts the other pizza equally into 8 small slices.
A large slice weighs 32 grams more than a small slice.
What is the mass of one whole pizza?
© 2010 Australian Curriculum, Assessment and Reporting Authority

Algebra Patterns

Lucy made 4 tree designs using sticks. There is a pattern in the way the trees
grow.

Lucy continues the pattern in the same way.
How many sticks will Tree 5 have?
© 2010 Australian Curriculum, Assessment and Reporting Authority
Geometry
Measurement

What is the length of the sticker as shown in the figure below?

© 2009 Singapore Examinations and Assessment Board
Spatial
Arrangements

Ron paints these letters on a piece of paper.

While the paint is still wet, he folds the paper along the dotted line.
When Ron unfolds the paper, what will it look like?

© 2010 Australian Curriculum, Assessment and Reporting Authority
Data and Chance

A tank was filled with 48ℓ of water at 07 00. Water flowed out the tank from
07 00 to 11 00. The line graph shows the amount of water in the tank from 07
00 to 11 00.

During which one-hour period was the decrease in the volume of water the
greatest?
© 2009 Singapore Examinations and Assessment Board

significant for three of the six content variables, and for the second independent
variable of visuospatial ability (low, moderate or high), the Levene’s test was
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significant for all six content variables. As such, homogeneity of variance cannot be
assumed and non-parametric tests must be undertaken (Field 2013).
In order to answer the research questions, two non-parametric tests were conducted.
Firstly, to determine if the mode of presentation was influential on performance, the
Mann-Whitney U test was undertaken (n=788). The six dependent variables were
percentage correct scores for each of the content areas identified in Table 1, namely the
following: Whole Number, Other Number, Algebra Patterns, Geometric Measurement,
Spatial Arrangements, and Data and Chance. The mode was classified as whether the
tasks were completed on the iPad or in pencil-and-paper form. Secondly, to determine if
visuospatial ability was influential on performance, a Kruskal-Wallis H test was
conducted (N=804) on the six content area dependent variables with visuospatial
ability as the independent variable. The visuospatial ability variable was low, moderate
or high ability. Interpretation and evaluation will be considered as the discussion
section.

Data mining results
The purpose of the study was to identify if the mode of presentation and the level of
students’ visuospatial ability were influential in mathematics task performance across
content areas.
Mode: iPad vs pencil-and-paper
The Mann-Whitney U test revealed that there were significant differences in performance across the mode of presentation for three of the six content areas: Whole
Number, Algebra Patterns, and Data and Chance.
Performance on Whole Number content area differed significantly between those
who answered on pencil-and-paper (mean rank=430.5) and those who answered on
iPad (mean rank=358.5), U=91793, z=4.55, p=0.000, E.S=0.16. Similarly, performance on the Algebra Patterns content area differed significantly with those who
answered on pencil-and-paper (mean rank=426.0) outperforming those who answered
on iPad (mean rank=363.0), U=90,045, z=4.04, p=0.000, E.S=0.14. The same
pattern emerged for the Data and Chance content area with those answering on
pencil-and-paper (mean rank=418.4) performing significantly better than the
iPad cohort (mean rank = 370.6), U = 87,019, z = 3.82, p = 0.000, E.S = 0.14.
Although the effect sizes were relatively small, the overarching result indicated
that when students answered tasks from these three content areas on paper, they
outperformed those who answered them on iPad. Figure 3 helps to illustrate the
trend of those answering on pencil-and-paper performing better than those
answering on iPad.
Visuospatial ability
To determine if level of visuospatial ability was influential in performance, a KruskalWallis H test was undertaken and revealed that there were significant differences in
performance across the all six content areas for level of visuospatial ability:
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Fig. 3 Performance difference on the iPad and pencil and paper across the six content areas

Whole Number, H(2)=42.56, p=0.000; Other Number, H(2)=33.27, p=0.000;
Algebra Patterns, H(2)=71.73, p=0.000; Geometric Measurement, H(2)=54.12,
p=0.000; Spatial Arrangements, H(2)=87.47, p=0.000; and Data and Chance,
H(2)=37.24, p=0.000. Table 3 provides the subsequent pairwise comparisons
for each content area.
Across the six content areas, those students with high visuospatial ability
outperformed those students with moderate and low ability, and in turn, those with
moderate ability outperformed those with low ability. The largest effect sizes can be
found across the low–high ability ranges, although they represent only small to
moderate differences. Figure 4 highlights the percentage correct differences between
the high level students, the moderate level students and the low level students across
each content area.

Table 3 Pairwise comparisons for visuospatial ability level indicating mean rank difference, adjusted p values
and effect sizes for the six content areas
Pairwise
comparison

Whole
Number

Other
Number

Algebra
Patterns

Geometric
Measurement

Spatial
Arrangements

Data and
Chance

Low–moderate

–58.25

–51.99

–73.27

–65.88

–89.48

–67.71

p=0.009

p=0.020

p=0.000*

p=0.002*

p=0.000*

p=0.000*

E.S=–0.10

E.S=–0.09

E.S=–0.13

E.S=–0.12

E.S=–0.17

E.S=–0.15

–145.40

–126.18

–186.10

–161.47

–200.93

–106.22

p=0.000*

p=0.000*

p=0.000*

p=0.000*

p=0.000*

p=0.000*

Low–high

Moderate–high

*

E.S=–0.23

E.S=–0.20

E.S=–0.29

E.S=–0.26

E.S=–0.33

E.S=–0.21

–87.15

–74.19

–112.83

–95.59

–111.44

–38.51

p=0.000*

p=0.000*

p=0.000*

p=0.000*

p=0.000*

p=0.037

E.S=–0.16

E.S=–0.14

E.S=–0.21

E.S=–0.17

E.S=–0.21

E.S=–0.09

p levels significant using Bonferroni adjustment where p≤0.008
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Fig. 4 Percentage correct differences for the low, moderate and high visuospatial ability levels across the
content areas

Interpretation and evaluation
The results of this secondary analysis were somewhat surprising given the initial
hypotheses. The first hypothesis predicted that there would be no difference in performance across the two modes given the recent research conducted on the topic.
However, the statistical analysis revealed that for three content areas, Whole Number,
Algebra Patterns and Data and Chance, those students who answered on pencil-andpaper outperformed their counterparts who answered on the iPad. Based on the data
alone, it is difficult to provide any clear reasons for why such differences would occur.
Threfall et al. (2007) found similar results in their study, where overall test performance
across the two modes of delivery was relatively stable, but individual item differences
in favour of either PPT or CBT were found. In order to interpret their results, they
discussed the characteristics of these items and why such characteristics may have
influenced performance. For this paper, a similar type of interpretation was undertaken,
where the characteristics of the three content areas may provide suggestions for why
there were performance advantages in favour of PPT.
In order to understand the characteristics of the three content areas, the definitions
from TIMSS assessment framework were considered. The first content area was Whole
Number, for which, the TIMSS framework (Mullis et al. 2009, p. 31) suggested that
students should be able to Bsolve problems by computing, estimating, or approximating
with whole numbers^. Four of the six items in this category asked students to complete
multi-step problems with whole numbers. These multi-step problems required students
to select and apply appropriate strategies for the four operations and coordinate multiple
pieces of information. For example, in The Chairs task (Fig. 5), students must monitor
not only the chairs and rows and which operations to use, but also remember to include
Weiming’s chair and row in the calculation. Another example is The Flowers task
(Fig. 6), where students need to coordinate the information in the first part (7 flowers in
each of 8 vases, with 3 left over) with the requirements of the second part (9 in each
vase). The affordance of being able to show working out in the PPT allowed students to
coordinate multiple pieces of information, perform calculations and monitor their
thinking.
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Fig. 5 The Chairs task

The chairs in a hall were arranged in rows. Each
row had the same number of chairs. Weiming
sat on one of the chairs. There were 5 chairs to
his right and 5 chairs to his left. There were 7
rows of chairs in front of him and 7 rows of
chairs behind him. How many chairs were there
in the hall?
© 2009 Singapore Examinations and Assessment
Board

For the Algebra Patterns category, students should be able to Bextend well-defined
numeric, algebraic, and geometric patterns or sequences using numbers, words, symbols, or diagrams^ (Mullis et al. 2009, p. 33). For two of the four items, algebraic
knowledge and strategies would have been advantageous. Both The Trees task (Fig. 7)
and The Paper Dolls task (Fig. 8) required students to identify the increasing pattern,
where an algebraic rule could be formulated if you had the knowledge or another form
of representation could be developed. For the remaining two items, the patterning
required either multiplication or addition operations. It is certainly the case that the
Singaporean students’, whose data was utilised in this study, would be trained in
specific heuristics techniques such as drawing the model method (Ng and Lee 2009)
to answer such questions and would require the use of pencil-and-paper working out.
Again, the affordance of using PPT where students could systematically provide stepby-step representations of their notations could contribute to the performance
differences.
For the final content category, Data and chance, the two items represented one from
the Data Organisation and Representation sub-domain, The Tank task (Fig. 9) and one
from the Chance sub-domain, The Spinner task (Fig. 10). For Data Organisation and
Representation, Mullis et al. (2009, p. 37) suggested that students Bread scales and data
from tables, pictographs, bar graphs, pie charts, and line graphs^. For Chance, they
suggested students should be able to Bjudge the chance of an outcome as certain, more
likely, equally likely, less likely, or impossible^ (Mullis et al. 2009, p. 38). Unlike the
previous categories, the two items within this category do not share many content
features. One common element is the use of a graphic within the task, where the
graphic must be decoded in order to answer the problem. However, there is little
evidence to suggest that this was a contributing factor to the performance difference.

Fig. 6 The Flowers task

Ben puts 7 flowers in each of 8 vases. He has 3
flowers left over.
Ben wants to put 9 flowers in each vase. How
many more flowers does he need?

© 2010 Australian Curriculum, Assessment and
Reporting Authority
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Fig. 7 The Trees task

Lucy made 4 tree designs using sticks.
There is a pattern in the way the trees grow.

Lucy continues the pattern in the same way.
How many sticks will Tree 5 have?

Although the interpretation of the differences in test mode is somewhat speculative,
there is evidence from the items themselves to suggest that assessment questions which
require systematic working out and the coordination of multiple pieces of information
maybe placing extraneous cognitive load on students when answered in a computerbased environment. The increased cognitive load of students’ performing such tasks
mentally when answering on the iPad could be a contributing factor for the higher
performance in PPT.
The second hypothesis predicted that students with high visuospatial ability would
perform better on content areas usually associated with spatial structures, such as
geometry and measurement. This was indeed the case; however, the differences were
also found across all content areas. There was also a consistent trend where the students
with high visuospatial ability outperformed those with moderate visuospatial ability,
who in turn, outperformed those students with low visuospatial ability, for all six
content areas. This finding highlights the challenges faced by students who struggle
with visuospatial activities. Hence, there is a requirement to undertake further research
in order to better understand the notion that visuospatial training may improve mathematics performance.
The lower scores across the board for the two tasks associated with Spatial arrangement were unanticipated. It could be argued that the measure of visuospatial ability (see
Fig. 2) was directly related to the types of tasks in this content area (for example
Fig. 11), as the mental action of folding and unfolding was required for both. However,
even those students who were classified as having high visuospatial ability did not
perform as well as on this content area as the other content areas. It could be the case
Fig. 8 The paper dolls task

Lili spent 4 days making paper dolls for her
friends. Each day she managed to make 2 paper
dolls more than the day before. She made a total
of 24 paper dolls.
How many paper dolls did she make on the last
day?

© 2009 Singapore Examinations and Assessment
Board
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Fig. 9 The tank task

A tank was filled with 48ℓ of water at 07 00.
Water flowed out the tank from
07 00 to 11 00. The line graph shows the
amount of water in the tank from 07 00 to
11 00.

During which one-hour period was the decrease
in the volume of water the
greatest?

that the measure of visuospatial ability was actually measuring a different cognitive
ability or the fact that the two tasks in the Spatial Arrangement content

Knowledge discovery
In drawing interpretations from this study, it is should be noted that the participants’
mathematics knowledge could be considered advanced. Most international studies have
consistently found that Singaporean students are among the highest performing in the
world and that only a very small proportion of this country’s students do not reach
international benchmarks (Mullis et al. 2012). As a consequence, such studies would
anticipate findings with less cohort variance than would be the case in other countries.
Nevertheless, this study highlighted differences in students’ understanding of particular
mathematics content (a) across test mode and (b) in relation to their level of visuospatial
ability.
Fig. 10 The spinner task

The spinner is used in a board game.

Sanjay spins the arrow.
On which number is the arrow most likely to
stop?

© 2010 Australian Curriculum, Assessment and
Reporting Authority
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Ron paints these letters on a piece of paper.

While the paint is still wet, he folds the paper along the dotted line.
When Ron unfolds the paper, what will it look like?

© 2010 Australian Curriculum, Assessment and Reporting Authority
Fig. 11 An example of a task in the Spatial Arrangement content area

Differences across test mode were especially evident when high levels of selfmonitoring and systematic planning were required. Students’ mean scores were higher
when the mathematics tasks were presented in PPT form. The three content categories
that produced statistically significant differences across test mode included Whole
Number, Algebra patterns and Data and Chance. Within the Whole number and
Algebra patterns content areas, it was necessary for the participants to represent
information in a relatively structured and sequential manner and the solution approaches often required the recording and monitoring of information. If these solutions
were performed mentally, the problem solver was required to perform mentally demanding operations, which in line with Sweller’s (1994) theory, increased the cognitive
load of the student. The difference in the Data and Chance content area across test
mode was hard to interpret within the confines of this study. Hence, there are opportunities for further research to discover the types of processing strategies that students’
utilise when answering assessment questions in both CBT and PPT and whether the
CBT tests are fairly testing the assigned knowledge and skills.
With respect to the participants’ visuospatial ability, the three content areas that
revealed the largest effect sizes between participants’ who were categorised as high and
low visuospatial ability were Spatial arrangements, Algebra patterns and Geometric
measurement. It was unsurprising to find differences between the Spatial arrangement
and Geometric measurement areas given the formulation of hypothesis two. There
were, however, surprising differences across other content areas that are not necessarily
considered spatial in nature. In particular, the larger effect size on the Algebra pattern
area was unexpected; however, the nature of these tasks required less formal algebra
and more pre-algebraic thinking. In some primary school mathematics curriculums,
formal symbolisation is not required but rather students are able to recognise and
analyse patterns and develop generalisations regarding those patterns. These processes
and skills require higher levels of visuospatial thinking than analytic or symbolic
thinking. Consequently, those students with higher levels of visuospatial thinking
would be better equipped to perform these tasks.

Implications
Two implications arise from the study. Firstly, with the demand for international and
national assessments to be administered in CBT form, longitudinal analysis of student
performance will need to be carefully considered if attempting to compare results of
CBT to PPT, if in fact, it is undertaken at all. Despite research attempting to prove test
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equivalency, for certain content areas, differences were evident and may not provide an
adequate comparison between the two modes. Given this study was undertaken within
a high performing nation, international assessments such as PISA will need to research
and investigate more fully the effect of presenting certain items within CBT mode and
the long-term impact this may have on accurate measurements of students’ mathematics knowledge.
Secondly, there needs to be increased attention devoted to improving students’
visuospatial reasoning ability in the Singaporean primary classrooms, since it is evident
that across all content areas, those students with higher levels perform better. With more
and more information being presented visually and spatially, often within digital
environments, such reasoning ability is especially critical. Such findings could be
influential in recommending students with high visuospatial ability undertake STEM
related subjects or move into the STEM related fields. Given that Singapore’s main
resource are its people, being strategic about how best to utilise that resource would be
advantageous. Further research needs to be undertaken in different cultural settings to
better understand if the results highlighted here are universal.

Limitations of the study
There were two limitation associated with this study. The first concerns the uneven
number of items in each content area category. It is acknowledged that the classification
of items into content areas produced unequal number of tasks, and that for two of the
content areas, there was limited variance. The second limitation is associated with the
notion that research involving secondary data analysis is likely to include some
methodological limitations due to the fact that the design and data structure are
predetermined by others.
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Abstract:
Most large-scale summative assessments present results in terms of cumulative scores.
Although such descriptions can provide insights into general trends over time, they do not
provide detail of how students solved the tasks. Less restrictive access to raw data from these
summative assessments has occurred in recent years, resulting in opportunities for data to be
analysed at a deeper level. This article examines longitudinal data on students’ performance
on spatial numeracy tasks, with a specific focus on gender differences. Using an adapted
Knowledge Discovery in Data (KDD) research design, data from a nationally-representative
cohort were analysed over a five-year period. Results highlighted distinct differences in how
males and females processed many of the spatial tasks. The opportunity to analyse summative
assessment instruments at a deeper level offers more scope for worthwhile curriculum and
classroom implications.
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Most large-scale summative assessments present results in terms of
cumulative scores. Although such descriptions can provide insights
into general trends over time, they do not provide detail of how
students solved the tasks. Less restrictive access to raw data from
these summative assessments has occurred in recent years,
resulting in opportunities for data to be analysed at a deeper
level. This article examines longitudinal data on students’
performance on spatial numeracy tasks, with a specific focus on
gender differences. Using an adapted Knowledge Discovery in
Data (KDD) research design, data from a nationally-representative
cohort were analysed over a five-year period. Results highlighted
distinct differences in how males and females processed many of
the spatial tasks. The opportunity to analyse summative
assessment instruments at a deeper level offers more scope for
worthwhile curriculum and classroom implications.
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Introduction
The role of spatial ability in Science, Technology, Engineering, and Mathematics (STEM)
has been widely researched during the last decade as it is believed to play a key role in
STEM achievement (Uttal, Miller, & Newcombe, 2013). There are strong relationships
between spatial ability, STEM achievement and STEM career choice (Wai, Lubinski, &
Benbow, 2009). Indeed, spatial skills can predict which students pursue STEM-related
careers (Wai, Lubinski, Benbow, & Steiger, 2010). It is important to note that there has
been an increased emphasis internationally to attract more females into STEM professions. In parallel, females have tended to not perform as well as males on spatial
ability activities. In fact, research associated with mathematics, spatial ability and
gender has been the concern of mathematics educators and psychologists for a sustained
period. There have been consistent findings in favour of males on mental rotation tasks
(Neuburger, Jansen, Heil, & Quaiser-Pohl, 2011), spatial visualisation tasks (Mayer &
Massa, 2003) and certain spatial orientation tasks (Zancada-Menendez, SampedroPiquero, Lopez, & McNamara, 2016). It is noteworthy that many of these studies have utilised psychological tests that measure a specific construct of spatial ability (e.g. Ekstrom,
French and Harman’s Paper Folding Test [1976]; Kozhevnikov and Hegarty’s Perspective
Taking/Spatial Orientation Test [2001]; Vandenberg and Kuse Mental Rotation Test
CONTACT Tracy Logan
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[1978]). By contrast, this study considers gender across performance on, and ways of
thinking about, spatial tasks in a large-scale national summative assessment.

