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Weare so accustomed to the separation of knowledge from doing and making that we
fail to recognize how it controls our conceptions of mind, of consciousness and of re-
flectiveinquiry.

John Dewey (1929, p. 22)

An increasing number of educators are abandoning predominantly didactic, lec-
ture-based modes of instruction and moving toward more |learner-centered mod-
els in which students, frequently in collaboration with peers, are engaged in
problem solving and inquiry (Barab & Duffy, 2000; Hay & Barab, in press-b;
Land & Hannafin, 1996; Roth, 1996). Although some forms of direct instruction
are effective for the achievement of specific objectives (e.g., direct instruction of
reading strategies; Rosenshine, 1986), the same practices that make these ap-
proaches beneficia (e.g., eliminating extraneous information and telling stu-
dents correct answers) may be inadvertently causing the knowledge to become
inert (Cognition and Technology Group at Vanderbilt [CTGV], 1990; White-
head, 1929). Furthermore, it has been argued that such approaches have the an-
cillary effect of stifling creativity and diminishing enthusiasm (Cordova &
Lepper, 1996).

In response to the limitations of teacher-centered or lecture-based learning en-
vironments, the participatory learning environments (PLEs), which we have been
developing, support natural complexity of content, avoid over simplification of re-
lations, engage students in the construction of products requiring practices that
embody complex concepts, necessitate collaboration, and contextualize learning
within contexts in which problem solving and inquiry are fundamental aspects of
thelearning process (Barab, Hay, Barnett, & Keating, 2000; Barab, Hay, Squire, et
al., 2000). Predicated on a social constructivist philosophy, the role of teacher
switches from one of telling students correct answers to guiding student activity,
as students direct their own learning process (Bednar, Cunningham, Duffy, &
Perry, 1992; Dewey, 1938/1963; Edwards, 1995; Prawat & Floden, 1994;
Vygotsky, 1978). Consistent with Papert’s (1991) constructionist pedagogical
framework, PLEs frequently involve learners building understanding through the
collaborative construction of an artifact or shareable product. Rather than present-
ing instructional treatments, the goal from this perspectiveisto establish rich envi-
ronments that encourage explanation and discovery, nurture reflection, and
support studentsin the carrying out of practices that embody personally meaning-
ful and practically functional representations.

The focal point of PLEs is the learners emergent practices in relation to the
need at hand; it is a move from a “teacher curriculum” to a“learner curriculum”
(Lave & Wenger, 1991), or from an acquisition metaphor to a participatory meta-
phor (Sfard, 1998). Such an emphasis shiftsthefocusfromtheindividual asa“ per-
son to be changed” to how to facilitate the emergent practices of learners working
collaboratively, with particular emphasis on the learners' reasons for carrying out
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the activities and the context in which they are nested (Lave & Wenger, 1991;
Roth, 1996, 1998). Learning isconceived of asa“social processin which meaning
isnegotiated, goalsemergefrom social processes, and successistaken within con-
text” (Young, Barab, & Garrett, 2000, p. 160). Learning, from this perspective, is
not the acquisition of facts and skills, but an activity involving the appropriation
and construction of socially negotiated practices, understanding, and meanings
through participation in atrajectory of experience.

This emphasis on the social negotiation of practice has led us to examine stu-
dentsworking collaboratively in activity groups to complete a shared task. An ac-
tivity group is a temporary coming together of people around a particular task
(Barab & Duffy, 2000). When working as part of our activity groups, learners are
frequently given a general description of atask (e.g., construct a virtua reality
[VR] play or solar system) and expected to work collaboratively in determining
how to best complete the shared task. Various activity groups might share a com-
mon goal and even participate under acommon pedagogical framework but con-
struct different final products, as well as procedures for getting there, and,
reciprocally, have different group dynamics. A focus of this research isto empiri-
cally investigate these dynamics and, in response to Dewey’s (1929, p. 22) quote
cited earlier, support the claim that knowing and doing are inextricably linked and
should be treated as such.

Although thereisagrowing theoretical base from which to derive principlesfor
the design of PLEs (Barab & Duffy, 2000; Choi & Hannafin, 1995; Duffy &
Jonassen, 1992; Jonassen & Land, 2000; Land & Hannafin, 1996; Reigeluth,
1999; Savery & Duffy, 1996; Y oung, 1993), it isalso important to provide an em-
pirical base to ground this perspective. In this study, we use naturalistic inquiry to
build a holistic account of two groups of learners participating in a 1-week camp.
We also use a network approach to trace the historical development of two prac-
tices, both of which involve conceptually rich understanding. Our central goal isto
provide empirical support for the claim that within a well-constructed PLE, con-
ceptual understanding and practice are so interrelated that it is meaninglessto talk
about them as separate entities.

EMERGING TECHNOLOGIES AND VR

Although PLEs can comein many shapesand incorporate variousresources, wefo-
cus on technology-rich environments that allow students to ground their under-
standing within their concrete experiences—what we refer to as technology-rich,
inquiry-based PL Esfor grounding understanding (Barab, Hay, Squire, et al., 2000).
These environments take advantage of emerging technologies to establish PLES
that immerse students within contexts that challenge; ground; and, ultimately, ex-
tend their understanding. More specifically, these environments:
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« Are technology-rich—integrating technology as a tool for facilitating in-
quiry, other forms of authentic practice, or both.

