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Chapter 2 Technology Enhanced Mathematics 

Education as A Design Science of Learning 

This chapter argues for a design science perspective in technology enhanced mathematics 

educational research. It presents the principles and origins of such an approach, and identifies 

methodological weaknesses which need to be addressed. The emerging issues are formulated as 

concrete aims in the following chapter. 

2.1 Introduction 

The last decade has witnessed a growing trend towards design based research in education and, in 

particular, on the use of technology in education (Barab & Squire, 2004;  Barab, Thomas, Dodge, 

Squire and Newell, 2004;  Bell, Hoadley and Linn, 2004; Béguin, 2003;  Brown, 1992;  Cobb, Confrey, 

diSessa, Lehrer, & Schauble, 2003;  Collins, 1992;  Collins, Joseph, & Bielaczyc, 2004; diSessa, 

Confrey, Schauble, Cobb, & Lehrer, 2003; Edelson, 2002;  Lesh and Sriraman, 2005;  O'Donnell, 2004;  

Reeves, 2006; Sandoval and Bell, 2004; Wittmann, 1995; ). Design based approaches focus on the 

process of developing innovative tools and activities as means of understanding learning and 

advancing the educational practice. While this trend has moved towards centre stage in recent 

years, its roots go back to the 1960s. My study is positioned within this tradition, and draws its 

methods from it. This chapter sets out to provide a theoretical foundation for these methods. 

This chapter focuses on the concept of design and its relations with research in technology enhanced 

mathematics education (TEME). In order to frame the discussion, I begin by tracing the roots of the 

notion of a design science back to the seminal work of Herbert Simon (1969), noting some of his key 

insights which are surprisingly still relevant and innovative. I then review the evolution of design-

based methods in educational research. From a research perspective I see three paradigms that 

relate to design: design as an object of study; design as an outcome of study and design as a method 

of study. All three are manifested in this study. I review the methodological implications of a design 

perspective, and highlight some of the challenges in this domain.  

Christopher Alexander defines design as: “The process of inventing physical things which display new 

physical order, organization, form, in response to function” (Alexander, 1964, p.1). Middleton et al. 

characterise the activity of design as “a subtle but complex interaction between the designer and 

contextual constraints and is accomplished by proposing the form of an artifact, system or process, 

which in turn drives its behaviour, which in turn can be compared with its desired function” (2008, p. 

22, original emphasis). Herbert Simon summarises: “everyone designs who devises courses of action 

aimed at changing existing situations into desired ones” (Simon, 1969, p 129).  

TEME is concerned with bringing about change in learners’ mathematical knowledge through the 

design of the social and individual settings. This is a difficult task; it requires the assimilation and 

integration of deep knowledge from diverse domains of expertise including mathematics, computer 

science, epistemology and pedagogy. I see all these domains of knowledge as diverse facets of 

design knowledge. The mathematical dimension pertains to the selection and connection of 

mathematical content, e.g. the sequencing of curricula. The question of pedagogy is a question of 

designing instructional structures; and so on. Due to the complexity of each of the various bodies of 

knowledge it is often hard to communicate concepts and ideas across domains. Worse still, each 



 3 

community has developed its own jargon and lore. For example, when software engineers speak of 

‘encapsulation’ they mean something completely different from what educational researchers 

would when using the same term. The result of this fragmentation of knowledge is that most designs 

emerge from a particular viewpoint, often a restricted one.  

2.2 What is a Science of Design, and What Value does it bring to 

TEME? 

Many scientific disciplines turn their attention to questions of learning: cognitive and developmental 

psychology, linguistics, neurology and computer science, to name a few. The science of education is 

distinguished by its focus on how learning is induced and directed to a specific agenda. Diana 

Laurillard identifies the key challenge for TEME research as "how to identify and provide what it 

takes to learn" (Laurillard, SHE, 2008, p 140). This distinction identifies TEME science as a study of 

designed learning. 

Herbert Simon (1969) distinguishes between the natural sciences and the sciences of the artificial. 

While the former have been the flagships of intellectual activity since the days of Newton, the latter 

are habitually suppressed as ‘practical’ sciences or ‘vocational arts’. Yet most of our lives are situated 

amidst the artificial. At the core of the study of the artificial, Simon places the science of design. He 

asserts that design is a fundamental defining element of the human mind. Whether driven by 

survival instincts or by intricate desires, we are continuously engaged with the problem of 

manifesting desired situations under the constraints imposed by our environment. Thus – 

... the proper study of mankind is the science of design, not only as the professional component 

of a technical education but as a core discipline for every liberally educated person (ibid, p 159)   

Simon’s (1969) concept of design science entails more than a shift in the subject of study. It calls for 

a change in scientific agenda, or more broadly what Kelly et al (2008) call the commissive space: the 

substrate of explicit and implicit rules and assumptions which bind the discourse of a scientific 

community. Whereas natural science is concerned with what is, design science asks what ought to 

be. As Kelly et al (2008) argue, “a central question for educational research is how to design 

interventions that move beyond ‘what is?’ or confirming ‘what works?’ to designing ‘what strategy 

or intervention might work better?’” (p. 3). When shifting our focus from engineering to social 

subjects – such as learning mathematics – the value aspect of design sciences becomes salient. 

