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I welcome the opportunity to respond to the presentation ‘Managing the Complexity of Human/Machine Interaction in a Computer Based Learning Environment (CBLE): Guiding Student’s Process Command Through Instrumental Orchestrations’ by Luc Trouche at the third Computer Algebra in Mathematics Education (CAME) Symposium.  I have read his presentation with enormous interest and see it as part of the formidable contribution to our developing knowledge in this area from the French perspective (see, for example Lagrange, 1999,  Guin & Trouche, 1999)  along with in particular the contributions in 2001 at the second CAME conference by Artigue, the response by Ruthven and the later written response by Al Cuoco (see Artigue, 2002, Ruthven 2002, Cuoco, 2002).  I see my role as trying to make sense of Trouche’s work and to connect it – alongside the corpus of French research – with other frameworks and paradigms, and the use of other technologies. In particular, Trouche’s paper marks an important step forward in elaborating the important distinction made by Verillon and Rabardel (1995) between the material object, the tool and the psychological construct, the instrument.

I wish to elaborate four aspects of the paper.  First I will discuss the importance of tools as part of individual but also collective experience, and try to elaborate the implications of focusing on both the individual and social aspects of instrumental genesis.  Second, I will consider the benefits of considering the integration of tools from a vantage point that interrelates mathematical knowledge with mathematical conceptions, where both are evolving in the learning process.  This brings into focus the transformative potential of tool use. Third, I bring into the discussion more explicitly a dimension of student learning in the context of design, and the crucial role that the student has in the construction and – particularly – the sharing of meanings through collaborative and communicative interaction. And fourth, I try to make sense of Trouche’s notion of instrumental orchestration from my perspective by introducing a stronger focus on the student dimension, alongside suggesting there might be alternative scenarios for second level orchestration. 

Let me start with the general notion of tools and how they shape and are shaped by the actions of the students (the two processes of instrumentation and instrumentalization).  From a socio-cultural perspective, the idea that people think and act within socio–cultural contexts which are mediated by cultural tools has become an important theoretical framework with which to think about mathematical activity. The work of Vygotsky, Luria and Leont'ev, indeed the entire corpus of work on activity theory, offers compelling evidence that individual and social acts of problem solving are contingent upon structuring resources; including a range of artefacts such as notational systems, physical and computational tools, and work protocols (Gagliardi, 1990). These artefacts are ‘crystallised operations’ (Leont’ev, 1978), borne out of needs within a given set of social practices, and in turn playing their part in shaping and restructuring future practices: artefacts exhibit an ongoing dialectic of producing and being produced by activity.

In our work (Noss & Hoyles, over many years ) on mathematics used in the workplace, we have noted repeatedly how adults negotiate (or re–negotiate) the meaning of the mathematised models in their place of work, many of which appear to be invisible. Yet practitioners at work have, for example, to distinguish the important inputs and outputs in these models and how they interrelate while taking account of the constraints of the workplace and most crucially the tools in use. 

Having mentioned the idea of visibility, it is appropriate to briefly discuss the notion of transparency. The transparency of computational tools is most usefully thought of as a relationship between user and artefact, rather than merely as a property of the artefact itself. In this respect, it seems to relate to the notion of instrument. Hancock (1995) has eloquently summarised the situation: 

Many people (novices and non-experts) use computer tools without being much aware of the workings of the tools’ implicit models, or even of their existence.  Their use of a tool is guided instead by their knowledge of the situation being modelled.  This is a kind of naïve realism ….” . 

Sooner or later, this illusion becomes problematic: 

The transparency of the interface breaks down, and the computer tool becomes clearly and frustratingly distinct from the “object of interest” to which it had previously given unimpeded access”. Hancock, (1995, pp. 221-2). 