 Provide opportunities for students to inquire into the phenomenathey are
learning and not simply receive information about the phenomena.

e Support students in participating in, not didactically hearing about, do-
main-related practices.

¢ Aredesigned to support the process of learning.

« Establish rich environments (studios, workshops, and construction spaces)
where students work collaboratively.

« Immerse studentsin a context that groundstheir understanding to local en-
vironmental particulars.

Currently, we are seeing the proliferation of emerging technologies that function
less like books, films, journals, and broadcasts and more like laboratories, work-
shops, offices, and studios in which students immerse themselves within contexts
that challenge and extend their understanding (Allen & Otto, 1996). Many such en-
vironments have been discussed in the literature (Barab, Hay, Barnett, & Keating,
2000; Barab, Hay, & Duffy, 1998; CTGV, 1990, 1993; Edwards, 1995; Jonassen,
1996; Scardamalia& Bereiter, 1993-1994). Central to these various contextsisan
active learner who is engaged in practices in which understandings are situated.
One technology with considerable potential for grounding understanding in rich
learning environmentsisVR (Dede, Salzman, Loftin, & Sprague, 1999; McL ellan,
1996; Winn, 1995).

VR refers to synthetic, computer-based, three-dimensional worlds. VR can ei-
ther beimmersive, in which the user wears ahead-mounted display unit, or a“win-
dow on the world,” in which the technology simulates a three-dimensional
environment onatwo-dimensional screen(McLellan, 1996). VR hasthepotential to
engagelearnersinvarioussituations(fromadelicatestrand of DNA tothesurfaceof
Mars), aidingindividualsin collaborating with humansthousands of milesaway (in
adventure educational projects and games), allowing learners to visualize unseen
phenomena(atmosphericphenomenarel ated totemperature, humidity, air pressure,
and wind velocity), and bringing museum artifacts to the hands of learners. Al-
though the educational potential of VR isconsiderable, to date, thistechnology has
been used primarily by the military asatool to train pilots and soldiersin complex
simulators. In these contexts, pilots and soldiers are engaged in real-world simula-
tionsinwhich they have an opportunity to experienceand learn. Only recently have
educators working with kindergarten through Grade-12 students begun to explore
the educational possibilities of VR learning environments. Three innovative pro-
jects are George Mason University’s ScienceSpace (Dede et al., 1999), Georgia
Tech'sVirtual GorillaProject (Allison, Wills, Hodges, & Wineman, 1997), and the
University of Washington's Virtual Reality Roving Vehicle (VRRV) and Virtual
Puget Sound projects (Windschitl & Winn, 2000; Winn, 1995).
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The Virtual Gorilla Project and the ScienceSpace project, although innovative
and educationally rich, follow the military—aviation model of immersing learners
in predeveloped VR worlds. In contrast, learners using the University of Washing-
ton’s VRRYV are able to construct their own virtual worldsin areas such as AIDS
education (Bricken & Byrne, 1993), the wetland cycle (Osberg, Winn, Rose, Hol-
lander, & Hoffman, 1997), and other domains (Winn, 1995). Underlying the Uni-
versity of Washington’s perspective of how VR should be used is a constructionist
pedagogical framework in which students are responsible for constructing
sharable artifacts (Papert, 1991; Winn, 1993, 1995). For example, students have
built VR worlds to represent ecological cycles, developing rich understanding of
thevarious cyclesasthey do so (Winn, 1995). Our research al so uses three-dimen-
sional modeling software to establish an environment in which students take re-
sponsibility and ownership for constructing their own, unique three-dimensional
worlds.

We have been exploring the potential of desktop three-dimensional modeling
toolsto actualize abstract facts and concepts as part of local activity (Barab, Hay,
Barnett, & Keating, 2000; Hay & Barab, in press-a). In contrast toimmersive VR,
which places students in the virtual world, we use software that simulates a
three-dimensional environment on atwo-dimensional screen, providing awindow
on the world. In these environments, students can develop their own reasoned in-
terpretations as they construct and reflect on their models. For example, under-
graduate astronomy students working with three-dimensiona modeling
construction tools were able to manipul ate and examine objectsin their virtual so-
lar systems, alowing understanding to emerge from their local experiences
(Barab, Hay, Barnett, & Keating, 2000; Barab, Hay, Squire, et a., 2000; Hay,
Johnson, Barab, & Barnett, in press). These students were able to enter various co-
ordinates, sizes, rotations, and tilts to explore (and challenge) their conceptions of
the solar system, as well as their ability to use mathematical formulas. In this
study, we continue to examinethe potential of three-dimensional modeling toolsin
supporting learning by tracing the historical development of the practices of geo-
metric transformation and three-dimensional animation.