Arguably, while other sciences ask how humans learn, the study of education is concerned with how 

their learning may be improved and directed. The first may claim to be value neutral and objective, 

but the questions of education, by their imperative nature, are evidently derived from the observers’ 

(often implicit) ethical or political agenda. Reeves, Herrington and Oliver (2005) go further in 

claiming that a “realist” approach is fundamentally unsuitable for studying artificial phenomena such 

as education. Such an approach would assume that the objects under observation are governed by 

immutable laws of nature, whereas the raison d'être of artificial systems is human intentions, and by 

extension their values and beliefs.  The same intentions, values and beliefs motivate researchers 

investigating these systems, and ignoring them would create a dissonance.
1
 

                                                           

1
 It seems imperative to declare my personal stance at this point. To an extent, such a position was offered in 
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The second implication that Simon (1969) derives from the imperative nature of design science 

regards the method of problem decomposition. All the sciences proceed, to an extent, by 

decomposing complex problems into simpler ones. The common method of decomposition in 

natural science is structural. Complex entities have been described in terms of their parts and the 

relations between them. Design science is interested in purpose, intent and the shaping of the world 

to these ends. Therefore, Simon proposes function as the appropriate axis of decomposition. As an 

illustration of the difference, a structural description of a cricket bat would be “a processed plank of 

willow wood, weighing 1.1 to 1.4kg, approximately 96cm long, flat and wide (up to 10.8cm) at one 

end, rounded at the other”. A functional description would note that it is an instrument used in the 

game of cricket in order to hit a ball. Such a functional perspective leads Simon to what he calls the 

generate-test cycle (Simon, 1969, p 149; Newell and Simon, 1976) as a viable method of achieving 

decomposition while acknowledging the networks of interdependencies between components. The 

design process generates iteratively solutions which it then tests against an array of functional 

requirements. Taken as a method of scientific inquiry, this translates into the design based research 

approaches described in section 2.2.1. 

The third theme I take from Simon concerns the place of representation in science. From the 

perspective of a natural science, representation is a tool of no theoretical significance. The nature of 

gravity is invariant to the symbolic system by which we measure it, describe it or bring it into our 

calculations. Newton’s development of Calculus had a radical impact on our ability to understand – 

and make use of – gravity, but the nature of gravity itself remained unaffected. Design science, on 

the other hand, is concerned precisely with these processes of understanding and using. It strives to 

illuminate our capacity to solve problems, and this capacity is strongly dependant on the way we 

represent the problems under investigation. Whether we see mathematical structures as rules of 

nature or human construction, our ability to learn and teach these structures is contingent on their 

representation. Indeed, representation is a key concern of many studies in TEMEs, both within the 

design research tradition (cf. Radford, 2000; Kaput, Noss and Hoyles 2000; diSessa, 1977; Noss, 

Healy and Hoyles, 1997) and from other perspectives (Jewitt, 2003; Ainsworth, Bibby and Wood 

2002; Morgan 2001; Moreno, 1995). Yet, as I argue bellow, representation is also an open 

methodological concern; the advancement of design science relies on identifying appropriate forms 

for formalising and communicating design knowledge. 

Lesh and Sriraman (2005) advocate the re-conceptualisation of the field of mathematics education 

research as that of a design science. They identify two aspects of the subjects investigated by TEME 

research which define it as a design science: they are predominantly man-made, and they are (or 

embody) complex systems. Lesh, Kelly and Yoon (2008) claim that the interlinked processes of 

learning and teaching mathematics and science education are more complex than many of the 

systems studied by the physical sciences. Arguably, guiding learners in constructing and 

communicating concepts in any domain is inevitably at least as complex as the phenomena being 

conceptualised. 

                                                                                                                                                                                     

Error! Reference source not found. . A more substantial statement of ethical agenda would be beyond the 

scope of this thesis, and thus is left implicit. 
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2.2.1 The Tradition of Design Based Research in TEME 

The common design-based approach to TEME research takes the concept of design as a practical 

imperative, seeing the aim of educational research as bringing about a positive change of learners’ 

experiences and knowledge, and referring to design as a method of action. 