Spatial ability and the school context
Casey (2013) identified that spatial ability incorporates a number of different abilities and
is multi-dimensional. Despite this, Casey (2013, p. 117) suggested all aspects of spatial
ability entail “reasoning about spatial elements of the world and often involve mentally
visualising the properties of space.” For the purposes of this article we considered
spatial ability as it pertains to school-based learning. Influential organisations, including
the National Research Council (2006), have raised awareness of the critical importance
of spatial thinking across the curriculum and a number of countries have formally integrated spatial reasoning explicitly throughout their curriculums (e.g. Australian Curriculum, Assessment and Reporting Authority [ACARA], 2015; Finnish National Board of
Education, 2004; Ministry of Education Singapore, 2006). Newcombe (2013) associated
spatial ability with common curriculum content such as mapping, 2D and 3D shapes,
transformations, scale, and positional language. The main spatial ability constructs
reflected in such curriculum content were mental rotation, spatial visualisation and
spatial orientation.

Definition of the spatial constructs
Possibly the most well-known and most often researched spatial ability is mental rotation.
Mental rotation is seen as a cognitive process in which a person might imagine how a twodimensional and/or three-dimensional object would appear after it has been turned
around a point or an axis by a certain angle (Shepard & Metzler, 1971). It is the ability
to rotate an object in your mind while recognising it is the same from any perspective.
Carroll (1993, p. 309) suggested that spatial visualisation related to cognitive “processes
of apprehending, encoding and mentally transforming spatial forms” and can often
involve an elaborate series of mental manipulations (Kozhevnikov & Hegarty, 2001).
Both mental rotation and spatial visualisation “require the ability to mentally manipulate
spatial forms from a fixed perspective and involve the object-to-object representational
system” (Kozhevnikov & Hegarty, 2001, p. 746). The object-to-object representational
system is where one considers an object in terms of its relationship to other objects
(McNamara, 2003).
Spatial orientation, however, relates to the self-to-object representational system (Kozhevnikov & Hegarty, 2001) which is seen as establishing “spatial relations in body-centered coordinates, using the body axes of front-back, right-left, and up-down”
(McNamara, 2003, p. 181). This can require the ability to mentally picture a different perspective. These three constructs are considered with respect to their connection to gender
differences and mathematics performance.

Gender, spatial ability, and mathematics
Research from the last three or four decades has examined the differences between males
and females on general mathematics ability (Hyde, Fennema, & Lamon, 1990; Reis & Park,
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2001), spatial ability (Hegarty & Waller, 2005; Voyer, Voyer, & Bryden, 1995) and the
influence of spatial ability on mathematics performance (Casey, Pezaris, & Nuttall,
1992). Many of these seminal studies identified gender differences in favour of males
(e.g. Halpern, 2000; Voyer et al., 1995). As such, studies continue to examine gender differences with respect to mental rotation, spatial visualisation and spatial orientation.
Mental rotation is one construct within the broader notion of spatial ability that has
consistently produced gender differences in favour of males, although the magnitude of
these differences has varied across studies (Maeda & Yoon, 2013). Miller and Halpern
(2014) suggested that these consistencies are more evident in three-dimensional mental
rotation than in two-dimensional rotations. Wang and Carr (2014) highlighted that differences occur not only on performance on mental rotation tasks but also on the strategies
utilised by females and males. Studies have suggested that females are generally less successful and prefer using analytic strategies, such as comparing details of images and using
verbal and sequential processing, while males tend to be more successful utilising more
holistic strategies such as rotation of the whole object and simultaneous processing
(Janssen & Geiser, 2012).
Although not as clearly defined as mental rotation, the spatial construct of spatial visualisation has also been well researched with regard to gender differences, although the
findings from these studies reveal less consistent differences than those of the mental
rotation construct. In two of the most seminal reviews on gender differences, Linn and
Petersen (1985) and Voyer et al. (1995) identified no evidence of differences between
males and females on spatial visualisation tasks that involve mental folding. However,
Mayer and Massa (2003) found that males outperformed females on the paper folding
test and Harris, Hirsh-Pasek, and Newcombe (2013) acknowledged that studies considering the identification of mirror images and translations have revealed gender differences.
The third construct considered in this article is spatial orientation. Wolbers and
Hegarty (2010) highlighted that much of the research considering gender differences
within spatial orientation manifests from the different strategies and approaches used to
navigate and wayfind by males and females. Lawton and Kallai (2002) found that
females preferred route-based information strategies such as asking for directions,
explaining the number of streets to pass before turning and asking for directions telling
them to turn left or right at particular streets. In contrast, males preferred orientationbased information strategies such as keeping in mind the direction from which they
came and keeping track of the relationship between where they were and the next place
to change direction. Other studies have indicated that females prefer using landmarks
and known routes, focusing on more environmental signs in order to stay orientated.
However, males prefer to use cardinal directions and Euclidean information and are
more likely to utilise geometry-based thinking to remain oriented within an environment
(e.g. Bosco, Longoni, & Vechhi, 2004; Coluccia & Louse, 2004; Lin et al., 2012; Saucier
et al., 2002).
The extent to which gender differences are identified, the age when these differences
occur (and/or diminish), and the nature of these differences have raised considerable
debate. Both Fennema and Leder (1990) and Mills, Ablard, and Stumpf (1993) highlighted
the need for a more focused and strategic examination of possible differences between
males and females within mathematics, suggesting that studies should consider gender
differences across subskills rather than examining differences in overall scores.
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Large-scale summative assessment
There has been a steady rise in the number of large-scale national and international
mathematics assessments implemented worldwide (Black & Wiliam, 2007). The majority
of these are reflective of political and policy changes created under the continued push
for evidence-based educational policymaking. For this purpose, the main desired outcomes are to provide evidence of the quality of educational content, to support equity
within education systems, and to establish control over the educational landscape
through funding and high-stakes accountability (Linn, 2000; Wiseman, 2010). Indeed,
the role that such assessments play in informing mathematics teaching and learning
seem far removed from the classroom environment (Doig, 2006). Yet, the impact of
these assessments on schools and teachers is not to be diminished, with results sometimes shaping educational reform, funding outcomes and school reputations. The influence (or threat) of such factors on teachers’ pedagogy can be subtle, yet persuasive
(Firestone & Schorr, 2004).
The results of large-scale summative assessments vary in form as to how they are
reported, however, they tend to take a holistic view of performance. Many national assessments report on aggregate data for different subgroups of the populations, while international assessments may report cross-country aggregate results. The consideration of
gender in analysing large-scale summative mathematics assessment continues to play a
prominent role (e.g. Ding, Song, & Richardson, 2006; Fryer & Levitt, 2010; Liu &
Wilson, 2009).
Large-scale summative assessment that has national or international prominence can
provide powerful insights into cohort performance over time and identify performance
trends not easily attainable elsewhere. However, most data tend to provide little evidence
of cohort behaviours and the way in which questions are processed. This article provides
scope for identifying trends and patterns between and across data sets to better understand
how such large-scale summative assessment can inform teaching and learning in mathematics, in particular spatial ability.

Context of the study
The Australian National Assessment Program – Literacy and Numeracy (NAPLAN) is
administered by the Australian Curriculum, Assessment and Reporting Authority
(ACARA). NAPLAN is a large-scale assessment, designed to identify if students have
the literacy and numeracy skills and desired knowledge identified as critical for continued
learning. Students in Grades 3, 5, 7 and 9 sit tests on reading, writing, language conventions and numeracy annually.
The numeracy component of the NAPLAN not only measures mathematics content,
the items incorporate “the knowledge, skills, behaviours and dispositions that students
need to use mathematics in a wide range of situations” (ACARA, n.d.). Thus, the items
attempt to assess mathematics thinking and processing. Within numeracy, there are six
interrelated themes, including using spatial reasoning. As such, the numeracy test of the
NAPLAN tends to assess these themes and related mathematics content.
It is important to note that the items within the NAPLAN instruments have been meticulously analysed to ensure that potential biases are avoided as much as possible. This
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involves pilot testing and psychometric analysis to account for gender, geographic location
of students and variation within curricula. As a consequence, the items within a test follow
a relatively stable scale and complexity progression. This process is similar to most largescale assessments (such as PISA or TIMSS) with procedures such as Item Response Theory
and Rasch Modelling controlling the variance (Doig, 2006). Hence, each item included in
this secondary analysis has already been analysed with respect to content validity and
reliability, suggesting that the items are assessing what they intend (see ACARA, 2016
for an overview of the development and review process).

Design and methods
Design
A robust research design in the social sciences is imperative (Gorard, 2013), yet little literature describes in detail the design or processes of undertaking secondary data analysis
in education. Brewer (2007) provides a generic description that is very similar to primary
data analysis. What is lacking is any particular focus on how to systematically manage the
secondary data set. In most secondary data analysis, the data sets being re-analysed are not
neat and tidy and ready for immediate data analysis. The secondary analysis in this article
is a case in point. The NAPLAN data provided to the researchers included results from
both the literacy and numeracy components of the assessment. A methodologically
sound winnowing process was required to create a workable data set. From this perspective, this secondary analysis research design was influenced by the Knowledge Discovery in
Data process (KDD) (Fayyad, Piatetsky-Shapiro, & Smyth, 1996). KDD aims to extract
useable new knowledge from a collection of data. It is both iterative and generative and
involves a series of sequential steps and corresponding decision-making processes.
Colonna (2013) acknowledged that “KDD denotes the entire process of using unprocessed
data to generate information that is easy to use in a decision-making context” (p. 315).
Within the context of this article, the adapted KDD process was not utilised in the customary manner. That is, it was not strictly exploratory in nature, rather it was utilised as a way
of organising and managing the large data set. The structure of the process provided a
practical methodology to sort and organise the data in order to undertake secondary
data analysis.
Figure 1 illustrates the adapted KDD process. According to Fayyad et al. (1996), there
are five steps in the KDD process: (1) Selection; (2) Preprocessing; (3) Transformation; (4)
Data mining; and (5) Interpretation/Evaluation, with the researchers modifying Data
mining to Data analysis to more appropriately reflect the current research process. This
adaptation shifts the KDD away from being purely exploratory, to a methodological
process that provides opportunities to undertake hypothesis-driven analysis with an
appropriate secondary data set, as is warranted in the present study given the wealth of
supporting literature.
Selection of the data
This step involves selecting data from the larger database to create a target data set. The
larger data set for this article was a de-identified, nationally representative sample of the
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Figure 1. An overview of the KDD process (adapted from Fayyad et al., 1996, p. 41).

NAPLAN Numeracy data for Grades 3, 5, 7 and 9 for the calendar years 2009, 2010, 2011,
2012, 2013, and 2014. As part of the selection process in the KDD design, the data that
researchers use must be purposely selected based on the goals of the study. For the purposes of this article, three main selection criteria were established with regard to the
NAPLAN data: (1) Gender differences; (2) Trends over time; and (3) Focus on the
primary school years.
The first step for this process was to determine that the gender variable was included in
all the given data sets. The 2011 data set provided to the researchers by ACARA did not
contain any demographic information. Hence, this eliminated the 2011 data from further
analysis. We confirmed with ACARA that this aspect of the data set was not available. The
second step was to determine if complete (or as close as possible to complete) data sets
were available for a cohort over a five-year period of time, so as to leverage the longitudinal
nature of the assessment. Given the 2011 data set was incomplete, this in effect eliminated
the 2009 and 2013 data sets also as these represented the ‘same’ cohort over three sittings
of the NAPLAN (see Figure 2). This resulted in two cohorts with the desired three sittings
over the five-year period – Cohort 2 and Cohort 4.
The third aspect considered for data selection was the focus on the primary years of
schooling. The NAPLAN is administered in the second term of the school year and as
such, it is predominantly a snapshot of what knowledge these students have acquired

Figure 2. Selection of the target data from the main data set.
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up to that point. Therefore, the Cohort 2 data was assessed to fit the requirements of the
third aspect of this article as the Grade 3, Grade 5 and Grade 7 data covered the majority of
the primary school curriculum. Hence, the data set selected for further analysis was Cohort
2 with the 2010 Grade 3, 2012 Grade 5 and the 2014 Grade 7 NAPLAN numeracy results.
Participants
The number of participants from each Grade level was as follows: 2010 Grade 3 = 9415
(Female = 4622); 2012 Grade 5 = 4347 (Female = 2061); and 2014 Grade 7 = 19,044
(Female = 9533). The average ages of students taking the NAPLAN were: 8 years and 7
months (Grade 3); 10 years and 7 months (Grade 5); and 12 years and 7 months
(Grade 7).
Preprocessing
Preprocessing involves reducing the target data set to the useful features which represent
the goals of the project, essentially cleaning and organising the data. The provided text
files were imported into SPSS (IBM Corp, 2012) and any irrelevant variables were
removed. Therefore, Grade 3 comprised data for 35 numeracy questions, Grade 5 for
40 numeracy questions and Grade 7 included 32 questions each for numeracy (calculator
allowed) and numeracy (non-calculator), 64 questions in total.
Transformation
Transformation of the data requires data reduction procedures through identifying a suitable analysis technique based on the goals of the project and the type of data being utilised.
The numeracy data were accurately transformed from multiple-choice responses to
correct and incorrect based on the NAPLAN Test Reporting Handbooks (Queensland
Studies Authority, n.d.).
Questions were identified that required the students to perform spatial manipulations
based on the three constructs, namely: mental rotation, spatial orientation and spatial
visualisation. The item descriptors provided by the NAPLAN Test Reporting Handbooks
were utilised along with an independent visual classification of the selected numeracy
tests by three mathematics expert colleagues. Each test was examined to identify the
items whose main function was to assess spatial manipulations, as opposed to measurement or number-based operations. Exemplar figures for the types of items found in the
NAPLAN for the three spatial constructs can be found in the Spatial Reasoning Instrument (available at http://www.spatiallearning.org/index.php/resources/testsainstruments;
see Ramful, Lowrie, & Logan, 2017). Table 1 provides the item numbers that were classified
as mental rotation, spatial orientation and spatial visualisation along with their description.
Due to the low numbers of mental rotation items across all three grades, it was decided
to remove these items from the analysis and focus on spatial orientation and spatial visualisation. The lack of mental rotation items within the NAPLAN was surprising to the
authors as the rotation type of transformations is prominent within the Australian Curriculum Mathematics (e.g. Measurement and Geometry: Location and Transformation) and
is one of the more well-known spatial manoeuvres that make up spatial reasoning.
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Table 1. Classification of numeracy NAPLAN items into spatial constructs by grade.
Item no.
2010 Grade 3
Mental
Rotation
Spatial
Orientation
Spatial
Visualisation
2012 Grade 5
Mental
Rotation
Spatial
Orientation
Spatial
Visualisation

2014 Grade 7
Mental
Rotation
Spatial
Orientation

Spatial
Visualisation

Item descriptor

29

Identifies a geometric design after a given transformation (quarter turn)

2
8
9
17
23
30
35

Locates an object between two others on a simple plan
Follows directions to locate a positon on a grid
Recognises the side view of a 3D model
Solves a spatial reasoning problem
Identifies symmetrical shapes by visualising missing halves
Calculates the volume of a container using informal units
Determines the number of edges of a 3D object given its faces

–
3
9
23
2
12
17
30
36

Interprets a plan and finds the nearest point to a given location
Identifies the top view of a 3D representation
Interprets a plan to identify a location
Identifies a reflected image
Identifies a shape with one line of symmetry
Names a common 3D object given its five faces
Identifies a design with exactly two lines of symmetry
Visualised the cube made from a given net to determine opposite faces

NC20

Describes the transformation of a 2D shape in terms of angle and direction

C10
C20
NC5
NC22
NC31

Identifies the correct directions for a given route on a map
Calculates a distance using a map and scale
Identifies the top view of an object given the front and side views
Follows directions on a street map
Visualises a complex construction of cubes from three viewpoints to calculate
the number of cubes used
Recognises different nets of a 3-D object
Visualises a folded rectangle to identify the position of a given vertex
Interprets a diagram to calculate the total number of faces on three objects

C12
NC18
NC25

Note: NC = Non-calculator paper; C = Calculator-allowed paper.