LEARNING AS ACTIVITY

At the core of cognitive science and resultant pedagogical models is a Cartesian
worldview groundedinmind—matter dualism, whichsuggeststhepolarizationof the
learner and the learning context (Barab et a., 1999; Bredo, 1992; Derry, 1992;
Dewey, 1938/1963, 1925/1981; Prawat & Floden, 1994; Shanon, 1988; Swenson,
1997, 1999; Turvey & Shaw, 1995). Such aview has resulted in the separation of
|earning from doing and the treatment of understanding concepts as somehow inde-
pendent from practice and from those contextsin which they have functional mean-
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ing (J. S. Brown, Callins, & Duguid, 1989; Dewey, 1938/1963; Lave & Wenger,
1991; Resnick, 1987).Inschools, conceptsarefrequently abstracted fromthosesitu-
ationsinwhichthey arerelevant and of val ue, reified asfacts, and treated assel f-con-
tained entities. These abstracted descriptions are then imparted to the student from
textbooks or the teacher without connection to the communities of practice who
valueit (e.g., scientists, mathematicians, andjournalists), thesituationsinwhichitis
valued (see Anderson, Reder, & Simon, 1996), or the processesby whichthey were
created (Latour, 1987). Inthisarrangement, | earning activitiesare organi zed around
domain-level concepts and standards with efficient transmission, as opposed to
meaningful participation becoming the focus of the classroom activity (Barab,
1999; Barab & Landa, 1997; Lave & Wenger, 1991).

Webelievethat the treatment of concepts as disembodied entities separate from
practice and particular environments leadsto circular relations in which meanings
become self-referential; that is, their meaning is dependent on the internal struc-
tures and relations among characteristics of the concept itself as opposed to rela
tions with the environmental conditions that the concept was meant to
characterize. If the meaning of the concept only refers to itself, then it forms a
closed circle, disembodied from the environmental particulars through which the
concept gains meaning (Swenson, 1997). It is these types of impoverished,
self-referential understandings that the philosopher Alfred Whitehead (1929) de-
scribed as inert, pertaining to concepts that can be recalled when students are ex-
plicitly requested to do so, but not used spontaneously in other situations even
when they arerelevant. In contrast, we view concepts as intellectual toolsthat are
best understood in termsof thelearner practicesinwhichthey areactualized and in
terms of theintertwined relations among the concept and local environmental con-
ditions. Said succinctly, concepts both constitute and are constituted through situ-
ated activity.!

In our view, conceptual understandings are best treated, learned, and under-
stood as ways of describing sets of relations among individuals and environ-
ments that aid the learner in making sense of the context in which they are
functioning—that is, we treat conceptual understanding as a part of activity and
not as structures in the mind. In fact, we view knowledge as effective action and
believe that its growth is best supported through contexts predicated on partici-
pation and not acquisition models of learning (Lave, 1993; Sfard, 1998). Given
this commitment, our focus has been on establishing environmental conditions
that aid the learner in perceiving, understanding, and creating sets of relations
among local environmental particulars. In these learning environments, learners
understanding of the relations among environmental particulars and their evolv-

We use the term activity to refer not to doing a disembodied action, but to doing to transform some
object, with afocus on the contextualized activity of the individuals' environment system as a whole
(Gibson, 1979; Young & Barab, 1999).
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ing conceptual understandings are continually changing through their experience
and, in turn, so is their conceptual understanding (Demastes, Good, & Peebles,
1995; Smith, diSessa, & Roschelle, 1993). As part of our project-based frame-
work, learners are continually creating and evolving sets of relations among lo-
cal environmental particulars through their practices in relation to completing
projects. For example, we have been supporting high school and college stu-
dents in changing the dimensions and sets of relations of the Earth, moon, and
sun in three-dimensional models to understand eclipses (Barab, Hay, Barnett, &
Keating, 2000); supporting preservice teachers in adding different constraints to
their lesson plans as they get feedback from kindergarten through Grade-12
teachers and students (Barab, Squire, & Dueber, 2000); supporting middle
school students in working with actual scientists to carry out real-world scien-
tific investigations (Barab & Hay, 2001); and supporting middle school students
in developing progressively more detailed representations of gorillas—from
video, to pipe-cleaner models, to virtual three-dimensional models of goril-
las—to understand gorilla behavior.

An exciting process that occurs when learners areimmersed in participatory, as
opposed to didactic, learning environments is that conceptual understanding is
multigenerational; that is, it evolves and becomes more sophisticated over time
through, and as part of, thelocal activity (Smith et al., 1993). To clarify, we do not
disputethat concepts can betaught as self-contained entities or even memorized as
facts cleaved from those contexts in which they have value. Rather, our perspec-
tive is that these types of impoverished treatments limit learners' conceptual ap-
preciation for the sets of real-world relations that the concept is meant to
illuminate. Our commitment as educatorsisto design and research PLESin which
learners are actively involved in practices that require and support the develop-
ment of rich conceptual understanding as part of the learner practice. Whereastra-
ditional theories suggest learning isaprecursor to activity or that activity (sensory,
mental, and physical) isaprecursor to learning, our ecological perspective avoids
these dualisms by conceptualizing learning as activity and activity as learning
(Barab, Barnett, Y amagata-Lynch, Squire, & Keating, inpress; Barab et al., 1999).
From an ecological perspective, context includes the individual, that which thein-
dividual is acting on, and the environment through which these components dy-
namically interact (Gibson, 1979). Furthermore, from an ecological perspective,
any description of learner functioning must account for, at a minimum, individ-
ual—environment relations. Learning cannot be separated from this interaction,
and instruction, which also cannot be considered in isolation from thisinteraction,
involves supporting learnersin orchestrating these relations (Barab, 1999; Y oung
et al., 2000). Our argument is not that concepts do or do not exist, but rather that in
authentic contexts and in our rich learning environments, activity and conceptual
understanding are so intertwined that it is not useful to try to separate knowing a
concept from doing a practice.