In recent years, design-based research (DBR) of this kind become a popular methodology of 

educational science. Middleton et al (2008) describe DBR as design processes subjected to standards 

of scholarship recognised by the scientific community. This definition hides a dual agenda: on one 

hand, producing better artefacts – material and other - by utilising theory, and advancing theory 

through the design and use of new artefacts (Bell, 2004). DBR aims to “(a) help design innovations 

(b) explain their effectiveness or ineffectiveness, theoretically, and (c) re-engineer them where 

possible, while adding to the science of design itself” (Kelly et al, 2008, p. 5). At the same time 

“design-based research can advance theories of learning because educational designs embody 

conjectures about learning that can be empirically refined" (Sandoval, 2004, p. 213). Juuti and 

Lavonen (2006) identify pragmatism (in the sense of Peirce, 1935) as a philosophical foundation for 

design based research, leading to an action-oriented conception of knowledge. Cobb et al (2003) 

identify five characteristics of design experiments: 

• The purpose of design experimentation is to develop a class of theories about both the 

process of learning and the means that are designed to support that learning. 

• It is a highly interventionist method of study. The researcher is a participant-observer with 

flexible control of many of the research parameters. 

• Design experiments always have two faces: prospective and reflective. On the prospective 

side, designs are implemented with a hypothesized learning process and the means of 

supporting it in mind in order to expose the details of that process to scrutiny. On the 

reflective side, design experiments are conjecture-driven tests, often at several levels of 

analysis. 

• Together, the prospective and reflective aspects of design experiments result in iterative 

design. As conjectures are generated and tested, sometimes confirmed, at others refuted, 

new conjectures are developed and subjected to test. 

• Theories developed during the process of experiment are modest not merely in the sense 

that they are concerned with domain-specific learning processes, but also because they are 

accountable to the specific activity of design. 

As discussed below, DBR stems from multiple roots (Bell, 2004). Yet the characteristics identified by 

Cobb at al are, by and large, shared across the field. These are necessary but not sufficient 

conditions for a design science of TEME. As presented, they describe a reflective practice of design. 

In order to qualify as a science, this practice needs to demonstrate a systematic two-way link 

between action and theory. 

Ann Brown (1992) puts forth two substantive arguments in favour of design-based educational 

research. The first argument is methodological. The complexity of classroom situations does not lend 

itself to the procedures of laboratory research. Strict control of experiments and isolated variables 

are unattainable. Under these circumstances, Brown (1992) suggests that we adopt in education the 

procedures of design sciences such as aeronautics and artificial intelligence. Hoadlay (2004) 
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characterises educational settings as dominated by multitudinous interdependent variables hard to 

control out. Lesh, Kelly & Yoon (2008) suggest that mathematics education occurs in complex 

systems - multiple agents, partially conflicting goals, feedback loops, second-order effects and 

emergent properties. Hoadley (2004) argues that under these conditions, the premises of 

randomised control experiments are violated, and the results of standard experimental results are at 

least hard to interpret and at worst meaningless and misleading. The second argument questions the 

fundamental goals of TEME research. To what extent are we driven by a pure quest for knowledge, 

and to what extent are we committed to influencing educational practice? If we see contribution to 

good practice as a primary goal, then the outputs of our research should have direct bearing on it. 

This argument is echoed in the call for a socially responsible study of education (Reeves, Herrington 

and Oliver, 2005). Reeves et al. argue that a study of education must be socially relevant, and in 

order to do that is should not focus on how education works, but on how to make it work better. It 

should be measured by its practical impact as well as its disciplinary rigour. 

Critics of the design based approach would take issue mainly with the first argument, questioning 

the scientific value and lack of “evidence” of inherently irreproducible experiments. The response to 

this critique is twofold: first, DBR modestly accepts its limitations, confining its offerings to humble 

theories (Cobb et al., 2003) or domain specific instructional theories (diSessa and Cobb, 2004). As a 

side note, the observations above beg the question whether ostensibly scientific methods are 

practicable and can offer any greater validity. At the same time, one needs to be as stringent and 

self-critical when analysing data – precisely because we do not enjoy the protection of standardized 

statistical tests. DBR typically compensates for lack of statistical validity by calibrating diverse 

methods and data sources, and by focusing on process-oriented causal explanations (Maxwell, 2004; 

Cobb and Gravemeijer, 2004). 

A more subtle criticism of the design-based approach scrutinizes it on its own terms: does this 

approach live up to its commitment to offer a contribution to TEME practice? On the one hand, the 

conditions of most design experiments do not resemble those of a normal classroom, if only due to 

the presence of a dedicated, highly informed researcher in the class. As argued by Alan Collins:  

Typically the experiments are carried out by the people who designed some technological 

innovation, so that they have a vested interest in seeing that it works. They typically look 

only for significant effects (which can be very small effects) and test only one design, rather 

than trying to compare the size of effects for different designs or innovations. Further more 

such experiments are so variable in their design and implementation that it is difficult to 

draw conclusions about the design process by comparing different experiments. Finally they 

are carried out without any underlying theory and so these results are for the most part 

uninterpretable with respect to constructing a design theory of technological innovation 

(Collins, 1992, p. 24 in Issroff and Scanlon, 2002). 