The spatial orientation items and the spatial visualisation items were transformed into a
proportional score for each construct. For example, for the Grade 3 spatial orientation,
scores were added for the three items (2, 8 and 9) and then divided by 3, giving a score
of 0, .33, .66 or 1 for this variable. This was repeated for all grades with the spatial orientation and spatial visualisation scores. The remaining items from the numeracy tests were
totalled in the same manner to give a score for “mathematics”, with the mental rotation
items removed from further analysis. Therefore, for Grade 3, spatial orientation consisted
of three items, spatial visualisation had four items and mathematics had 27 items. For the
Grade 5 data, spatial orientation consisted of three items, spatial visualisation had five
items and mathematics had 32 items and for the Grade 7 data, spatial orientation consisted
of five items, spatial visualisation had three items and mathematics had 55 items. This
transformed the data into three main variables: spatial orientation score, spatial visualisation score and mathematics score for each of the three grades.
Missing data
The representative sample provided by ACARA had students who may have completed
one part of the assessment but not another and as such there was some missing data.
The missing data was a small proportion of each initial data set with 6% of the 2010
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Grade 3, 6% of the 2012 Grade 5 and <1% of the 2014 Grade 7 removed from analysis. This
did not impact on the representative nature of the sample.
Analysis techniques
Part of the transformation process was to have a clear understanding of the type of analysis
that needs to be undertaken and having the required variables to run that analysis. For this
article, initially, there were two main forms of analysis, namely; correlation analysis and ttests. Correlation analysis was undertaken to ascertain the relationship between performance on the two spatial variables and the other mathematics items in the test for both the
males and females. Independent-sample t-tests were run to identify differences in performance between males and females across the three main variables. Given the size of
the cohort and relative power of the analysis, confidence intervals and simple (unstandardised) effects sizes are reported (Baguley, 2009).

The research questions
This article sought to answer the following research questions:
(1) Is there a relationship between performance on spatial tasks and performance on
other mathematics tasks for males and females?
(2) Are there gender differences in performance on spatial tasks?
(3) What do the participant responses tell us about cohort behaviours and ways of
processing?

Results
The results section is presented as the data analysis step of the adapted KDD process.
Data analysis
In order to ascertain the relationship between performance on the spatial variables and the
mathematics variable, correlation analysis was conducted for each grade, split by gender.
Table 2 presents the correlation coefficients for Grade 3, Grade 5 and Grade 7.
The correlations indicate moderate positive relationships between both the spatial
orientation and spatial visualisation variables with the mathematics variable (with r
ranging from 0.423 to 0.637). The two spatial variables also had positive relationship correlations between them (for all grades and both genders r < 0.50). These results suggest
that for both males and females there is a relatively strong link between performance
on spatial items and performance on other mathematics items.
The second part of the data analysis process was to identify if there were differences
between the males’ and females’ performance on the variables across the three grades.
Independent-sample t-tests were conducted for each grade level to compare the scores
on spatial orientation, spatial visualisation and mathematics for the males and females.
Table 3 presents the respective Grades 3, 5 and 7 means, standard deviations, t-tests,
95% CI and an unstandardised measure of effect size.
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Table 2. Correlations between measures for Grades 3, 5 and 7 by gender.
Male
Grade
3
5
7

Female

Spatial orientation

Spatial visualisation

Spatial orientation

Spatial visualisation

.289**
.447**
.411**
.535**
.478**
.637**

–
.552**
–
.623**
–
.573**

.276**
.423**
.393**
.539**
.432**
.593**

–
.523**
–
.593**
–
.538**

Spatial Visualisation
Mathematics
Spatial Visualisation
Mathematics
Spatial Visualisation
Mathematics

**Pearson’s Correlation is significant at the 0.01 level (2-tailed).

The t-tests revealed no statistically significant differences between the scores of males
and females on Grade 3 spatial orientation, Grade 3 spatial visualisation; Grade 3 mathematics; and Grade 5 spatial visualisation. There were statistically significant differences
between the scores of males and females on Grade 5 spatial orientation, Grade 5 mathematics, Grade 7 spatial orientation, Grade 7 spatial visualisation and Grade 7 mathematics. In each instance, the males outperformed the females.
There were significant findings on the mathematics variable at two grade levels. The
Grade 5 and 7 differences indicated a relatively small effect size, however, a pattern
emerges across the mathematics variable of larger increases in mean differences
between males and females over time. That is, as students progress through the grade
levels, the performance gap between the females and males increases. This is in line
with previous literature (e.g. Fryer & Levitt, 2010). Given that a large number of items contributed to those variables, any further analysis was deemed unsuitable for this article.
For the spatial visualisation variable, differences between the males and females were
evident at Grade 7. Although the percentage difference in means is relatively small,
future research could consider how this develops over time by considering performance
on similar spatial visualisation items in Grade 9 NAPLAN data.
For the spatial orientation variable, differences between the males and females, in
favour of the males, were evident at both Grade 5 and 7. The cohort effect size at grade
7 was considerably higher than the cohort effect size at grade 5. This suggests that
issues with spatial orientation items for the females are confounded over time. In order
to ascertain the relevance of these summative assessment findings, further analysis was
undertaken on the individual items within the spatial orientation variable at the Grade
7 level.
Table 3. Means, standard deviations and t-test statistics for measures by grade and gender.
Male
Grade
3
5
7

Spatial Orientation
Spatial Visualisation
Mathematics
Spatial Orientation
Spatial Visualisation
Mathematics
Spatial Orientation
Spatial Visualisation
Mathematics

Female

M

SD

M

SD

t

df

p

95% CI

0.85
0.34
0.57
0.81
0.56
0.55
0.51
0.52
0.51

0.23
0.25
0.20
0.25
0.25
0.20
0.27
0.34
0.21

0.86
0.33
0.56
0.78
0.55
0.53
0.45
0.50
0.48

0.22
0.24
0.19
0.26
0.24
0.18
0.26
0.33
0.19

−1.70
1.14
2.37
4.23
1.41
2.74
14.48
2.71
7.82

9412.53
9408.69
9402.48
4254.89
4338.25
4338.25
19,017.04
19,025.60
18,887.75

.09
.256
.018
≤.001
.157
.006
≤ .001
.007
≤ .001

−0.017, 0.001
−0.004, 0.016
0.002, 0.017
0.018, 0.048
−0.004, 0.024
0.004, 0.027
0.047, 0.062
0.003, 0.023
0.016, 0.028

ES

3.8%
3.7%
12.5%
3.9%
6.0%

Note: Alpha level = 0.017 for all statistical tests; ES = unstandardised effect size (the difference in means as a percentage)
presented for the significant t-tests.
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2014 Grade 7 spatial orientation
Given the 12.5% difference between the male and female mean scores on the Grade 7
spatial orientation variable, independent-sample t-tests were conducted on the male
and female scores for the individual items. Table 4 reveals that all five of the Grade 7
spatial orientation items indicated statistically significant differences between the males’
and females’ performances. However, only three items indicated an effect size over 10%
in favour of males: C10; NC22; and NC31.
For Item C10, the students were required to identify the correct set of directions (involving both cardinal and relative directions) to move from one location to another (see
Figure 3 as an example item representative of Item C10). Similarly, for Item NC22, students had to follow the given directions (again, including both cardinal and relative directions) and identify the first street they pass on their left (see Figure 4 as an example item
representative of Item NC22). The main spatial thinking for these two items was visualising movement through space, where the starting movement was cardinal (but not North),
followed by a relative direction such as left or right. Item NC31 differed from Items C10
and NC22 in that the task required students to visualise a set of blocks from three different
viewpoints and then identify how many blocks altogether (see Figure 5 as an example item
representative of Item NC31). Interrogating these findings further, students’ responses to
the multiple-choice options were analysed in order to make sense of the thinking and processing they undertook to solve the tasks identified above.
Gender differences in processing
Given the KDD process is iterative in nature, the researchers reverted to the target data
after the preprocessing step so that we had access to the students’ multiple-choice
responses for individual items. Unfortunately, Item NC31 was a short answer response
where the data provided by ACARA was already marked as correct or incorrect. As
such we did not have access to the students’ responses for this task and it was removed
Table 4. Means, standard deviations and t-test statistics for items within the Grade 7 spatial orientation
variable by gender.
Item
no.
C10
C20
NC5
NC22
NC31

Male
(n = 2253)

Female
(n = 2040)

Description

M

SD

M

SD

t

df

p

95% CI for
mean
difference

Identifies the correct
directions for a given route
on a map.
Calculates a distance using a
map and scale.
Identifies the top view of an
object given the front and
side views.
Follows directions on a street
map.
Visualises a complex
construction of cubes from
three viewpoints to
calculate the number of
cubes used

0.69

0.46

0.60

0.49

11.99

17,798.48

≤.001

0.071, 0.099

14.0%

0.41

0.49

0.39

0.49

3.22

17,849.00

≤.001

0.009, 0.038

5.0%

0.79

0.41

0.75

0.43

5.73

17,799.90

≤.001

0.024, 0.048

5.2%

0.43

0.50

0.35

0.48

11.45

17,823.63

≤.001

0.069, 0.097

20.5%

0.25

0.43

0.19

0.39

10.65

17,639.41

≤.001

0.053, 0.078

27.3%

ES

Note: Alpha level = 0.010 for all statistical tests; ES = unstandardised effect size (the difference in means as a percentage)
presented for the significant t-tests.

117

T. LOGAN AND T. LOWRIE

Figure 3. A similar type of question to year 7 item C10 (adapted from ACARA, 2014a).

from this aspect of the analysis. For the remaining two items that indicated a difference
between the means, Grade 7 Items C10 and NC22, cross-tab analysis was undertaken
on the multiple-choice responses to ascertain if they provided insights into the different
ways of thinking about the respective tasks by the males and females.

Figure 4. A similar type of question to year 7 item NC22 (adapted from ACARA, 2014b).
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Figure 5. A similar type of question to year 7 item NC31 (adapted from ACARA, 2014c).

For the Grade 7 Item C10 (see Figure 3 as an example), the question was a route recognition task (Bosco et al., 2004) that required the students to choose the directions that
would get someone from point A to point B on a map that had North pointing to the top of
the page. Option B was the correct answer. However, as Table 5 indicates, 18% of the
females chose option D, with only half that proportion of males choosing option
D. This suggested that the females who chose option D were able to orientate themselves
around the cardinal point (choosing the correct cardinal direction), but then had trouble
with the relative direction after that.
A similar occurrence was evident for the Grade 7 NC22 item (see Figure 4 as an
example). The question was a wayfinding task (Bosco et al., 2004) that required the students to follow the directions that a boy was walking. The correct answer for this item
was option A. Similar proportions of males and females chose option B, which suggested
they chose the first street on the right as the boy was walking, instead of the left (see Table
6). The biggest difference between the males and females thinking was those students who
chose options C and D. 24% of the females and 20% of the males chose option C, while
17% of females and 14% of males chose option D. The choice of these two options
suggested that students turned left instead of right after walking south. The orientation
of the map, with North facing the top of the page, meant that students were required to
visualise moving down the page (south), then when faced with the choice of left or
right, these students chose right as they were looking at it, not as if they were in the
map moving in the south direction.

Table 5. Cross-tab counts (and percentages) for Grade 7 item C10 responses by gender.
Multiple-choice response
Male
Female
Total

A

B

C

D

1349
(14%)
1177
(12%)
2526

6480
(69%)
5719
(60%)
12,199

720
(8%)
871
(9%)
1591

888
(9%)
1715
(18%)
2603

Note: Correct answer is response B.
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The multiple-choice responses for both items highlight a possible issue with females
being able to re-orientate themselves in space and to visualise images and movement
from different perspectives. This type of spatial thinking relates to the self-to-object representational system (Kozhevnikov & Hegarty, 2001) in which movement or orientation is
considered relative to the position of oneself.

Interpretation
In this study, we were able to gain a better understanding of the large-scale summative
assessment landscape from a national perspective. Although some of the patterns and
relationships produced relatively small effects sizes, interrogating category-based data
afforded opportunities to understand how students solved the tasks. When interrogating
large data sets that are used for summative assessment purposes, this more detailed level of
analysis is important since general descriptive statistics are more likely to be aligned to the
psychometric properties that have been previously modelled. Furthermore, patterns in
students’ individual strategy use are more likely to be of relevance to classroom teachers
and thus have implications for teaching and learning. Such information could not be
drawn from the aggregated data.
We chose to focus the article on the spatial items within the NAPLAN due to the fact
that these tasks are typically a strong predictor of mathematics performance (Casey et al.,
1992). Such findings were supported in our study, since there were strong relationships
between the respective spatial variables and mathematics achievement. This was the
case for both the males and females. However, it is the case that gender differences are
more likely to be found with spatial activities than is the case with other topics within
mathematics (Spelke, 2005), despite much attention being devoted to this phenomenon
in recent years.
Our study found no meaningful or consistent gender differences on the spatial visualisation items, although, small differences were evident at Grade 7. This is in contrast to the
findings of Mayer and Massa (2003) and Harris et al. (2013), where gender differences
were reported on spatial visualisation type tasks. Given the Mayer and Massa study was
undertaken with adults and Harris and colleagues reported on both adults and children,
further longitudinal studies are needed in this area.
Differences between males and females occurred across some of the spatial orientation
items. In line with findings from other studies (e.g. Bosco et al., 2004), the results of the
current study provide some support for gender differences in spatial orientation ability,
but also suggest that the differences are limited in magnitude. Our analysis focused on
the responses students gave to each of these items. By examining incorrect solutions,
Table 6. Cross-tab counts (and percentages) for Grade 7 item NC22 responses by gender.
Multiple-choice response
Male
Female
Total

A

B

C

D

4045
(43%)
3303
(35%)
7348

2197
(23%)
2234
(24%)
4431

1842
(20%)
2293
(24%)
4135

1330
(14%)
1641
(17%)
2971

Note: Correct answer is response A.
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we were able to ascertain different patterns of behaviour in terms of how students processed information. Typically, an analysis of summative assessment is restricted to cumulative (correct) scores; however, information about how students solved the tasks offers
another layer of assessment depth. To this point, large-scale summative assessment can
be used for a deeper level of understanding that can inform curriculum design and pedagogical practices.
Male scores were higher on items that required two aspects of orientation movement.
The females tended to interpret the first required movement correctly (for example, orientating one’s self around a cardinal direction); however, some became confused with the
subsequent directional change. This was the case for the items that required this twostaged orientation processing. This supports other findings that suggest females and
males process these types of tasks differently, with males preferring an orientation strategy
that included using environmental reference points in relation to their own position
(Bosco et al., 2004; Lawton & Kallai, 2002). It could be argued that the female students
require explicit practise in orientating through space, especially when two phases of reorientation are required.

Limitations of the study
One of the major limitations of undertaking secondary data analysis is that other variables
not included in the data set could have been useful to help make conclusions about results.
In this instance, a general ability factor could be influencing the results, however, no such
measure was available. This is common across much secondary data analysis and hence,
conclusions and interpretations should be treated conservatively.

Evaluation
Spatial reasoning is considered to be an important aspect of mathematics reasoning, highlighted as a general capability in national curricula in a number of countries. However,
classroom teachers are provided with little guidance on how to engage students to
reason spatially. Consequently, most spatial development occurs outside of the classroom.
Through a more detailed analysis of summative assessments like the NAPLAN, a greater
understanding about the types of processing that take place on such items can help guide
teachers on how to target specific spatial skills during lessons. In this way, summative
assessment can be used more effectively to understand students’ sense-making rather
than levels of competency.

Disclosure statement
No potential conflict of interest was reported by the authors.

