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The motivation for this article is our belief that theory is critically important but cur- 
rently underplayed in design research studies. We seek to characterize and illustrate a 
genre of theorizing that seems to us strongly synergistic with design-based research. 
We begin by drawing contrasts with kinds of theory that are relevant but, we contend, 
by themselves inadequate. A central element of the type of productive design-based 
theorizing on which we focus is "ontological innovation," hypothesizing and devel- 
oping explanatory constructs, new categories of things in the world that help explain 
how it works. A key criterion to which we adhere when discussing ontological inno- 
vations is that theory must do real design work in generating, selecting and validating 
design alternatives at the level at which they are consequential for learning. De- 

veloping and refining an ontological innovation is challenging and requires the kind 
of extensive, iterative work that characterizes design experiments more generally. 
However, the pay-off in terms of clarity of focus and explanatory power can be great. 
We present two case studies that illustrate the development, refinement, extension, 
and instructional application of ontological innovations. 

The nature of theory and its role in educational studies and in design research in 

particular is a deep topic deserving of extended discussion. It has frequently been 

argued that the development of theory should be one of the primary goals of design 
research (e.g., Collins, Joseph, & Bielaczyc, this issue; Confrey & Lachance, 

Correspondence and requests for reprints should be sent to Andrea A. diSessa, University of Cali- 
fornia at Berkeley, Graduate School of Education, 4533 Tolman Hall, #1670, Berkeley, 
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78 DISESSA AND COBB 

2000; Design-Based Research Collaborative, 2003; Edelson, 2002; Gravemeijer, 
1994a; Labato, 2003; Simon, 2000). Despite this recognition of the potential con- 
tributions of theory, we contend that design experiments have generally been un- 
derdeveloped as contexts for the development of theory. Our primary purpose in 
this article is to enrich ongoing discussion of the role of theory in design research 
with some new avenues of consideration. 

On the vast background of the nature and function of theories, the goals of 
this article are modest. We cannot hope for definitive arguments in favor of the- 

ory, nor for an extensive characterization of how theories are built (or should be 
built), tested, and how they work. Instead, we aim only to accomplish the fol- 

lowing: We will argue briefly that theory is important. Then, our principal thrust 
will be to characterize roughly elements of a genre of theory that has been un- 

derplayed in design experiments but that can, we believe, be productively devel- 

oped, tested, revised, and elaborated while conducting such studies. We initially 
characterize this type of theory negatively, by contrasting other meanings for 

"theory." On the positive side, we concentrate on one distinguishing process in 

developing the kinds of theories in which we are interested, that of "ontological 
innovation"-the invention of new scientific categories, specifically categories 
that do useful work in generating, selecting among, and assessing design alterna- 
tives. Examples of ontological innovations developed and refined while conduct- 
ing programs of design research include elements of the theory of quantitative 
reasoning proposed by Thompson and colleagues (Thompson & Thompson, 
1994, 1996) and the constructs of model-of and model-for formulated by 
Gravemeijer (1994b). Examples of ontological innovations that were developed 
in other disciplines but that have been used widely in educational research in- 
clude the constellation of constructs that comprise Lave's (1988) and Wenger's 
(1998) situated theory of learning and the notion of an activity system as formu- 
lated by Engestrom (1998, 1999). 

Discussions of the nature of science, and of theories in particular, tend to suffer 
from a high degree of abstractness. Meta-scientific frameworks, which might facili- 
tate description and comparison of theories, are not common currency. This diffi- 

culty is exacerbated in design research, where investigators tend to follow their 
noses, doing the work of science as they understand it, without extended rationale or 

public explication. Compounding the problem is the fact that design research is a rel- 
atively new and still evolving methodology. The community of researchers has not 
had time to filter and share reflections on the phenomenology of "doing science" in 
this way. As a consequence, the delineation of agreed upon practices and the devel- 

opment of a grounded language for describing them is very much in progress. 
To combat abstractness, we trim our coverage and depth goals further to make 

room for two case study descriptions of our own practices of theory development 
and use. Our intent in presenting these case studies is to exemplify and concretize 
the discussion of ontological innovations in the context of design research. 
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ONTOLOGICAL INNOVATION AND THE ROLE OF THEORY 79 

THE IMPORTANCE OF THEORY 

In many comers of science, the importance of theory is completely uncontested. 
The history of physics, for example, may be viewed profitably as a series of 
broader and deeper theories, each of which was complemented, refined, or sub- 
sumed in successor theories. Newton's theory was substantially modified by Ein- 
stein's special relativity. Quantum mechanics located Newtonian mechanics as an 
approximation relevant to everyday sized objects and everyday motions. Later, 
field theory integrated special relativity and quantum mechanics. 

Theories have always displayed a principal part of the power and elegance of 
science. They embody generalization, bringing order to a vast array of seemingly 
disparate phenomena that come to be seen as special cases of some theory. They 
encapsulate the most secure of our knowledge claims at any stage of scientific ad- 
vance. They enable us to discriminate between relations that are necessary and 
those that are contingent. They delineate classes of phenomena that are worthy of 
inquiry and specify how to look and what to see in order to understand them. This 
last characteristic-epigrammatically, "teaching us how to see"-is particularly 
evident in the type of theory on which we focus in this article. 

Theory even provides a suggestive framework for understanding sciences' evo- 
lution; once a theory is initially established, scientists typically (1) follow up de- 
tails and special cases, (2) adapt theories to application, and (3) seek to account for 
anomalies that, sometimes, result in the creation of new alternative, subsuming, or 
complementary theories. 

Education seems a different matter. No psychological or sociocultural theory 
has had the breadth, precision and detailed validation of any of a number of theo- 
ries in physical or biological sciences. Theories concerning educational matters 
seem to replace one another, rather than subsume, extend, or complement other 
theories. Although the state of the art constantly changes, it is often difficult to tell 
that progress is being made. Indeed, some have been drawn to argue that human 
sciences are simply not amenable to theory building as we know it in other sci- 
ences (e.g., see the discussion of "theoretical frameworks" and references in 
Eisenhart, 1991). 

We see no reason to believe that the human sciences are essentially different 
from other sciences with respect to the value of theory. All well-developed current 
sciences went through early stages where progress was more chaotic and uncer- 
tain. When things settled down, theories and theoretical development have always 
proved central to progress. Indeed, the complexity of extended real-world inter- 
ventions that characterize design studies highlights the pressing need for theory 
while simultaneously making the development of useful theories more difficult. 
When working in the multifaceted or even seemingly chaotic settings in which de- 
sign studies are conducted, one must have some orientation on central versus pe- 
ripheral concerns, and one must be very clear on what general results are intended. 
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80 DISESSA AND COBB 

In our view, the apparent complexity and messiness of human action and learning 
in these settings indicate our collective limited theoretical sophistication. 

One thing is certain: If we do not pursue theories that enable us to come to grips 
with the complexity of design experiments, we will not achieve them. The central 
problem, as we see it, is that of how best to pursue theoretical agendas, befitting 
what we believe we know so far and acknowledging whatever special circum- 
stances are our lot in education-related sciences. 

CHARACTERIZING "THEORY" FOR DESIGN STUDIES 

Design studies, or design experiments, are iterative, situated, and theory-based at- 
tempts simultaneously to understand and improve educational processes (Brown, 
1992; Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; Collins, 1992; Edelson, 
2002). Theory can, however, mean different things to different people. What kinds of 
theories can be produced by and can serve to further the aims of design experiments? 
Among the many possible criteria for types of theories, one stands out as critical for 
design studies. Theory must do real design work in generating, selecting and validat- 
ing design alternatives at the level at which they are consequential for learning.1 With 
this criterion in mind, we identify several types of theory that can be of value when 
conducting design studies. However, we argue that, by themselves, they constitute 
an inadequate theoretical basis for design research in the long term. 