On the other hand, the reported data and analyses typically include case-studies and theoretical 

generalizations derived from them. The former are too specific to inform practicing teachers, 

whereas the latter are too abstract. Furthermore, there is a fundamental difference between the 

nature of knowledge produced by design experiments and that of traditional methods of social 

science. Whereas the latter strive to establish beyond doubt the existence of phenomena, design 

research aims to explain phenomena, while maintaining a cautious stance on the determinism of 
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their appearance.  In the words of Ann Brown: “a ‘Hawthorne effect’ is what I want: improved 

cognitive productivity under the control of the learners, eventually with minimal expense, and with a 

theoretical rationale for why things work” (Brown, 1992, p 167). This would appear to be at odds 

with Collins above. The key is in the ‘theoretical rationale for why things work’. To allow the 

requirements for empirical evidence to be relaxed, design research needs to raise the bar of 

theoretical justification. 

Perhaps the most critical remarks on design studies in education come from two of its foremost 

proponents and promoters. diSessa & Cobb (2004) warn against the drift of design research away 

from theory. They argue that theory is essential, both from a perspective of research and of practice. 

Furthermore, they claim that design studies can – and should – make significant theoretical 

contributions by addressing the gap between theory and practice. First, they describe four 

categories of theory: Grand Theory, Orienting Frameworks, Frameworks for action and Domain 

specific instructional theories. All of these are important for educational design, but cannot be 

applied readily to concrete situations. In the words of the authors, it is fine to say that one should 

build on students’ contributions, but totally unclear how to do this. They answer by suggesting that 

design research may offer ontological innovations – new linguistic constructs for describing and 

discussing educational phenomena. Schwartz, Chang & Martin (2008) suggest these should be 

termed epistemic innovations, since they pertain to our knowledge of reality rather than to the 

structure of reality itself. 

The design element in a design study may refer to the pedagogy, the activity, or the tools used. In 

some cases, the researchers will focus on iterative refinement of the educational design while 

keeping the tools fixed, whereas in others they may highlight the tools, applying a free-flowing 

approach to the activities. In yet others they will aspire to achieve a coherent and comprehensive 

design of the activity system as a whole.  

2.2.2 Reconnecting Theory and Practice 

A primary role of TEME research should be to understand and inform educational practice (Hoadley, 

2008; Laurillard, 2008b; Wittmann, 2001; 1995). The link between practice and theory has been 

found lacking in both directions. Due to the messiness of classroom situations, many researchers 

resort to laboratory experiments, yielding results which are hard to apply. Wittmann (2001) claim 

that the majority of scientific research in education is irrelevant to practice. Such an argument 

resonates with the observations noted above regarding the applicability of randomised control 

experiments. Instead, he posits, research in mathematics education should put at its centre "the 

design of substantial learning environments around long-term curricular strands should be placed at 

the very centre of mathematics education. Research, development and teacher education should be 

consciously related to them in a systematic way" (Wittmann, 2001, p. 4). Laurillard (2008a) observes 

that technology has the potential to address many of the hard challenges in education, yet at the 

same time it amplifies the difficulty of linking theory to practice: “the solutions technology brings, in 

their most immediate form, are solutions to problems education does not have” (Laurillard, 

2008b:139). Technology evolves at a rapid pace, and brings with it rapid changes in social practices 

and epistemic structures. Consequently research is denied a breadth of historical perspective or the 

comfort of stable control conditions. Laurillard suggests that in order for innovation to be relevant to 

practice, it needs to be led by practitioners. Yet for it to be reliable and effective, innovation needs 
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to be conducted in a quasi-scientific process. Taken together, these observations suggest that TEME 

research should engage practitioners as design researchers, in line with Schön’s ideal of reflective 

practice (1987). A commitment to developing theory which is relevant for practice, and practice 

which is informed by theory, resonates with the dual agenda of DBR mentioned above. It supports 

diSessa and Cobb’s emphasis on domain specific instructional theories (2004), although arguably it 

should not preclude theoretical contributions of broader remit.  

Demanding a strong link between theory and practice suggests a pragmatist stance, as noted by 

Barab and Kirshner “The goal of these researchers, educators, and designers moves beyond offering 

explanations of, and onto designing interventions for. In fact, and consistent with pragmatists such 

as Dewey, Pierce, and James, to some degree it is the latter functional constraint that constitutes 

what is a useful explanation of.” (Barab and Kirshner, 2001:11; original emphasis). Such a stance sees 

knowledge as instrumental, its value derived from the action it engenders. One corollary of this 

stance is a flexibility and pluralism in theoretical and methodological choices. Design research 

assumes that more than one theory may be required to describe, explain, or predict a single 

phenomenon (Kelly at al., 2004). Since the primary commitment is towards action, design science 

will prioritise a comprehensive and proactive understanding of the situation over theoretical 

aesthetics. Lesh et al. (2004:138) adamantly reject the “the naïve wishes of those who hope to use 

design science as a methodology for translating (a single) theory into practice” and “the naïve claims 

… that each research project should be based on (a single) theory”, arguing that design science is 

inherently multidisciplinary. This theoretical pluralism complements the methodological pluralism 

mentioned above. 