ORCID
Tracy Logan
Tom Lowrie

http://orcid.org/0000-0001-5283-286X
http://orcid.org/0000-0003-3042-822X
121

T. LOGAN AND T. LOWRIE

References
Australian Curriculum, Assessment and Reporting Authority (ACARA). (2014a). National assessment program literacy and numeracy: Numeracy year 7 2014 (calculator, item 10). Sydney:
Australian Curriculum, Assessment and Reporting Authority.
Australian Curriculum, Assessment and Reporting Authority (ACARA). (2014b). National assessment program literacy and numeracy: Numeracy year 7 2014 (Non calculator, item 22). Sydney:
Australian Curriculum, Assessment and Reporting Authority.
Australian Curriculum, Assessment and Reporting Authority (ACARA). (2014c). National assessment program literacy and numeracy: numeracy year 7 2014 (non calculator, item 31). Sydney:
Australian Curriculum, Assessment and Reporting Authority.
Australian Curriculum, Assessment and Reporting Authority (ACARA). (2015). Australian F-10
curriculum: Mathematics (version 8). Retrieved October 21, 2015, from http://www.
australiancurriculum.edu.au/mathematics/curriculum/f-10?layout=1
Australian Curriculum, Assessment and Reporting Authority (ACARA). (2016). Test development
and review process. Retrieved June 22, 2016, from http://www.nap.edu.au/about/testdevelopment
Australian Curriculum, Assessment and Reporting Authority (ACARA). (n.d.). Australian curriculum: General capabilities, numeracy. Retrieved April 10, 2016, from http://www.
australiancurriculum.edu.au/generalcapabilities/numeracy/introduction/introduction
Baguley, T. (2009). Standardized or simple effect size: What should be reported? British Journal of
Psychology, 100, 603–617. doi:10.1348/000712608X377117
Black, P., & Wiliam, D. (2007). Large-scale assessment systems design principles drawn from international comparisons. Measurement, 5, 1–53. doi:10.1080/15366360701293386
Bosco, A., Longoni, A. M., & Vechhi, T. (2004). Gender effects in spatial orientation: Cognitive profiles and mental strategies. Applied Cognitive Psychology, 18, 519–532. doi:10.1002/acp.1000
Brewer, E. W. (2007). Secondary data analysis. In N. J. Salkind & K. Rasmussen (Eds.), Encyclopedia
of measurement and statistics (pp. 870–877). Thousand Oaks: SAGE Publications. doi:10.4135/
9781412952644.n398
Carroll, J. B. (1993). Human cognitive abilities- A survey of factor-analytic studies. New York:
Cambridge University Press.
Casey, B. M. (2013). Individual and group differences in spatial ability. In D. Waller & L. Nadel
(Eds.), Handbook of spatial cognition (pp. 117–134). Washington, DC: American
Psychological Association.
Casey, B. M., Pezaris, E., & Nuttall, R. L. (1992). Spatial ability as a predictor of math achievement:
The importance of sex and handedness patterns. Neuropsychologia, 30, 35–45. doi:10.1016/00283932(92)90012-B
Colonna, L. (2013). Taxonomy and classification of data mining. SMU Science & Technology Law
Review, 16, 309–369. Retrieved July 22, 2016, from http://heinonline.org/HOL/Page?handle=
hein.journals/comlrtj16&div=19&g_sent=1&collection=journals
Coluccia, E., & Louse, G. (2004). Gender differences in spatial orientation: A review. Journal of
Environmental Psychology, 24, 329–340. doi:10.1016/j.jenvp.2004.08.006
Ding, C. S., Song, K., & Richardson, L. I. (2006). Do mathematical gender differences continue? A
longitudinal study of gender difference and excellence in mathematics performance in the U.S.
Educational Studies, 40, 279–295. doi:10.1080/00131940701301952
Doig, B. (2006). Large-scale mathematics assessment: Looking globally to act locally. Assessment in
Education: Principles, Policy and Practice, 13, 265–288. doi:10.1080/09695940601035403
Ekstrom, R. B., French, J. W., & Harman, H. H. (1976). Manual for kit of factor-referenced cognitive
tests. Princeton, NJ: Educational Testing Service.
Fayyad, U., Piatetsky-Shapiro, G., & Smyth, P. (1996). From data mining to knowledge discovery in
databases. AI Magazine, 17, 37–54.
Fennema, E., & Leder, G. S. (1990). Mathematics and gender. New York: Teachers College Press.
Finnish National Board of Education. (2004). Core curriculum for basic education. Retrieved
October 21, 2015, from http://www.oph.fi/english/curricula_and_qualifications/basic_education
122

RESEARCH IN MATHEMATICS EDUCATION

Firestone, W. A., & Schorr, R. Y. (2004). Introduction. In W. A. Firestone, L. F. Monfils, & R. Y.
Schorr (Eds.), The ambiguity of teaching to the test: Standards, assessment, and educational
reform (pp. 1–18). Mahwah, NJ: Lawrence Erlbaum Associates.
Fryer Jr, R. G., & Levitt, S. D. (2010). An empirical analysis of the gender gap in mathematics.
American Economic Journal: Applied Economics, 2, 210–240. doi:10.1257/app.2.2.210
Gorard, S. (2013). Research design creating robust approaches for the social sciences. London: Sage
Publications.
Halpern, D. F. (2000). Sex differences in cognitive abilities (3rd ed.). Mahwah, NJ: Lawrence
Erlbaum Associates.
Harris, J., Hirsh-Pasek, K., & Newcombe, N. S. (2013). Understanding spatial transformations:
Similarities and differences between mental rotation and mental folding. Cognitive Processing,
14, 105–115. doi:10.1007/s10339-013-0544-6
Hegarty, M., & Waller, D. (2005). Individual differences in spatial abilities. In P. Shah & A. Miyake
(Eds.), The Cambridge handbook of visuospatial thinking (pp. 121–169). New York: Cambridge
University Press.
Hyde, J. S., Fennema, E., & Lamon, S. J. (1990). Gender differences in mathematics performance: A
meta-analysis. Psychological Bulletin, 107, 139–155. doi:10.1037/0033-2909.107.2.139
IBM Corp. (2012). IBM SPSS statistics for windows, version 21.0. Armonk, NY: Author.
Janssen, A. B., & Geiser, C. (2012). Cross-Cultural differences in spatial abilities and solution strategies – An investigation in Cambodia and Germany. Journal of Cross-Cultural Psychology, 43,
533–557. doi:10.1177/0022022111399646
Kozhevnikov, M., & Hegarty, M. (2001). A dissociation between object manipulation spatial ability
and spatial orientation ability. Memory & Cognition, 29, 745–756. doi:10.3758/BF03200477
Lawton, C. A., & Kallai, J. (2002). Gender differences in wayfinding strategies and anxiety
about wayfinding: A cross-cultural comparison. Sex Roles, 47, 389–401. doi:10.1023/A:10
21668724970
Lin, C. T., Huang, T. Y., Lin, W. J., Chang, S. Y., Lin, Y. H., Ko, L. W., … Chang, E. C. (2012).
Gender differences in wayfinding in virtual environments with global or local landmarks.
Journal of Environmental Psychology, 32, 89–96. doi:10.1016/j.jenvp.2011.12.004
Linn, M. C., & Petersen, A. C. (1985). Emergence and characterization of sex differences in spatial
ability: A meta-analysis. Child Development, 56, 1479–1498. doi:10.2307/1130467
Linn, R. L. (2000). Assessments and accountability. Educational Researcher, 29, 4–16. doi:10.3102/
0013189X029002004
Liu, O. L., & Wilson, M. (2009). Gender differences and similarities in PISA 2003 mathematics: A
comparison between the United States and Hong Kong. International Journal of Testing, 9, 20–
40. doi:10.1080/15305050902733547
Maeda, Y., & Yoon, S. Y. (2013). A meta-analysis on gender differences in mental rotation ability
measured by the purdue spatial visualization tests: Visualization of rotations (PSVT:R).
Educational Psychology Review, 25, 69–94. doi:10.1007/s10648-012-9215-x
Mayer, R. E., & Massa, L. J. (2003). Three facets of visual and verbal learners: Cognitive ability, cognitive style, and learning preference. Journal of Educational Psychology, 95, 833–846. doi:10.1037/
0022-0663.95.4.833
McNamara, T. P. (2003). How are the locations of objects in the environment represented in
memory? In C. Freksa, W. Brauer, C. Habel, & K. F. Wender (Eds.), Spatial cognition III:
Routes and navigation, human memory and learning, spatial representation and spatial reasoning
(pp. 174–191). Berlin: Springer-Verlag.
Miller, D. I., & Halpern, D. F. (2014). The new science of cognitive sex differences. Trends in
Cognitive Sciences, 18, 37–45. doi:10.1016/j.tics.2013.10.011
Mills, C. J., Ablard, K. E., & Stumpf, H. (1993). Gender differences in academically talented young
students’ mathematical reasoning: Patterns across age and subskills. Journal of Educational
Psychology, 85, 340–346. doi:10.1037/0022-0663.85.2.340
Ministry of Education Singapore. (2006). Mathematics syllabus primary. Retrieved October 21,
2015, from http://www.moe.gov.sg/education/syllabuses/sciences/files/maths-primary-2007.pdf

123

T. LOGAN AND T. LOWRIE

National Research Council. (2006). Learning to think spatially: GIS as a support system in the K-12
curriculum. Washington, DC: The National Academies Press.
Neuburger, S., Jansen, P., Heil, M., & Quaiser-Pohl, C. (2011). Gender differences in pre-adolescents’ mental-rotation performance: Do they depend on grade and stimulus type? Personality
and Individual Differences, 50, 1238–1242. doi:10.1016/j.paid.2011.02.017
Newcombe, N. S. (2013). Seeing relationships: Using spatial thinking to teach science, mathematics,
and social studies. American Educator, 37, 26–40. Retrieved June 22, 2016, from http://files.eric.
ed.gov/fulltext/EJ1006210.pdf
Queensland Studies Authority. (n.d.). NAPLAN report guides and handbooks. Retrieved April 18,
2016, from https://www.qcaa.qld.edu.au/p-10/naplan/test-reporting-analysis/report-guideshandbooks
Ramful, A., Lowrie, T., & Logan, T. (2017). Measurement of spatial ability: Construction and validation of the spatial reasoning instrument for middle school students. Journal of
Psychoeducational Assessment. doi:10.1177/0734282916659207
Reis, S. M., & Park, S. (2001). Gender differences in high-achieving students in math and science.
Journal for the Education of the Gifted, 25, 52–73. doi:10.1177/016235320102500104
Saucier, D. M., Green, S. M., Leason, J., MacFadden, A., Bell, S., & Elias, L. J. (2002). Are sex differences in navigation caused by sexually dimorphic strategies or by differences in the ability to use
the strategies? Behavioral Neuroscience, 116, 403–410. doi:10.1037/0735-7044.116.3.403
Shepard, R. N., & Metzler, J. (1971). Mental rotation of three-dimensional objects. Science, 171,
701–703.
Spelke, E. S. (2005). Sex differences in intrinsic aptitude for mathematics and science?: A critical
review. American Psychologist, 60, 950–958. doi:10.1037/0003-066X.60.9.950
Uttal, D. H., Miller, D. I., & Newcombe, N. S. (2013). Exploring and enhancing spatial thinking:
Links to achievement in science, technology, engineering and mathematics? Current
Directions in Psychological Science, 22, 367–373. doi:10.1177/0963721413484756
Vandenberg, S., & Kuse, A. R. (1978). Mental rotations, a group test of three-dimensional spatial
visualization. Perceptual and Motor Skills, 47, 599–604. doi:10.2466/pms.1978.47.2.599
Voyer, D., Voyer, S., & Bryden, M. P. (1995). Magnitude of sex differences in spatial abilities: A
meta-analysis and consideration of critical variables. Psychological Bulletin, 117, 250–270.
doi:10.1037/0033-2909.117.2.250
Wai, J., Lubinski, D., & Benbow, C. P. (2009). Spatial ability for STEM domains: Aligning over 50
years of cumulative psychological knowledge solidifies its importance. Journal of Educational
Psychology, 101, 817–835. doi:10.1037/a0016127
Wai, J., Lubinski, D., Benbow, C. P., & Steiger, J. H. (2010). Accomplishment in science, technology,
engineering, and mathematics (STEM) and its relation to STEM educational dose: A 25-year
longitudinal study. Journal of Educational Psychology, 102, 860–871. doi:10.1037/a0019454
Wang, L., & Carr, M. (2014). Working memory and strategy use contribute to gender differences in
spatial ability. Educational Psychologist, 49, 261–282. doi:10.1080/00461520.2014.960568
Wiseman, A. W. (2010). The uses of evidence for educational policymaking: Global contexts and
international trends. Review of Research in Education, 34, 1–24. doi:10.3102/0091732X09350472
Wolbers, T., & Hegarty, M. (2010). What determines our navigational abilities? Trends in Cognitive
Sciences, 14, 138–146. doi:10.1016/j.tics.2010.01.001
Zancada-Menendez, C., Sampedro-Piquero, P., Lopez, L., & McNamara, T. P. (2016). Age and
gender differences in spatial perspective taking. Aging Clinical and Experimental Research, 28,
289–296. doi:10.1007/s40520-015-0399-z

124

3.4. Paper 6: Digital games and mathematics learning: The state of play.
Logan, T., & Woodland, T. (2015). Digital games and mathematics learning: The state of
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Abstract:
This chapter examines the spread and involvement of digital games in mathematics learning
over the last five years (from 2009 to 2013) in English-speaking countries. It examines the
patterns and trends that are emerging in an industry that has increasing social influence. This
chapter is less about the advantages and disadvantages of digital games and their impact on
mathematics learning, and more about present influences and trends—that is, what is actually
happening in the world of digital games? What is trending? What technology is being taken
up? Are teachers actually using digital games to enhance learning in the classroom, and if so,
how? The chapter will become an historical transcript quite quickly, and thus will serve as a
reference point for future trends and innovations.
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Digital Games and Mathematics Learning: The
State of Play
Tracy Logan1 and Kim Woodland2

Abstract This chapter examines the spread and involvement of digital games in
mathematics learning over the last five years (from 2009 to 2013) in Englishspeaking countries. It examines the patterns and trends that are emerging in an industry that has increasing social influence. This chapter is less about the advantages and disadvantages of digital games and their impact on mathematics
learning, and more about present influences and trends—that is, what is actually
happening in the world of digital games? What is trending? What technology is
being taken up? Are teachers actually using digital games to enhance learning in
the classroom, and if so, how? The chapter will become an historical transcript
quite quickly, and thus will serve as a reference point for future trends and innovations.

Introduction
To examine the state of play in digital games over the last five years is to attempt to provide a static commentary on an ever-changing industry. The multibillion dollar digital games industry looks dramatically different now than it did
even five years ago. And it will be different again in five years’ time, with the
continued emergence and obsolescence of games and gaming devices as the market and technology interact and innovate.
Not only is the digital games industry continually changing, however, its relationship to education—in particular to mathematics learning—is ambiguous. In researching the connection, it quickly becomes apparent that the interaction between
digital games and education is not precise. Games are not solely educational or
commercial and they are used both inside and outside of traditional learning envi1
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ronments. In fact, the popularity of digital games means that educators using them
in the classroom to facilitate learning are working with a resource that students
may have greater expertise with, not to mention one that has previously been
banned from classrooms as a distraction.
Nevertheless, it is important that an attempt is made in a volume such as this to
define the current state of play in digital games. This is not to provide information
that will be outdated within a short period of time (although it will be), but to
acknowledge that digital games and gaming is now a central feature in society—
and increasingly so in the field of education. Over time, the industry, the devices
used to game, the games themselves, and the way people game will change, however the infiltration of digital games into education is likely to remain strong in the
foreseeable future.
In early 2010, game designer Jane McGonigal gave a talk at a TED conference
on how gaming can make a better world. As of early 2014, her talk had received
almost 3.4 million views. She referred to the “parallel track of education” experienced by the average youth living in a country with a strong gaming culture:
10,000 hours spent in online gaming by age 21, which is about the same number
of hours spent in middle and high school with perfect attendance. The reason that
games are so enticing, McGonigal contends, is that they provide “satisfying work,
real hope for success, strong social connections and the chance to become a part of
something bigger than ourselves” (McGonigal 2011). She would like to see the
considerable skills developed by gamers applied to real-world problems and argues that bringing issues into the gaming environment for solution provides the
right environment for problem solving.
In the best-designed games, our human experience is optimized: We have important work
to do, we’re surrounded by potential collaborators, and we learn quickly and in a low-risk
environment. (McGonigal 2010, n.p.)

Jorgensen (Zevenbergen) (this volume) also identifies the social dimensions of
gameplay as it relates to students from varying backgrounds and how the environment created by games provides opportunities to influence learning.
As cases describing the state of play in digital games are identified throughout
the chapter, information will be presented in three major areas: the state of the digital games industry; the societal and political forces influencing digital gaming;
and the reaction within the field of education.

Research Overview and Process
In order to better understand the state of play, we undertook a data mining process to focus on the relevant information. Hand (1998) defined data mining as “the
process of secondary analysis of large databases aimed at finding unsuspecting relationships which are of interest or value” (p. 112). One of the largest and most
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accessible data sources is the World Wide Web. To this end, this chapter does not
seek to describe patterns and relationships regarding quantifiable counts or
measures. Rather, it undertakes the analysis process through a lens that is a
bounded description of what information was available in a specific parameter of
time. It would be fruitless to highlight quantifiable counts when the nature of the
World Wide Web dictates that any static measure is redundant within a minute. As
a consequence, the analysis undertaken in this chapter captures the interconnectivity of themes and reports unsuspecting relationships within the context of digital
games.
Knowledge Discovery in Data (KDD) (Fayyad et al. 1996) is a model that provided opportunities to explore the rapidly growing proliferation of digital data
through the extraction of useable knowledge from a collection of data. For the
purposes of this chapter, this model provided a clear process to follow as we examined the increase of digital games into the education sector. The process is both
interactive and generative and involves a series of sequential steps and corresponding decision-making processes (Fayyad et al. 1996). Figure 1 provides an
overview of the KDD process.

Fig. 1 An overview of the KDD process (Fayyad et al. 1996, p. 41)

According to Fayyad et al. (1996), there are five steps in the KDD process. The
Selection step involves selecting data from the larger database to create a target
data set. The target data set is based on the goals of the project and the relevant
prior knowledge of the data, i.e., focusing on a subset or a sample of data. Preprocessing involves reducing the target data set to the useful features that represent
the goals of the project, essentially sorting and organising the data. Preprocessing
requires the researcher to look at the data in a manner that allows them to make
decisions about the exact nature of analysis. Transformation of the data requires a
suitable analysis technique to be identified based on the goals of the project and
the type of data being utilised. Data can be transformed through any analysis technique, with the aim to classify, cluster and summarise the data. Data mining is
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seen as searching for and “determining patterns from observed data” (Fayyad et al.
1996, p. 43). This step can often involve a form of visual representation of the extracted patterns. The Interpretation/Evaluation step consists of interpreting any
patterns and themes identified in the data mining step in relation to the project
goals and evaluating their usefulness and potential interest to others. This chapter
followed these steps and they are explained in the sections below with specific
reference to this book’s context. The Interpretation/Evaluation section of this
chapter will follow our data presentation.

Selection of the Data
The selection step required the authors to identify the essential data from the
original data set (World Wide Web). This initial step consisted of identifying clear
search boundaries that were directly related to the goals of the book. Hence, the
subset of data was identified in three ways. First, the data was limited to information found on the English language search engine Google (which also included
data on some countries covered in this book, such as Brazil, where Englishlanguage information was included in the search results). This included sources
from:
•
•
•
•
•
•
•
•
•

Blogs and wikis
Publishers’ websites
Books
Magazines
Conferences
Government funding
YouTube
Research institutes and organisations focused on research into digital games
Twitter (#digitalgames)

Second, we concentrated less on academic sources and more on sources readily
accessible to teachers. We adopted this wide-reaching view because digital gaming (and especially the link with education) is still an under-researched subject in
academia. As Calder points out (this volume), the speed at which technology is
moving has outpaced the research that could “inform and validate” the use of digital technologies and gaming in learning environments.
Third, the following search terms were utilised:
•
•
•
•
•

Digital games
Digital games in classrooms
Digital game-based learning
Digital games in mathematics education
Gamification
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Such search parameters produced many results. For example, a search on
Google Blogs for “digital game-based learning” produced over 1.5 million results.
The same search terms used on Google Web produced 116 million results. Although this confirmed our belief that the digital games industry and games in the
education sector are popular and varied, we also recognised that our data needed
to be further refined for analysis.

