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Abstract In this conceptual review paper we draw on
recent literature with respect to digital curriculum resources
(DCR); we briefly outline and explain selected theoretical
frames; and we discuss issues related to the design, and the
use (by teachers and students) of digital curricula and e-text-
books in mathematics education. The results of our review
show the following. Firstly, whilst there are some contrast-
ing tendencies between research on instructional technology
and research on DCR, these studies are at the same time
predominantly framed by socio-cultural theories. Secondly,
whilst there seems to be a continuing demarcation between
the design(er) and the use(r), there is at the same time an
emerging/increasing understanding that design continues in
use, due to the different nature and affordances of DCR (as
compared to traditional text curriculum resources). Thirdly,
there is an apparent weakening of traditional demarcations
between pedagogy and assessment, and between summative
and formative assessment techniques, due to the nature and
design of the automated learning systems. Fourthly, there
is an increasing need for understanding the expanded space
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of interaction associated with the shift from static print to
dynamic/interactive DCR, a shift that has the potential to
support different forms of personalised learning and interac-
tion with resources. Hence, we claim that DCR offer oppor-
tunities for change: of understandings concerning the design
and use of DCR; of their quality; and of the processes related
to teacher/student interactions with DCR—they provide
indeed the foundations for change.

Keywords Digital curriculum resources - Curriculum
materials/resources - e-Textbooks - Curriculum -
Curriculum design(er) - Curriculum use(er) - Teacher/
student interaction with curriculum resources

1 Introduction

In this special issue we examine issues related to e-textbooks
and other types of DCR in mathematics education: their
analysis and design; their interaction with and use by teach-
ers and students; their use in/for mathematics teacher edu-
cation (in particular in-service education); and, theoretical
reflections related to such studies. It is important to investi-
gate their features, and in which ways they influence, afford,
or indeed may transform, particular educational processes
and practices; and which theoretical (and/or methodologi-
cal) considerations and concerns might be linked to these
“new” materials.

Internationally, teachers increasingly rely on digital
resources, including open educational resources (OERs),
to build their mathematics curriculum. Whilst there is an
abundance of DCR, teachers often experience difficulties
in evaluating their quality, and appropriating/integrating
them for/in their instruction in a systematic and mean-
ingful manner. At the same time curriculum resources,
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including digital materials, are known to be key tools for
teachers. Moreover, in many countries (e.g., France, The
Netherlands, United Kingdom, United States), teachers are
increasingly encouraged to (re-) design the curriculum in
planning their instruction. One of the concerns arising
is about the coherence of their work with DCR (Confrey
2016), whereas before (especially with new reform text-
books) the concern had been on fidelity to the intended
curriculum.

Other agents, such as students and teacher educators, also
interact with DCR in the course of their work. Various kinds
of DCR are now extensively used, sometimes in addition to,
or as part of, a wider set of traditional curriculum materials
(Remillard 2005) and teaching resources (Adler 2000).

Hence, we note that there is a profusion of DCR now
available on the web, and that such digital materials can be
considered important, in particular for teacher lesson prep-
aration and classroom instruction, and for pupil learning.
There is potential for these materials to provide stimulat-
ing and meaningful learning experiences for students, and
motivating opportunities for teacher collaborative learning,
including the enhancement of teachers’ design capacity.

The objective of this special issue is to investigate the
ways in which DCR (e.g. e-textbooks and other digital math-
ematical curriculum materials) may influence (or transform)
educational processes and potentially bring about new edu-
cational dynamics. We are particularly interested in research
on how teachers select, draw from, transform, etc. DCR as
they design instruction, and to what effect. The scholarly/sci-
entific significance of the special issue is to develop a better
understanding of the quality and design, implementation and
interactions of/with DCR at the school level. Much research
effort has gone into investigations of traditional curriculum
materials (e.g., textbooks; teacher guides; etc.), and of edu-
cational technology resources (e.g., calculators). At the same
time new DCR have been characterised as being potentially
transformative. This special issue extends the recent focus
on DCR (e.g., Bates and Usiskin 2016; Choppin and Borys
2016; Gueudet et al. 2016; Pepin et al. 2016), which has
addressed the following topics: the development of smart
or digital textbooks; the ability to customise or individu-
alise within digital environments, including the kinds and
impact of embedded assessment systems that may switch
the locus of control from teachers to digital programmes;
digital resources collectively developed by teachers, with
potential impact on coherence and patterns of uptake; the
appropriation of digital resources by teachers and students.
In this special issue, we explicitly recognise and build on
this research, in order to establish theoretical framing for
this work and to hopefully spur broader empirical research
efforts. Attempts to realise the promise of DCR—Iike that of
instructional technology—will be influenced by many fac-
tors that impact their actual design and use.
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While a plethora of DCR have been developed and dis-
seminated—some highly publicised (e.g., Khan Academy)
and some the result of significant capital investment (e.g.,
large publishers’ efforts)—there has been relatively little
theoretical or empirical work on the development and use
of DCR, particularly vis-a-vis traditional curriculum materi-
als. Hence, our goals for this special issue are to provide a
frame for future research in terms of:

1. Distinguishing research on DCR from research on
instructional technology; and

2. Establishing the current state of empirical and theoreti-
cal research on the design and use of DCR.

For this conceptual review paper, we have drawn on a
wide range of recent work in the field of digital curricu-
lum resources, materials and programmes; in particular,
on recent studies that were presented at ICME 2016 and
CERME 2017. This work examines both the design of such
materials and participant (e.g. teacher, student) interaction
with them. The intention is to “set the scene” for the studies
reported in this special issue, and in that respect contribute
to the goals set out above.

In terms of the structure of this paper, after this introduc-
tion (Sect. 1) we outline (in Sect. 2) our theoretical framing
of DCR, of analysis and design of DCR, and of teacher/stu-
dent interactions with DCR. Section 3 reports on issues con-
cerning the design of DCR, and Sect. 4 reports on teacher/
student interactions with DCR (with or without traditional
materials) in and out of school.! In the latter we examine,
firstly, the ways in which teachers interact with and use DCR
in/for their mathematics instruction: (a) individually, e.g., for
lesson preparation (T-DCR); (b) collectively, e.g., in teacher
learning and professional development (T-T-DCR); (c) col-
lectively, when they work with students in class (T-S-DCR).
Secondly, we study how students use DCR, in particular the
scaffolding supports provided in digital learning environ-
ments: (a) individually when working with such materials
in class or at home (S-DCR); or (b) collectively, e.g., in
peer groups (S-S-DCR) (where T stands for teacher, and S
for student).

2 Theoretical framing

In this section we discuss frameworks developed and used
for the analysis and design of DCR, and for their “use” by

! Whilst acknowledging that “design” and “use” processes often
blend into each other, and of course “use” can inform “design”, we
have nevertheless decided in this paper to separate the two, in order to
explore the boundaries.
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mathematics teachers and students. The first part explores
and defines what is meant by “digital curriculum materials/
resources/programmes’ (DCR); the second addresses the
analysis and design aspect; and, the third focusses on the
“use” and interaction aspect.

2.1 What do we mean by “digital curriculum materials/
resources/programmes” (DCR)?

Over the past decade there have been numerous research
studies investigating the use of digital technologies and of
digital resources for mathematics education (e.g., Clark-
Wilson et al. 2014, 2015; Drijvers et al. 2016; Ruthven et al.
2009). It has been claimed (e.g., by Ruthven 2017) that the
“new media do not simply replicate the functionality of the
old with increasing efficiency...; (but) they make possible
qualitatively different forms of interaction between user and
medium, based—for example—on the introduction of new
types of user interface or on the provision of instantane-
ous feedback on user actions” (p. 2). We claim that this is
likely to be true for DCR. However, in terms of teachers’/
students’ interactions with those “tools”, the question as to
whether there is a useful distinction to be made between
digital technologies on the one hand, and resources or cur-
riculum materials on the other, needs to be addressed. For
example, Aldon (2010) queries whether a handheld calcula-
tor can be considered as a mathematical tool, which can then
become an instrument [in Trouche’s (2004) sense] when it is
used, or whether it is part of the teacher’s and the students’
set of digital resources, to become a document [in Gueudet
and Trouche’s (2009) sense]. Ultimately, of course, Aldon
was free to choose whether to frame his research in terms of
the instrumental approach alone, or whether to incorporate
the further elaboration introduced by the documentational
approach; but such a decision about how to theorise the
object of study influences the research questions that can be
posed about it and the terms in which these can be answered.