54 BARAB, HAY, BARNETT, AND SQUIRE

These notions are consistent with Dewey’ s (1938/1963) description of “learn-
ing by doing,” although we would contend that learning is doing. Treating know-
ing and doing as inextricably related is also consistent with other terms, such as
intelligent action (Ryle, 1949), mind as action (Wertsch, 1998), or Cunningham’s
(1992) description of the semiotic process. The ideas also bring to the forefront
Sfard’s (1998) distinction between the acquisition and the participation meta-
phors. Our focusis on the participation metaphor, with an emphasis on designing
contextsthat support learning concepts through meaningful trajectoriesof activity.
Consistent with A. L. Brown’ s(1992) notion of design experiments, we have been
designing rich contexts for learning (as opposed to conducting isolated laboratory
experiments) and then capturing the learning tragjectory so as to document the in-
terrelations of concepts and activity. At times, this has involved designing and re-
searching semester-long courses and, in the case of this article, shorter camps for
high school students.

A move toward activity-based theories and away from a representational epis-
temology is concordant with the works of Dewey (1925/1981), Rorty (1979), and
Quine (1969), who rejected the notion of conceptual representation as primary in
explaining learning. It is our contention that a full account of activity makes un-
necessary an epistemology of representation. The following is from Garrison
(1995):

Once we have a substantial theory of activity and enculturation to learning, then we
have no need of an epistemol ogy of conceptual representation. That is precisely why
Dewey himself turned away from traditional epistemology toward a philosophy of
education. (p. 718)

Such a philosophy dismisses the role of internal representations in learning and
emphasizes a change in relations or, more specifically, a change in the individ-
ual’s position with respect to the trajectory of experience defined by the prac-
tices and goals of the particular context. We are developing empirical accounts
of participation; providing evidence regarding the unity (not separation) of con-
ceptual understanding and contextualized activity; and resulting in, to borrow a
term from Lave and Wenger (1991), the learner or participant becoming knowl-
edgeably skillful.

Central to what ismeant by the term knowledgeably skillful, and to the ecol ogi-
cal theory underlying thiswork, isan epistemol ogical commitment that conceptual
understanding and knowing more generally are acts (e.g., knowing about) and not
things (e.g., knowledge; Barab & Duffy, 2000). Knowing about or being knowl-
edgeably skillful refers to relations-making acts that connect individual and con-
text, person and world, and moves beyond the dualisms that Dewey (1938/1963)
argued permeate thinking in education and cognitive science more generally. The
following is Lave and Wenger’s (1991) description:
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Participation ... can be neither fully internalized as knowledge structures nor fully
externalized asinstrumental artifactsor overarching activity structures. Participation
is always based on situated negotiation and renegotiation of meaning in the world.
Thisimplies that understanding and experience are in constant interaction—indeed,
aremutually constitutive. The notion of participation thus dissolves dichotomies be-
tween cerebral and embodied activity, between contemplation and involvement, be-
tween abstraction and experience: persons, actions, and theworld areimplicatedinall
thought, speech, knowing, and learning. (pp. 51-52)

Inthisstudy, we attempt to empirically support thisintertwining of conceptual un-
derstanding and contextualized activity and to capture their mutual coarising.

KNOWLEDGE EMERGENCE,
EVOLUTION, AND DIFFUSION

Roth (1995, 1996; Roth & Bowen, 1995) studied the emergence, evolution, and dif-
fusion of knowledge in kindergarten through Grade 12 science classrooms. When
Roth (1996) discussed knowledge, he was referring to resources (facts and formal
rules, heuristics, and physical objects) and practices (conceptual, material, and so-
cial). He used actor—network theory (Latour, 1987) to portray the diffusion of re-
sourcesand practicesin science classes; thus, providing empirical evidencefor un-
derstanding the distributed and situated nature of learning and knowing in school
settings. Actor—network theory is a sociological approach developed by Latour
(1987; Cdlon & Latour, 1981) to trace the historical development of scientific
knowledge and artifactsacrossasociety. Roth (1996) adapted thisapproach for ex-
amining the diffusion of knowledge across a classroom community in which stu-
dentsworked collaboratively inaproject-based |earning environment. In onestudy,
elementary students participating in a 13-week unit on civil engineering were ex-
pected to devel op abridge, using toothpicks, that had to have aminimum span of 30
cm (Roth, 1996). Analysis of videotaped classroom interactionsand field notesal -
|lowed theresearcherstotracethediffusion of students’ adoptionand understanding
of resources (facts and objects) and tool- and concept-related practices.