Preprocessing/Organising the Data
The preprocessing step involved organising the data for analysis. This included
using data reduction techniques and “finding useful features to represent the data
depending on the goals of the task” (Fayyad et al. 1996, p. 42). This step involved
clarifying our focus for this chapter and the book. The flowchart in Figure 2 was
used to reduce the data to manageable terms. Questions were asked of the data in
relation to the time it was published online and the relationship to the digital
games industry and digital games in education. Hence, was the material:

Fig. 2 Flowchart illustrating the winnowing process for acquiring data

To this end, our data reduction identified two distinct categories, namely: the
state of the digital games industry and the state of digital games in education.
These two categories were utilised throughout the next two steps in the model.

Transformation of the Data
Transformation of the data involves identifying an analysis technique that will
classify, categorise and summarise the target data with respect to the aims of the
project. For this chapter, the authors utilised a Web Content Analysis (WebCA)
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(Herring 2010; McMillan 2000). The WebCA was conducted under the parameters of the KDD model described and was undertaken during a one-month period
in January 2014.
According to Payne and Payne (2004), “Content Analysis seeks to demonstrate
the meaning of written or visual sources...by systematically allocating their content to pre-determined, detailed categories,...and interpreting the outcomes” (p.
51). In contrast to traditional content analysis, the authors did not wish to undertake statistical procedures on the results and so data utilised in the analysis were
not quantified through frequencies and counts. Instead, the authors sought to explain a distinct phenomenon at a particular time, within a specific field of enquiry,
with the aim of explaining particular contexts and events. As Best and Khan
(2006) suggest, this type of content analysis can aid “in yielding information helpful in evaluating or explaining social or educational practices” (p. 258).

Data Mining
Data mining is the fourth step in KDD and is seen as “searching for and determining patterns from observed data” (Fayyad et al. 1996, p. 43). The observed data in this study are taken from the web content analysis with consideration of the
two identified categories. As such, our data mining attempted to draw meaning
from these data by identifying repetitive themes and illustrative cases. This included: examining statistics from the gaming industry to consider scope and depth
of the games being purchased and played, as well as changes that have occurred
over the last five years and potential differences between countries; funding opportunities that have arisen in the digital gaming industry and for the use of digital
games in education; conferences that are taking place globally with respect to digital games; books that are being published in the field; resources that educators
may look to; and the impact on education.
The following sections present our findings in relation to the games industry
and the impact of games in the field of education.

The State of the Digital Games Industry
Digital games are a growing multi-billion dollar worldwide industry. Within
the global digital content market, digital games are the biggest content category
(ahead of digital movies and music)—with apps the strongest driver of growth
(IHS Technology and App Annie 2014). In 2013, the sale of digital games in
Western markets (including Canada, United States of America [USA], Brazil,
Germany, France, United Kingdom [UK], Italy, Spain and Poland) reached
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US$21.8 billion (SuperData 2013d). The USA alone comprised US$11.8 billion of
this market, up 11% from the previous year (SuperData 2014a).
While the USA is the largest digital games market in the world, one of the fastest growing is the Latin American country Brazil, where the rate of Internet penetration is 18% higher than the worldwide average (SuperData 2013c). Here, the
online games market sold US$1.4 billion in 2013 and is forecast to reach US$2.4
billion by 2015 (SuperData 2013c)—an increase of over 40% in just two years.
Early in the five-year period examined by this chapter, Divide by Zero Games
CEO, James Portnow (2010), delved into the under-researched games market in
Brazil and found a country with great potential for gaming (an interested demographic along with growing wealth, education levels and access to the Internet),
but also with serious constraints (a high tax rate on games, piracy and a limited
distribution network). Portnow described Brazil as having “infinite possibility” for
game development, including within education:
The Brazilian government has been active in subsidizing, assisting, and incentivizing the
creation of educational games. As a result, the edutainment products coming out of Brazil
are, in my opinion, superior to what I’ve seen come out of the US. (n.p.)

Since Portnow published his blog post, the upward trend in Brazil’s digital
games market has continued. When digital goods measurement company, SuperData (2013c) released their 2013 report on the industry in Brazil, they found that
increased access to the Internet had rapidly boosted the sale of online games, and
the proliferation of smartphones led to mobile games comprising 40% of total
games revenue in the country. As physical games attracted a higher rate of tax,
they made up a much smaller portion of the market; consoles comprised only 5%
of sales (SuperData 2013c).
In another 2013 report on the state of the computer and video games industry,
the USA-based Entertainment Software Association (ESA 2013) gathered data
from over 2,000 nationally representative American households during 2012.
They reported on the use of digital games within the average household. Their results show that most homes in the USA contain at least one dedicated game console, PC or smartphone; the average age of gamers is 30 (the split is fairly even
across age groups—32% are under 18 years, 32% are 18–35, and 36% are 36 or
older); and slightly more males than females are gamers (55% male and 45% female).
These data have varied somewhat since 2009. Back then, the average gamer
was slightly older—at 34 rather than 30, with the younger and older markets comprising a smaller percentage of gamers who were dominated by 18- to 49-yearolds (49%). Only 25% were under 18 years of age (compared with 32% in 2012).
The gender split was more in favour of gaming males in 2009 (60% male, 40%
female), but has since evened, although still slightly more men than women identify as gamers (ESA 2010, pp. 2–3). Other research confirms changes in demographics, including the continued expansion of gaming into the younger (and
older) age groups. Says Levine and Vaala (2013):
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Children as young as 4 years old have increasingly sophisticated digital lives, and 10year-olds partake in more than 7 hours of media consumption a day—almost an hour and
a quarter of which is used to play digital games!” (p. 72)

The ESA also delved into the reasons why gamers choose to play particular
games: high-scoring preferences included the quality of game graphics, an interesting storyline, a sequel to a favourite game and word of mouth (ESA 2013, pp.
2–3). These consumer preferences frame both game design and the marketing and
merchandise contained in the overall packaged experience.

Trends in Devices
In this section, we provide an overview of the major trends in the devices being
used. By the term devices, we refer to those hardware tools that are used to play
the game—both fixed hardware and mobile devices. Advances in technology, and
especially the capacity to have large amounts of processing memory stored in
small hard drives, have resulted in the emergence of a number of new devices in
recent years.
Presently, games are played on a range of devices, including:
• personal computers (PCs);
• consoles (such as the Microsoft Xbox, Nintendo Wii or Sony PlayStation);
• handheld gaming devices (such as Nintendo’s DS or 3DS, or Sony’s Vita—
Microsoft does not have one, opting to use its Windows smartphone as its mobile games platform);
• smartphones; and
• tablets.
The majority of games sold during 2013 in Western markets were played on
PC/online (51%), while the remainder were played on consoles (30%), mobile devices (smartphones and tablets) (14%), and only 5% on handheld gaming devices
(SuperData 2013d). Nevertheless, the segments of the market are shifting—with
not only advances in technology, but demand from gamers and new offerings from
manufacturers and game designers dictating what devices games will be played
on. Digital technology is revolutionising gaming, just as it is doing with media,
music and movies. The dominant PC/online platform is currently under threat
from mobile technology. As a result, many of the “leading PC online games companies...are focusing investments on mobile for future growth and overseas expansion” (IHS Technology and App Annie 2014, p. 14). And only five years ago (in
2008), when mobile gaming was in its infancy, consoles were the device of choice
for over 40% of gamers (SuperData 2013b)—beating out PC/online. A major reason that the traditional physical gaming market sold through retail outlets (often
referred to as the video games market and including consoles and handheld gam-

136

Digital Games and Mathematics Learning: The State of Play
ing devices) is declining is that players are opting for devices that can be used for
a range of purposes, such as smartphones, tablets and PCs.
In Australia, for example, the sale of traditional physical games fell 23% during
2012 as customers continued to switch to digital games such as apps and PC
downloads (Moses 2013). And in Brazil, the relative cheapness and easier access
to online and mobile games meant their recent sales far outstripped those of traditional physical games sold through retail outlets (SuperData 2013c)—both increasing the size of the gaming market while simultaneously helping to combat piracy.
As well as gaming, people also use their devices for the following purposes:
42% also watch movies; 22% listen to music; 19% watch television shows; and
5% watch live content (ESA 2013, p. 5). This data on multipurpose devices was
not even a category in the ESA’s report on the market in 2009. Such trends indicate that games will be played on small devices (in terms of screen size) and are
likely to be embedded within other multi-tasking applications in the immediate future.
The world’s largest gaming companies are innovating to keep pace with the
trend toward multi-use devices—particularly the big three who specialise in consoles or handheld gaming devices: Microsoft, Nintendo and Sony. At the 2013
Consumer Electronic Show in Las Vegas, “Microsoft Xbox reaffirmed its strategy
to make its console a multi-purpose device . . . the idea that a console is a singlepurpose device is the past. The future is a multi-tasking customer—a device that
does more than just gaming at home” (SuperData 2014a, n.p.). At the same show,
Sony announced it would adapt its traditional strength—console gaming—and expand its offering by “developing digital and cloud-based console gaming” which
would allow delivery of older PlayStation titles to their newer devices (n.p.). By
February 2014, Sony had launched PlayStation Now, a streaming game service
that allows access to these older games (Molina 2014).
In early 2014, stock in Nintendo—creator of the portable gaming device—was
downgraded in response to sales figures falling for three consecutive years, impacted by increased sales of digital games which are crushing the traditional console market (SuperData 2014b). In response, Nintendo is considering the transition
to mobile platforms. This would be a major development for a company that has
profiled its company’s image around education. However, traditional gaming devices are not an outdated technology. In 2013, the average gamer still owned more
than two consoles. Of these gamers, “over half own a Wii or Wii U, close to half
own an Xbox360 and just under half own a Playstation 3” (SuperData 2013b).
Although the devices compete with each other, they are also complementary as
they provide different experiences to gamers and the statistics show that dedicated
gamers own them as part of a collection. Over the last two years, the three big
players all launched new consoles: Microsoft’s Xbox One (released in November
2013); Sony’s PlayStation 4 (also released November 2013); and Nintendo’s Wii
U (launched a year earlier in November 2012).
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With the pace of change and entry of new competitors into the market, industry
observers are making comparisons with the early 1980s when companies such as
Atari, Magnavox and Intellivision brought arcade games into people’s homes via
new gaming hardware.
. . . people love flexibility. But gamers are also accustomed to particular environments in
which they play each type of game. Consoles in the living room, casual mobile on the
phone, and high-performance titles on PC. The danger is that developers will clamor to
build for all these new devices, creating an atmosphere like that of the early 80s aimed
more at pushing out a title to every device than making solid games. (SuperData 2013a,
n.p.)

To this point, most companies (such as Nintendo, Sony and Microsoft) in the
game developer market have a reputation for releasing games of a high quality,
while the rush of game developers into the app market means less attention to
quality control (Kain 2014, n.p.).
Although the PC industry has kept abreast of the digital games market, the flexibility of mobile devices appears to hold more appeal to buyers of new hardware.
Even the well-established PC market is now threatened since the advent of digital
tablets. Sussex (2012) describes tablets as a “game-changer”, particularly in education, where tablets now threaten the sale of PCs in the USA education market.
Sussex describes tablets as being well suited to “interactive and shared learning...tablets help take us away from the teacher-fronted classroom and into more
student-driven learning” (n.p.). However, tablets have their disadvantages, for example, typing text into a tablet is tedious and slow.
All this means that tablets cannot yet be a total learning device. For what they do well
they are fine. For the rest they need to be complemented. And using them effectively will
require some rethinking of how we plan, execute, support and puzzle. (n.p.)

The trend toward mobile devices will inevitably shape the architecture of
games. At present, PCs have great processing power and as a result allow for
graphics to be displayed in High Definition (and beyond) quality. This power also
allows for detailed storylines in games, including serious games with the opportunity for complex decision making to occur. At present, mobile devices do not
provide opportunity for open-ended gameplay or multiplayer simulations to the
degree afforded by machines with high-end processing. Consequently, game designers are set the challenge to work productively in distinct markets. The following section describes digital games within this context.

Trends in Digital Games
New digital games are constantly emerging—both from global game manufacturers and from independent designers and developers. While the gaming device
industry is largely controlled by global businesses (such as Microsoft, Apple, Nin-
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tendo and Google), games themselves are a more open playing field where independent designers can compete with big business—and gamers are the judge. For
example, of the 20 billion apps downloaded from the Apple App Store in 2013,
Apple’s top three games for iPhone were all produced by independent developers
(Ridiculous Fishing, Device 6 and Epoch 2), as was the top game for iPad
(Badland) (Starr 2013).
The market is no longer controlled so tightly by the traditional game industry.
That is, an open market has emerged for access to games outside of the previously
dominant production companies. Gamers and independent game designers are becoming ever-stronger drivers of trends. For a deeper analysis of the current trends
in games, below we consider the categories of online, subscription, mobile and
console/handheld games.
Online and Subscription Games
A Digital Content Report for 2013 (IHS Technology and App Annie 2014, p.
13) that examined digital content trends around the world, highlights that the “PC
is the strongest platform for digital games spend” and indicates that China is the
largest market in terms of digital games for PC. The dominance of the platform is
under threat, however, particularly from the mobile market. During 2013, in the
USA and UK (the leading European market): “game apps saw the strongest
growth, taking share from online games, which saw a slight decline” (p. 19).
Nevertheless, online gaming is still incredibly popular. The ESA (2010, 2013)
publishes data on the online game categories played most often in American gaming households. Table 1 shows how the type of game people played varied between 2009 and 2012. Over time, gamers played less puzzle, board, game show,
trivia and card games; more action, sports, strategy and role-playing games; and
the same persistent, multiplayer universe games. Downloadable games were
played in 2009 but not in 2012, while casual social games that did not exist in
2009 were played by 19% of gamers in 2012 (ESA 2010, 2013).
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Table 1 Types of online games played most often in the United States of America in 2009 and
2012
Type of online game

2009 (%)

2012 (%)