Grand Theories 

"Grand" theories of cognitive or social processes are the educational equivalent of 
"evolution" or "Newtonian mechanics." Examples include Piaget's theory of intel- 
lectual development (Gruber & Voneche, 1977), Skinner's behaviorist theory of 
learning (Skinner, 1974), or Newell's "unified theories of cognition" (Newell, 
1990). The difficulties with such theories lie typically in some combination of be- 
ing, as yet, immature (e.g., false as categorical prescriptions of cognitive or social 
processes), imprecise (so that implications at the level of design decisions are un- 
sure), or simply too high-level to inform the vast majority of consequential deci- 
sions in creating good instruction. To take a specific case, Piaget developed his the- 
ory to address epistemological issues that concern the nature and growth of 
knowledge. Nonetheless, his work had a strong educational influence from the 
1960s at least through the early 90s. We feel, as many others do, that Piaget's ideas 

ILearning, per se, is a canonical goal for educational-related design studies. However, alternative 

goals certainly exist, including engaged participation, community development, development of a per- 
sonal scientific identity, and so on. To simplify discussion, we take learning here as a paradigmatic goal, 
and support for learning as the relevant design focus. 

This content downloaded from 129.219.247.33 on Fri, 1 Nov 2013 06:16:57 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


ONTOLOGICAL INNOVATION AND THE ROLE OF THEORY 81 

were overextended into education. Indeed, Piaget felt that way himself. Attempts 
to apply his ideas have often resulted in unwarranted generalizations of what were 

actually more focused empirical results (Metz, 1995). Furthermore as Walkerdine 
(1988) documents, readings of Piaget's ideas were primarily used to rule out ap- 
proaches to learning and instruction ("young children cannot consider scientific 

explanation because they are concrete thinkers"), rather than to manage design de- 
cisions among possibilities in ultimately effective instruction.2 Piaget's theory is 

powerful and continues to be an important source of insight. However, it was not 

developed with the intention of informing design and is inadequate, by itself, to do 
so deeply and effectively. 

Orienting Frameworks 

"Constructivist theory" or "cultural-historical theory" are often appealed to as the 
basis for instructional design. On the one hand, commitments at this level are 

highly consequential in identifying family resemblances and perhaps core values 

among those who do design research. They define important social affiliations 

among scientists and name widespread thrusts into thinking about and carrying out 
instruction. Yet, much that is involved in developing specific designs does not fol- 
low from these orientations. What happens when "building on student ideas" 
seems to fail to work? How, exactly, should one build on student ideas? Commu- 
nities of learners are sometimes not optimal learning cultures when they are pat- 
terned on a limited range of exemplars that emphasize only induction into partici- 
pation. Some cultural artifacts are much more powerful for learning than others; 
how do we measure limitations and improve elements that are weak? 

Orienting frameworks seldom provide strong constraints or detailed prescrip- 
tions. Their value instead resides in the general perspectives that they provide for 

conceptualizing issues of learning, teaching, and instructional design. Principles 
of refinement and the rectification of failure, the meat of much design, typically re- 

quire detailed specification within such a perspective. Orienting frameworks are 

probably best viewed as meta-theories, presumed general constraints that define 

general aspects of hoped for and needed more specific theoretical frameworks. 

Frameworks for Action 

Another common usage of "theory" refers to more or less general prescriptions of 

pedagogical strategies. Examples include Papert's "constructionism" (Papert & 

2A fuller treatment would require attention to recent attempts at instructional design that appeal to 

grand theory in selecting many specific features of instructional interventions, e.g., Anderson (1990). 
Without meaning to appear dismissive, for lack of space, we say only that there is no wide-spread ac- 

ceptance of such theories and their consequences in educational design. 
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Harel, 1991), Ann Brown and Joe Campione's "fostering a community of learners" 
(Brown & Campione, 1996) and Ann-Marie Palincsar's "reciprocal teaching" 
(Palincsar & Brown, 1984). Marcia Linn talks about "scaffolded knowledge inte- 

gration" (Linn & Hsi, 2000). In some of our own work (diSessa, 1992) we advo- 
cate "learning by designing" as a powerful framework for instruction. These 
frameworks certainly provide some focus and direction to the design of learning 
environments, and they are often effective heuristics. However, such frameworks 
themselves typically fail to serve the role of theory in the sense that we believe to 
be most important for one central reason: They do not cleanly separate their scien- 
tific claims and validation from their suggested actions. That is, the theory or theo- 
ries behind frameworks for action are relatively inexplicit, complex, and often in- 
volve multiple very diverse elements that cannot plausibly be brought under a 

single umbrella. In the case of students' learning through design, we argue that it is 
attractive because it combines good affective properties with good cognitive ones. 
The details of the separate theories of cognition or affect are not really at stake. 

We introduce the phrase "managing the gap" to name the issue that is behind the 
failure of most frameworks for action to achieve what we would like accom- 

plished. The "gap" arises from the fact that instruction is the result of many sorts of 

complex, interacting elements. Instruction depends on the values of the partici- 
pants; it depends on technological infrastructure; it depends on the nature of class- 
room discourse; it depends on practicalities such as available time. We also want to 
make instruction both depend on and serve to test theory. And yet, in order to see 
and assess the impact of underlying theory, we must cleanly separate it from the 

myriad of other issues that we handle, as best we can, in the management of 
trade-offs among the multiple constraints impinging on instruction. In the ideal 
case, then, pedagogical strategies and conjectures are separated by a carefully con- 
sidered and articulated gap from the theory or theories that explain or motivate 
them. A well-managed gap separates the implications of a particular theoretical 
claim from other claims and also from atheoretical aspects of design. Attention 
and effort are necessary to perform this management. 

To take a noneducational example, there can be no doubt that there is science in 
the design of airplanes. However, the shape of a Boeing 747 aircraft does not fol- 
low in a direct and simple way from any of this science. Neither does the shape of 
the aircraft, as a whole, directly test elements of the underlying theory. With suffi- 
cient care (corresponding to managing the gap between design and theory), how- 
ever, a failure attributable to the shape of the aircraft might implicate a failure of a 

theory of strength of materials, not just to a careless mistake, a failure to anticipate 
transient loads, or a poor choice of materials. 

As with grand theories and orienting frameworks, our point is not to denigrate 
frameworks for action. They play a critical role in organizing research about in- 
struction given the current state of the art, and they will probably continue to do so 
for the foreseeable future. Yet, their purpose is more directly practical and less di- 
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rectly connected to core scientific values, such as precision, exhaustive and ex- 
plicit formulation, and falsifiability. Frameworks for action specify goals and ac- 
tions in instruction; the type of theory with which we are concerned typically lies 
"on the other side of the gap," where entities and relations are specified, but ac- 
tions, goals, and instrumentality are much less so. 