When tools are used in mathematics classrooms they are often (naively) assumed to be invisible: that is, they achieve a result set by the activity structures of the classroom. Yet, at some time, the tool will become visible and the focus of attention: the learner becomes aware of the constraints upon her, the mediation of her mathematical ideas, or the imperatives set by tool itself. Or, of course, the converse. Transparency has elements of invisibility too: tools simply do not routinely make explicit what they are doing, how they are doing it, and how they mediate mathematical expression. As Balacheff has argued (1993) when discussing the idea of computational transposition, computer tools introduce a new model of knowledge related to the functioning of the machine and the interface designed for the software. Students have to distinguish by interaction the tools, debugging and reflection on feedback (together and with the teacher) those outputs that are dependent on mathematical properties and relationships and   those that are simply artefacts of the system; they have to discover whether they have conceptual ‘problems’ or they simply do not appreciate how the software happens to work.

Transparency is used in a broader sense within a more culturally oriented perspective (see, for example, Lave, 1988). For example, Meira (1998) underscores the idea that transparency is not uniquely a property of the tool but rather emerges through use (and indeed is most powerful when it is understood through use), a perspective with which I am sure we would all concur, since tools have multiple (and changing) functions. As Trouche remarks – instrumental genesis has individual and social components
. But, as Trouche would, I am sure, also agree, we also have to give some credence to the view that not all tools are equally useful, that they have what Jeremy Roschelle (1992) would call, “epistemological fidelity”. Tools matter: they stand between the user and phenomenon to be modelled, and organise activities and activity structures. It is in this respect that I (Noss & Hoyles, 1996) have employed the idea of the computer as a window on mathematical meaning, a metaphor which does suggest transparency in this dual sense: so software use offers a view onto the conceptions of the learner while at the same time recognises how these conceptions are shaped by tools and activity.

This brings me to my second point. Trouche follows the distinction between tool and instrument with the latter having a psychological component, defined through the operative invariants involved in the notion of scheme.  Does it make sense to go one further step and consider this component not simply in terms of concepts-in-action and implicit knowledge ‘driving’ actions, but rather that the tools and how they are used become part of a student’s conceptualisation of the mathematical knowledge? This is at the heart of what Noss and I have called the construction of situated abstractions (see Hoyles & Noss, 1992; Noss & Hoyles, 1996). 

The key concern, which is currently discussed in a variety of contexts by a range of researchers (Dreyfus, 1993; Arcavi & Hadas, 2000; Nemirovsky et al, 1998; and others) is how to understand the abstraction process as well as to describe (not the same thing) new mathematical knowledge as it has been constructed. Our initial motivation grew from a desire to characterize the ways that mathematical knowledge was constructed and expressed by students as they worked in computer-based environments, a setting that forced us to place the tools and symbols of the learning discourse at centre stage. On a theoretical level, our endeavor grew out of a concern that the notion of situated cognition created a cul-de-sac for mathematical learning: the notion of situated abstraction seeks to describe how a conceptualization of mathematical knowledge can be both situated and abstract. Mathematical conceptualisation may be finely tuned to its constructive genesis – how it is learnt, how it is discussed and communicated – and to its use in a cultural practice, yet simultaneously can retain mathematical invariants abstracted within that community of practice.

Early in our investigations with students interacting with what we term expressive tools, we observed the way in which some students exploited the representational infrastructure (tools and linguistic frameworks) of the computational environments to highlight key components of problem solutions; we noticed how the tools became an integral part of how they talked (and, we can assume, thought) about their emerging mathematical ideas. The important insight was to notice how the technology shaped the ways in which the critical features of a mathematical problem could be marked, modified, and built into a mathematical structure and how some (but not necessarily all) elements of the invariant relationships between the given objects were identified and related. Situated abstraction has some claim to explanatory power in resolving the mediational role of activity with respect to the ontological knowledge elements of an environment. As we have said tools are not passive. They may wrap up some of the mathematical ontology of the environment and form part of the web of ideas and actions embedded in it. Yet we insist it is the student who must shape these ideas. The tools of an environment may encapsulate mathematical relationships in some sense: but these relationships lie dormant until they are mobilised, and it is in their mobilisation that meanings are created.  