Puzzle, board game, game show, trivia, card games

42

34

Action, sports, strategy, role-playing

20

26

Persistent, multiplayer universe

14

14

Downloadable games

11

-

Casual, social games

-

19

12

8

Other
Source: ESA 2010, 2013

During 2013, the top ten online games in Western markets based on revenue
(SuperData 2014a) were:
1) CrossFire;
2) League of Legends;
3) Dungeon Fighter Online;
4) World of Tanks;
5) Maplestory;
6) Lineage I;
7) World of Warcraft;
8) Star Wars: The Old Republic;
9) Team Fortress 2; and
10) Counter-Strike Online.
An analysis of the top-selling computer games in the USA between 2009 and
2012 shows the pace of change in the top 20 selling computer games: only 4
games (and their variants) appeared on both lists (The Sims, World of Warcraft,
Starcraft, and Diablo); while 15 games appeared on only one of the top-selling
lists in either 2009 or 2012 (ESA 2010, 2013).
Subscription games are a category within online games where players subscribe
to join and play a digital game through their web browser; the game is housed
online. Even though subscription games are trending downward (SuperData
2013d), they include some of the most popular digital games of all time. Subscription games include massively multiplayer online (MMO) games where gamers
from around the world join in a game. Due to the number of players and the online
virtual environment, the world continues to exist and evolve while the player is offline. A popular variation of this genre is massively multiplayer online roleplaying games (MMORPGs). As the name implies, role-playing digital games are
incorporated into multiplayer online virtual worlds. The games have a culture all
their own, with interaction between players, quests or challenges, and regular progression to encourage players at the limit of their skill level. The most subscribed
of the MMORPGs is World of Warcraft, which was released in 2004 and by 2011
had a total playing time of 5.93 million years (McGonigal 2011). It is also the sec-
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ond largest wiki in the world—behind Wikipedia—and it contains the most information on a single topic than any other wiki in the world (McGonigal 2010).
The world’s fastest growing MMORPG is Star Wars: The Old Republic, which
was released in December 2011 and amassed 1 million subscribers in its first three
days—it also appears on the 2013 top ten online game list above. An Electronic
Arts (2011) press release stated that by the third day after release, players had
“logged 28 million in-game hours—roughly equivalent to watching all six Star
Wars movies, two million times”, with players averaging five hours a day in the
game (n.p.).
These cases of online engagement reveal not only the level of cross-cultural
appeal but also the desire for gamers to belong to a community. This collaborative
and community engagement occurs predominantly via the Internet in a virtual
space. By contrast, mobile gaming provides the opportunity for face-to-face engagement.
Mobile Games
Apps are a main driver of the huge growth in digital games and also their increasing infiltration into countries which traditionally have not had a large digital
games culture. This book contains three chapters exploring apps and their implication for education (see Bossomaier; Calder; Larkin this volume).
Apps are the mode of delivery for games on smartphones or tablets, which are
the big players in the fast-growing mobile device market (although there are also
others, such as Apple’s iPod—designed to play music but with versions such as
the iPod Touch that allows game apps to be downloaded). Smartphone users alone
will total 175 billion worldwide in 2014 (eMarketer 2014), delivering a huge market for app developers and game designers keen to tap into the growing market for
mobile and multi-purpose devices.
Of the top ten app publishers in 2013, eight of them were “mobile centric”, and
while many made apps available for non-mobile platforms, mobile was their main
focus for both “current strategy and revenue mix” (IHS Technology and App Annie 2014, p. 14). Market analysis shows that in 2013, for the first time, consumers
spent more on app game downloads (for their mobile devices) than on dedicated
handheld portable gaming systems—and toward the end of the year, the combined
sales from the two main companies selling apps (the Apple App Store and Google
Play) were triple the market for the traditional dedicated gaming market (App Annie 2014).
In 2013, Japan and South Korea were high adaptors of mobile applications. In
fact, Japan “is the only country where spend is higher on mobile game apps than
on other types of digital games (including mobile web)” and also where “apps
have disrupted the traditionally strong mobile browser-based games business as
consumers have quickly shifted to smartphone apps” (IHS Technology and App
Annie 2014). BRIC countries (Brazil, Russia, India and China) also performed
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strongly in the mobile game market, and analytics company App Annie (2014) anticipates growth in 2014 from new markets such as Hong Kong, Taiwan, Thailand,
Mexico and Indonesia.
Apple and Google, the two major competitors in app development, tend to offer
similar resources. Apple opened its App Store in July 2008 with 500 apps, which
had grown to 850,000 apps by mid-2013 (for iPhone, iPad and iPod Touch users).
In May 2013, Apple confirmed 50 billion app downloads, doubling the 25 million
benchmark it achieved 14 months earlier in March 2012 (Lowensohn 2013). Apple’s major rival for app downloads and sales is Google Play (launched in March
2012 with the merging of the Android Market and Google Music), the digital distribution platform for the Android operating system. Google Play announced that
they had reached 48 billion downloads by May 2013—the same month Apple announced their 50 billion (Skillings 2013). By mid-2013, Google Play surpassed
the App Store in downloads, finishing 15% higher by the end of the year—but the
App Store still generated twice the annual revenue of Google Play due to its
stronger monetisation (App Annie 2014).
The top apps worldwide in 2013, based on downloads from both Apple and
Google (App Annie 2014), were:
1) Candy Crush Saga;
2) Subway Surfers;
3) Temple Run 2;
4) Despicable Me;
5) Fruit Ninja;
6) Angry Birds;
7) Hill Climb Racing;
8) Pou;
9) 4 Pics 1 Word; and
10) Real Racing 3.
Game apps top the popularity lists amongst apps across both companies. During 2013, the most popular overall apps downloaded from the App Store were
games—the most downloaded paid app was Minecraft and the most downloaded
free app was Candy Crush Saga (Starr 2013). In Google Play, the top category of
app downloads for the last two years has been games (App Annie 2014).
Console/Handheld Games
As mentioned earlier in the chapter, consoles and handheld gaming devices are
trending down in the world of gaming. They are also less likely to feature in the
education market, as schools encourage students to work on PCs or tablets in the
classroom rather than single-purpose handheld gaming devices. In the playground,
students are also as likely to have a smartphone with game apps installed than a
traditional handheld gaming device.
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However, the console segment of the market cannot be dismissed, particularly
as most gamers use more than one device to game and dedicated gamers own a
number of devices as part of a gaming collection (SuperData 2013b). Recently, the
three big players all launched new consoles: Microsoft’s Xbox One (released in
November 2013); Sony’s PlayStation 4 (also released November 2013); and Nintendo’s Wii U (launched in November 2012). In 2014, new games will continue to
be launched for the three new consoles: “The beauty of a shift in console generations is that it often sets off a wave of brand-new franchises” (Molina 2014).
Many iconic games are associated with consoles, such as the Super Mario or
Pokémon games produced by Nintendo, which are amongst the highest-selling
video games of all time. These long-running series have a ready market, with loyalty and familiarity playing a part in game preference and selection.
Time magazine’s iconic top ten of everything lists for the last five years (see
Table 2) shows how quickly the games market is changing, even in the console
market. From the 50 games featured in their top ten video game lists, only five
games (Assassin’s Creed, Batman, variants of Super Mario, Halo and Uncharted)
appear in more than one year.
Table 2 Top ten video games from 2009 to 2013
2009

2010

2011

2012

2013

Modern Warfare
2

Alan Wake

Minecraft

Guild Wars 2

Portal 2

Red Dead Redemption

The Legend of
Zelda: Skyward
Sword

Xenoblade
Chronicles

Grand Theft Auto V

Batman: Arkham Asylum

Angry Birds

DJ Hero
Borderlands
New Super Mario Bros. Wii
Geo-Defense
Swarm
Scribblenauts
Halo 3: ODST
Assassin’s
Creed 2
Uncharted 2

Halo: Reach

XCOM: Enemy
Unknown

Uncharted 3

Dishonored

Batman: Arkham City

Assassin’s
Creed III

Super Meat Boy

Bastion

Papo & Yo

Super Street
Fighter IV

Skyrim

The Last Story

Dark Souls

LittleBigPlanet

Starcraft II

Sword &
Sworcery

Halo 4

Super Mario
Galaxy 2
Limbo

Mass Effect 2

Battlefield 3

Torchlight III

Assassin’s
Creed IV: Black
Flag
Pokémon X & Y
Gone Home
Animal Crossing: New Leaf
The Last of Us
Pikmin 3
BioShock Infinite
Far Cry 3:
Blood Dragon

Skylanders:
Swap Force
Source: Time magazine. (2009–2013). Top ten of everything lists. Time Tech. Retrieved from
<http://techland.time.com/>

The console market has to remain abreast of new technologies. Instead of inserting a game cartridge into a console or handheld gaming device, technology
company IHS “forecasts that 41% of games spend on these devices will be digital
by 2017 including service subscriptions” (they give Microsoft’s Xbox Live Gold
and Sony’s PS Plus as examples) (IHS Technology and App Annie 2014, p. 13).
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Although new games appear on these lists, many of the popular games belong
to a series or genre that has been well established and previously successful. The
mix of new storylines and familiar extensions of genre favourites highlight the
need for the industry to create new opportunities whilst building on previous success.

Trends in Gaming Behaviour
The rise and fall of devices and digital games has impacted on the playing habits of both gamers and students in classrooms. Digital games have largely morphed from a solitary hobby into an interactive, collaborative experience. In the
USA, 40% of parents play computer and video games weekly with their children
(and 58% at least monthly), and the majority of all gamers (62%) play with others,
up from 59% in 2008 (ESA 2010, 2013). Gaming conventions are also regularly
held around the world, which bring together gamers to play, view new technology
and discuss games.
As well as gaming with others in a physical sense, joining others in an online
virtual world is also growing in popularity. The success of MMOs and virtual
worlds such as World of Warcraft and Star Wars: The Old Republic, provides evidence for the popularity of the interactive gaming experience. These games bring
together gamers from around the world to game and collaborate, sometimes with
millions of other people.
A solitary pastime played on a box in the corner of a basement recreation room or bar
barely resembles the collaborative educational, artistic and serious games simultaneously
played on several continents by millions of contestants today…In barely more than a
generation, video games transformed from a diversion for the few into a mass medium,
helping people live, learn, work and of course, play. (ESA 2012, p. 1)

Gamers are also no longer restricted by their devices to playing games at home
or in a building with fixed hardware. Smartphones and tablets, and their ability to
access wifi in most public spaces mean games can now be played anywhere wifi is
available. In their 2013 report on the computer and video game industry, the USAbased ESA (2013) found that 36% of gamers play on their smartphones and 25%
play on their wireless device. As a result, gaming now occurs in more locations
and environments than ever before.
The magnitude of the popularity of digital gaming, and the increased flexibility
in where and how to game, means that digital games can be—and are—used in
new and innovative ways, including in the field of education. The next section
looks at the societal and political influences of digital gaming followed by the reactions from education and research communities.

144

Digital Games and Mathematics Learning: The State of Play

The Societal and Political Influences of Digital Gaming
To fully engage and inspire children on subjects like mathematics and science,
educators and parents are beginning to take advantage of children’s natural affinity for digital games. Games have attracted philanthropic foundations’ and policy
makers’ interest and may emerge as a new place to find common ground.
In the past few years, a great deal of attention has been paid to the potential of digital
games for good—President Barack Obama recently appointed an expert adviser to fashion
the first national policy initiative on digital games’ role in education, health, civic
engagement, and numerous other areas. (Levine and Vaala 2013, p. 72)

Within the USA alone, The Department of Defense, National Science Foundation and National Institutes of Health have all expanded research and development
funding in order to better understand the range of effects that well-deployed games
can offer. In 2010, the Obama Administration, in cooperation with a wide range of
philanthropic nonprofit children’s organisations and industry partners, launched
The National STEM (Science, Technology, Engineering and Math) Video Game
Challenge—a national effort to encourage youth to create their own game-based
solutions to teach essential knowledge and skills. “In 2011, Congress also
launched a bipartisan E-Tech Caucus and supported a new Digital Promise initiative to promote public–private partnerships that advance innovation (including
game-based solutions) in education” (Levine and Vaala 2013, p. 73). Such initiatives seek to address what the Bill and Melinda Gates Foundation considers a national crisis with student engagement (Civic Enterprises 2006). Indeed, the Gates
Foundation are a large influence, having provided funding for 25 grants for
games-related projects since 2009, totaling over US$24 million.
Within Australia, the Australian Government committed AU$16.2 billion in
funding over four years to provide new facilities and refurbishments in Australian
schools to meet the needs of 21st century students and teachers through the Building the Education Revolution (BER) program. The program provided not only improved infrastructure, but also digitally equipped classrooms. A search of the Australian Research Council website for research funding outcomes indicates that
since 2009, seven separate projects involving digital games have been funded,
alongside a four-year, AU$16 million Special Research Initiative for a Science of
Learning Research Centre. The Centre’s main objective is the delivery of a program of activities that develop a strong evidence base for learning processes to inform teaching practices (Australian Research Council 2013). A key component of
the Centre is understanding new ways of learning. Indeed, in the first bulletin published by the Centre, they briefly discuss the research they are undertaking with
educational software (Science of Learning Centre 2013).
Screen Australia is the Australian Federal Government’s agency for supporting
the screen production sector. In November 2012 they took on the administration of
a AU$20 million Interactive Games Fund “to help build a sustainable base for the
Australian interactive entertainment industry” (Screen Australia n.d.). This fund-
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ing is a response to concerns that the potential within Australia’s games industry is
not being reached and that there is a lack of trained graduates and highly skilled
local staff to propel the industry forward.
The European Union has also funded several projects whose focus was on ICT
and digital games. The Seventh Framework Programme for research and technological development (FP7) was the European Union’s principal funding research
over the period 2007 to 2013. This included a specific focus on technologyenhanced learning with such projects including the 80Days project
<http://www.eightydays.eu/>, which was concerned with theories, methodologies,
and technologies for game-based learning.
From our data search, there is evidence to suggest that the strength of growth in
the games industry has influenced different political and philanthropic groups to
consider how games can be used to help engage and educate society. The following section considers the response by the education and research communities to
the use of games for learning and education.

Reactions from Education and Research Communities
The use of computer games in classrooms is not new to education; however the
influence they are having over the education and educational research sectors has
grown in the last five years (Krajewski 2014). In her popular 2010 TED talk, Jane
McGonigal talks about the expertise gamers build during the many hours they
spend in gameplay. She advocates that gaming can encourage the types of skills
taught and valued in education, such as resilience, persistence, optimism and problem solving.
When we play, we also have a sense of urgent optimism. We believe whole-heartedly that
we are up to any challenge, and we become remarkably resilient in the face of failure.
Research shows that gamers spend on average 80% of their time failing in game worlds,
but instead of giving up, they stick with the difficult challenge and use the feedback of the
game to get better. With some effort, we can learn to apply this resilience to the realworld challenges we face. (McGonigal 2011, n.p.)

A research team at the University of Wisconsin-Madison led by Constance
Steinkuehler (Co-Director of video game research centre Games+Learning+ Society) and Richard Davidson (Director of the Center for Investigating Healthy
Minds) are undertaking studies that hope to demonstrate how video games “can
strengthen the circuits in children’s brains that regulate empathy, self-control, and
the other ‘non-cognitive’ skills that researchers increasingly view as the foundation of lifelong academic, financial, physical, and emotional well-being” (Herold
2013, n.p.). The researchers intend to capitalise on the trend of digital media in
education to show how it can support students in developing these valuable
skills—and even make tasks such as assessment simpler and more reliable. With
games able to log huge amounts of data, the team aims “to demonstrate that suc-
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cessfully playing a video game can itself constitute clear evidence of learning,
eliminating the need for after-the-fact assessments” (Herold 2013, n.p.). Similarly,
through careful observation, Fregola (this volume) identifies cognitive, psychomotor and socio-relational skills associated with gameplay and connects playing
games to various learning theories developed well before digital games were
commonplace.
Science is one field that has recognised the contribution gamers can make to
solving real-world problems. Scientists have asked gamers to work out some longstanding scientific problems—by replicating them in a gaming world—often with
rapid results. The online puzzle game, Foldit, is an example where the game situation provided opportunities for problem solving at very high cognitive levels:
In 2011, people playing Foldit, an online puzzle game about protein folding, resolved the
structure of an enzyme that causes an Aids-like disease in monkeys. Researchers had been
working on the problem for 13 years. The gamers solved it in three weeks. (Mohammadi
2014, n.p.)

To play Foldit, gamers also needed to use mathematics, in particular 3D spatial
skills, to manipulate chains of amino acids. Indeed, Lowrie (this volume) argues
that visuospatial skills are becoming increasingly necessary in order to navigate a
digital and more visually demanding world, suggesting gameplay provides opportunities for promoting such skills. This application of “school-based knowledge”
within the gaming environment is one of the main reasons the education and research communities have taken notice of digital gaming. Van Eck (this volume)
highlights that digital games are a good model for training and learning within situated, authentic problem-based environments. While transfer may not be evident,
the process fosters learning and as a result is attractive to educators and researchers. Furthermore, Gros (this volume) acknowledges that social elements associated
with motivation, engagement, adaptivity and collaboration enhance the prospects
of games becoming an educational tool.
Indeed, there is much optimism linked to such research and the empirical evidence provided by these types of studies will be crucial to how the education and
research communities move forward with digital games. The following section
provides a snapshot of the impact of digital games on education and educational
research.

Digital Game Themes in Education and Research
Throughout our search, three main themes emerged from the blogs, wikis,
books and websites we accessed, namely: gamification of education, game-based
learning and edu-versioning of games. We explore each of these themes in further
detail below, explaining each one and considering its implications for education
and research.
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Gamification
Gamification is a term that has only been popular since 2010 and typically relates to applying game design thinking (such as the mechanics and dynamics of
games) to non-game applications to make them more fun and engaging. This is a
way of thinking and is essentially a process.
According to Gamification.org (n.d.), gamification has been labeled one of the
most important trends in technology by several industry experts, claiming it can
potentially be applied to any industry and almost anything to create fun and engaging experiences, converting users into players. Perrotta et al. (2013, p. ii) suggested gamification was “about using ‘elements’ derived from video-game design,
which are then deployed in a variety of contexts” including education. Gamification of education is taking these game elements, such as incentives, immediate
feedback, rewards and more to classroom instruction. Much of the information
about gamifying education relates to motivation, productivity, retention, mastery
and changing learner behaviour. It suggests a shift in pedagogy. In their chapter on
using a Kinect Sesame Street TV intervention to support counting activities in
young children, Rothschild and Williams (this volume) examine the potential of
using a digital game to transform or gamify a one-way information flow (watching
television) into a potentially more engaging and interactive learning experience.
However, there have been some problems identified with gamifying a classroom, such as if the program is not well designed, it can become boring and predictable and activities can become meaningless. There are also ethical considerations about whether this type of pedagogy is actually manipulation or blackmail to
get students to engage and achieve. Despite these conflicting views, the belief that
the elements that make games fun and engaging will change teaching and learning
is gaining momentum.
Digital Game-Based Learning
Digital game-based learning first became popular after Marc Prensky published
his book of the same name in 2001 (re-published in 2007) and hence has been a
topic of discussion for a number of years. Since this book’s publication, some research has taken place into this notion of using games as a pedagogical approach
to learning, however, it has really taken off in the last few years as gaming devices
became more affordable. “Driven by their highly visual and engaging nature,
games are now found everywhere, from medical and military simulations, to physical education courses, to publishing and advertising, and to corporate training”
(Levine and Vaala 2013, p. 72). Game-based learning has been identified as “the
use of video games to support teaching and learning” (Perrotta et al. 2013, p. i) focused around key principles such as motivation, authenticity and contextualization, complex decision making, social experiences and self-reliance. It is a branch
of serious games that deals with applications that have defined learning outcomes.
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Game-based learning balances subject matter learning and gameplay with the objectives of retaining and applying that subject matter in the real world.
One of the problems identified with game-based learning is that the instructor/teacher needs to be very familiar with the games in order to address any issues
students have. They must also have a clear understanding about how these games
relate to curriculum outcomes and make those links clear to students. Often, it
takes empirical research to find the right game to help teach the subject matter, not
simply a quick Google search. As Beavis points out (this volume), game-based
learning can be ‘messy’ to incorporate into the classroom; however, when based
on good pedagogy and sound learning principles, games have the capacity to enhance conceptual understandings of complex processes in a range of subjects.
The Edu-Versioning of Games
Traditionally, digital games were marketed as either commercial or educational
(Groom 2013, n.p.). Marketers tended to identify commercial games as fun and
playful; while education games were traditionally seen as drill and practice. However, this is changing. As game-based learning becomes prominent, commercial
game developers have produced edu-versions of their entertainment titles. Major
labels and developers have already taken to creating versions of their games solely
for education, many of which are linked to curriculum outcomes and standards
(Groom 2013, n.p.). Electronic Art’s (EA) SimCity and Mojang’s Minecraft both
have specific versions—SimCityEDU and MinecraftEdu respectively—designed
to engage learners and assist educators.
Groom points out that the dilemma for educators is to identify which games are
worth using as resources in the classroom. There are a broad range of games marketed as educational, but some are simply free apps with no link to educational
learning outcomes beyond drill and practice. Where a shift has been is in those
games that have been developed with close consultation between academic institutions and developers, such as SimCityEDU (see Farber 2013 for an example of
how it is used in the classroom).
Both MinecraftEdu and SimCityEDU claim to focus on STEM curriculum and
can provide a level of autonomy for teachers where they have teacher only control
to modify and set the game up specifically for their students’ needs. However, unlike the free apps, such games are rarely free to download or play. MinecraftEdu
advertises that schools can purchase the game for 50% less the than the full price,
while SimCityEDU also requires users to pay through various vendors. Consequently, education institutions need to be convinced of the academic importance
and relevance before assigning money from the ever tightening budget to these
ventures, possibly encouraging educators to look at other sources to bring gamebased learning into their classrooms.
Finally, game developers also need to be careful when edu-versioning popular
commercial games to make sure they do not break the ‘magic circle’ described by
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Avraamidou, Monaghan and Walker (this volume), which absorbs players in the
world of the game (rather than real-world rules) and makes the games so appealing. In their chapter, Avraamidou, Monaghan and Walker consider the mathematics in non-school gameplay (which is mostly ‘invisible’ and integrated into the
game) and ask whether these games can be transferred to a school mathematics
environment.