Domain Specific Instructional Theories 

When people refer to theories in the context of design experiments, they are often 
referring to domain specific instructional theories. Theories of this type entail the 
conceptual analysis of a significant disciplinary idea (e.g., density, sampling distri- 
bution) together with the specification of both successive patterns of reasoning and 
the means of supporting their emergence. Means of support are usually construed 
broadly and can include the classroom activity structure and discourse as well as 
instructional tasks and tools. In contrast to frameworks for action, theories of this 
type are of more than heuristic value and embody testable conjectures about both 
learning processes and the means of "engineering" them. Furthermore, although 
they are typically developed within an orienting framework, they reflect the de- 
tailed work involved in formulating, testing, and revising a hypothetical learning 
trajectory. 

As we indicated, design studies involve iterative cycles of design and analysis. 
Domain specific instructional theories represent an advance in the design aspect of 
design research. In fact, we can view them as constituting the rationale for peda- 
gogical designs; generalization across a number of such theories can result in the 
development of a framework for action such as that of Realistic Mathematics Edu- 
cation developed at the Freudenthal Institute in the Netherlands (cf. Streefland 
1991; Treffers, 1987). However, the fact that domain specific instructional theories 
are tied to specific designs reflects the emphasis on relatively situated and prag- 
matic concerns at the expense of managing the gap between explanatory theory 
and pedagogical conjecture. 

Our intent in making these observations is, again, not to disparage theories of 
this type, particularly as their development constitutes one of the primary reasons 
why we conduct design studies. Instead, it is to highlight that design research will 
not be particularly progressive in the long run if the motivation for conducting ex- 
periments is restricted to that of producing domain specific instructional theories. 
It bears noting, for example, that although such theories are informed by repeated 
cycles of design and analysis, the analyses are typically conducted by using estab- 
lished theoretical constructs. As a consequence of the concerns that motivate their 
development-including communicating design rationale to teachers-domain 
specific instructional theories will not by themselves enable us to scrutinize and 
reconceptualize aspects of competence in mathematics or science, or to better han- 
dle the complexity and diversity of settings in which we conduct experiments. 
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Beyond narrowing our consideration by contrasting the cases of grand theory, 
orienting frameworks, frameworks for action, and domain specific instructional 
theories, can we be more affirmative in characterizing a type of theory that can be 
important for design work? Of course, a huge amount could and should be said, but 
here we concentrate on one important element, ontological innovation. 

ONTOLOGICAL INNOVATION 

The idea behind ontological innovation is deceptively simple. Science needs its own 
set of terms or categories to pursue its work. Again, this has always been true of de- 
veloped sciences: "force," "gene, "natural selection," "molecule" "element," "cat- 
alyst." The process of creating such categories, however, is far more complicated 
than writing down a definition, or finding a relevant meaning in a dictionary. Instead, 
defining the technical terms of science is more like finding and validating a new cate- 
gory of existence in the world; hence we use the term ontological innovation. 

The essential challenge can be expressed simply enough. Scientific terms must 
"cut nature at its joints." That is, they must make distinctions that really make a dif- 
ference, ignore the ones that prove to be inconsequential, and enable us to deepen our 
explanations of the phenomena of interest. We must develop theoretical constructs 
that empower us to see order, pattern, and regularity in the complex settings in which 
we conduct design experiments. Ontological innovations are attributions we make to 
the world that necessarily participate in our deepest explanatory frameworks. 

We use two examples to illustrate the notion of ontological innovation and some 
intrinsic difficulties ("bootstrapping") in developing one. A common laboratory 
experiment has students measure a varying voltage and consequent current in a cir- 
cuit. The students "discover" Ohm's law, that current (I) is proportional to voltage 
(V), "I = (1/R) V" (the proportionality constant is the inverse of resistance). The 
task of a real scientist is much different. The terms current, voltage and resistance 
must first be conceptualized and operationalized. The bootstrapping process is 
complex. It turns out that meter mechanisms mainly measure current. But we can- 
not even know this until we have operationalized current in a way other than "that 
which proportionally drives meter mechanics"! Further, how do we measure volt- 
age? A modern scientist could use Ohm's law and a known resistance together with 
a current-sensitive meter mechanism. The problem is obvious: knowing Ohm's 
law is by far the easiest way to know how to measure (in this case, voltage), in or- 
der to "discover" Ohm's law. 

Measurement is a key practice in education as well as in the physical sciences, 
so it is worth pursuing our metaphor just a bit further. Voltage must be measured 
with a two-wire probe. Why not a single wire? Again, conceptualization appears 
necessary prior to measurement, which seems prior to validating the conceptual- 
ization. Measuring current requires one to break a circuit and insert the meter, and 
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it requires the meter not add significant resistance to the circuit. How would one 
know that? The full theory appears necessary in order to measure, in order to test 
the theory. 

All of these bootstrapping problems apply to design studies. The last of our ob- 
servations-constrained and careful breaking of a circuit in order to tap theoretical 
properties necessary to understand it-is particularly evocative. Not only do theo- 
retical terms provide us with explanatory constructs that we use to understand phe- 
nomena, but they guide us in the tricky interventions necessary even to "see" the- 
ory-relevant things. In the student exercise of "discovering Ohm's law" that started 
this example, students just insert a probe as directed, and black-box mechanisms 
read out relevant things that go together exactly as the theory says they should. Sci- 
entists in the process of developing theory somehow perform operations to see 
things that they are just beginning to conceptualize. 

Our second example undoes an accidental salience in the first, that of precise, 
quantitative measures in accomplishing science. This example makes the point 
that scientific categories do not always need to have quantitative properties to pro- 
vide for strong implications and falsifiability. 

Consider the case of the germ theory of disease: tiny, invisible, biological ele- 
ments cause human illness. No precise measurements or quantitative laws are at 
stake, and the exact nature of those biological elements, although certainly within 
the scientific program, is not relevant to some powerful theory-based predictions, 
both practical and intrascientific. To wit, if we isolate sick people from well peo- 
ple, the well people will not get sick. If illness truly develops spontaneously, the 
theory is refuted. Turning to practical implications, we might be able to "kill" those 
invisible elements, say with heat or some kind of poison. We might Pasteurize, or 
conceptualize what a mold can do for some diseases. 

The germ theory of disease provides a clear locus for refinement. What exactly 
are those tiny elements, and how do they work? Some of them (bacteria), it turns 
out, are full-fledged organisms susceptible to many killing methods. Some (vi- 
ruses) have quite peculiar ontological characteristics, and "killing them" or pre- 
venting their spread becomes subtle and theoretically intensive. The concept of lo- 
cus for refinement is important, as, unlike theories that are treated as faits 
accomplis, the development of ontogocial innovations in design-based research 
seems inevitably a long process of refinement and extension. This was very much 
the case for the innovations developed by Thompson and colleagues (Thompson & 
Thompson, 1994, 1996) as well as in our own work. 

In the following two sections, we provide two brief case studies of design ex- 
periments that led to, and then developed, ontological innovations. The main ele- 
ments of our analysis are to sketch (a) the origins and nature of ontological innova- 
tion, (b) their impact on the conceptualization of learning and on subsequent 
educational design, and (c) the processes of validation and refinement, and what 
that further precipitated in design. When possible, we describe the need for and our 
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efforts to manage the gap between theory and the details of instruction, and, in ad- 
dition, we bring out a few relevant and interesting properties of design experi- 
ments, per se. 