In terms of distinguishing research on DCR from research
in digital technologies, we see the main differences as being
the particular attention that the former pays to:

1. The aims and content of teaching and learning math-
ematics;

2. The teacher’s role in the instructional design process
(i.e., how teachers select, revise, and appropriate cur-
riculum materials);

3. Students’ interactions with DCR in terms of how they
navigate learning experiences within a digital environ-
ment;

4. The impact of DCR in terms of how the scope and
sequence of mathematical topics are navigated by teach-
ers and students;

5. The educative potential of DCR in terms of how teach-
ers develop capacity to design pedagogic activities.

Although “curriculum materials™? is an elastic term—
ranging from one-off worksheets to a full-blown curriculum
scheme/programme—we focus here on curriculum materi-
als that are programmatic in concern: specifically, organ-
ised systems of digital resources in electronic formats that
articulate a scope and sequence of curricular content. It is
the attention to sequencing—of grade-, or age-level learning
topics, or of content associated with a particular course of
study (e.g., algebra)—so as to cover (all or part of) a cur-
riculum specification, which differentiates DCR from other
types of digital instructional tools or educational software
programmes. Thus, research on the design and use of DCR
is distinct from the broader literature on instructional tech-
nology, though clearly there is some overlap. Of course,
DCR make use of these other types of tool and software:
indeed, what differentiates them from pre-digital curriculum
programmes is that they are made accessible on electronic
devices and that they often incorporate the dynamic features
of digital technologies.

2.2 Theoretical framing of the design of DCR

We build from three primary frameworks to inform this anal-
ysis. The first is the Digital Typology created by Choppin
et al. (2014), in which they outlined three categories to con-
sider when analysing DCR: students’ learning experiences,
curriculum use and adaptation, and assessment systems.
They conceptualised the learning space in terms of learn-
ing experiences, differentiation/individualization, social/
collective features. In the second framework, Choppin and
Borys (2017) look at DCR with respect to four perspec-
tives that inform the design, development, dissemination
of curriculum resources, and they explore how these per-
spectives lead to a foregrounding (or backgrounding) of the
features described in the Choppin et al. (2014) framework.
The four perspectives—private sector perspective, designer
perspective, policy perspective, and user perspective—are
often in tension with each other in terms of the purposes
for design, the resources and capacity necessary to adopt
digital programmes, and the potential to develop teacher
capacity. In the third framework, Pepin et al. (2016), distin-
guish between three types of e-textbooks (according to their
model of development and their functionality): integrative

2 As with all “curriculum materials”, DCR are susceptible to differ-
ing interpretations and uses by participants. While some such differ-
ences may reflect the impact of national features and culture, this is
not an aspect that we investigate in this paper.
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e-text, evolving or ‘living’ e-textbook, and the interactive
e-textbook.

2.3 Theoretical framing of teacher/student interaction
with DCR

In the 2013 ZDM special issue on “Resourcing teachers’
work and interactions” with curriculum materials (see Pepin
et al. 2013), three theoretical perspectives on teacher interac-
tion with curriculum materials/resources were identified: (1)
design-based approaches and didactical engineering (e.g.,
Artigue 2011; Gravemeijer and Cobb 2006); (2) the interpre-
tation of and participation with resources (e.g., Brown 2002;
Remillard 2005); and (3) the Documentational Approach
(Gueudet et al. 2012; Gueudet and Trouche 2009). In this
part, rather than repeating those above-mentioned frames,
we build on them and outline new ones, so that we can add
to the picture in terms of teacher/student interaction with
digital (and non-digital) curriculum resources. We outline
three “new” theoretical frameworks.

First, in his ICME 13 paper, Ruthven (2017) asserts that
digital technologies (and this may include DCR) are likely
to influence instructional activity and interaction between
teachers, students and resources through changes in the
classroom environment and the mathematical tool system
in play. He draws on recent studies that are said to illumi-
nate features associated with the use of digital mathematical
tools (e.g., Ruthven et al. 2009); and networked classroom
technologies (e.g., Clark-Wilson 2010). Many of these stud-
ies lean on the framework of Instrumental Orchestration
(Drijvers 2012; Trouche 2004), others on the structuring
features of classroom practice (Ruthven 2014) framework
in connection with technology (e.g., Bozkurt and Ruthven
2017). Both the instrumental orchestration and documenta-
tional approach (Gueudet and Trouche 2009) frameworks
grew out of the instrumental approach (Rabardel 2002), and
so they show significant similarities. Equally, Trgalova and
Rousson (2017) have extended the instrumental approach
by “networking” it with a management science approach
for resource appropriation (e.g., De Vaujany 2006), to cre-
ate an adapted model of resource appropriation: they distin-
guish between the processes of “pre-appropriation”, “origi-
nal appropriation”, and “re-appropriation”, and define the
appropriated resource as “instrumentalised resource plus
orchestrations”.

Second, in her study of how the introduction of a class-
room networking system supported development of teaching
practices, Clark-Wilson (2010) concluded that its facilities
enhanced formative assessment. The paper by Cusi et al.
(2017) has a similar focus. In collaboration with the part-
ners of the European Union project FASMED (Formative
Assessment in Science and Mathematics Education), they
developed a framework for analyzing student interaction
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with digital resources (e.g., Cusi et al. 2016), consisting
of three main dimensions: (1) five formative assessment
(FA) key strategies (as described by Wiliam and Thompson
2007); (2) three main agents (teacher, student, peers); and
(3) the digital functionalities which support the three agents
in developing FA assessment strategies.

Third, in an attempt to develop deeper understandings
of “teacher design” (of digital or non-digital curriculum
resources) and associated mathematics teacher “design
capacity”, the study by Pepin et al. (2017) leans on Brown’s
(2009) notions of “pedagogical design capacity”. They
develop a model for mathematics teacher design capacity
when interacting with digital (and non-digital) curriculum
resources. It is claimed that teacher design capacity consists
of three main aspects: (1) the goal/s of the design (making
the design of the DCR consistent with the aims and content
of learning); (2) a set of design principles (“robust” and at
the same time “flexible”); and (3) “reflection in action” type
of understandings (e.g., in instruction).

Looking across the reviewed literature, we note, first, that
there is a proliferation of theories in the field, which might
be expected for a newly developing area of research whose
“borders” have not yet been clearly delineated and “network-
ing” of frames is common practice. Second, linked to the
first point, we acknowledge that it is at times difficult to
distinguish between theorisations of teacher/student interac-
tions with technology and with DCR. Here, we have mainly
referred to the theoretical frameworks supporting the studies
reviewed in this article, which although often not originally
intended for interaction with DCR per se, are now being
used in such studies to stimulate new insights. For example,
the study by de Araujo et al. (2017) leans on the framework
by Remillard and Heck (2014), itself a follow-up from the
work by Remillard (2005), which had been explained earlier
(see Pepin et al. 2013). However, one unifying aspect across
these theories appears to be that all are steeped in socio-
cultural theory, albeit with differing emphases according to
their research goals and contexts.