2.2.3 Methodological Characteristics of Design Research in TEME 

A design approach to TEME research is inherently open in the sense that it is amenable to synergy 

with other paradigms. It borrows methods and results from other fields insofar as these can inform 

the design process. The complexity of the experimental situations and the difficulties in extracting 

untainted data demand that methodological tools be selected, adjusted and calibrated per case. 

Design methods can also be utilised in studies where the dominant paradigm is derived from a 

different tradition, as a means of testing specific conjectures.  

As noted above, the theoretical and methodological diversity of DBR follows from its fundamental 

premises. This diversity also has historical roots: DBR is a young paradigm, and its advocates have 

come from a range of traditions (Bell, 2004), including developmental psychology, cultural 

psychology, cognitive sciences, mathematics and science, artificial intelligence, and computer 

science. Nevertheless, over time a common life-cycle of research projects has emerged (Winters and 

Mor, 2009; Cobb and Gravemeijer, 2008; Gorard, Roberts and Taylor, 2004; Cobb et al, 2003; 

Bannan-Ritland, 2003). Researchers conduct a series of teaching experiments. These experiments 

are run on a small scale, to facilitate elaborate interpretation. The consequences of interpretation 

then feed into the next round of design. Thus, in subsequent iterations, the design is refined and at 

the same time the interpretation is validated.  The immediate products of the design process – tools, 

practices and methods – are often seen as transient since the settings in a design experiment are 

idiosyncratic: the subjects are often a small selected group, the researcher is highly involved in the 

experiment in all its stages, and her knowledge advances as it proceeds. Thus, it is reasonable to 

expect the results not necessarily to be representative and the products of the process are therefore 
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often discarded between iterations. Most of the analysis is done by qualitative means. The cycles of 

experimentation are followed by a phase of retrospective analysis.  Middleton et al. (2008) put 

forward a more elaborate, seven phase model they term the "compleat design cycle". This cycle 

goes through identification of grounded models, development of artefacts (tools or practices), 

feasibility study, prototyping, field study, definitive test, dissemination and assessment of impact. 

Lesh, Kelly and Yoon (2008) propose a multi-tiered variant of this model, gradually scaling the 

experimental setting in order to balance cost and adaptability with validity and applicability.  

These examples portray a vibrant community, reflective with respect to its practices, which is 

gradually converging towards its commissive space (Kelly et al, 2008) as discussed above. Yet at the 

same time it illustrates the need for a clear framing of methodological standards. Bell argues that 

"One might expect to find widespread theoretical or methodological coherence among efforts 

purporting to be design experimentation, but that is largely not the case" (Bell, 2004:243), 

suggesting that this is primarily due to a failure in communicating practices between groups. The 

craft of DBR is by and large transferred by daily communication in research teams, akin to an 

apprenticeship model. Practical knowledge sharing between groups is insufficient. Many authors 

note the acute need for documentation and standardisation of procedures (e.g. Middleton at al. 

2008; Bannan-Ritland and Baek 2008; Cobb and Gravemeijer, 2008; Kelly, 2004) yet often the same 

authors respond by anecdotal description of the practices employed by their group. These 

descriptions suffer from the same weakness often attributed to the results of DBR studies: it is hard 

to discern the generic from the context-specific, and there is no clear algorithm for choosing the 

most appropriate methods and procedures for any given research situation. Some frameworks 

provide good guidelines for a particular aspect of analysis. For example, the conversational 

framework affords systematic analysis of a system with respect to "what it takes to learn" (Laurillard, 

SHE 2008) while a tool such as the activity checklist (Kaptelinin, Nardi and Macaulay  1999) provides 

a thorough HCI view. As argued above, DBR demands the integration of multiple perspectives (Lesh, 

Kelly, Yoon, 2004), but relatively little is offered in form of guidance as to the means and criteria for 

such integration. 