CASE STUDY i: 
META-REPRESENTATIONAL COMPETENCE 

Opportunistic Research, Retrospective Analysis, and 
Discovery 

In 1989 and 1990 the Boxer group at UC Berkeley was in the midst of a design ex- 
periment aimed at teaching elementary school students some high school and uni- 
versity physics (diSessa, 1995). We won't recount the motivations or results of that 
experiment because the focus of our attention here is something new that emerged 
from that context. In fact, what we observed was quite unexpected. It concerned 
what we subsequently came to refer to as the students' meta-representational com- 
petence: their substantial expertise in inventing, evaluating, and refining a variety 
of representational forms. Although these observations did not fit cleanly within 
our existing scientific framework, they did fit beautifully within our orientating 
constructivist framework, and also remarkably well in our framework for action, 
students' design. The fact that what we discovered was entirely consistent with our 
orienting and action frameworks, but quite distinct scientifically, exemplifies the 
contrasts we made in introducing theory-for-design. 

Discovery of new foci of attention is actually quite common in design experi- 
ments, if it is not absolutely necessary. Failures or surprising successes not infre- 
quently push toward, and sometimes enable, new lines of inquiry, possibly involv- 
ing new ontologies. In some other cases, typically in initial failures, we manage the 
gap by patching enough to get by, without pulling the surprising occurrence into 
the core, scientific program. For the discovery relevant here, we had no means to 
pursue the new theoretical issues by any particular actions during the project in 
which it emerged. 

What we could do within the initial design experiment was to conduct a retro- 
spective analysis of our "surprising occurrence," and, from that, get a head start on 
follow-up work aimed specifically at clarifying what we had discovered. Retro- 
spective analyses more frequently occur closer to the main scientific line of an ex- 
periment, to get at microstructure related to conjectures that might have been 
roughly validated, or to study unanticipated, theory-relevant failure. For example, 
a post test might show that students learned something, but one might want to 
backtrack to see in more detail how that happened, say, in classroom discussion. 

How did we come to have the video that allowed a retrospective analysis of an 
unanticipated event? It was part luck and part typical design-experiment disci- 
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pline. Design experiments usually encompass extended periods of time and much 
activity that is not highly scripted and/or it might be outside the focus of principal 
conjectures (constituting a somewhat uncontrolled part of the "gap" referred to 
previously). During many of these times, nothing particularly interesting or rele- 
vant occurs. It is manifestly impossible to study everything that happens in a de- 
sign experiment, and trying to do so exhibits lack of scientific focus. Systematic 
analysis has its virtues, but researchers have finite time and hopefully the wisdom 
to study mostly issues that are well prepared and tractable. 

On the other hand, surprising things essentially always happen, and some data 
collection beyond core focus is always a good idea, pending trade-offs of time and ef- 
fort with other tasks. In our experience, much of that data never gets analyzed. Many 
times we decide in advance on principles of data selection. For example, we have of- 
ten decided to tape every full-class discussion, even if nothing critical is anticipated. 

We did not have that particular principle in action during the case in 
point-which would have led to a corpus of hundreds of videos. The lucky part of 
having video of our surprising event was that an alert graduate student noticed 
some interesting things going on in a warm-up activity, so he suggested we video 
the full activity. 

The task as set was an introduction to graphing. Instead of jumping into instruc- 
tion, we had time for and decided to implement a more exploratory exercise of see- 
ing what our students knew about graphing. At least, that is what we thought we 
were about. We asked students to design their own representations of motion, ex- 
pecting that some might produce graphs and show us how they made them. The 
orienting framework suggested studying student ideas; one major course-specific 
frame for action, student design, suggested posing a design task. 

An explosion of ideas resulted. Students produced and critiqued dozens of rep- 
resentational forms. None of the first many representations was graphing. Instead, 
graphing emerged clearly only very late in the activity, about two-thirds through 
the 4 to 5 day activity (40 minutes per day). What was most salient for us was the 
almost uniformly intense engagement on the part of the students. Sometimes the 
teacher couldn't even find her way into the conversation. Students came to class 
with ideas, and they went out continuing to discuss possibilities that had arisen. 

Had we designed such a rich and enthusiastic exploration, we would have been 
extraordinarily pleased. Having it presented to us with little preplanning, we were 
stunned. Although not in our game plan, we felt we had to follow up. We set our 
agenda to understand how it was possible for this activity to arise. More particularly: 

1. What knowledge accounted for the contributions of students? 
2. What contributions did the teacher make? To what extent were her actions 

critical to the outcomes? 
3. How did ideas build on one another: For example, did they flow logically, or 

accumulate in an ad hoc manner? How did students actually get to graphing? 
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4. What conceptual knowledge of motion (the designated learning target of the 
course) was implicated in what the students did? 

Briefly, we found (diSessa, Hammer, Sherin, & Kolpakowski, 1991): 

1. Students seemed to have a wealth of ideas about how to create and judge rep- 
resentations. The logic of the representational forms that were created was, for the 
most part, scientifically appropriate. Students saw many good and bad properties 
of the representations they produced, and they were creative in patching problems 
that were uncovered. 

2. We note that teacher interventions constitute a potential competitor to "stu- 
dent knowledge" as an answer to the question "how did students manage this?" It 
became quickly evident that many student creations were not and could not have 
been contributed by, or instructed by the teacher. In fact, she did not understand 
several of the representations initially when they were produced. With respect to 
the narrower question, did the teacher make graphing appear, our analysis sug- 
gested that while she pushed criteria of judgment that would favor graphing, she 
did not either introduce key ideas, nor coerce student judgments that "graphing is 
best" in the end. The primary outcome concerning teacher strategies was to note 
the extraordinary flexibility of this teacher's strategies, which were applied in a 
highly contextualized manner. 

3. Students combined ideas from other students fluidly and sensibly. With re- 
spect to graphing, per se, the trajectory had both elements of inevitability, and ele- 
ments of idiosyncrasy. Students seemed to have or develop all the basic resources 
needed to understand graphing, and it matched their criteria of judgment as a 
"good representation" well. Yet, the particular path of invention involved probably 
irreproducible specificity and timing of conceptual contributions by students. 

4. The study of conceptual knowledge of motion was treated separately in an 
article that set conceptual development within another framework for action, 
"benchmark lessons" (diSessa & Minstrell, 1998). The analysis led to some inter- 
esting conclusions and speculations about new paths of conceptual development 
(possibly contributing to a domain specific instructional theory), but, in fact, con- 
ceptual development concerning motion seemed nearly orthogonal to the main line 
of representational design. 

Ontological Innovation: Meta-Representational 
Competence 

The major result of our retrospective analysis was the "discovery" of meta-repre- 
sentational competence or simply MRC. MRC, as an ontological innovation, im- 

plicates a specific body of knowledge that students have, and which can be devel- 

oped, lying behind students' abilities to create, critique, and adapt a very wide 
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range of effective scientific representations. Elements of our retrospective analy- 
sis, cited above, suggested that students' prior knowledge, as distinct from "what 
the teacher taught," lay behind MRC (item 2), and, furthermore, that that knowl- 
edge was also distinct from other bodies of knowledge, such as conceptual knowl- 
edge of motion (item 4). "Discovering MRC," of course, is a very substantial sim- 
plification of the process, which seemed to us consistent with the bootstrapping of 
conjectures on the nature of the entity, and methods of "seeing" and measuring it, 
which we introduced with the "discovery" of Ohm's law. 

Three points are worth emphasizing about this ontological innovation. First, we 
feel MRC is a genuinely new construction. Although several bodies of literature 
relate to it, our formulation is different in some important respects from any of 
them. Developmental psychology has studied children's representational compe- 
tence, but treated it as slowly changing and not nearly as differentiated (see below), 
richly generative, and capable of supporting midduration (several days or weeks) 
development (contrast both a "lab task" on the short time-scale end, or a "develop- 
mental level" on the long time-scale end). Prior instructional work that has high- 
lighted student representational creativity (e.g., Cadwell, 2003) has not led to a 
fine-grained analysis of the specific knowledge underlying that competence, and it 
has usually been disjoint from consideration of the acquisition of competence with 
scientific representations. 