3 Issues concerning the design of DCR: mapping
their functionalities for teachers and students

In this part of the paper, we provide an overview of cur-
rent design principles and developments related to DCR.
We begin by discussing general categories of design fea-
tures of DCR, and elaborate on those features, drawing on
empirical as well as conceptual or theoretical literature. We
then discuss types of DCR, to illustrate the emerging vari-
ety of efforts related to digital programmes. We relate the
varied digital curriculum efforts to implications for control
over and access to curriculum. We conclude this section by
articulating affordances of DCR that need more intensive
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study (e.g., educative aspects of DCR; authoring capability
of the materials).

3.1 Categories of features of DCR

In this part we articulate features of DCR, building from
work in this volume as well as prior research (e.g., Chop-
pin et al. 2014; Choppin 2016; Pepin et al. 2016) in which
we articulate a range of features and types of DCR. We
conceptualise three primary categories of features that are
emphasised in the literature on digital materials and that are
potentially transformed in digital spaces: instruction; assess-
ment and reporting; and management.

3.1.1 Instruction

Proponents of DCR have noted their potential to transform
the learning space to enhance interactivity and customizabil-
ity (cf. Choppin et al. 2014). In our discussion, we concep-
tualise the learning space in terms of the presentation space,
the problem space, the work space, and the navigation space,
and consider how these are narrowed or expanded in DCR.
The presentation space refers to the range of tools and media
available to present topics to students before they engage in
work on problems. The presentation space can include, for
example, a video presentation that is a narrated example of
a procedure or an animation to demonstrate a concept. The
problem space refers to the types of problems and the range
of possible solution paths or responses for the problems the
students work on. The problem space can be narrow—there
may only be one answer with a prescribed and simple proce-
dure to arrive at the answer—or it can be expansive in cases
where the problem has different solution paths or approaches
that are accessible to students. The work space refers to the
set of tools and resources available to solve a problem. We
think of the work space in terms of tool availability, flex-
ibility, and connectedness. Tool availability refers to the
presence of virtual tools (equation editors, graphing utility,
measuring instrument, geometry tools). Flexibility refers to
the extent to which there are choices of what tools to use and
how to use them. Connectedness refers to the extent to which
the workspace allows for sharing with others and potentially
simultaneous collective development of artifacts, such as can
be done in Google docs (e.g., Pepin et al. 2016).

The navigation space refers to the potentially non-linear
way that learners may progress through mathematical topics.
As Choppin and Borys (2017) note, the potential complexity
of digital problem spaces has the potential to “disrupt well-
defined lesson structures and allocations of time (both dura-
tion and synchronicity)... interrupting the potential flow of
a lesson, with implications for following a prescribed scope
and sequence of mathematics” (p. xx). In addition, hyper-
linked texts may alter a prescribed scope and sequence of

content, changing the logic of how learners proceed from
one topic to the next. As we discuss the design of existing
digital programmes below, we will use these terms to char-
acterise the learning space.

Advocates often point to the potential for the learning
spaces in digital materials to be customised for the user,
based on the user’s abilities and performance. As will be
described in more detail in the assessment part, much of the
customization occurs via embedded assessment, where the
programme selects content based on a student’s performance
on assessments. The nature of the content remains relatively
the same, often low-level (Choppin et al. 2014; Yarnell et al.
2016), so the characteristics of the learning space remain
much the same. Furthermore, most of the customization
entails a 1-1 student-device ratio, where the student spends
the instructional time interacting only with the programme.

However, scholars have discussed more nuanced means
of customizing content, which is shown in the distinction
between the terms individualization and customization. A
goal of customization has been described in terms of achiev-
ing “a balance between characteristics of the learner and
those of the learning environment, between what is chal-
lenging and productive and what is beyond the student’s pre-
sent capabilities” (Keefe 2007, p. 221). Individualization is
seen as a learner engaging almost exclusively with a digital
curriculum programme, with little interaction with others
around similar academic tasks. Although such a programme
may appeal to needs specific to that individual, it removes
a key feature of personalisation, which requires “interactive
learning environments designed to foster collaboration and
reflective conversation” with other students (p. 221). Per-
sonalisation, on the other hand, involves embedding scaf-
folds for an individual student within a commonly shared
task, in ways that modify the problem space but maintain
the connectedness of the learning space, as is described in
Edson (2016).

3.1.2 Assessment and reporting

DCR have the potential to embed assessment to provide
feedback to students as well as performance data to a range
of stakeholders, including students, parents, teachers, and
administrators (Choppin et al. 2014). We first discuss how
assessment can be embedded in the programmes and then
how the data are used and reported by the programme.
Assessment can be embedded in a number of ways and
forms. Some programmes have multiple-choice questions or
fill-in-the-blank responses that the programme automatically
records and evaluates. These operate in much the same way
as traditional assessments, providing percentage of correctly
completed items, most of which are procedural or factual
(Choppin et al. 2014). In some programmes, students must
pass an assessment before they are allowed to proceed to a

@ Springer



650

B. Pepin et al.

subsequent content. If they do not pass the assessment, they
are often provided additional examples or other remedial
content before re-taking an assessment.

There are more subtle and sophisticated forms of assess-
ment in a number of digital programmes. In Dreambox,
for example, students are assessed based on their actions
with manipulatives. The programme analyses the students’
actions to determine which strategy from its typology they
best match, and then reports that strategy to the student or
parent at the end of a sequence of activities (Choppin et al.
2014). Video games with educational aims—though not
DCR by our definition—can include stealth assessment,
where the programme collects analytics on users’ actions,
such as where they position a fulcrum within a balancing
problem in physics, with the goal of tying the users’ actions
to mastery of some learning outcome (Shute and Ventura
2013). Intelligent tutoring systems provide feedback and
scaffolds related to a narrow range of potential strategies
(e.g., Aleven et al. 2016). These tutoring systems are typi-
cally based on a mastery learning model of content divided
into discrete bits, and guide students through narrowly-
defined topic sequences.

Digital programmes do a variety of things with the assess-
ment data that they record. As noted above, what are termed
“adaptive” programmes regulate students’ progression from
one topic to the next, choosing the material provided accord-
ingly. Typically such programmes rely on student perfor-
mance on multiple-choice or fill-in-the-blank items to decide
whether to move on to the next topic or to continue with the
current one. As reported in more detail elsewhere in this
special issue (Choppin and Borys 2017), a number of stud-
ies funded by the Gates Foundation and other foundations
have shown that the use of adaptive courseware gave rise
to modest learning gains, but that these gains were usually
associated with narrowly focussed and relatively simple con-
tent; furthermore, the use of these programmes slowed the
pace at which content was covered and completed and did
not address deep learning when needed (Means et al. 2014;
Yarnell et al. 2016).

In terms of data reporting, there has been considerable
discussion of data dashboards that display summaries of
individual or whole class performance on individual tasks
and complete tests, with reports showing progress on par-
ticular standards (Choppin et al. 2014; Choppin 2016).
These displays show summative data on the percent of skill-
based items successfully completed, and can relate them to
specific learning targets and can report by class or group.

3.1.3 Management
DCR are often coupled with learning management systems

(LMS) that integrate curriculum with management features,
such as assessment reporting, attendance recording, and
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other administrative features. Digital programmes housed
within LMSs are typically developed by large-scale publish-
ers (Burch and Good 2014; Choppin et al. 2014), who want
to offer comprehensive systems to schools that embed a full
range of curriculum content.

3.2 Types of DCR

In this part of the paper, we categorise the development
of DCR to illustrate the variety of players, platforms, and
design and development philosophies. We build from exist-
ing work that describes types of digital textbooks being
developed, and expand that work to include efforts that do
not easily fit into the category of textbooks.