Arguably, the sparse articulation of the methodological frameworks of DBR has contributed to the 

resistance it has met both in research and in practice. The highly context-sensitive nature of DBR 

presents a challenge for replicability (Bell, Hoadley and Linn, 2004), which raises questions regarding 

scientific validity as well as applicability. Such concerns need to be met by a coherent argumentative 

grammar: a logical system by which claims are presented and justified, independently of their 

content (Cobb and Gravemeijer, 2004). The argumentative grammar of randomised experiments, 

prevalent in many sciences, assumes regularity of phenomena and the inability to observe internal 

states. Such assumptions exclude the unique, innovative and irregular from the scope of study 

(Maxwell, 2004). By contrast, since DBR is interested in change, “keeping an eye open for 

unexpected knowledge is a central methodological heuristic” (Smith, diSessa and Roschelle, 1993: 

66). Consequently, its argumentative grammar stresses process-oriented explanations (Maxwell, 

2004; Cobb and Gravemeijer, 2004). This grammar needs to include forms for providing an audit trail 

(Creswell and Miller, 2000; Lincoln and Guba 1985): a mechanism of tracking back from conclusions 

to evidence. An artefact may embody a local theory, but without transparent scientific process it 

does not offer a test of the theory (Middleton et al 2008). Some researchers have suggested design 

narratives as a useful tool in this respect (Barab et al, 2008; Bell, Hoadley and Linn, 2004). Finally, the 

argumentative grammar should provide forms for articulating claims about educational design, in a 
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manner that affords scientific debate. Specifically, the functional tenor of design science would 

suggest a need for argument structures which associate characteristics of artefacts with their 

function. Various constructs have been proposed for capturing abstractions of design in education: 

design principles (Fuhrmann, Kali and Hoadley, 2008; Kali, 2006; Bell, Hoadley and Linn, 2004) and 

design patterns (Retalis et al, 2006; Haberman, 2006; Derntl and  Motschnig-Pitrik, 2005;  Goodyear  

et al. 2004) on the more theoretical end, and activity sequences (Dalziel 2006) EML and IMS-LD 

(Koper and Tattersall, 2005; Koper and Olivier, 2004) on the practical / technical side. Some initial 

work has been done on comparing different frameworks (Mor & Winters, 2007; McAndrew, 

Goodyear and Dalziel, 2006) but more is needed. Two questions arise: how do the different 

frameworks respond to the requirements for a scientific argumentative grammar of design, and how 

do they relate to each other, potentially contributing to a cohesive and comprehensive discourse. 

2.3 Further Challenges for a Design Science of TEME 

The previous sections presented a case for pursuing a design paradigm in TEME research. The 

motivation and merits of such an approach were reviewed, along with some open theoretical and 

methodological issues. These issues are compounded by practical and cultural obstacles. Such 

challenges are in no way surprising for a young field of enquiry. Nevertheless, they should be 

considered if we aspire for this field to establish itself and have an impact outside of a small 

community. 

I wish to highlight two such challenges; the relevance and resonance of the approach, and the 

cumulativity of scientific and practical knowledge. The first is extrinsic, related to the communication 

between this paradigm and others. The second is intrinsic, and refers to knowledge building within 

the community. 

2.3.1 Relevance and Resonance 

Relevance and resonance are two factors affecting the impact of research on practice, policy and 

other research. Relevance refers to the potential impact, the extent to which the outputs of a study 

could inform other works. Resonance indicates actual impact, the extent to which a study is noticed 

and considered in other works. While all sciences may be scrutinised along these parameters, design 

science by its nature has a greater commitment to impact. Pure sciences may perhaps appeal for the 

protection of their “aesthetic value”; a mathematical proof is not measured by its usefulness, but by 

its elegance. By contrast design science, as argued above, takes a pragmatist stance, identifying the 

value of knowledge with its effect on action.  

It is hard to directly assess the impact of a particular discipline. Nevertheless, there is a subjective 

sentiment among some researchers involved in design research, suggesting that their findings are 

harder to publish and are not well-received by practitioners and policymakers. This impression finds 

some support by negation, when noting the dominance of the “evidence-based” attitude in policy, 

funding and research. The evidence-based qualifier has emerged as a euphemism for randomised 

control experiments. In a highly quoted paper, Slavin (2002:15) proclaims: “At the dawn of the 21st 

century, educational research is finally entering the 20th century. The use of randomized 

experiments that transformed medicine, agriculture, and technology in the 20th century is now 

beginning to affect educational policy” and in an equally noticed paper, Feuer, Towne and Shavelson 

(2002:8) posit: “For example, when well-specified causal hypotheses can be formulated and 
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randomization to treatment and control conditions is ethical and feasible, a randomized experiment 

is the best method for estimating effects”. Such an uncompromising interpretation of evidence 

leaves little room for the agile, interventionist, process-oriented attitude of design research.  

Despite the apparently difficult atmosphere, not all the fault lies externally. Several of the 

characteristics of design research observed above have contributed to its plight. The most notable 

factor is the lack of a clearly articulated consensual alternative methodology. Without a concise 

description of what constitutes evidence, and how it is used to predict effect, it is hard to argue for 

the utility of design science.  