Second, we emphasize the analogy with the germ theory of disease. The exis- 
tence of MRC can be a substantial discovery at a relatively undifferentiated 
level. So, for example, we believe that essentially any teacher can reproduce at 
least some aspects of the creativity and energy from students that drew our atten- 
tion in the first place, given a little help in understanding what MRC is and how 
one acts to evoke it. But, in addition, MRC sets a locus for refinement that can 
bring additional science and practical impact. See continuing discussion, later in 
this article. 

Third, like essentially all scientific discoveries, instrumental impact is not easy 
to lay out. Indeed, we expect a lot of creative design will be needed to add to 
MRC's purely scientific properties in the service of good instruction. The gap be- 
tween theory and practical action is complex, and it is not bridged merely with 
more science. In our case, we conjecture two important functional niches for 
MRC. First, it is a valid target of instruction in its own right, worthy of its own slot 
in the curriculum. Making such a judgment implicates values (what should be 
taught) not just science (what students know or can come to know). Our second 
functional niche is as a frame and background for the study of the many specific 
scientific representations that one finds now in conventional curriculum. Simply 
put, particular representations may be more learnable and sensible to students in 
the context of understanding what representations do in general, how they work, 
and what alternatives might exist for given ones (like graphing). We have taken 
small steps in both of these directions, but the agenda is far from finished. 
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Refinement, Iteration, and Extension 

This section emphasizes MRC as a locus for refinement. Over a roughly 5-year pe- 
riod, we followed up on our initial discovery in several directions. First, we devel- 
oped a preliminary taxonomy of subsystems of MRC, including the two most obvi- 
ous parts mentioned above, inventive resources (how do students make new 
representations?), and critique (how are representations judged?). Inventive re- 
sources were amenable to study in additional examples of full-class design, very 
much paralleling our original miniexperiment; one sees direct evidence of inven- 
tive resources in the physical representations students produce (Sherin, 2000). For 
example, students regularly and easily apply a particular schema for time-based 
representations, where time is displayed as a sequence of separate icons or images. 
In contrast, the breadth and nature of students' criteria of judgment were difficult 
to study in these instructional contexts, so we did a lab experiment with a small 
number of students, seeking to draw out and study criteria (diSessa, 2002). (We 
had to cut the fabric of in-class learning to see student criteria, as one needs to cut a 
circuit to measure current.) Design experiments seem intrinsically to call for multi- 
ple methods and naturalistic study is not sine qua non (Brown, 1992). 

Iteration of the "inventing graphing" classroom activity has been critical in sep- 
arating accidental from intrinsic properties of MRC. In the years since, we have 
undertaken about a half-dozen "replications" in various contexts. Typical of design 
experiment methodology, replication does not mean literally trying to do exactly 
the same thing again, but exploring variations and what stays the same (and what 
changes) on redoing an activity. Briefly, we have found: 

1. MRC has shown through strongly in every iteration, with a broad range of 
students across multiple age levels. Indeed, the kinds of representations our first 
group of students did not nearly exhaust the possibilities. 

2. While our first try generated truly exceptional interest and engagement, ev- 
ery iteration also showed substantial student involvement. 

3. While our first teacher continued to serve as a benchmark for scaffolding ex- 
pertise, teachers with very different styles can still find their way effectively in 
conducting these sessions. 

We initiated a study of MRC in a neighboring domain, not concerning repre- 
senting motion, but with respect to representing spatially distributed data, for ex- 
ample, altitude across some terrain, or brightness across a photograph. This consti- 
tuted a sort of "transfer" test for the concept of MRC. While we never believed 
MRC was completely domain-independent, it was important to get some calibra- 
tion. Is motion a special ground of representational competence? 

Briefly, we discovered that MRC does basically carry over to spatially distrib- 
uted data, with some important caveats. Students were quite competent in produc- 
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ing a fairly wide range of cogent representation; they were relatively good at judg- 
ing their value; and they even spontaneously developed approximations of 
prototypical scientific representations (topographic maps, roughly the equivalent 
of "graphing" with respect to spatially distributed data). The caveats, however, are 
illuminating. First, students' MRC does not support the same kind of enthusiastic, 
extended engagement with design that we encountered with motion. In recent 
work, we feel we uncovered some reasons for this (Sherin, Azevedo, & diSessa, in 
press). Second, students' "representational misconceptions" seem to be more 
prominent with respect to spatially distributed data (Friedman, 1999; Elby, 2000). 
As a result, we developed and tested instructional strategies for supporting better 
competence for dealing with certain representational technologies (image process- 
ing systems; see Friedman & diSessa, 1999). 

A final note: Because MRC was not anything that we expected to run into, a sig- 
nificant part of our work in following up was locating and positioning our work 
with respect to various bodies of literature concerning general representational 
competence. See, particularly, Sherin (2000), which situated our work with respect 
to developmental studies of representational competence. Scientific work requires 
such accountability, and it is one reason design researchers need to limit their at- 
tention to a limited number of theoretical foci in any given experiment, relegating 
many of the other issues that arise to a practical managing of the gap. 

Synthesis and Extension 

Ontological innovation often provides at least as much of a basis for further work 
as it does "results," per se. MRC proved a solid basis for a progressing paradigm of 
scientific research: It encompasses a wide and varying domain of phenomenology; 
it suggested the possibility of new instructional goals (elements of MRC, itself; 
representational design with respect to different classes of representations), and 
new measures of success (high-level understanding of representations, not simply 
learning "additional particular scientific representations"); finally, it interpreted 
and helped us deal with educational difficulties such as representational miscon- 
ceptions (Elby, 2000) and how to conceptualize problems we discovered in stu- 
dents' use of technology (Friedman & diSessa, 1999). A recent article, diSessa 
(inpress), attempts to synthesize the major lessons learned in our studies of MRC, 
and it sets a further agenda for research. 

In this section, we briefly highlight productive connections between MRC and 
other research agendas. Ontological innovation "bleeds over" to related studies, ei- 
ther demanding complementary study (which is more prominent in our second 
case study, below), or contextualizing and contributing to other research foci. 

MRC has proved a good context in which to pursue the study of teacher strate- 
gies. Recall, this was one focus of the initial MRC retrospective analysis. MRC is 
highly generative knowledge, in contrast to strategic or "structural" understanding 
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such as understanding particular scientific concepts. Getting students to design 
and critique novel representations is a prototypical task for learning and also a test 
of advancement. Yet, such tasks have had comparatively little study, in contrast to, 
for example, lessons focusing on structural scientific understanding (e.g., jigsaw 
lessons to illuminate function/structure relations in ecology). How does one guide 
student design without stifling it? The Boxer group produced some relevant stud- 
ies. Madanes (1997) developed the concept of critical pedagogical moves, moves 
that provide an essential leap in the focus or flow of inquiry. MRC strongly 
contextualizes such moves. What counts as an "essential leap" must be calibrated 
by understanding the development of specific competence, in this case, representa- 
tional competence. Granados (2000) looked at the problem of establishing an ap- 
propriate intersubjective agreement among teacher and students on the range and 
limits of design tasks. diSessa and Minstrell (1998) looked at MRC-related data to 
elaborate the meaning of a particular genre of somewhat more teacher-driven les- 
son (compared to open design), benchmark lessons. 