3.2.1 Types of textbooks

Pepin et al. (2016) distinguish between three types of e-text-
books. The integrative e-textbook “refers to an ‘add-on’ type
model where the digital version of a (traditional) textbook
is connected to other learning objects” (p. 640). This model
includes e-textbooks that are simply digitised versions of
existing textbooks, with additional links and digital tools
added in the student text. In addition, the digitised texts
may allow teachers to add additional links and resources of
their own choice or design. Examples include digits (http://
www.pearsonschool.com/index.cfm?locator=PSZwZ5) and
CINCH (http://www.mhcdi.com/cm_about.html), which
took previously developed materials, digitised them, and
added distinctive digital features, such as dynamic tools and
interactive media (Choppin 2016). Primarily, the impact of
the digitised versions of these materials was in the presen-
tation space, where the developers added media to intro-
duce or explain topics (Choppin and Borys 2016). These
developers also embedded their curriculum programmes in
LMSs, which are prominent in the way these programmes
are publicised.

Pepin et al. (2016) describe an evolving or ‘living’ e-text-
book as an “accumulative/developing type model where
a core community (e.g., of teachers, IT specialists) has
authored a digital textbook, which is permanently develop-
ing due to the input of other practicing members/teachers”
(p.- 640). The Sésamath programme in France is an example
of such a programme, and the programme is constantly being
revised based on input from teachers, who, in consultation
with the core design team, revisit the resources. The charac-
terization of e-textbook as evolving or living refers mainly to
the model of development (i.e. through input from practicing
teachers).

The third model described by Pepin et al. (2016) is the
interactive e-textbook, which refers to a model where the
textbook is wholly “based upon a set of learning objects:
tasks and interactives (diagrams and tools) that can be
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linked and combined” (p. 640). These programmes involve
the ubiquitous presence of tools for students to use as they
work on problems. These tools may be tailored to particular
topics, as is the case with VisualMath (Yerushalmy 2016), or
constant across topics, as is the case with a textbook devel-
oped in Korean (Lew 2016). These ‘toolkit’ approaches
provide access to a suite of tools that learners strategically
select as they engage with complex problems. These tools
include dynamically linked representational tools (equation
editor, graphing tool, table) that can be used flexibly to solve
problems. For these programmes, the primary impact of
their digital design was primarily on transforming the work
space and, to a lesser degree, the problem space. In addition,
the tool-rich work space may lead to incidental discussions
and unanticipated approaches, potentially affecting the navi-
gation space as well.

3.2.2 Other kinds of efforts that elude categorization
as a textbook

In addition to the three types of digital textbooks described
above, there are other digital programmes that do not easily
fit the category of a textbook but that involve comprehensive
efforts to cover a scope and sequence of content for one or
more courses or a set of standards.

The first type of DCR involves curation, where a third
party evaluates online materials and organises them into a
curriculum sequence. Examples of curation include com-
mercial entities, such as Amazon, where an entity contracts
with teachers or designers to select and organise the con-
tent, which is then embedded into a website sponsored by
the entity. Alternatively, curation can involve researchers
who select and organise activities from the web and then
connect those activities to a research-based learning trajec-
tory (Confrey 2016; Confrey et al. 2017). The curated cur-
riculum sequence is augmented by diagnostic assessments
that can be used to help teachers track student learning in
lieu of typical textbook-affiliated assessments. Similar to
the characterization of e-textbooks, the primary impact of
the digital nature of the resources primarily relates to the
development model as opposed to consistent changes in the
learning space.

There are similar types of efforts that generate reposito-
ries of lessons that are organised into a curriculum sequence
that is often associated with a national curriculum. One
model that involves the creation of a repository of lessons
involves small author teams operating under a uniform
design philosophy, such as with the cases of Khan Acad-
emy (https://www.khanacademy.org/), sofatutor (https://
us.sofatutor.com), and Hélice (Chesné et al. 2009). These
efforts often focus heavily on the presentation space, with
collections of videos or animations for each topic that dem-
onstrate a topic or explain a procedure. These efforts also

include a problem space that typically involves problems
found in hard-copy textbooks, and there may be assessments
that resemble traditional assessments but are recorded by
the programme.

In other cases, larger, more disparate teams of teachers
or designers are contracted by an entity to develop lessons
that have similar production features (e.g., teachers explain-
ing content using a particular format or programme). These
lessons are then integrated into a website that hosts the les-
sons, explains the development philosophy, and then poten-
tially incorporates assessment or management features to
make it a fully serviceable curriculum programme. Exam-
ples include Illustrative Math (https://www.illustrative-
mathematics.org/) and Discovery textbook (http://www.
discoveryeducation.com//what-we-offer/techbook-digital-
textbooks/?campaign=nav_digital_textbooks). Similar but
less glossy efforts include LearnZillion and Yourteacher,
whose lessons are developed by teams of teachers organ-
ised by a single entity, following a uniform production for-
mat (Choppin 2016). Unlike Sesamath, there is less of an
emphasis on collaborating on or iterating the design of these
resources (Pepin et al. 2016). In these programmes, the pri-
mary digital focus is on the presentation space.

3.3 Discussion

The overview of the current state of design principles evi-
dent in digital materials shows how they may transform the
learning space relative to hard-copy texts and signals emerg-
ing trends in terms of development. In this part we sum-
marise the findings related to the design of digital materials
and then suggest some implications for curriculum more
broadly. The potential of digital materials to transform the
learning space is most amply manifest in the presentation
space. Many of the programmes mentioned above use vid-
eos or animations to introduce topics, and many of the pro-
grammes publicise the engaging nature of these presenta-
tions as a means to get students hooked into working on the
subsequent problems.

The problem space in many cases mirrors what is in
hard-copy programmes, with sets of problems that are well
bounded in terms of the expected solution approaches. Most
of the adaptive programmes focus on procedural mastery
in the design of the problem space. Thus, for the typical
DCR, the relation between the presentation and problem
spaces remains the same as in the typical paper-based cur-
riculum programme, in that that the presentation space
provides exposition, in which worked examples play a cen-
tral place, with the problem space then providing students
with examples for practice. The exceptions are programmes
that require students to manipulate objects to demonstrate
performance, such as in Dreambox and Algebra in Action
(Choppin et al. 2014). Intelligent tutoring systems attempt
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to create a more open problem space (Aleven et al. 2016),
but are often constrained by the necessity of anticipating a
small range of solution strategies around which to create
scaffolds or feedback.

The transformation of digital work spaces is still rela-
tively rudimentary, with the exception of the interactive
e-textbooks, such as those described by Lew (2016), Pepin
et al. (2016), and Yerushalmy (2016). In these textbooks,
tools are ubiquitous across the materials; furthermore, these
tools are quite flexible in that they can be used across mul-
tiple topics and can be employed in a variety of ways and
in any order. There is less emphasis on the connectedness
of the work space, though Edson (2016) shows how work
spaces can include collectively generated and shared student
solution-related artifacts.

The platforms in which content is embedded vary across
programmes. Though all of the programmes mentioned
above are web-based, the websites have different functions.
In the cases where websites are largely repositories of les-
sons, the sites typically have a few primary pages that are
used to point to content, with some explanation of the entity
that owns or operates the site and possibly some rudimen-
tary supplementary features. In other cases, the sites incor-
porate LMS features including extensive assessment tools,
reporting features, and supplementary teacher resources and
administrative tools.

The entities involved in the design and development of
DCR vary considerably. In some cases, large corporations
or philanthropies fund the programmes, such as the case
of large commercial publishers and philanthropies like the
Gates Foundation. As described in more detail in this issue
(Choppin and Borys 2017), these entities typically empha-
sise adaptive programmes based on the mastery approach.
Furthermore, these programmes minimise the role of the
teacher, often relegating teachers to administrating rather
than instructing. Other non-profit or philanthropic efforts
take an entrepreneurial stance towards the development of
materials, gathering teams of teachers and designers who
produce content that is then offered to others to use (e.g.,
Illustrative Math; LearnZillion; YourTeacher). More col-
laborative endeavours include Sésamath, where teams of
teachers and designers collectively design materials, but
which are then revised based on feedback by the network of
users (Pepin et al. 2016). Another set of developers are those
who explicitly build from research on learning and teaching
to design programmes; typically these programmes are most
transformative with respect to the problem and work spaces
(e.g., Confrey 2016).