Results suggested that the process of learning a tool-related practice (in this
case, the use of glue guns to connect toothpicks) actually transformed the class-
room community asthe children began to embody the practice. Roth (1996) docu-
mented the trajectory of the learner from peripheral participant to core
participant—a process that occurred as the individual and the group implemented
particular resources and practices. Notably, specific objects (e.g., placing aflag on
one’ s bridge) tended to spread relatively easily and had little effect on the overall
composition of the classroom, whereas tool -related practices (e.g., using the glue
gun) diffused more slowly and had the greatest impact on the overall composition
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of the community. In contrast to both of these, the diffusion of intellectual- or con-
cept-related practices (e.g., using triangulation in their projects) was extremely
slow and occurred only with constant prompting by the teacher. As opposed to us-
ing triangulation in their models as a practice, students were able to express the
textbook definition (“triangulating can support structures’) rather quickly, sug-
gesting that in certain learning situations, concepts can remain inert. In Roth's
(1996, pp. 197-198) study, he argued that the student conceptions of triangulation
remained inert because they were introduced as a“teacher-desired solution” in re-
sponse to ateacher curricular objective—rather than emerging from a student-de-
termined need to solve a particular problem.

Although studentsin Roth’ s (1996) study were clearly participating in the prac-
tice of building model bridges, there appeared to be a separation between student
understanding of a concept (the notion of triangulation) and the carrying out of
practices in which conceptual understanding was part of local activity (building
bridges that used triangulation as a design principle). Roth (1996) credited this
separation between learning the practice and the concept to the fact that within
schools, the curriculum frequently directs the process of learning about concepts
with an emphasison, “transmitting legitimized knowledge rather than with partici-
pation in practices’ (p. 211). Asaresult, students are no longer in control of their
learning, and learning is no longer a natural progression with respect to the com-
pletion of ameaningful activity as perceived by the students, |eading to the separa-
tion of knowing and doing.

In Roth’s (1996) context, available tools (i.e., the glue gun) allowed students
to carry out the tool-related practice without developing an appreciation of the
sets of relations characterized as triangulation. In fact, the glue gun allowed stu-
dents to create extremely strong joints with glue rather than by using triangula-
tion. Thus, this tool undermined the teacher’ s triangulation objectives by making
it possible for students to engage in effective model-building practices without
the need for triangulation. In contrast, the goal in our research is to design and
study environments in which students are immersed in technology-rich activities
that require the application of conceptually rich practices. Although these prac-
tices are informed by an understanding of complex relations (e.g., building a
three-dimensional model of the solar system), they also inform and evolve these
same conceptions through an iterative design process (Lehrer, Horvath, &
Schauble, 1994; Stratford, Krajcik, & Soloway, 1998). More specificaly, con-
cepts are nested and visualized as part of local activity that involves engaging in
particular practices to design and build three-dimensional worlds. It is toward
aiding students in grounding understanding across local activity (including stu-
dent practices and environmental particulars such as textbooks or relations
among VR primitives) that we have incorporated three-dimensional modeling
technology in the research presented here involving activity groups constructing
shared artifacts within a PLE.
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METHOD

The primary focus of this study is to describe the development of student under-
standings and practices within atechnology-rich, collaborative PLE. To better un-
derstand how learning occurs through participation, we employ naturalistic meth-
ods (Guba & Lincoln, 1983; Lincoln & Guba, 1985), building descriptions of the
camp experience, and then creating networksof students’ traj ectory of participation.
In this section, we describe the camp, our methods for data collection and coding,
and our procedures for constructing networks and selecting tracers.

The Summer Camp

Thestudy took placeat asummer campfor highschool studentsheld onanurbanuni-
versity campus. Students attending the camp used state-of-the-art VR technologies
and software to design VR worlds, eventually to be displayed on the World Wide
Webfor middleschool studentsto use. A total of 18 students(4 women and 14 men)
from 15 high schoolssigned up to attend the camp for five 6-hr work daysand afinal
presentation day. The students had varying degrees of computer skills, with all stu-
dents having used computers fairly extensively for at least 2 years. Although stu-
dentsinthe camp worked on three different VR projects, inthisarticlewefocuson
two projectsthat used similar technol ogies: atheater project and asolar system pro-
ject.2Each project wasassigned an educati on teacher who wasexpected to assist the
learners in the design of their VR worlds, and a technology teacher who assisted
|learnersinthetechnol ogical instantiation of theseworlds. Thetwo teachersworked
with the same group for the entire week. In addition, the camp director, Kenneth E.
Hay, designed and developed the camp and occasionally intervened to assist stu-
dentsusing thetechnol ogy or to promoteaparti cipatory, nonlecture-based, learning
environment.

Students were divided into one of two groups, depending on their interests.
Based on initial descriptions of each project and observations occurring over the
course of the week, the following descriptions of each group and project are of-
fered:

*Theater group: Thisgroup consisted of 5 mal e high school studentswith all of
the members having previous computer programming experience. Group mem-

2A third group developed a virtua tour of the statehouse. However, these students used different
technol ogies (Apple computers, Quicktake cameras, and various software) making their project signifi-
cantly different and difficult to compare. Furthermore, students working on this project spent much of
their time away from the camp (at the statehouse), which madeit difficult to capture much of theinterac-
tion and learning that took place.
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bers were assigned the task of selecting a play (they chose The Monkey' s Paw);
constructing actors, props, and scenes; animating the scenes; and laying down
soundtracks. Specific constraintsfor the project wereleft relatively open—Ilearn-
ers were encouraged to adapt the play as they saw fit to produce an entertaining
experience for the audience. In this way, the teacher encouraged authentic con-
straints rather than teacher-specified valuesto constrain the activity. To produce
the play, each of the students had a Silicon Graphics computer for their use
throughout the week.