Returning specifically to Trouche’s paper, I (tentatively) suggest that the notion of situated abstraction might complements the theory presented, by filling a potential gap in the analysis between the description of the behaviours of the students while working with CAS and their conceptions of the mathematical ideas that they are expressing. For example, in Trouche’s description of student work around the notion of limit, there is some elaboration of how a concept-in-action might emerge. By definition, such a concept-in-action is implicit. But might it not be helpful to think of aspects of this ‘implicit’ knowledge as explicit  in that they may (and often are) be articulated and operationalised in tool-based discourse, as well as in other discourses such as written or oral discussion? 
Let me now turn to the third point. At a micro-level, there has been considerable research on the role of group work in learning mathematics and the importance of forming collaborative communities in classrooms that encourage sharing of different perspectives, explaining and defending ideas and critiquing and debugging the developing ideas of the group. For example, computer collaboration has been noted as engendering a shift in relationships between teacher and student and for enhanced interaction between students and between students and teachers.

Nevertheless, however interesting studies like these have been in raising awareness of the general contribution computers may make to collaborative learning (and therefore, perhaps to learning in general), it is important to consider the problem from an epistemological-design perspective as well as social-psychological. In a study of the factors associated with learning mathematics in groups with computers, Hoyles, Healy & Pozzi, (1994) reported the considerable design problems and solutions in developing activities that exploited computer interactions in ways that were integrated with learning goals and with group discussion. The findings suggested that organising for balanced co-construction at the computer coupled with the co-ordination of others’ perspectives orchestrated by didactical intervention was most advantageous for learning (see also Healy et al., 1995).  In what senses can we design learning environments that afford targeted knowledge construction in such learning communities? How far might CAS be exploited as a medium to communicate knowledge between students as well as to construct it? Incorporating co-construction into the design agenda not only has implications for task design but also for the design of software. If we were to envisage CAS as not only a cognitive tool but also a genuine mediator of social interaction through which shared expression can be constructed (a goal that is now achievable now that handheld devices of all kinds can communicate with each other, and with other digital devices) careful thought must be given to the kinds of software and hardware configurations that may or may not work (see for example Roschelle, 1992). In the past, as I have mentioned many of us who have researched in this area have worked with children interacting in computer-based microworlds that were designed to foster mathematical meanings through construction, interaction and feedback that is the tools were designed iteratively to foster the development of mathematical meanings. Additionally, and particularly pertinent here, the idea was that the students could scaffold their own thinking
 through communicating with the tools of the microworld and shaping them, to fit their own purposes, and to help them communicate with others. Thus it was through careful design of tools and of the interactions planned to take place in activities around these tools, we noted how students together constructed and reconstructed emergent ideas, and how we, as observers of their actions and their interactions in the form of written programs, gestures and paper and pencil and oral communications, were able to catch sight of this construction process as it took shape – this thinking-in-change.  Mathematics, design and student interation were the focal point of analysis rather than the wider classroom community where norms are negotiated and understandings taken-as-shared (see for example Yackel & Cobb, 1996), or where tools become integrated into ongoing mathematical work (see for example, Guin & Trouche, 1999). The next step needs to be taken I believe that that ignores  neither the constructionist nor the didactical paradigms (see for example, Hoyles, 2001).  This is indeed an exciting challenge and one where the concepts of orchestration might well assist us in our design and analysis.

I now turn to the fourth and final aspect of Trouche’s paper, and focus specifically on the issue of orchestration. Drawing attention to the instrumentation process and how it modifies the behaviour of the teacher in ways that must not only not be ignored but also made explicit and discussed is a major advance in our thinking. There is a complex set of issues involving research with computers that focuses around standard mathematical knowledge, knowledge about the artefact, and computational transformation of mathematical knowledge it involves. For example, Defouad (2000, described in Artigue, 2002) illustrates the difficulty with which instrumented techniques gained mathematical status within a classroom and the manner in which this tended to reduce the epistemological value of these techniques. Even when fully legitimated, they kept a sort of intermediate status in the classroom culture: Defouad introduced the notion of “locally official techniques” in order to give an account of this phenomenon. The problem of instrumentation is, depending on one’s stance, a problem of cognitive ‘overhead’ or of legitimation within a learning community of practice.  It is the latter role we need to elaborate and instigate changes in our classrooms.  Artigue has argued as follows (Artigue, 2001 ) 