3.4 Implications

The emergence of a wide array of actors and types of pro-
grammes, many freely available on the web, has implications
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in terms of how curriculum is framed and enacted. First, the
coherence of curriculum programmes may suffer as author-
ship is distributed across authors who do not communicate
directly with each other, as is the case in a number of the
repository models. While authors may create lessons that are
situated on the same platform using similar production tools,
the lessons are unlikely to be as connected to each other in
ways that smaller author teams are able to accomplish. For
example, Gueudet et al. (2013) analysed two different text-
books, one “traditional” textbook accompanied by digital
resources, designed by researchers and teacher educators
(Hélice); and the other a “true” digital interactive textbook,
designed by teachers (Sésamath). Each group privileged dif-
ferent design features such as multiple solution strategies
versus expert solution or ease of adaptability of lessons. The
Sésamath programme, designed by a collective of teachers,
lacked coherence in that the distributed authorship made
the activities atomised, without an underlying philosophy or
structure guiding the development of the book (except the
one coming from the French National curriculum), though
there is no research that has explicitly demonstrated an
impact from the coherence (or lack of coherence) of curricu-
lum materials. However, its wiki-like nature also made its
development ongoing and dynamic, and useful to teachers.
The other text, Hélice (Chesne et al. 2009) was developed
by a small team of four authors, three teacher educators and
a researcher, and had a more coherent philosophy: Hélice
was organised around a developmental cycle where students
revisit content over time in a spiral. The difference in design
processes between the two texts is significant because for a
spiral organization to occur designers must be aware of and
in communication with each other about content and activi-
ties. This communication and awareness is difficult when
design decisions are diffuse, such as with the Sésamath team.

Second, with the profusion of DCR that are accessible
across the globe, there is an increased likelihood that educa-
tors will select curriculum materials that do not derive from
regional or national curriculum documents. This may loosen
the link between curriculum policy and practice, with at least
two potential outcomes. The first outcome is that large com-
mercial publishers may have ever larger influence given their
ability to publicise materials and tailor marketing of them
to different contexts (see Choppin and Borys 2017, for a
more extended discussion on this point). An alternative out-
come may be a greater diffusion with respect to curriculum
development, with a wide range of programmes developed
using a variety of models and actors as described above,
loosening the grip of national policy makers and commercial
textbooks publishers (Chazan and Yerushalmy 2014). Sésa-
math, developed by a collective of teachers and designers
and iteratively refined by a wide network of users, represents
a model that diverges from traditional textbook development
that takes advantages of the affordances in digital spaces.
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This speaks to the revisability or authoring potential found
in some e-textbooks, where users can revise and adapt the
materials to create their own courses and sequences (Pepin
et al. 2016).

3.5 Areas that need increased emphasis

In our brief overview of the development in and literature
on the design of DCR, we noted a lack of focus on the edu-
cative nature of DCR. That is, despite strong calls to make
the rationale and design of curriculum more apparent to
users so that they use them more productively (Davis and
Krajcik 2005), there are questions about how this might be
accomplished in digital materials (e.g., Remillard 2016). A
second area in need of greater emphasis is design in the
context of digital tools. Research focusses on whether the
tools are effective and on how teachers use them, but design
is rarely taken up explicitly, though this topic has received
attention recently. The third area that needs more research
is on the authoring capabilities of digital textbooks, an area
briefly touched on by Pepin et al. (2016); and which kinds
of connections are made in (and from) e-textbooks (e.g.,
Gueudet et al. 2016) in order to help to evaluate their poten-
tial interactivity.

4 Issues concerning the ‘“‘use” of DCR (with
or without traditional materials) in and out
of school

In this section we identify and discuss issues associated with
(4.1) teachers’ and (4.2) students’ interactions with DCR.

4.1 Teacher interaction with and use of DCR in/for
their mathematics instruction

Most mathematics teachers (at least in Western countries)
now have access (via the internet) to a profusion of openly/
freely available educational resources (e.g., Open Edu-
cational Resources), which include digital lesson plans;
model-based simulations; video presentations; instructional
software, to name but a few types. However, teachers often
find it difficult to analyse and choose from the profusion of
materials available to fit their educational goals and class-
room contexts (e.g., Larkin and Milford 2017). The issues
of quality and coherence are as relevant for teacher design
of, and interaction with, DCR in their everyday work (e.g.,
of lesson preparation; or in class), as they are for profes-
sional designers. In this part we distinguish between teacher
interactions with DCR individually, e.g., for individual
lesson preparation (often done at home) (T-M); in collec-
tives either with colleagues (e.g., in teacher professional

development) (T-T-M), or when they work with students
in class (T-S-M).

Whilst there is a wealth of studies investigating math-
ematics teachers’ work with, and use of, curriculum materi-
als and resources in general (e.g., Gueudet et al. 2012; Pepin
et al. 2013; Remillard et al. 2009), there is less research
with a specific focus on individual teachers’ work with
DCR, a little more on teachers working in collectives. At
the same time many of the benefits reported from studies of
the development and use of digital resources are identical to
those reported by earlier studies with non-digital resources.
For example, in a recent study (see below, e.g., Essonier
et al. 2016) the “MC Squared” team investigated the role of
context in “social creativity” for the collaborative design of
digital educational resources (e.g., c-books) with a new tech-
nology enabling the meshing of text with dynamic digital
widgets. Their results suggest that (supported by an appro-
priate technology) the collaborative design in collectives of
individual designers carrying a different background and
set of personal and professional concerns, can bring about
new, alternative and promising ideas, solutions and imple-
mentations (from the designers) thus leading to a richer and
improved design (both as a process and a product).

In terms of mathematics teachers’ (and students’) work-
ing with e-textbooks, there has been a sizeable amount of
research by the Israeli team of Yerushalmy and colleagues
(e.g., Naftaliev 2016; Naftaliev and Yerushalmy 2013), and
by the French teams investigating the Sésamath textbooks’
design and use (e.g., Gueudet et al. 2016). Naftaliev (2016)
examines the professional learning of prospective teachers,
when developing lesson plans and scenarios of student—text-
book—teacher interaction (T-M). She focussed on “interac-
tive diagrams” (i.e. interactive text), a key component of
an innovative e-textbook. Her findings showed that when
analyzing scenarios of classroom situations, the prospective
teachers got involved with students’ thinking with the inter-
active diagrams (e.g., they discussed different ways in which
students used diagrams for solving processes), so that they
could identify and understand students’ (sometimes new and
creative) paths for the construction of mathematical mean-
ing with the diagrams. This study shows how new (compo-
nents of complex) digital materials can provide opportuni-
ties for teachers to shift their pedagogical practices towards
(understanding and) creating new ways of meaning making
in mathematics.

The French e-textbook Sésamath has been quite unique,
it seems. The Sésamath association has created a plat-
form where teachers contribute to the re-design of a now
established and commonly used e-textbook, developed and
produced solely by practicing mathematics teachers. The
collective design (by a selected Sésamath teacher team) of
the grade 10 functions chapter of Sésamath has been docu-
mented in the study of Gueudet, Pepin, Sabra, and Trouche
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(2016) (T-T-M): the findings show different design pro-
cesses, more particularly the factors shaping the choices of
content and structure, and the consequences of this design
for the community. Inspired by new possibilities offered by
technology, the Sésamath teacher team originally planned to
build a “toolkit”, which was intended to help user teachers
to build multiple different pathways through the topic area
(of “functions”). Firstly, they found that “not all pathways
(through the topic area of functions) are relevant”, according
to their shared beliefs, but that particular “kernels” should
be taught and particular progressions were identified. Sec-
ondly, in negotiations with the information technology spe-
cialists it appeared that, whilst there were “disruptions” and
advances due to technological innovations (i.e. interactive
exercises), the initial ideas proved unattainable, and the final
design showed more continuity (of previous designs) than
expected. The Sésamath teachers designing the e-textbook
had their own convictions about how “functions” should be
learnt, which shaped the learning trajectory presented in the
book. Whilst several pathways for learning “functions” were
in principle possible, to offer them in the same e-textbook
proved to be too difficult. Although technology could help
them to introduce selected structures (e.g., of exercises)
in more flexible ways, the ways these were put together in
the learning trajectory/ies were nevertheless shaped by the
teachers’ didactical understandings of learning “functions”.