A second “self-inflicted wound” is the tendency of writers in the field to attach cautious qualifiers to 

their results
2
. Circumspection is a desirable quality in scientific discourse, and when there are 

limitations on the scope of results these should be communicated honestly. Yet a result is worth 

reporting only if it is generalisable to some extent, and that “some extent” needs to be as clear as 

the result. diSessa and Cobb (2004) warn against a drift towards the anecdotal or the ethereal, and 

promote local, modest theories. Such theories are potentially of great value, but only insomuch as 

their scope and preconditions are rigorously specified. 

2.3.2 Cumulativity  

The ideal of cumulative scientific progress is epitomised in the famous saying attributed to Isaac 

Newton: "If I have seen further than other men, it is because I have stood upon the shoulders of 

giants". Cumulativity is fundamental to the culture of research in mathematics and natural sciences; 

one is expected to prove theorems based on previously proven ones. An alternative proof is only 

merited if it displays a superior technique or is more robust. Not all sciences place the same 

emphasis on cumulativity; in the social sciences one is often encouraged to “find a voice” (e.g. 

Winter, 1998) and distinguish oneself by critique and rejection of prior art. Where should a design 

science of TEME  position itself on this spectrum? 

Mathematics itself is universal and consistent; it does not endure multiple truths. Yet the teaching 

and learning of mathematics are complex human activities, where individual trajectories play an 

important role. The nature of design science, as portrayed above, also displays a duality; the 

functional-pragmatist agenda dictates a stress on cumulativity, an aspiration not to solve the same 

problem twice. Yet the value dimension suggests a personal stance, and the act of design itself is 

often associated with individual creativity. Ideally, the design research paradigm should try to 

balance these forces, acknowledging the individual voice but seeking transferable elements of 

design knowledge, and clearly distinguishing between the unique and the modular. In order to do 

these, we need an argumentative grammar that allows researchers to articulate their personal 

experiences and extract from them generalisable claims. Such claims need to be expressed in a form 

                                                           

2
 Consider the following example:  

“Our main conclusion is that, under rather carefully controlled circumstances and with a great 

deal of design effort, the modelling approach (in which students construct and share programs 

that express the organisation of rich phenomena) can assist in developing students' 

understandings of structure and consistency in mathematical situations.” (Mor et al, 2006:76) 
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which allows them to be scrutinised and aggregated into larger conceptual networks, connecting the 

experiences of multiple individuals and research groups. 

Many of the issues discussed above make this a challenging goal. The shortage of consensual 

methodological and argumentative frameworks, the reluctance of researchers to commit to generic 

claims, the focus on innovative practice in unique circumstances stand out as contributing factors. 

One notable obstacle arises from the inherently multi-disciplinary nature of design research. As 

noted, researchers in the field have arrived to it from a wide range of traditions. Consequently, 

findings are reported using the language of these diverse traditions and their epistemic frameworks. 

The result is a “translation gap” between contributions which may be concerned with similar 

problems. In order to bridge this gap, we need forms of articulation which are structured around the 

problems being addressed, the forms of solution and the scope of relevance. The theoretical method 

uses to analyse empirical observations is important, but subjecting it to the functional axis would 

allow us to establish link along the functional and across the analytical. 

2.4 Summary and Conclusions 

This chapter opened with an historical reflection on the notion of design science. It asked if and how 

this notion may be applied to educational research, and specifically to the use of technology in 

mathematics education. Three possible relations between design and research were identified: 

design as an object of study, design as a method of study and design as an outcome of study. 

From this perspective, some of the prevailing design-centric approaches in educational research 

were reviewed. This review highlighted some of the gaps in these frameworks, most of which were 

noted by their respective practitioners, and some of which emerge from juxtaposition.  

A notable theme emerging from this review is the need for extending and articulating the epistemic 

infrastructure of design research in mathematics education. Several weaknesses were identified in 

this respect, contributing to issues of relevance, resonance and cumulativity. 

2.4.1 Towards a Model of Design Knowledge in TEME 

The product of design science should be the systematisation of design knowledge. In light of the 

observations above, this chapter proposes a characterisation of design knowledge in technology 

enhanced mathematics education as: 

Problem driven, solution oriented, value laden: design is always concerned with “changing existing 

situations into desired ones”. Thus, design knowledge always departs from an undesired situation, 

i.e. a problem, and aims to move to a desired one, i.e. solve it. The ascription of desirability 

measures to world states is a matter of values. This is evident in the case of TEME, which is always 

directed towards change: conceptual, behavioural and social. 

Situated in context: the orientation towards states of the world also entails that the specifics of the 

circumstances to which an act or product of design apply are crucial. Problems and solutions are 

only valid with respect to a particular context, and that context needs to be articulated. Indeed, the 

field of TEME is often partitioned per context: primary vs. secondary or tertiary, formal or informal, 

etc. 
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Holistic (inherently inter-disciplinary): a focus on solving problems entails attention to all aspects of 

the issues under consideration. When the primary axis of decomposition is functional, it cuts across 

structural distinctions. Problems are dissected into sub-problems, but might retain the structural 

character in a hologramatic fashion. Thus, for example, the problem of designing an on-line course 

can be decomposed into the design of separate sessions, but each one will still need to consider 

social, cognitive and pedagogical factors.  