Solar group: Thisgroup consisted of 4 male and 1 female high school students
with al of the members having previous computer programming experience.
Group members were assigned the task of developing aVR, dynamic, interactive,
scale model of the solar system. The emphasisin this camp was on creating accu-
rately scaled models of the solar system. In the solar group, primacy was placed on
creating models that accurately depicted the planetary dynamics (orbits and rota-
tions) of the solar system. There were four Silicon Graphics computers available
for the 5 group members.

The two groups worked in the same room but were physically separated from one
another by tables and computers. Posters related to the group’s project topic were
displayed in each area. Each day, students worked for approximately 3 hr on their
projects and then ate lunch as a group while continuing to discuss their projects.
Following lunch, students worked for another 4 hr. On Saturday (Day 6), parents
and siblings, university personnel, the teachers, and other interested members of
the surrounding community were invited to watch each group engage in a 20-min
presentation of their project. Saturday’ s presentation culminated the camp experi-
ence and served two educational functions. First, it gave the learners a clear dead-
lineandfocustotheir projects. Second, it gavethelearnersaclear audiencefor their
work. They knew that their work would be shownto their families, available onthe
Web, and used in upcoming camps with sixth-grade students. L earners were also
made aware that their models would be used as resources in future science camps
for our high school students.

Enabling technology. The creation of computational models has tradition-
ally beenthework of technol ogically sophisti cated graduate studentsand scientists
and well out of thereach of kindergarten through Grade-12 students. Three-dimen-
sional modeling toals, in general, and VR editors, in particular, have formed a
bridge between the limited technology skills of our students and the processes of
computational modeling. Specifically, thistechnol ogy allowsour studentsto create
modelsto address questionsusing VR modeling language (VRML), whichisalan-
guage similar to HTML in that it establishes a common standard for making VR
easily distributed over the Internet. During the camp, students used high-end Sili-
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FIGURE 1 Screen shot of acylinder created in CosmoWorlds, the virtual reality modeling
language tool that camp participants used.

con Graphics machines with a VRML editor installed®—the latter providing a
multifunctional tool for creating, manipulating, texturing, and animating shapes;
grouping and ungrouping obj ects; creating various viewpoints from which to view
VR worlds; and adding or modifing light sources, among other features. Similar to
the manner in which current HTML editors automatically generate code, these
VRML editors alow the users to simply drag a sphere from the toolbox into the
workspaceand sizeit directly, instead of typing in scripts. Whereas adding color or
positioning the object anywhere in the three-dimensional space would take multi-
ple lines of code, this procedure takes the user of an editor only afew clicks and
drags(seeFigure 1). Thesedirect manipulation editorsafford studentsthe opportu-
nity to quickly develop a dynamic three-dimensional model as part of an inquiry
process.

Data Collection

Naturalistic inquiry involving qualitative datawas used to gain a holistic vision of
the week-long VR camp (Guba & Lincoln, 1983; Scriven, 1983; Stake, 1983). An
evaluator was present for all 5 days of the camp and for thefinal presentation day.
Throughout the camp, the eval uator maintained field notes based on observations;
participated in nightly debriefing sessionswith one of the camp directors (Kenneth

At thetimeof the camp, CosmoWorldswas prerel eased and available only for Silicon Graphics ma-
chines. Subsequently, it wasrel eased for standard desktop personal computers. Currently, weareusinga
freeversion of Virtual Reality Creator (another virtual reality modeling language editor), on basic per-
sonal computers, and in one middle school, we are using the software on laptops.
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E. Hay); and conducted interviews with students, course teachers, and both direc-
tors. Whereas Kenneth E. Hay was a participant observer, the primary evaluator
(Sasha A. Barab) was not involved in the design or the ongoing activities of the
camp. Data were also collected with four video cameras and tape recorders: One
pair was directed at each of the two groups, and aroving cameraand tape recorder
weredirected at “interesting” events, people, and objects. Therewere atotal of ten
2-hr videotapes for each group.

In nightly meetings between the two researchers (the outside evaluator and
the camp director), field notes, student interviews, and observations were dis-
cussed to generate assertions used to direct data collection efforts the following
day. Consistent with Roth's (1996) previous work, we collected data that (a)
documented practices (e.g., tool use, problem solving, and student inquiry) and
resources (e.g., concepts implemented and tools); (b) captured the discussions
among students and among students and teachers; (c) documented the progress
of student projects; (d) followed the same students, artifacts, actions, and proce-
dures over time; and (e) supported and refuted emerging hypotheses about how
practices, resources, task constraints, task manifestations, and student under-
standing evolved over time.