In another study (Pepin et al. 2017) evidence is provided
of how individual teachers (e.g., Vera, French teacher) can
work with the Sésamath e-textbook (T-M): (1) using Sésa-
math tools and content for lesson sequence design/prepa-
ration; (2) using Sésamath digital tools to talk directly to
students and provide them with individualised learning
exercises/homework; (3) keeping a written record of what
students should write into their “lesson books”; (4) writing
in to the Sésamath association to vary/change an explana-
tion or exercise, to name but a few of the affordances. In the
same article, Vera’s use of Sésamath is compared to that
of another teacher (e.g., Cora, Norwegian teacher) working
with “designer-made” digital materials (produced by a Euro-
pean Union supported team) (T-M, T-T-M). Both teachers
adapted the curriculum materials to their needs; indeed they
“picked and chose” appropriate materials, and were inspired
by some of the innovative pedagogical features afforded by
the digital nature of the materials. For example, Vera used
the digital environment of Sésamath to develop differenti-
ated exercises (e.g., in terms degrees of help for solving the
same exercise) for her students, and in class she gave them
the choice which one/s to attempt. Cora used the DCR (mod-
ules of the digital professional development programme)
to develop questioning for her students. This suggests that
these mathematics teachers benefitted from work with qual-
ity DCR, in particular when they worked with colleagues
and teacher educators in professional development sessions.
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There is evidence that these teachers enhanced their design
capacity through the work with the digital resources (Pepin
et al. 2017), and in particular the “flexibility” (in addition to
the “quality”) of the resources was mentioned as a deciding
factor.

In another European Union funded project (“MC
Squared”, e.g., Kynigos and Kolovou 2016) teachers
worked collaboratively as designers of digital educational
resources (so-called “c-books”; “c” for creative, extending
e-book technologies to include diverse dynamic widgets and
an authorable data analytics engine)® aiming to foster stu-
dents’ creative mathematical thinking. The findings suggest
that during the design process of a c-book unit of “Climate
Change” the socio-technical environment allowed the com-
munication and coordination of diverse perspectives and the
creation of narrative with dynamic artifact-widgets designed
to induce mathematical creativity. It has been claimed that
the interactions allowed by the socio-technical environment
enhanced teachers’ design capacity, and the socio-technical
environments could act as a driving force for classroom
innovations. In another study within the frame of the same
project (i.e. Essonnier et al. 2016) the main forces shap-
ing the decision-making in a “c-book™ design process were
investigated. It is claimed that two main forces shaped the
decision making in the design process: the tools (e.g., those
connected to the c-book affordances); and culture (cultural
contexts of participating design teams). Furthermore, in
an effort to develop deeper understandings of the inter-
play between teacher professional knowledge and his/her
interaction/s with DCR, Trgalova and Rousson (2017) inves-
tigate the processes of appropriation of a digital game (to
teach enumeration skills) by teachers. Results show that the
appropriation of a digital resource (by the teacher) depended
on its flexibility, that is, on its affordances for more or less
flexible processes to occur. At the same time it appeared that
“a solid mathematical and didactical knowledge” (in terms
of the mathematical content implied in the digital resource)
was the main factor for success in terms of the teacher appro-
priation process/es.

In mathematics education there are reports of a steady
increase in teachers flipping their instruction, i.e. assign-
ing instructional videos as multimedia for their students to
watch at home, and setting problems and exercises in class.
In a study by Araujo and Otten (2017) a teacher created her
own instructional videos and multimedia resources as cur-
riculum materials, and replacements for printed textbooks;
it is claimed that here the teacher became a curriculum
developer. The research team investigated the role of the
teacher in the creation of the DCR (T-M), and the interac-
tions of the teacher and her students with those materials in

3 http://mc2dme.appspot.com/mcs/.
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class. Results suggest that the teacher designed the videos
according to the textbook, in fact the videos were “scripted”
by the book: the videos showed her teaching, as she would
normally do, relying on the textbook and highlighting prob-
lem areas and misconceptions, which reflected her beliefs
and experiences concerning mathematics learning. Thus, the
videos aligned to a large extent with the conventional text-
book, and the teacher used the lecture videos for purposes
similar to printed textbooks (e.g., presenting worked exam-
ples, definitions). However, the videos were “self-produced”
by the teacher, which allowed for some personalization and
accommodation. Similarly, students drew on these materials
in the same ways as they did on printed textbooks. In other
words, the teaching and learning practices did not change,
and the teacher maintained her role as instructor. Indeed,
for the students the videos took over the role of the textbook
(and they did not often refer to it), which provided room for
the teacher to take over the “authority” of the textbook, as
mediator, in the videos. Hence, the videos were “a pivotal
source of content” and examples were used in and out of
the classroom, hence became a kind of curriculum material
(Araujo and Otten 2017).

A similar picture is also painted by the study of Murphy
et al. (2014) on curriculum materials by the Khan Academy,
and as reported on by Ruthven (2017). This study found that
teachers preferred to introduce new topic areas themselves,
through teacher-led classroom instruction, rather than using
the Khan Academy videos for this purpose (T-M). However,
they did use the Khan Academy problem sets extensively, for
student practice, and both teachers and students in the study
appreciated the student-system interaction associated with
these problems sets: the system provided immediate feed-
back on the answers entered. Hence, as in the Araujo and
Otten study (2017), teachers (and students) appropriated and
used the DCR for their own ways of teaching (and learning).
Interestingly, the Khan Academy designers responded to this
by modifying the system so to be “easier appropriable” by
the teachers (and students), in particular core features such
as the user interface of the video resources, for example.
At the same time, however, the designers also brought in
new changes towards their intended vision: in this case a
personalised approach to learning. Hence, the Murphy et al.
study is a suitable example for showing a “two-way process
of adaptation” (Ruthven 2017), where the “user” (teacher,
student) adapts the intentionally designed materials for
their own goals and purposes, whilst at the same time the
designer/s adapt to the users’ preferences (whilst bringing
in some of their goals too) based on the Murphy et al. study
results. In the case of Sésamath there was also an adaptation
process: the teacher used the Sésamath curriculum materials
for their purpose, and wrote in to the association when pro-
posing to change anything in the books—a “negotiated adap-
tation”, between the teacher/s and the Sésamath association.

Moreover, well-designed “educative” curriculum mate-
rials (e.g., Davis and Krajcik 2005) are often used in/for
teacher learning and professional development (T-M;
T-T-M). These materials include educative components
that may help teachers for effective lesson preparations
and instruction, or to adapt activities and tasks for differ-
entiated and individualised learning. In a study by Bates
(2017) it is claimed that digital tools can support teach-
ers in various ways and transform the kinds of educative
information provided to teachers (T-M). Bates describes
two promising approaches that take advantage of digital
affordances to enhance teachers’ educative experiences,
amongst them the feedback approach. This approach has
been used in the design and development of Curriculum-
Kit, a web-based app that allows teachers to plan lessons
in the University of Chicago School Mathematics Pro-
ject (UCSMP) Algebra curriculum (Brown et al. 2007),
make changes to lessons and get immediate feedback on
the implementation of those plans and changes for stu-
dent learning. The digitization is expected to allow teach-
ers to fully adapt and interact with the curriculum and
to “provide real-time feedback on those adaptations and
interactions”. She predicts that DCR developers will find
more suitable and creative ways to promote teacher learn-
ing, in addition to more customised ways designed to
support teachers at different levels of their development
stages (e.g., novice and/or experienced teachers). Indeed,
she foresees that in the future curriculum designers will
no longer “write lessons”, but rather use their expertise
to work with teachers as they become the designers of
their own materials, and in that sense supporting them to
develop design capacity.