2.4.2 Motivation for a Design Perspective on TEME Research 

Simon (1969) distinguishes between the study of the natural world and the sciences of the artificial, 

with design science at their centre. This distinction provides the initial motivation for considering a 

design science of TEME: learning is a natural phenomenon, whereas education is a conscious human 

endeavour directed at change. As such, it falls within the scope of Simon’s definition of design; the 

key challenge for the science of education is to understand and support “what it takes to learn” 

(Laurillard, 2008b, p 140).  

Some researchers suggest that a design approach would be better adapted to the complex and 

dynamic nature of the circumstances and questions studied by educational science. Furthermore, 

this approach has the potential to offer a cohesive paradigm, bridging across practice and multiple 

theories.  These advantages are made even more salient in the face of the rapid pace of change 

induced by technological developments, calling for agile, responsive and proactive approaches to 

educational research. 

2.4.3 Towards an Epistemic Infrastructure for a Design Science of TEME 

Design approaches to educational sciences project a young and vibrant research tradition, stemming 

from multiple roots and evolving simultaneously in multiple locations. Nevertheless, the review 

presented here indentifies the emergence of shared practices and pockets of expertise. Among the 

common methodological characteristics are a dual focus on practical and theoretical contributions, a 

highly interventional and agile attitude, and a cycle of iterative research. This cycle includes phases 

of theory, design, implementation, execution (experiment / practice), articulation of experience, 

interpretation, evaluation and analysis, and feedback to both theory and design. The products of this 

cycle are validation or critique of existing theory, evidence regarding the effectiveness of artefacts 

and practices in well-defined settings, and innovations in practice and theory. A frequent by-product 

of research is the synthesis of multiple frameworks. 

The goals of TEME are ambitious, and its challenges complex. Design research offers a sophisticated 

response to these challenges, but this sophistication makes it hard to communicate. This difficulty is 

amplified by the shortage in clear consensual frameworks, as noted by many leaders in the field. 

Internal critics of the paradigm have called for a discussion of its commissive space and 

argumentative grammar. The former refers to the explicit and implicit rules and assumptions which 

bound the discourse of a scientific community, and the latter to the logical system by which claims 

are presented and justified, independently of their content. Together, these contribute to the 

epistemic infrastructure of the field. Some desirable features of such an infrastructure emerge from 

the discussion: 
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Accessibility; the arguments made by researchers should be readable by the scientific community, 

both the immediate and the broader scope of neighbouring fields, as well as practitioners, and policy 

makers. All these parties should be able to judge the validity of claims and interpret the results to 

their needs. 

Transparency and traceability; the full cycle of a design study should be observable by an external 

reviewer, and most importantly the path that leads from theory to conjecture through experience 

and back to theory.  

Expressiveness; the forms used for communicating design research should allow for the articulation 

of all that is needed to support the above requirements. They need to be able to capture process 

and product, connecting personal experience and generic abstractions. 

Functional-pragmatist orientation; the mechanisms used to organise and communicate knowledge 

in the design science of TEME need to be aligned with the nature of this knowledge. Given the 

pragmatist foundations and functional axis of design knowledge, the research community needs 

means for organising this knowledge accordingly. In other words, indexing findings by the problems 

they solve more than by the means they use to do so, by the conditions under which they are 

relevant more than by their academic heritage.  

Cumulativity; finally, the forms of presenting claims and arguments need to afford easy aggregation 

of knowledge, building new results on the basis of prior art. At the same time, this demand needs to 

be balanced with an acknowledgement of individual and local voice, creativity and the uniqueness of 

any given human situation. 

2.4.4 Questions to be Addressed by this Thesis 

The review of the possibility of TEME as a design science, its motivation and current state gave rise 

to several observations regarding the epistemic infrastructure of this paradigm. These observations 

are related to issues pertaining to the impact and prospects of such a paradigm. It follows that the 

emerging arguments should be put to an empirical test.  

The main question arising is: does an epistemic infrastructure exist, such that satisfies the 

requirements listed, and if it does, will it answer the critique of current practices in design research 

of TEME? Specifically – 

• How do current methodological tools map to these requirements? Can they be combined to 

provide a more comprehensive coverage? 

• Which new tools can be incorporated to address the issues noted and how? 

• Once a comprehensive epistemic infrastructure is identified, properly articulated and 

justified, will it fulfil the promise of a design science of education? 

The following chapters contribute towards an answer to these questions, by providing elements of 

such an infrastructure and testing them in a genuine research context.  