What is firstly asked of software and computational tools is to be pedagogical instruments. They must allow to better learn mathematics contents and values which are defined without taking these tools into account. They are also asked to help to fight against “inadequate” teaching practices: teaching practices too much orientated towards pure lecturing or to the learning of mathematical skills, if not to overcome the school difficulties induced by more general social problems. Within these conditions, it is especially difficult to avoid ideological traps and set up the issues of computational instrumentation, of relationships between technical and conceptual learning, between paper / pencil and instrumented techniques, in an efficient way.

The ideological trap is delicate: on the one hand, one needs to acknowledge the epistemological validity of the mathematical knowledge one is attempting to teach. On the other hand, one must recognize that immersing an individual or a group within a particular expressive computational medium one is inevitably constraining the appreciation of mathematical relationships to the environment itself. It is no use either complaining that the student is not generalising or abstracting spontaneously, or conversely, regretting that the learning which is taking place is not the same as it would be without the computational system.

I am not completely sure how these tensions are played out in the notion of orchestration, although it might well be implied in the call for a ‘chain of technical solidarities’.  The fundamental question that we face is how are epistemological structures mediated by learning the teaching-learning community? Reciprocally, how is this community shaped by the tools, artefacts and technologies embedded within it?
Trouche describes architecture and organisation that will help ‘to connect up’ students in an example of second level orchestration. I wonder whether it would be helpful to place an equal emphasis on an analysis of the trajectories of students’ evolving knowledge, how they interacted and how synergies can be developed with established knowledge. What other ways are there that would exploit connectivity?  Can we, for example, learn from the thriving CSCL movement that is seeking to analyse the role of connectivity in teaching and learning more generally (with rather little attention to mathematics)?  A major section of CSCL work concerns knowledge building through shared construction and interaction – to avoid the trap of the didactical paradox.

Just as in the instrumentation process we have to balance giving sets of key strokes to produce a product with ‘no guidance’, so in the orchestration process (I prefer webbing which places the student more centrally in the frame) we must balance and coordinate individual meanings developed from students’ constructive interactions with interpretations of tools with the meanings teachers wish to espouse.  Lulu Healy has undertaken a detailed analysis of two approaches to this dilemma, that she termed ‘filling out’ and ‘filling in’. Filling out involves designing instructional sequences ‘that make it possible for mathematically significant issues to arise out of children’s own constructive efforts in the course of classroom social interaction (Cobb et al 1998 quoted in Healy 2001). Filling in makes it possible for mathematically significant issues to become appropriated during children’s own constructive efforts in the course of classroom social interaction (Healy, 2001).  These different approaches define different structuring roles for the teacher: in the former case the teacher helps students to redescribe their mathematics, and in the latter, the teacher provides the mathematical language and helps students reconstruct it as part of their activity.

Let me now sum up. Trouche’s work alongside his colleagues in France has provided a theoretical a way forward, and places the notion of orchestration as central in the construction of effective teaching/learning environments from the design point of view.  As a next step, the research community could usefully analyse further the instrumentation process and from this analysis tease out the implications for classroom activity. Maybe we should engage collectively in some design experiments (see Cobb, Confrey, diSessa, Lehrer & Schauble, ), which take Trouche’s theory as a starting point, but which might introduce the diversity of students’ voices alongside those of the teacher in the context of learning with CAS?
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� Consider, as a now-classical example, the evolving uses of mobile phones and the ways they are reshaping aspects of social discourse.





� Later Richard Noss and I further developed this idea of scaffolding under user control, in our notion of webbing, see Noss and Hoyles, 1996.
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