To summarise, it appears that there are at least three
features that make it beneficial for teachers to work with
DCR: (1) their flexibility in terms of adaptation and rede-
sign, for personal lesson preparation as well as collec-
tive design work with colleagues, at a distance or work-
ing together in professional development sessions; (2) the
possibilities for personalization and differentiation, so as
to attend to students’ individual needs, for example, in
providing particular tasks/activities or individual feedback
on tasks; and (3) the many assessment features that allow
“easy” access to different aspects of pupil learning.

4.2 Students use of DCR in/for their learning

In this part we distinguish between (a) student individual
interactions with DCR (e.g., working on their own at home
or in class) (S-M), and (b) when they work with their
peers in class (S—S—-M).
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4.2.1 Student interaction with e-textbooks

Just as there is already a scarcity of literature concerning
students’ work with conventional mathematics textbooks
(e.g., Rezat 2013), it appears that there is a dearth of stud-
ies attending to students’ use of e-textbooks. The work of
Yerushalmy and her team (e.g., Naftaliev and Yerushalmy
2013; Yerushalmy 2006: S—S—M) and Rezat (e.g., Rezat
2017: S-M) are amongst the exceptions. Based on studies
of students’ utilization schemes of traditional textbooks
(e.g., Rezat 2013), in this case similarity of visual appear-
ance, Naftaliev and Yerushalmy (2013) investigated stu-
dents’ problem solving with e-textbooks, more particularly
student learning with interactive visuals/diagrams when
problem-solving. Knowing that diagrams can help students
to structure their ideas by making them meaningfully vis-
ible and concrete and to engage and focus on sense-making
processes (Murata 2008), they studied structures of design
and affordances of interactive diagrams and analysed stu-
dents’ problem-solving experiences with e-textbooks.
One of the unexpected results was the “unusually exten-
sive mental work, encompassing an entire cycle of logical
argumentations (raising assumptions, deriving conclusions
through conjectures and refutations) which eventually led
to the solution” (Pepin et al. 2016, p. 646), Their evidence
(Naftaleiv and Yerushalmy 2013) suggests that interactive
tasks offer engaging reading by providing readers with
explicit options for manipulating given examples and
diagrams in particular. However, they also caution that
important fine-tuning should be considered for the design
of e-textbooks, to include the following:

1. well-planned interactive examples that present the nec-
essary repertoire of examples that would provide cogni-
tive support (rather than cognitive load);

2. partial control and partial links between representations
that help capturing interesting “views”.

As another example, Rezat (2017) studied students’ uti-
lization of feedback by an interactive e-textbook (S—M).
Based on the assumption that one of the affordances of
digital learning tools is that they can provide different
kinds of feedback to students, he qualitatively studied
two-third-grade students’ responses to feedback in an
interactive e-textbook environment. Results indicated that
students used the feedback differently, which in turn has
consequences for the effectiveness of feedback. The study
by Rezat provides a helpful link to the next part, as many
DCR are designed to provide support for students learning
mathematics through formative assessment and feedback.
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4.2.2 Student interaction with and through DCR

In an effort to enhance students’ mathematical learning
through formative assessment/assessment for learning by
providing DCR in a connected classroom technology envi-
ronment (see Cusi et al. 2017: S—-S—M)), the Cusi team analy-
ses the use of digital worksheets with a particular framework
that includes different functionalities for the technology,
formative assessment strategies, and actors involved. The
materials used were three kinds of digital worksheets (“prob-
lem worksheets”; “helping worksheets”; “poll worksheets™)
that could be sent (from teacher to student and vice versa)
and displayed (on students’ tablets, or teacher’s computer/
Interactive Whiteboard); they were designed to foster stu-
dents’ development of ongoing reflections on their learning
processes and making their thinking visible. Results showed
typical patterns of evolving formative assessment strategies
when working with the worksheets in the lessons.

Turning to mainly summative assessment/assessment of
learning, the team of Yerushalmy investigated the design of
e-tasks for assessment purposes, focussing on design princi-
ples of e-tasks that encourage exploration (based on paper-
and-pencil tasks). Students worked individually (S—M) with-
out external help (e.g., the teacher, and after having studied
the content in class) on the tasks (Haddif 2017). Results
showed that in the redesigned e-tasks (from paper-and pencil
tasks) certain criteria should guide the technological affor-
dances: the technology should allow for self-reflection;
promote learning during assessment, and guide the students
to focus on important details of the tasks without unneces-
sary distractions. Moreover, based on the assumption that
the same technology can change as well as assess learning,
Yerushalmy et al. (2017) examine whether and how auto-
matic assessment can inform the learning of advanced math-
ematical concepts (in calculus), including real-time analysis
of answer submissions and free hand sketches. Results point
to the suggestion that e-assessment should be “suggestive”
rather than deterministic about students’ work, so to leave
room for amendments and misinterpretations.

In a comprehensive study of diagnostic assessment
designed around learning trajectories, Confrey and her
team (e.g., Confrey and Maloney 2015; Confrey et al. 2014,
2017) addressed issues associated with the development of
coherent learning trajectories across the curriculum using
DCR (e.g., OER) as part of a digital learning system (DLS).
The assumption is that when teachers rely on OERs, the
coherence of the resulting learning experience is often
undermined, with coherence being a hypothesised criterion
of curricular quality (e.g., Nieveen 2009). The DLS was
designed with the aim of increasing curricular coherence
by (1) providing guidance using a learning map; (2) provid-
ing data on student learning using diagnostic assessments,
and (3) enhancing the usefulness of OERs (Confrey et al.
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2017); all that in order to support students to move from
“naive” to “sophisticated” understandings of mathematical
ideas. Looking across the DLS it is clear that it shares many
characteristics with an e-textbook, but it is also clearly dif-
ferent in the sense that it provides a “learning system”, with
selected components that are meant to support learning with
a set of targets, instructional materials, and perhaps most
importantly, with real-time data to act as feedback to stu-
dents (and teachers) about learning (S—-M). Also working
with low achievers, Dvir and Tabach (2017) investigated
how students could come to a more sophisticated under-
standing of concepts in calculus when working with a digi-
tal dynamic environment. Results point to the ease-of-use
of the electronic spreadsheet and its ability to generate and
repeat the built-in formulas as one of the main facilitators for
the construction of ideas and knowledge (about the condi-
tions for equality and inequality relations, for example). The
team suggests that the ease-of-use might have encouraged
the students to extend their experimentations and realisations
beyond the scope of specific tasks and to further explore
ideas.

In contrast to Confrey’s research, Edson (2014, 2016,
2017) investigated how students (themselves-S—M) navi-
gated through sequences of connected problems (designed to
leverage the affordances of a digital learning environment),
which were organised around open-ended problems linked
to learner-controlled scaffolding. The findings suggested that
when students can control the level of access and challenge
(when problem solving in a digital medium), new possi-
bilities (e.g., with learner-controlled scaffolding in a digital
learning environment the thinking and non-linear growth
can be documented, as students traverse along different path-
ways, hence alert teachers to differences between intended
and observed problem-solving pathways) arise for sequenc-
ing the problems through which students can progress.