Finally, the Boxer group has produced a small set of articles trying to under- 
stand interest and engagement, the overt reasons we started our study of "inventing 
graphing" in the first place. In Sherin, Azevedo, and diSessa (in press), we identify 
structural differences in MRC related to different domains (e.g., MRC related to 
motion and MRC related to spatially distributed data), which account, in part, for 
differences in student engagement and enthusiasm. Azevedo (submitted) attends 
to student personalization of their efforts in MRC-based learning tasks, implicat- 
ing "personal excursions" as highly functional in allowing students strong per- 
sonal links, while maintaining a focus on "what the students are supposed to be 
learning." Again, the point of mentioning these is to illustrate how ontological in- 
novation can open up new avenues of pursuing older questions, or how it provides 
synergistic contextualization of complementary studies. 

CASE STUDY 2: SOCIOMATHEMATICAL NORMS 

Opportunistic Research, Reorientation, and 
Retrospective Analysis 

In 1986, the research team of Paul Cobb, Era Yackel, and Terry Wood began a se- 
ries of year-long design experiments in collaboration with first, second, and third 
grade teachers. The second classroom session of the very first of these experiments 
involved the observation of an unexpected phenomenon that precipitated a new 
strand to our research program that has continued for 17 years. Briefly, we in- 
tended to focus on young children's mathematical learning primarily from a cogni- 
tive perspective. However, the teacher with whom we collaborated initiated a shift 
in discourse during the second whole class discussion from talking with the stu- 
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dents about their solutions to explicitly talking with them about how they should 
talk about their solutions. Our investigation of shifts of this type, which we subse- 
quently came to call the renegotiation of classroom social norms, led to an explicit 
focus on classroom discourse and communication. Thus, a single surprising obser- 
vation led us to reorient our research program on the fly and led to a series of inves- 
tigations, each of which spawned new issues that required us to extend our prior 
analyses. Our decision to video-record all classroom sessions made it possible for 
us to modify our research focus and to pursue issues that arose opportunistically by 
conducting retrospective analyses, similar to what happened in the meta-represen- 
tational competence case study. 

As part of this research program, Erna Yackel observed that the teachers with 
whom we worked frequently asked if anyone had solved a task a different way and 
began analyzing teachers' and students' interactions in these situations. This inves- 
tigation turned out to be particularly fruitful in that Yackel clarified and illustrated 
how teachers and their students negotiated the norm of what counts as a different 
mathematical solution. This analysis also involved a significant advance over our 
initial work on classroom social norms in that the latter are not specific to mathe- 
matics. The social norm that students should make different contributions to dis- 
cussions is applicable to subject matter areas other than mathematics. In contrast, 
the norm of what counts as a mathematically different solution is specific to mathe- 
matics. The analysis of mathematical difference therefore precipitated an ontolog- 
ical innovation-sociomathematical norms, of which mathematical difference is 
one-that overcame a limitation in our analyses of classroom social norms. 

In explicating the norm of mathematical difference, we made a number of ob- 
servations (Yackel & Cobb, 1996): 

1. The norm of mathematical difference established in a particular classroom is 
interactively constituted by the teacher and students, and is thus a joint accom- 
plishment. This theoretical claim holds for all classrooms including those in which 
that teacher acts as an overt mathematical authority and has a predetermined view 
of what will count as mathematically different. Even in these cases, the students 
have to play their part by coming to act in accord with the teacher's expectations. 
Consequently, this norm does not correspond to an overlap in the teacher's and stu- 
dents' individual understandings. Instead, it is located within the ontological do- 
main of social interaction and communication. 

2. What counts as a mathematical difference can differ markedly from one 
classroom to another, and this can significantly influence the nature of the learning 
opportunities that arise for students. For example, in some first grade classrooms, a 
number of different types of counting methods for finding sums and differences 
count as different, whereas in other classrooms in which we have worked, counting 
methods are treated as the same and are differentiated from various thinking or de- 
rived-fact solutions. 

This content downloaded from 129.219.247.33 on Fri, 1 Nov 2013 06:16:57 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


94 DISESSA AND COBB 

3. The establishment of the norm of mathematical difference can give rise to 
learning opportunities for students during whole class discussions that otherwise 
would not have arisen. To make contributions that count as different, students have 
to make their own solutions objects of reflection in order to assess similarities and 
differences with other contributions. 

4. The norm of mathematical difference can also give rise to learning opportu- 
nities for teachers. This is particularly the case when they do not have prior experi- 
ence asking students to explain their reasoning and therefore have little basis for 
anticipating either students' solutions or the mathematically significant distinc- 
tions between them. 

Ontological Innovation: Sociomathematical Norms 

We came to realize that in analyzing the norm of mathematical difference, we were 
drawing attention to an aspect of the hidden curriculum of mathematics class- 
rooms. This realization led us to focus explicitly on what students had to know in 
action in order to participate effectively in whole class discussions conducted by 
the collaborating teachers. In doing so, we identified several other specifically 
mathematical norms whose negotiation is typically less explicit than that of mathe- 
matical difference. These include the norms of what counts as a sophisticated 
mathematical solution, an acceptable mathematical explanation, and a clear math- 
ematical explanation (Yackel & Cobb, 1996; Bowers, Cobb, & McClain, 1999). To 
differentiate these norms that constitute part of the hidden curriculum of mathe- 
matics classes from general social norms, we proposed to call them 
sociomathematical norms. 

We continued this line of research because of its potential usefulness, a key con- 
sideration for design researchers. For example, our analyses pointed to a range of 
understandings in action that students appear to develop as they contribute to the 
initial establishment and ongoing regeneration of sociomathematical norms. 
These include judging what counts as a different solution, a sophisticated solution, 
an acceptable argument, and a clear argument. In the course of conducting these 
analyses, we came to reconceptualize one of our primary instructional goals, that 
of supporting students' development of intellectual autonomy in mathematics. We 
had previously viewed intellectual autonomy as a characteristic of particular stu- 
dents but now recast it as a characteristic of a student's way of participating in the 
practices of a classroom community. In particular, students who are intellectually 
autonomous in mathematics draw on their own intellectual capabilities when mak- 
ing mathematical decisions and judgments as they participate in these activities. 
The link between the growth of intellectual autonomy and development of class- 
rooms in which mathematics is realized as a form of inquiry is readily apparent 
given that in such classrooms, the teacher and students together constitute a com- 
munity of validators. However, students can take over some of the teacher's tradi- 
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tional responsibilities only to the extent that they can judge in action both when it is 
appropriate to make a mathematical contribution and what counts as an acceptable 
mathematical contribution. These are the types of judgments that the teacher and 
students negotiate when establishing sociomathematical norms. Furthermore, 
these types of judgments and the specifically mathematical beliefs and values that 
they entail capture and specify much of what is implied by the notion of mathemat- 
ical disposition, a major focus of reform recommendations (National Council of 
Teachers of Mathematics, 1991, 2000). We therefore conjectured in initiating and 
guiding the negotiation of sociomathematical norms, teachers are simultaneously 
supporting their students' development of particular mathematical dispositions. 