The Infiltration of Digital Games into Educational Institutions
Specialist Schools
Our search revealed three specialist schools created with the intent to teach students for the 21st century based on the gamification premise. The three specialist
schools are gamifying education: not only are classes based around game design
principles, the entire curriculum has at its core gaming and game design. The first
of these is located in New York. The Quest to Learn School was developed
through the Institute of Play with the dedicated focus on developing children to
work and play in the 21st century. The school claims that its critical mission “is a
translation of the underlying form of games into a powerful pedagogical model for
its 6–12th graders” and that the school “uses the underlying design principles of
games to create highly immersive, game-like learning experiences”
<http://q2l.org/curriculum>. A recent YouTube video by co-founder Katie Salen
highlights
some
of
the
initiatives
the
school
subscribes
to
<http://www.youtube.com/watch?v=Wk_OfUHpCbM>.
Also located in the USA and based on the same Quest model by the Institute of
Play, the Chicago Quest School—a Chicago International Charter School—
provides opportunities for students to learn in different ways through design and
innovation, often with digital media. Both of these are public schools that have
considered learning from different perspectives and claim to offer an innovative
curriculum that is differentiated, challenge-based and focused on the key literacies
of the 21st century, namely: design, collaboration and systems thinking and reasoning.
The third school is located in Brazil. Oi Futuro Nave (Advanced Educational
Center) is a joint initiative by the largest of Brazil’s telecommunication carriers,
Oi, and the government of Rio De Janeiro. Again, a public school that has only
been operating for several years, Oi Futuro Nave is thinking outside the square as
it aims to prepare students for the inevitable digital life of the 21st century through
providing opportunities to specialize in animation, game programming and script
writing. The program is oriented toward using communication and information
technologies in middle school, with the aim to continue the research and development of educational solutions.
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Although these schools may well be seen as the way of the future, Bjerede
(2013) has suggested the shift in thinking, from a pedagogical point of view, is
akin to the shift from direct instruction to constructivism, and that educators need
to be disrupted to see the potential. Research into the effectiveness of these
schools needs to be undertaken in order to better assess their long-term viability.
University and College Courses
Universities and tertiary education providers are expected to be leaders in the
area of education. They are, for all intent and purposes, educating the workforce of
the future. Most universities now have blended learning options, combining online
and face-to-face learning or even fully online MOOCs (Massive Open Online
Courses). These options are seen to be leading the way with regard to access to
qualifications for the majority, not the minority. Our search identified that tertiary
education providers were abreast of the changing social climate and the needs of
the consumer workforce, with an abundance of courses and subjects dedicated to
gaming and game design. From community colleges through to the leading universities, the variation and distribution of the courses available were widely distributed and highlighted a mix of qualifications, departments and interests. Possibly the most obvious place to find game-related courses was in the computer
science field. Indeed, many undergraduate and postgraduate courses fell under the
Bachelor of Computer Science and Master of Science or similar. Some of the
courses included De Paul University College of Computing and Digital Media
(Chicago): Master of Science Computer Game Development; Coventry University
Serious Games Institute (UK): Master of Science in Digital Games and Business
Innovation; and University of Skövde (Sweden): Master of Science Serious
Games.
There were also many courses that fell under the Arts such as HKU University
of the Arts (Utrecht): Master of Arts Creative Design for Digital Cultures; New
York University Game Centre: Master of Fine Art (explored the design and development of games as a creative practice); Zurich University of the Arts: Master of
Arts in Game Design; and Brunel University (London): Master of Arts Digital
Games Theory and Design. All courses provided a slightly different focus to the
overarching gaming and game design theories.
The search revealed a variety of content offered within the courses. There were
broad themes such as games studies, games technology and development, learning
technologies, serious games and media and entertainment. A closer look at the
courses highlighted an even broader connection to non-gaming content. Dalla
Vecchia, Maltempi and Borba (this volume) investigated digital games as an environment for mathematical modelling within a course entitled Construction of Electronic Games. Other areas that such courses linked to were: artificial intelligence;
information studies; engineering; learning and education; multimedia; human
computer/media interactions; entertainment; and business. Given the cross-
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connections to such a variety of areas as evidenced by the university courses, it
seems many qualifications in the future could have elements of gaming and game
theory attached to them and it could be that the workforce may even demand it.

The Infiltration of Digital Games into the Research Community
Research and Professional Conferences
An important recurring feature of our analysis was the increase in professional
and research conferences based around digital game-based learning and gamification. Many conferences are international, while others are more localised. Not surprisingly the majority of the conferences are relatively new; however, some of the
established education conferences such as Computers in Education (in its 21st
year) and Society for Information Technology and Teacher Education (SITE, in its
25th year) have themes or interest groups promoting the use and research of digital games and simulations in education. Indeed, the International Simulation and
Gaming Association will present its 45th conference in 2014 with the theme The
Shift from Teaching to Learning: Individual, Collective and Organizational
Learning through Gaming and Simulation. Other conferences are concerned with
serious games, artificial intelligence in games and the social aspect of games.
From a focused education point of view, some of the newer conferences related
to game-based learning and gamification are the: European Conference on GamesBased Learning; The Games Learning Society Conference; Conference of the Digital Games Research Association; Games for Change Festival; and GSummit. All
of these conferences aim to understand how video games, and digital and social
media are having a positive impact on learning while developing essential skills
that learners and the industry require to compete in the 21st century.
The influence of games for learning and digital aspects of learning has reached
even smaller jurisdictions such as the state of Victoria in Australia, with the ICT
in Education Victoria: Professional Teachers’ Association presenting a workshop
on Practical Digital Learning and Teaching for interested teachers. It featured
workshops focusing on tools and tactics to effectively implement learning technology into regular classroom practice.
Such conferences and professional development highlights the impact and exposure the games sector is generating in the education sector. Educators are using
these opportunities to share and strengthen their knowledge in integrating emerging technologies into learning environments. The conferences also highlight the
interest from academia and professional associations in developing a sound research and evidence base for using digital games in learning.
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Research Centres and Game-Based Associations, Networks and Businesses
Globally, many centres, associations and businesses have evolved that are dedicated to understanding the influence and impact of games and gaming on learning. Three of the most prominent in the authors’ search were the Joan Ganz
Cooney Centre <http://www.joanganzcooneycenter.org/about-us/>, the Games
Learning
Society
<http://www.gameslearningsociety.org/index.php>
and
Games2Train <http://www.games2train.com/>, Marc Prensky’s own company.
The Joan Ganz Cooney centre is an innovative independent research laboratory
that focuses on generating new ways of teaching children within the rapidly
changing technological scene. The prominent underlying question of the Centre is
how can emerging media help children learn? Funded by various philanthropic,
government and business enterprises, the Centre considers all aspects of children’s
learning through different media. They recently conducted a national (USA) survey on teachers’ attitudes about digital games in the classroom, along with video
case studies of teachers attempting to utilise digital games in their classroom practice. Initial results suggested that of the 505 teachers who undertook the survey,
32% use games 2 to 4 days per week and that primary (elementary) school teachers are using them more frequently than middle school teachers. Most teachers
agreed that games in the classroom increased motivation and engagement and increased collaboration among students. Many other centres operate under similar
circumstances and for similar purposes. Some of these include: The Institute of
Play (USA); The Games for Learning Institute (G4LI) (USA); Centre for Transformational Games (Edith Cowan University, Australia); The Arts Education Research Centre: digital.arts.research.education (DARE) (Institute of Education,
University of London AND the British Film Institute); The Serious Games Institute (Coventry University, UK); and The Learnovate Centre (Ireland). There is
growing momentum in the dedicated research that is taking place to better understand how games and gaming theory are influencing society and education.
In parallel with the influx of conferences and centres is the amalgamation of
people with interests in gaming and games in education. The Games Learning Society is a good example. Under the leadership of Director Constance Steinkuehler,
and with a centre operating out of the University of Wisconsin-Madison, this Society offers a place for like-minded people to interact, attend their self-run conference, undertake university courses on video games and learning, and develop their
own games that all have an educational focus. This society is also part of a larger
organisation called the Learning Games Network. This Network promotes
“games, tools and communities for a new generation of playful learning”
<http://www.learninggamesnetwork.org/>. An example of this in action is Playful
Learning, an online portal designed for teachers to use in their classroom to explore, discover and use games for learning. Other associations include:
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• The City University New York (CUNY) Games network
<http://games.commons.gc.cuny.edu/category/math-games/>
• Hong Kong Digital Game-Based Learning Association
<http://www.digitalgameslearning.org/>
• Irish Learning Technology Association
<http://ilta.ie/>
The increased societal presence has persuaded many businesses to follow the potential of the gaming industry and design games and other resources that teachers
can pay for, and then use in the classroom. Although established a number of
years ago, Marc Prensky’s business Games2Train offers users the opportunity to
become certified by playing the games. Other companies target schools and teachers
specifically,
such
as
DimensionU
<http://www.dimensionu.com/dimu/home/home.aspx> and Learning.com with
Aha! Math <http://www.learning.com/ahamath/> and Aha! Science
<http://www.learning.com/ahascience/>. Both of these businesses, for example,
offer access to games and other online resources to use in the classroom for a fee.
DimensionU claims to create “engaging and interactive multiplayer video games
that focus on core skills in mathematics and literacy”. The selling point for these
businesses is that they claim to align with curriculum standards and classroom instruction.
While these types of businesses will flourish in the current climate, any longterm change in pedagogy and classroom practice will require more than what these
businesses can offer. A better understanding of the market and the educational
value of using games to aid teaching and learning might see an increase in such
businesses being successful.

Interpretation and Evaluation
The data we found and utilised in this chapter was by no means exhaustive; rather it was a snapshot of the information available on this topic in an attempt to
understand where the field was situated. The current trends and themes in this
chapter are a reference point and can be used when comparing future innovations.
It is impossible to forecast “the next big thing” in digital games but change is certain. The challenge for educators is to make effective use of a technology that students are increasingly engaged with; to thoughtfully integrate it into learning environments; to consider how it can improve aspects of education such as assessment;
and to use the technology in an affordable and accessible way.
It is likely that the generation of children now experiencing a parallel education
in digital games, perhaps attending a specialist school, or going on to study game
design at university, will strengthen the digital game culture. Perhaps future generations of digitally savvy students will grow and compound the use of digital
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games in learning as they themselves become our future educators and policymakers.
Instead of separating out-of-school and in-school learning, digital games promise another way: “…they have potential to bridge the learning that children can do
across life domains and settings” (Thai, Lowenstein, Ching, and Rejeski 2009, cited in Levine and Vaala 2013, p. 73). Learning is not restricted to one particular
setting, i.e., school or home, but occurs everywhere. Learning environments can
extend and complement each other rather than competing—and digital games are
one way of doing this. Particularly if, to quote Jane McGonigal (2010, 2011), we
can “harness this gamer power to solve real-world problems”. Therein lies enormous potential.
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Part 4: Conclusions and Implications
4. Outcomes of the study
This concluding chapter identifies contributions of the thesis to existing research literature in
mathematics education and secondary data analysis research by synthesising the findings in
relation to the research questions. Implications from the project are proposed that encourage
thinking differently about secondary data analysis research practices and policies. The chapter
concludes by discussing the challenges, limitations, areas for future research and
opportunities for further application concerning the use of the MKDD framework in
educational research.

4.1. Findings in relation to the research questions of the study
Part three of the thesis demonstrated the application and utility of the KDD and MKDD
frameworks within the field of mathematics education. Three new insights have developed in
answering the three research questions guiding this thesis. First, an analytic architecture has
been developed to critique the design process underpinning both this thesis and the SDA
methodology more broadly. Second, with the increasing prevalence of digital and open-source
data, a structured and rigorous secondary analysis research framework is imperative to sustain
mathematics education. The MKDD provides such a research framework. Third, the use of
secondary data analysis provides opportunities for researchers to undertake research with
existing data sets that result in quality insights into mathematics teaching and learning. The
overall findings in relation to the research questions are synthesised in the following section.

4.1.1. What types of architectures are required to design research using secondary
data analysis in ways that broaden the scope of the methodology?
This section represents and describes a proposed analytic architecture for secondary data
analysis. It evolved from a synthesis of the design process undertaken in this thesis by
publication and the application of this process in relation to SDA. An analytic architecture
was developed as a mechanism for explaining the respective dimensions that were considered
in terms of research manuscript development and the application of the KDD and MKDD
frameworks. Articulating the conceptual underpinnings of this study enabled me to consider
aspects of the research design in terms of content, methodological tools and the overall
purpose of a secondary data analysis study.
The graphic represented in Figure 4.1 highlights the three elements that were simultaneously
considered in the design of this thesis. The three elements were associated with (1) paradigm
and methodological approach; (2) data source and context; and (3) data composition. By
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representing the graphic in a D

odel, the intent is to sho the depth and the level of

interaction of the thesis design, allo ing for each ele ent to be considered both individually
and collectively.

igure

. A D representation of SDA architecture.

ach of the three a es can then be considered fro
represented diagra

their o n perspective, hich cannot be

atically in the D perspective. onse uently, each of the three ele ents

are described as individual 2D arrays, thus deconstructing the representation in igure 4.1.
The paradig

and

ethodological approach ele ent considers SDA as its o n for

of

ethodology that incorporates both uantitative and ualitative approaches and analysis
techni ues ( igure 4.2).

igure

The paradig

and

ethodological approach ith thesis papers sho n.
160

These approaches are not considered fro
enco passes the research paradig

the narro vie of data analysis alone, rather it

ithin hich the original data set as collected. That is, a

ualitative study, a uantitative study or a

i ed- ethod approach. This study utilised data

sets for SDA that ere collected using a variety of approaches, hilst also using a variety of
analysis techni ues. The 2D display provides a level of detail that can plot any SDA along
both the uant- ual paradig

and analysis techni ue continuu s. or e a ple, Paper in

this thesis utilised ualitative video data and as analysed using both uantitative and
ualitative approaches. It is represented in igure 4.2 as sitting to ard the ualitative
paradig

and in the

iddle of the analysis continuu . Whereas Paper 4, as a uantitative

data set that as analysed using uantitative techni ues. ach of the papers presented in Part
are plotted on this array to illustrate the versatility of the DD and M DD fra e or s to
SDA.
The second ele ent, data source and conte t, enco passes relationships a ong access and
conte tual understanding of the data ( igure 4. ). As eaton (2004 200 ) indicated there are
various levels of access to data sets including for al, infor al and personal (see Section
1. .1).

igure 4. . Data source and conte t ith the thesis papers

apped

In addition, a researcher s level of conte tual understanding of a data set has an i pact on the
SDA. Their fa iliarity and understanding ith the original data collection can either inhibit
or benefit the SDA process. ften, there is a relationship bet een access levels directly and
the degree of conte tual understanding a researcher has ith any particular data set. It can be
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the case that the

ore for al level of access a researcher has to a data set, the less conte tual

understanding there

ay be of the original data collection. The papers in this thesis present

e a ples of a variety of both source and conte t (see igure 4. ). Paper 6, for e a ple, as a
eb content analysis. As such the data as in the public do ain, yet

y o n and

y co-

author s conte tual understanding of the data itself as relatively lo , as e ere co ing
fro

an outside perspective. onversely, for Paper , the I as involved in the larger A

pro ect fro

here the data as sourced. ence, I had a high conte tual understanding of the

data set and as granted access on a personal level.
The final ele ent considers the data co position and ta es a narro focus of the data itself
( igure 4.4). As is the case ith the previous t o ele ents, this ele ent can be described on
t o di ensions.

igure

. The thesis papers

apped across data co position and bounding continuu s

ne di ension relates to hether the data is in a static or dyna ic for , here static
indicates nu erical or te tual data and dyna ic indicates

ore fluid data such as video or

audio recordings here richer for s of data can be accessed. The second di ension relates to
the e tent to hich the data can be

odified in the future. Thus, a closed set of data is

bounded by the original data collection period. By contrast a

ore open-ended data set is

li ely to be added to on a regular basis (e.g., daily eather recordings). or e a ple (see
igure 4.4), Paper 6 as a very open-ended data set, that is, the ever-changing orld ide
eb. o ever,

uch of the data as te tual and tending to ard the static end of the

continuu . Whereas, Paper 5 as static data, being assess ent results, yet this data set is
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being added to on a yearly basis through the Australian national assessment, providing
opportunities for understanding trends over time.
Through undertaking this synthesis, the connectedness of the papers and a structure and
architecture of this thesis and SDA emerged. It has provided an opportunity to express the
conceptual underpinnings of the thesis in relation to the versatility and applicability of both
SDA and the KDD and MKDD frameworks across three main dimensions. As illustrated in
Figures 4.2, 4.3, and 4.4, the work undertaken in this thesis drew on and analysed data sets
from various methodological and analysis approaches; considered and addressed some of the
limitations of data access levels and researcher contextual understanding; and illuminated the
various states in which data might exist and the ways such data are treated in SDA through
the KDD and MKDD frameworks.
The representation of this architecture along three dimensions provides an overarching
understanding of how various data sets fit in relation to each element. This is important for
SDA, as it offers an analytic approach to the methodology of undertaking SDA. Thus,
researchers will know and be able to articulate, if needed, that they have a comprehensive
understanding of the composition of their data sets being used for SDA.