Data Coding

Barab, Hay, and Y amagata-Lynch (in press) developed an approach of construct-
ing networks of action-relevant episodes (CN-ARE) for identifying important in-
teractionsand building activity networksto represent the historical devel opment of
select phenomenon (e.g., the practice of animating objects or emerging features of
student-created models). These networks, composed of nodes and links, character-
ize the interactions related to the phenomena being investigated. Data coding was
done by two researchers who wereinvolved in data collection and by two doctoral
students who joined the research team after the camp was completed, and who re-
lied on the examination of videotapes, completed projects, and field notesto build
their interpretations.

Using the CN-ARE methodology, data analysis involved first videotaping all
interactions and then examining videos, “ chunking” the datainto discernible units
of analysisthat arereferred to as nodes. The size of the unit of analysiscomprising
a node is idiosyncratic to the researcher’s goals. Some researchers want more
macrobrush strokes, whereas others are more concerned with afine-grain analysis.
Thefocusinthisstudy wasto define the constitutive elements of an episode (node)
and then parse up our observationsinto component episodes. In our description, an
episode minimally contains information about the issue at hand (theme), who the
initiators are, who the participants are, what practicestheinitiators are engagedin,
and what resources are being used (see Table 1). Each of these categories may also
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TABLE 1
Summary Labels for the Various Features that Constitute a Node

Category Description
Issue at A summary label that is chosen to identify the content of the node. It is the direct
hand object of discussion or manipulation (the only way a practice can be considered an

issue at hand isif it becomes the explicit object of discussion or manipulation). It
can refer to an artifact, tool-related practice, or a conceptua tool—process.

Initiator Anindividua or group (when engaged in a practice as a single unit) that is producing
an action. Although we listed only observable initiators, it isimportant to note that
actors do not emerge in avacuum; rather, they exist within a context that is
reciprocally constituted by the cultural surround and transformed by their initiator
actions. In this fashion, the cultural surround could arguably be considered an
initiator involved in defining the specifics of the issue at hand. However, it
becomesimpossible and, we believe, overly presumptuous to define the numerous
aspects of cultural influence that interact with the issue at hand. Therefore, we have
not included these nonobservable (yet potentially important) factorsin our coding
scheme and must acknowledge this as a limitation. We have aso not included
nonhuman objects, such as computers; instead, the contribution of these objects to
the historical development of an particular tracer is captured as part of the network

as aresource or tool.
Participant  Anindividual who isinvolved in anode but not initiating the action.
Practice An activity that is carried out by an initiator who is using a resource. Practices can be

tool related (e.g., embodied tool-related laboratory skills), scientific (e.g.,
calculating), instructional related (e.g., coaching), learning related (e.g., using an
inquiry strategy), or conceptual (e.g., theorizing about quantum mechanics), and
alwaysinvolve the use of aresource.

Resource “any piece of information, object, tool, or machine” that an initiator uses to carry out
apractice (Roth, 1996, p. 191). In addition to technological tools, our definition
includes those of a conceptual nature (e.g., heat—color relations) and those of a
more social nature (community norms). An artifact is transformed to a resource
when it is used by an actor as part of a practice.

have subcategories; for example, under “practices,” we additionally delineate be-
tween those that are teacher-related, student-related, tool-related, and model-
ing-related practices. Each of the five broad categories and any subcategoriesthen
contain specific category types; for example, under instructional practices, wein-
cluded coaching, Socratic questioning, lecturing, and just-in-time lecturing,
among others. When a change occurred in practices (the issue at hand or who the
initiators were), we coded the node as a new event.

The sets of subcategories and category types are created using the constant
comparison method (Glaser & Strauss, 1967), and they occur through an iterative
process involving extended group discussions. Through these discussions, data
and emergent interpretationsinteract in adial ectic fashion, reciprocally informing
and being informed by the other (Lather, 1986), allowing usto develop grounded
categories and codes (Glaser & Strauss, 1967). To aid the coding process, acom-



62 BARAB, HAY, BARNETT, AND SQUIRE

Co?  Gopd  Taped St S10p Coder o
|fareen [t | | [02:30:2] [9:55:28] [Sasha | I Entnrl

Edit Choice
Issue at Hand: Initiators: lié Practices: d—Categor es
4 Subcategories
Practices Object List tool reil_ practice Cddes
[no selection ] | [oselection | [reating shapes €T
Conconhed tankohumeass ) I =alaction |
= = TTUOSIE Lt
||Ine_uf noges ] oAt . [ab, trans. tool |
e i no selection |
E— perp—
Mlertor Li=t odel al
pS—— ol b
— G e e

Participants:

Prawious Dalate Hexd . i
Record | [B.l.mlﬂ.l Record :mm Leaming Shategies

Instructor Practice

Corkere B |coaching |
I ,—I Srdent Practios
|experimenting |
Resources:
— . Description: Tracer:
S]] 1 - - - | |
Watt is trying to create a line |2
| ] of nodes using the texthook 1
as aresource, Mikeis
Concoptul 1oty coaching him. e |51 2008
lline of nodes | =

FIGURE 2 Web-based coding form used to capture the salient information of a node.

puterized coding form was developed with arelational database that allowed the
researchersto input the basic information (e.g., time, date, coder, tape, etc.); arat-
ing of the conceptual richness; any other ethnographic field notes; and to code the
issue at hand, initiators, participants, resources, and practices for each node (see
Figure 2).