It is important to stress that in developing the theoretical construct of 
sociomathematical norm, we proposed a way of making sense of what is going on 
in mathematics classrooms. This proposal involves an ontological innovation in 
that it is concerned not merely with how to look at things in general, but with par- 
ticular things to look at in classrooms. As this innovation contributes more directly 
to analysis than to the design aspect of design research, it does not give rise 
unproblematically to instructional recommendations or prescriptions. Nonethe- 
less, the gap between theory and practice is relatively narrow because the proposal 
involves empirically testable conjectures about the relation between social process 
in which students participate and the understandings that they develop while doing 
so. We in fact viewed the construct of sociomathematical norm as a conceptual tool 
that can be used to orient ongoing interpretations of classroom events. These inter- 
pretations and the suppositions and assumptions that underpin them have real con- 
sequences in that they inform (but do not determine in detail) instructional design 
and pedagogical decisions that are made both in action and while reflecting on 
prior classroom events and planning for future instructional sessions. 

Intervention, Iteration, and Refinement 

Sociomathematical norms provided an excellent locus for refinement. The initial 
analyses that we conducted when formulating the construct of sociomathematical 
norm were descriptive and involved the retrospective analysis of video-recordings 
and other data sources including copies of the students' written work. In subsequent 
design experiments conducted by Paul Cobb, Kay McClain, Koeno Gravemeijer, 
Janet Bowers, and Michelle Stephan, we monitored classroom sociomathematical 
norms on-line and intervened on the basis of these analyses. Our intent in doing so 
was to improve the quality of whole class discussions as social settings for the stu- 
dents' mathematical learning. For the most part, the conjectures that motivated these 
interventions proved to be viable. However, we made three unanticipated observa- 
tions that suggest directions for further inquiry and refinement. 

The first observation concerns the way in which the emergence of one 
sociomathematical norm (e.g., mathematical difference) can provide a basis for the 
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emergence of subsequent sociomathematical norms (e.g., mathematical sophistica- 
tion; see McClain & Cobb, 2001). In retrospect, this finding is almost banal. For ex- 
ample, if one solution is judged to be more sophisticated than another, that clearly 
implicates ajudgment of difference. Valuing and being able to judge sophistication 
automatically carries over into judgments of difference, and likely vice versa. This 
finding orients us to investigate evolutionary patterns in the development of 
sociomathematical norms. The second observation concerns the important role that 
the development of notation schemes played in supporting the emergence of particu- 
lar sociomathematical norms. This observation indicates the need to investigate the 
process by which sociomathematical norms emerge in more detail and, in particular, 
to attend to the material supports involved. The third observation concerns the man- 
ner in which the establishment of particular sociomathematical norms could directly 
influence the mathematical agenda. We found, for example, that the establishment of 
certain sociomathematical norms could give rise to learning opportunities for stu- 
dents that extended beyond those that we conjectured when intervening (McClain & 
Cobb, 2001). As an illustration, the distinctions between the sophistication of vari- 
ous types of reasoning made in particular task settings are sometimes adapted and 
extended spontaneously to other settings by either the teacher or the students. This 
observation indicates that there is much yet to be learned about the establishment and 
subsequent evolution of sociomathematical norms on the one hand, and the mathe- 
matical learning opportunities that arise for students on the other. 

Several researchers have conducted related investigations and have identified a 
number of additional sociomathematical norms (e.g., Hershkowitz & Schwartz, 
1999; Sfard, 2000; Simon & Blume, 1996). For example, Hershkowitz and 
Schwartz (1999) document the norms of what constitutes a good mathematical hy- 
pothesis and what constitutes mathematical evidence when solving open-ended in- 
structional activities. One can imagine how a listing of sociomathematical norms 
might be extended almost indefinitely. In keeping with the basic tenet that theoreti- 
cal constructs do useful work, the most pressing concern in our view is not to de- 
velop an exhaustive taxonomy of norms. Instead, it is to identify and investigate in 
greater detail those norms that appear to be particularly relevant to the agenda of 
supporting students' learning of significant mathematical ideas. 

Synthesis and Extension 

In the process of developing the notion of sociomathematical norms, we became 
aware of a limitation of this construct that was significant, given our concerns and in- 
terests as design researchers. Although sociomathematical norms are specific to 
mathematics, they are relatively broad in that they cut across mathematical domains. 
We therefore found it necessary to develop an additional construct, that of a class- 
room mathematicalpractice. This construct is concerned with the normative ways of 
reasoning and arguing that the teacher and students establish while discussing par- 
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ticular mathematical ideas. In analyzing the evolution of classroom mathematical 
practices in a particular classroom, we can in effect document the collective mathe- 
matical learning of the classroom community. Taken together, the three constructs of 
social norms, sociomathematical norms, and classroom mathematical practices 
constitute the core elements of the interpretive framework that we currently use to 

analyze the classroom microculture and thus the social situation of students' learn- 
ing (Cobb, 2000). Viewed within the setting of this framework, sociomathematical 
norms are integral features of a proposed ontology of the mathematics classroom. 

Sociomathematical norms and, more generally, the development of an inter- 
pretive framework that enables us to come to grips with the messiness and com- 
plexity of classrooms has been one of several strands of our research program. 
The analysis of sociomathematical norms has in fact proved relevant in several 
other strands that are surprisingly parallel to the case of meta-representational 
competence. For example, Kay McClain has focused on teachers' decision mak- 
ing and learning. Her analyses point to both the challenges involved for the 
teacher in initiating and guiding the renegotiation of sociomathematical norms, 
and the importance of doing so if tasks, tools and inscription are to function as 
means of supporting an instructional agenda that aims at significant mathemati- 
cal ideas (McClain, 2002). In contrast to the relatively passive role that is fre- 
quently implied by the metaphor of the teacher as a facilitator, her analyses of 
sociomathematical norms contribute to the development of an empowering vi- 
sion of the teacher's role in the mathematics classroom. 

The construct of sociomathematical norm has also proved useful in understand- 
ing both the process by which students' interest in engaging in mathematical activ- 
ity can be cultivated and the personal identities that students develop in particular 
classrooms. In the latter case, we draw on the constructs of social and 
sociomathematical norms to operationalize the idea of the normative identity as a 
doer of mathematics that students are, in effect, invited to develop in particular 
classrooms3 (Cobb & Hodge, 2003). Although this strand of our work is still in a 
formative phase, our hope is that it will contribute to the goal of ensuring that all 
students have access to significant mathematical ideas. 

Reflection 

The case of sociomathematical norms, parallel to the meta-representational com- 
petence case, serves to illustrate that design research can serve as the context for 
the development of ontological innovations that enable us to specify with some 

3Speaking of students being invitedto develop aparticulartype of identity as a doer of mathematics is a 

sloppy way of talking in that it implies that the normative identity is established solely by the teacher, and 
that the students then accept or reject it. In keeping with the view that norms are joint accomplishments, it 
is more appropriate to say that students develop their personal classroom identities as they contribute to 
(or oppose) the ongoing regeneration of the normative identity as a doer of mathematics. 
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precision the phenomena that we seek to study. Theoretical work of this type can 
be demanding in that it involves "building the plane while flying it." However, the 
payoff is that conceptual tools are developed in the context in which they are de- 
signed to be used, that of developing analyses that can feed back to inform the on- 
going instructional design and teaching effort. 