To summarise, we note that the interactive features of
DCR appear to become most useful with formative assess-
ment practices, which help students (as well as teachers) to
“feed forward”, that is to drive the next learning (instruc-
tional) steps (both for S—M and S—S—M). At the same time it
appears that the general adaptivity of such DCR, in particu-
lar with respect to personalised (diagnostic) assessment, is
one of the biggest advantages, as Ruthven (2017) points out:

“Indeed, it seems that many current digital curriculum
programmes aspire to (individualize instruction and) ‘per-
sonalise’ learning. Particular strengths of such programmes
are their use of adaptive assessment to tailor the content
presented by the system to the response history of the stu-
dent...” (p. 10).

This adaptivity appears also crucial for finding new path-
ways and sequencing of problems by students, and in terms
of assessment for leaving room for misunderstandings and
amendments.

4.3 Discussion

This part is structured according the criteria of relevance;
consistency; practicality; and effectiveness (Nieveen 2009).
Considering relevance, it is clear that the digital resource
has to “solve a problem”, it has to be useful, for the teacher
(or student) to design and use it; it has to serve a (some-
times pressing) need. For example, de Araujo et al. (2017)
studied a mathematics teacher’s design and use of video as
curriculum material. They found out that, contrary to the
“usual” use of video for flipping the classroom, this teacher
actually scripted the video according to the textbook, in
order to “free” herself and her students from textbook use.
On the video she could teach her lessons “according to the
book” and at the same time add her own insertions about
misconceptions and problem areas (as she would do in class
previously). This “solved her problem” of teaching (as she
would have done in class) and attending to her students at
the same time: for her all ingredients of good teaching (as
perceived by her) came together using this tool as DCR. In
the study by Pepin et al. (2017) both Vera and Cora chose
and used the digital materials to address a particular need:
Vera wanted to improve her differentiation in class; and Cora
her questioning.

Turning to consistency, it appears that there are differ-
ent levels of consistency that can be addressed. For exam-
ple, in the study by Confrey et al. (2017) consistency of the
designed materials is related to coherence: with the DLS
mathematics teachers were helped to find coherent learning
trajectories through the DCR (e.g., OERSs), being provided
with learning maps and a diagnostic assessment system. It
was claimed that these tools are necessary to guide teachers,
rather than simply providing them with a “box of tools”.
Coherence and consistency was also part of teachers’ design
capacity (according to Pepin et al. 2017), so that teachers are
aware of the different levels of consistency, and subsequently
can fit their designed materials into their developed learn-
ing trajectories (consistency across the topic area), into the
curriculum across the years (of mathematics learning) and
into the “horizon curriculum” (e.g., from school to univer-
sity mathematics), and into the curriculum as a whole (i.e.
integration with other subject areas), for example.

In terms of practicality, we distinguish between (a)
instrumentality (i.e. must be instrumentally feasible for the
teacher); (b) congruence (congruent with teachers’/students’
perception of own situation, how does it fit into the teach-
ing and learning situation, etc.); and (c) cost (return ver-
sus investment of the teacher/student) (Doyle and Ponder
1977). In Yerushalmy et al.’s (2017) study it became clear
that these three aspects need to be balanced for (teachers
and) students to gain the desired outcomes: the aim was to
provide students with especially designed e-tasks (interac-
tive) and suitable tools that allowed for students to express
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their mathematical ideas, and at the same time minimise
the need for interpretation of students’ meaning making by
the teacher, as feedback was provided automatically by the
system. The balance here was between suitable tasks (to
motivate enriched example space), a congruence aspect; the
instrumentality of the system to analyse dimensions of indi-
vidual variations with groups of students, and personal sub-
missions, as an automated system; and the “cost” in terms
of the efforts of the teachers versus the learning outcomes
of the students.

Lastly, effectiveness relates to student learning out-
comes, that is, whether the design obtained the desired
effect in terms of enhanced learning. In the study by Dvir
and Tabach (2017) the team investigated traced students’
knowledge construction processes whilst solving extrema
problems in an e-resource (GeoGebra) environment. Their
findings allowed them to identify the affordances and con-
straints/drawbacks of the e-resources for student learning at
micro level. Moreover, the students could not only solve the
extrema problems, but also explain their reasoning in ways
that reflected their use of the e-resource.

5 Conclusions

The findings of our review reflect the challenges, which have
emerged—both in professional practice and educational the-
ory—to many classic demarcations and models.

First, although we were able to identify some contrasting
tendencies between research on instructional technology as
against that on digital resources—broadly, a greater concern
of the latter with use in mainstream professional practice, as
well as some differential privileging of theoretical frames—
we also found significant convergence—most notably in the
increasing use of digital platforms for curriculum materials
and the integration of forms of instructional technology into
these platforms. Equally, we found important commonalities
of basic theoretical orientation—particularly with respect to
sociocultural theory despite the sometimes differing empha-
ses and extensions in the two bodies of research. Clearly,
there is scope for further cross-over and convergence—both
practical and theoretical—between what have traditionally
been seen as distinct fields.

Second, while some of the work that we have reviewed
reflects a continuing demarcation between design and use,
designer and user—notably in the commercial development
of full-blown schemes of curriculum materials—other exam-
ples not just reflect, but actively champion, the notion that
design continues in use, assisted by the greater provisional-
ity of digital resources and the way in which digital commu-
nication affords exchange, feedback and adaptation within
professional communities. Such examples include the evolv-
ing or ‘living’ e-textbook—under continuing collaborative
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redesign in response to input from teacher users—and the
open digital pedagogical configuration, providing a frame-
work of learning trajectories and diagnostic assessments,
with individual nodes provisionally populated by the devel-
opers’ curated selection of online resources. Given the
research on the ways in which traditional textbooks position
mathematics and frame the relationship between teachers,
students and mathematics (Herbel-Eisenmann 2009), it will
be interesting to explore how DCR—which might be seen
as more mutable, provisional—might provoke shifts in the
perceived authority either of the teacher or the mathematics.

Third, many of the developments that we have reviewed
display a weakening of traditional demarcations between
pedagogy and assessment and between summative and
formative techniques of assessment. Indeed, developments
such as the embedding of stealth assessment in the design of
individualised adaptive learning systems in which automated
processes of assessment underpin tailoring of experience
and monitoring of performance suggest that we may need
an expanded map of assessment form and function which
acknowledges new dimensions of covert to overt, adaptive
to informative, episodic to continuous. In other examples,
digital resources have been found to provide a medium that
enhances possibilities of formative assessment due to their
particular potential to provide rapid feedback and facilitate
sharing of ideas.

Finally, our review has identified an expanded space of
interaction associated with the shift from conventional static
non-reactive print-based resources to dynamic responsive
digital resources, and to more active mediation by the latter:
a change which, it has been suggested, warrants a corre-
sponding expansion of the analytic heuristic of the didactical
triangle (of subject matter, teacher and student) by adding a
fourth (technology/medium) vertex to create a didactical tet-
rahedron (Ruthven 2012). Indeed, such a development may
become more pressing: we noted how, at present, change in
commercial curriculum programmes was primarily in the
presentation space, with some modifications in the problem
space, but no significant change in the work space or the
navigation space. As change becomes more far-reaching,
we would expect the analytic importance of acknowledging
mediation to become much more significant. For example,
a hypertext-based navigation space downplaying a rigid
sequencing of curriculum topics has the potential to sup-
port very different notions of personalised learning to those
expressed in the strongly linear-hierarchical design of cur-
rent curriculum programmes. Alternatively, a different type
of workspace might change the one-to-one interaction of
student to textbook that has been predominant with tradi-
tional textbooks. The multiple input potential of multi-touch
devices, for example, accompanied with carefully designed
tasks, may reconfigure work spaces to enable many-to-one
interactions.
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Hence, we claim that DCR offer opportunities for change:
of understandings concerning the design and use of curricu-
lum materials; of their quality; and of the processes related
to teacher/student interaction with those digital materials—
they provide indeed the foundations for change.
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