4.1.2. How do the KDD and MKDD frameworks support the analysis of multiple data
sets, from multiple sources, within a given field?
“research design is about convincing a wider audience…that the
conclusions of the research…are as safe as possible” (Gorard, 2013, p.
4).
Although Gorard, in general, is referring to primary research projects, the same principle
applies to secondary data analysis. This thesis argues that a robust research and analysis
framework is highly critical to SDA and for SDA to be legitimate, and for the academic and
wider public to be convinced that the findings of such research are valid, it is imperative that
SDA be undertaken using a robust research framework.
Part One of this thesis identified that opportunities for undertaking secondary research are
increasing due to the proliferation of data warehouses and the establishment of policies
regarding data management, storage and sharing. While uptake of data sharing in the
mathematics education community is slow in comparison, there is no shortage of data sets
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related to mathematics education available in the public domain for secondary analysis. The
availability of a data set, however, is not (and should not be) in and of itself enough to decide
whether to undertake secondary data analysis. As highlighted in Part one and Part two of this
thesis, there is a gap in the research literature regarding the availability of a robust secondary
data analysis research framework for the social sciences. The main designs currently in use
originate from medical journals (Cheng & Phillips, 2014; Smith et al, 2011) and the Sage
Encyclopedia of Measurement and Statistics (Brewer, 2007), which provide some very basic
overviews of how to undertake secondary data analysis. These various designs provided no
real structure to the secondary data analyst or any sense of rigour to the process. This thesis
advocates and demonstrates that the KDD and MKDD frameworks provide a relatively
straightforward and rigorous research framework that can guide the SDA process.
Despite the KDD having its background in machine learning and artificial intelligence; big
data and data mining are not foreign to educational research (see Baker, 2010; Romero &
Ventura, 2013) with a distinct field of research having emerged in the last 10 years. However,
the application of KDD to educational data has tended to take the form of exploratory,
computerised (algorithmic) analysis of big data in line with the traditional implementation.
Through this thesis, the utility of the KDD and MKDD frameworks is revealed and
established. It is maintained that the application of the KDD and MKDD frameworks across
both exploratory and hypothesis driven research conducted through non-computerised
methods is innovative and novel in the field of mathematics education. The use of the
frameworks within hypothesis driven studies is uncommon given that the exploratory
approach has generally been associated with the KDD process. Hence, a core knowledge
generation component of this thesis was the modification to the KDD by renaming data
mining to data analysis. Therefore, moving the framework away from its traditional
implementation and increasing its utility across educational research.
The publications in Part three of this thesis undertake secondary analysis of pre-existing data
for purposes other than what they were originally collected for, simultaneously demonstrating
and validating the utility of the KDD and MKDD methodological frameworks for analysing
multiple data sets. The papers present secondary data analysis across both quantitative and
qualitative datasets, where data was sourced from multiple locations and consisted of different
types of data. Three of the four papers utilised the KDD and MKDD frameworks explicitly
not only as method, but as a framework for the paper structure. The publication of these
manuscripts in international journals and an international book through this format highlights
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the acceptability and recognition given by the education community to secondary data
analysis. It also validates the KDD and MKDD frameworks as a practical, process-based
approach to undertake secondary data analysis.

4.1.3. In what ways does secondary data analysis produce new findings that continue
to develop our understanding of students’ mathematical thinking?
To date in the literature, the connection between mathematics education research and
secondary data analysis has not been clearly identified, with many secondary analyses
utilising large-scale international student assessment such as TIMSS and PISA (e.g., Jiang &
McComas, 2015; Wang & Bergin, 2017). However, with the continued increase in openaccess data, there is a need to better understand how utilising existing data can help move the
mathematics education field forward. This thesis has challenged the status quo of
mathematics education by demonstrating that secondary data analysis can provide quality
insights into the field. The last research question of the thesis was to investigate the
applicability of SDA in analysing mathematics education data sets and whether using SDA
would provide new insights into mathematics education research. Two main areas of
mathematics education are considered within the publications in this thesis, namely: spatial
reasoning and the impact digital technologies on mathematics engagement, predominantly set
within the context of assessment.
Two publications in Part 3 analyse the link between spatial reasoning and mathematics
education, a growing area of interest for mathematics education research globally (see Davis
& The Spatial Reasoning Study Group, 2015; Lowrie, Logan, & Ramful, 2017; Ramful,
Lowrie, & Logan, 2017). Paper 3 in Part 3 (Logan, Lowrie, & Diezmann, 2014) highlighted
the influence co-thought gestures had on students’ spatial thinking. The findings indicated
that as students encountered relatively complex map tasks, they folded back to more concrete
ways of knowing, using gesture, to help them navigate the spatial demands of the tasks.
Profiles of student behaviour were presented to illustrate how gesture was utilised as students
solved the map tasks. This data set was qualitative video data of semi-structured interviews
conducted as part of a larger project. The application of the KDD research framework to this
data (as described in Part 2, see Section 1.5.1) provided opportunities to consider a separate
and unique aspect of the data not envisaged by the project leaders. Publication in one of the
most reputable mathematics education journals speaks to the appropriateness of SDA to
discover new insights into students’ mathematical and spatial thinking.
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Paper 5 in Part 3 (Logan & Lowrie, 2017) presented the secondary analysis of a large-scale
national data set. This paper focussed on gender differences across spatial tasks in the
numeracy aspect of the Australian national assessment, NAPLAN. Findings indicate that
there were gender differences on the spatial orientation items within the NAPLAN. It also
identified that some females have a problem re-orienting themselves within mapping tasks.
They can follow the first direction, but then are not able to place themselves into the task
based on the new orientation. This suggests that they struggle with being able to re-orientate
themselves in space and to visualise images and movement from different perspectives. This
type of spatial thinking relates to the self-to-object representational system (Kozhevnikov &
Hegarty, 2001) in which movement or orientation is considered relative to the position of
oneself.
The analysis of this data was twofold. Firstly, it considered differences between males and
females on the performance data. This level of analysis revealed where any gender differences
were situated. Secondly, the multiple-choice responses of the students were analysed to
provide a deeper level of understanding to the assessment data. This level of analysis revealed
where the problems were for the female students. Through secondary data analysis, these
subtle problems were able to be detected, where the reported results at a national level do not
provide such detail. While performance data is important, often students’ errors and
misconceptions are much more influential in our approach to teaching and learning
mathematics. Hence, this study is important as it provided a richer level of detail surrounding
female students’ interpretations of spatial orientation (mapping) tasks. The MKDD
framework provided a structure to undertake not only the first level of analysis, but also the
second. The iterative nature of the framework provides opportunities for the target data set to
be transformed in multiple ways to facilitate analysis on many levels. In this paper, the
numeracy data was utilised to generate new variables, totals of the spatial tasks in the
assessment. However, it was also used in its raw form, the multiple-choice responses that
were originally provided by ACARA. The publication of this study in a special issue of
Research in Mathematics Education on summative assessment points to how the MKDD
framework added value to the secondary data analysis in powerful ways.
Two publications in Part 3 highlight areas of impact of digital technologies on engagement
within mathematics education. Paper 4 (Logan, 2015b) makes connections across both spatial
reasoning and digital engagement. Presented as a parallel study, the same data set was utilised
simultaneously to consider the impact of presenting mathematics assessment items in both
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computer-based and pencil-and-paper forms and the influence of students spatial reasoning on
their mathematics performance. Findings indicated that mode of delivery impacted on student
performance across three mathematics content areas, with students performing better on the
pencil-and-paper mode of the assessment tasks. Tasks that required high levels of systematic
planning and step-by-step processing were completed more successfully on the pencil-andpaper mode due to the ability to utilise concrete materials to ease mental load. When
completing these tasks in the digital format, students were reluctant to using working out
paper, and hence attempted to keep track of all the information in their head. This study also
found, in line with previous research (see Mix & Cheng, 2012 for a review), that students’
spatial reasoning was closely related to their mathematics performance and those with high
spatial reasoning performed better on the mathematics assessments than those with lower
spatial ability. This trend occurred not only on the geometry related tasks as may be expected,
but across all content areas in the mathematics assessment. This was unanticipated and as
such, provided a unique contribution to the field.
This secondary analysis utilised project data from a large Australian Research Council grant,
taking a different perspective from the original project. The study provided additional insights
into one aspect of the data set, with the MKDD framework again providing a systematic
approach to data management and analysis.
The final paper in Part 3, Paper 6 (Logan & Woodland, 2015), completed a point-in-time
analysis of the digital games industry and its influence and connection to mathematics
teaching and learning. The current trends and themes in this chapter were written as a
reference point, to be used when comparing future innovations in the field. It is almost
impossible to forecast “the next big thing” in digital games and mathematics learning but
change was a certainty. The challenge for educators moving forward is to make effective use
of a technology that students are increasingly engaged with; to thoughtfully integrate it into
learning environments; to consider how it can improve aspects of education such as
assessment; and to use the technology in an affordable and accessible way.
This study was undertaken through secondary data analysis, using a web content analysis, via
the KDD framework. The data in this chapter was broad and dynamic. As such, the KDD
framework was utilised as a lens that provided a bounded description of what information was
available during a specific parameter of time. It was ineffective to highlight quantifiable
counts as per a normal content analysis when the nature of the World Wide Web dictated that
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any static measure was redundant with-in minutes. Consequently, the analysis undertaken in
this chapter captured the interconnectivity of themes and reported novel relationships within
the context of digital games and mathematic teaching and learning.
Each paper presented in Part 3 of this thesis makes a unique contribution to the field of
mathematics education. The continued emergence of the importance of spatial reasoning
within mathematics education is at the heart of cutting edge research across not only
mathematics education but also cognitive psychology. The connectivity between the two
fields continues to grow and develop, with the papers presented here contributing to that
knowledge. The influence of digital technologies on mathematics education is a highly
researched field and as such, it moves forward at a steady rate. The biggest challenge with this
is that the technology develops more quickly than the research can be undertaken, often
rendering some studies outdated. The papers presented here offer point-in-time references for
understanding how digital technologies impacted and influenced mathematics education from
both a broad perspective and a more nuanced approach through assessment items. The
common theme and structure among all papers was undertaking the studies through secondary
data analysis and utilising the KDD and MKDD frameworks to facilitate data management
and analysis across a wide variety of data sets. This approach provides opportunities for
sustained research in the mathematics education field in times when research funding is
limited and opportunities for primary research are becoming less frequent (see Section 1.2).

4.2. Implications for research practice and policy
Several implications for both research practice and policy emerged from this thesis that can be
influential in moving forward the field of secondary data analysis in mathematics education.

4.2.1. Research practice
Implication 1: Increased uptake of SDA practices throughout educational research at all
levels.
This thesis has demonstrated that identifying, recognising and utilising existing data sets is a
legitimate form of educational research at all levels including established researchers and
early career researchers. Hence, one implication is that researchers should embrace
undertaking SDA, especially conducted through the MKDD framework. The framework
provides a robust and transparent way to manage secondary data that describes and justifies
data transformation practices. The use of SDA should also be encouraged for Higher Research
Degree (HDR) students. The application and validation of a robust research framework,
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specifically for SDA, has implications for HDR students, where SDA undertaken within such
a framework provides a solid foundation for educational research. For example, access to, and
reanalysis of, existing data sets presents opportunities for HDR students to build on their
supervisors’ or research team’s work, whilst also providing critical research training, lowering
the need for a resource-laden study. This implication helps to build capacity in the academic
field within mathematics education.
Implication 2: Opportunities to apply new theoretical or conceptual perspectives to existing
data sets.
Utilising the MKDD framework allows various theoretical lenses to be placed over data sets
so different questions can be asked of them. This can be applied across both quantitative and
qualitative paradigms providing greater impact of the research beyond that envisaged through
the initial project. Hence, there is a broad scope to consider mathematics education through
broad theoretical perspectives.
Implication 3: Less reliance on overly burdensome empirical data collection in schools.
Much educational research, and in particular mathematics education research, relies heavily
and continuously on schools, teachers and students to work as collaborators and participants
in research. Although there will always be a need to empirically understand teaching and
learning within classrooms, undertaking SDA reduces the burden associated with repeatedly
accessing school-based participants—in times when students are already ‘over assessed’. One
benefit of having a data set that affords different types of analyses is that it reduces pressures
for principals and school systems. In fact, it could be argued that in future, all funded research
involving classroom- or school-based data collection should outline how SDA studies could
also be generated from the project. Such project scoping will provide further opportunities for
early career researchers and HDR students, in highly competitive funding environments,
while ensuring research projects possess breadth and depth and at the same time minimising
the negative aspects of repetitive data collection.

4.2.2. Policy
Given recent mandates from research funding agencies internationally, as described in Paper 1
(Logan, 2015a), the findings of this thesis have implications for policy.
Implication 4: More data being placed into accessible repositories.
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As described in the Introduction and Paper 1, governments and funding agencies are working
toward making research data more accessible. Presently, there is apprehension surrounding
how data placed into repositories is used. The systematic and structured approach of the
MKDD framework provides researchers with a sound, practice-based methodology that can
reliably be used to undertake SDA. Hence, if project leaders know that the data will be used
for SDA through such a framework, it is likely that more researchers will place their data into
open repositories.
Implication 5: Government and policy makers will see a greater return on their research
investment.
As funded research data is accessed and utilised by others, funding bodies will begin to realise
greater value from research and from their investment. This thesis has highlighted new
insights into mathematics education from both funded research and publicly available data.
Each one of these implications highlight research practices and policies that will aid in
sustaining mathematics education research into the future. If SDA is used more broadly, there
will be less reliance on empirical data collection, more opportunities for early career
researchers and HDR students (who can access existing data sets rather than applying for
funding to generate primary data), better use of government funds and new knowledge and
insights from data that may have previously been rendered dormant once research projects are
completed.

4.3. Limitations and areas for future research
4.3.1. Limitations
Two main limitations of SDA concern access to relevant and usable data and lack of
familiarity with the contexts of data sets. It is envisaged that as access to quality data is made
available then the number of studies using SDA will increase. Although some of the data
utilised in this thesis were known to the author and access granted from project leaders, as
demonstrated in Section 4.2, the author was also less familiar with other data sets utilised.
This counteracts one of the central criticism of SDA, namely that unfamiliar context can lead
to misinformed conclusions. As part of the thesis, I have demonstrated that the KDD and
MKDD frameworks can be used for both familiar and unfamiliar research contexts,
highlighting the utility of the frameworks.
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One of the overall conclusions of the study is that the frameworks have applications across
mathematics education broadly. A possible limitation of this thesis is the focus on two main
areas only, spatial reasoning and the impact of digital technologies on engagement.
Nevertheless, to demonstrate expertise in a thesis one is required to refine research questions
in specialised ways to demonstrate novelty and an unique contribution to the field. This
tension was overcome by utilising the framework in ways that resulted in four different data
sets being accessed, which resulted in four separate studies.
A further limitation of the study is not using two separate data sets within one study. Whilst it
is suggested that multiple data sets can be combined in the MKDD framework, each paper in
Part 3 utilise only one main data set.

4.3.2. Areas for further research
Several areas for further research have been identified. Ongoing refinement of the MKDD
framework is required to ensure applicability across other disciplinary areas and for broader
applications. Whilst this thesis has demonstrated a wide range of applications, further
improvements and modifications to both the framework and the type of data used is
warranted. For example, further SDA could be conducted on qualitative data sets. Indeed,
further studies using the MKDD framework with data from ARC grants and other
government-based research funding may be required.
There are multidisciplinary opportunities that could be integrated with the MKDD framework.
Specifically, it would be advantageous to consider data sets across science, technology
engineering and mathematics disciplines to understanding how STEM learning can be framed
in the future. Such SDA would be greatly beneficial to schools and education jurisdictions as
they look to better understand the impact of STEM teaching and learning.
Further work could be undertaken with data sets that explore student performance and sense
making across cultures and across countries. Given that many international studies are now
conducted online, the opportunities for SDA in these digital environments are increasing and
the MKDD framework provides explicit detail on preprocessing and transforming the
variables to suit analysis.
Finally, as suggested by Renshaw, Baroutsis, van Kraayenoord, Goos, and Dole (2013), there
are opportunities for teachers and schools to utilise SDA tools and techniques within
classroom-based research. Given the amount of student data schools and teachers have
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available to them, the use of the MKDD might provide a process-based framework within
which data can be managed and analysed. Having strong understanding of data allows
teachers to identify gaps in learning and target teaching accordingly, not just in mathematics
but across the curriculum.
The ability to manipulate, extrapolate and analyse data is becoming an increasingly crucial
life skill. Having a robust framework such as the MKDD allows data to be interrogated in
sophisticated ways. Thus, helping to sustain mathematics education research into the future.
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