The case of sociomathematical norms seems particularly analogous to that of 
germ theory. Just as germs are tiny, invisible, biological elements, so we can no 
more observe sociomathematical norms directly than we can directly perceive stu- 
dents' conceptual process. Instead, we have to infer the norms established in a 
classroom by identifying patterns and regularities in teachers' and students' class- 
room interactions. Just as there are standards of evidence for making inferences 
about the presence of particular types of germs, so much of our work has involved 
explicating and scrutinizing the criteria that we use when identifying the 
sociomathematical norms established in particular classrooms. Further, just as 
germ theory is an interpretive perspective that enables us to make sense of certain 
biological phenomena, so sociomathematical norms are constituents of an inter- 
pretive framework that enables us to make sense of certain social phenomena. In 
both cases, the primary motive was to understand while remaining vigilant that 
proposed theoretical constructs do useful work (Stokes, 1997). Together with 
Toulmin (1963), we contend that the quest to understand is a primary hallmark of 
science, with prediction and control as necessary by-products. 

CONCLUSION 

We have attempted to illustrate the role of a particular class of theories in design 
experiments-those involving ontological innovation.4 We argued that although 
grand theory, orienting frameworks, frameworks for pedagogical action, and do- 
main specific instructional theories are useful to the conduct of design studies, they 
do not provide an adequate theoretical basis for design research in the long term. 
Ontological innovation illustrates a kind of theory building that has been under- 
played in design research but that is, we believe, well suited to being developed in 
and to contributing to design studies. Of course, we do not mean to imply that all 
theories involving ontological innovation are "good" or useful, nor that useful the- 
ories that do not involve ontological innovation are impossible. 

4As a somewhat ironic historical observation, we note that Collins' well-known 1992 paper on de- 

sign experiments seemed to present "determining all the variables in a design experiment" as a first, and 

possibly not-that-difficult task. He said that, "Because [educational innovations] have been so varied, 
they should have uncovered most of the variables needed for a design theory." (p. 20) Whether they 
count as variables or not, we believe that ontological innovations obviously are critical to consider, dif- 
ficult to define, and not nearly all already discovered. 
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In characterizing ontological innovations, it is more feasible to focus on their 
function in cycles of design and analysis than to try and identify inherent proper- 
ties apart from the contexts in which they are developed, refined, and used. With 
regard to design, ontological innovations can delineate new competencies that be- 
come a focus on instruction (e.g., meta-representational competence) or can pro- 
vide new goals for instructional environments (e.g., a productive ecology of 
sociomathematical norms). In addition, their formulation can lead to the reformu- 
lation of previously adopted instructional goals (e.g., intellectual autonomy as a 
characteristic of a student's way of participating in the practices of a classroom 
community rather than as a characteristic of a student per se). Furthermore, an on- 
tological innovation can orient the designer to scrutinize previously implicit as- 
pects of a design. For example, students' use of inscriptions is a primary means of 
support in almost all designs. However, different designs support students' devel- 
oping competence in inventing, evaluating, and refining a variety of representa- 
tional forms more or less well. The theoretical category of meta-representational 
competence orients the designer to examine this aspect of a proposed design. Simi- 
larly, all designs involve assumptions about the nature of classroom interactions 
and discourse. The theoretical category of sociomathematical norms orients the 
designer to both explicate these assumptions, thereby further specifying the de- 
sign, and to examine the types of mathematical dispositions that the design appears 
to support. Finally, an ontological innovation can inform the formulation of new 
benchmarks for assessing either the consequences of instruction (e.g., meta-repre- 
sentational competence) or the classroom learning environment (e.g., 
sociomathematical norms). 

With regard to the analysis aspect of the design research cycle, ontological in- 
novations provide new lenses for making sense of what is happening in the com- 
plex, more-or-less real world instructional setting in which a design study is con- 
ducted. An ontological innovation is of value to the extent that it enables us to see 
and account for patterns and regularities that can inform pedagogical and design 
decisions. In this regard, we note that interpretations of classroom events reflect 
suppositions and assumptions about learning, teaching, and mathematics as well 
as a range of issues typically subsumed under the heading of affective factors such 
as students' dispositions towards and interest in engaging in mathematical activity. 
These suppositions and assumptions are, in part, embodied in ontological assump- 
tions, and thus ontology is reflected in the interpretations we make of classroom 
events. Although ontological innovations may not determine particular pedagogi- 
cal and design decisions in any detail, they can profoundly shape the things we see, 
and thus the data on which those decisions are based. 

Previously, and in this article generally, we emphasized the contributions onto- 
logical innovation can make to design experiments. But we also believe design ex- 
periments are excellent contexts in which to do the work of ontological innovation. 
In particular, design experiments 
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1. Promote grounding of theoretical constructs in real-world experiences. 
2. Foster the development of useful constructs. 
3. Provide multiple exposures to empirical test that aid in the difficult and ex- 

tended work of refinement. 
4. By the same token, help develop constructs that are robust in their applica- 

tion across variations in context. 

In presenting the two case studies, we illustrated that the complexity of instruc- 
tional settings often drives the formulation of new theoretical entities. As the de- 
velopment of the categories of meta-representational competence and of 
sociomathematical norms were both occasioned by surprising observations, we 
should clarify that this is a common but by no means necessary story. Work on an 
ontological innovation might, for example, be initiated by the anticipation of an in- 
terpretive challenge in an upcoming design experiment. For example, can we 
operationalize, know how to see, "a student's concept" in classroom discussions? 
In such a case, preparation for the experiment and for the development of an inno- 
vation might include exploring potentially relevant theoretical constructs in other 
disciplines. One might think that one could just import those other-disciplinary 
constructs, but in our experience that is rare. Instead, they serve as resources and 
scholarly contextualization for our own work of innovation. 

Initial invention or discovery in a narrow sense is a small part of ontological in- 
novation. Both case studies emphasize new theoretical entities as loci for refine- 
ment of many sorts. Typically, our conceptualization of a new theoretical category 
needs to be revised and refined as it is used and proves to be unduly simplistic, 
overly restrictive, or inadequate. There are almost always contextual differences 
that are instructionally important (e.g., between motion representations and repre- 
sentations of spatially distributed data). Sometimes, new constructs wind up doing 
part of, but not all of what we had initially hoped (e.g., complementing 
sociomathematical norms with the idea of mathematical practices). The need for 
further study is almost a foregone conclusion precisely because the posited exis- 
tence of new theoretical entities is consequential. While retrospective studies may 
advance our understanding, perhaps even by beginning an ontological innovation, 
many further cycles of conjecture and implementation are typically needed both to 
specify the nature of new entities, and also to develop a rich understanding of de- 
tails that affect instruction differently in different contexts. It is in the course of this 
process that the innovation is operationalized and standards of evidence are clari- 
fied so that other researchers can both use the category with some fidelity and can 
monitor analyses in which it has been employed. 

In addition to refinement and operationalization, we briefly illustrated how col- 
lateral studies can be affected by ontological innovation. Study of teacher strate- 
gies and student engagement were stimulated and contextualized by the relevant 
ontological innovations in both our case studies. These developments serve to fur- 
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ther emphasize the programmatic nature of design research that involves the for- 
mulation of ontological innovations. 

Making ontological innovations is plainly difficult. We have refrained from nar- 
row prescriptions about how to develop or validate them in part because that en- 
croaches on some of the deepest issues of "how to do (theoretical) science well." 
Even if we had unlimited expository space, that is a task for a larger community. 

We have taken pains to acknowledge that an ontological innovation stands at 
some distance from many elements of instructional design. "Managing the gap" 
between theory and what we must do to teach is an essential part of the task. It 
does not advance either science or instruction to pretend that theories are encom- 
passing and highly prescriptive of instruction. As we have argued, theory devel- 
opment in general, and ontological innovations in particular, are nonetheless 
critical for the long-term scientific health and practical power of design-related 
educational research. 
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