For the 1-week summer camp, this coding process resulted in a database con-
taining 480 nodes, with 238 for the solar group and 242 for the theater group. Ines-
tablishing reliability for our methodol ogy, two researchers coded the same 60-min
segment separately. Results indicate 88% agreement in terms of number of nodes
selected, with one researcher selecting 22 episodes to be categorized as nodes and
the other selecting 25 episodes. Examination of the videotapes and the selected
nodes suggest that of those 22 nodes, all but 1 corresponded to the same segment in
the video. The next step in establishing reliability of the coding scheme involved
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examining the categories, subcategories, and codes sel ected for each node. On av-
erage, both coders selected eight categories (pull-down menus) per node (e.g., one
issue at hand, two initiators, one participant, two practices, and two resources). In
terms of the content selected within a category, there was 80% agreement.

Although training two researchersto code segments with consistency isimpor-
tant, the trustworthiness of a coding scheme based on our subjective interpreta-
tions of such complex eventsis certainly not a straightforward process (Lincoln &
Guba, 1985). We have to coordinate student gestures, dialogue, computer screens,
and aclass history all into amomentary judgment that occurs within the continu-
ousflow of data. Although later we can revisit videotaped episodes, it is not possi-
bleto capture al theinformation in onevideo screen or to resituate oneself into the
momentary contextual dynamics based on avideo. Even if we could, the situation
for the researcher may be very different than the situation for the learner, and, as
such, any interpretive judgments are necessarily suspect. However, despite these
concerns, we found the coding scheme to be useful here, and in previouswork, for
generating an inscription that can scaffold the researcher’ s interpretation and pre-
sentation of the historical development and diffusion of the tracer of interest
(Barab, Hay, & Y amagata-Lynch, in press). For this study, we used the database to
build case descriptions, examine the frequency of particular practices, and build
networks of activity for describing the historical development of two practices and
nested concepts. Using grounded theory methods (e.g., saturation, theoretical sam-
pling, checking conditions across cases, and the constant comparative method), we
will continueto build evidence on the credibility and trustworthiness of our coding
scheme in future work.

Network Construction

We sel ected two conceptual ly rich practices, animation and geometric transforma-
tion, to serveastracersfromwhich to build anetwork to tracetheir historical devel-
opment over time (Newman, Griffin, & Cole, 1989; Roth & Roychoudhury, 1993).
Whereas Newman et al. used the term tracersto denote a preexisting methodol ogi-
cal strategy to find the same activity across different contexts without resorting to
intensive interpretation, in our approach, tracers emerged from the data through
grounded theory development. In addition, we did not select the same tracer for
each project, but instead sel ected two different tracersthat were central to the activ-
ities of each group.

In building these networks, we used the CN-A RE methodology (Barab, Hay, &
Y amagata-Lynch, inpress), andwedrew ontherichdatabase of 480 nodesdiscussed
earlier. Once the videotapes were coded and the database generated, the CN-ARE
methodol ogy involved sel ecting the phenomenon of interest, thetracer, and follow-
ing itshistory by using the database to build a network consisting of various nodes
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FIGURE 3 Numbered circles represent node initiators and noncircled numbers represent
node participants. Shaded nodesrepresent those nodesinwhich aparticular practiceisbeing car-
ried out, referred to here as the practice. In addition, lines represent links between two nodes,
with the dashed line representing nodes that were dually initiated. Links are drawn when two
nodes share acommon practice or issue at hand and are related historically through acommon
initiator.

(the action-rel evant episodes) and links (connections among the nodes). This con-
nection of nodes and links represents the historical development of the tracer (see
Figure3for anetwork takenfromBarab, Hay, & Y amagata-Lynch, inpress). Figure
illustratesahypothetical network of atracer withlinksrepresenting theconnection
of two nodesthat sharecommon practicesor theissueat hand and arerel ated histori-
cally through acommon actor. In thisnetwork, all the shaded nodesin Figure 3 are
related to aparticul ar tracer—referred to as“the practice.” We present thisvignette
simplytoilluminatehowtointerpret thefinal networksof action-rel evant episodes.

In this hypothetical vignette, Mary is working by herself on the practice in
Nodes 2 and 4, and the other students are working during thistimein agroup initi-
ated by José on activities not coded as related to the practice. In Node 6, José calls
Mary over to show him and Tom how to do the practice. José and Mary continue
by dually initiating a discussion of the practice in Node 8. Then, in Node 9, Tom
goes back to his computer and finishes up a prior activity before he asks José to
help him (Node 10); Susie tags along. Susie then returns to her computer to work
on the practice (Node 12) as does José (Node 13). Last, Mary returns to her com-
puter to work on other parts of the project (Node 14), as does Tom (Node 11). An
examination of thisinscription providesinsight into when individual s parti cipated,
with whom they collaborated, and in what role. Examination of the figure further
revealswhich individualstook the most activeroleininitiating interactionsand in
which nodes the practice was being carried out.



TRACING LEARNER PRACTICES 65

Selecting Tracers

Based on our observations, field notes, video analysis, the coding process, and net-
work construction, we selected one tracer for each camp that was central to the
camp’s activities. In doing so, we looked for tracers that were multigenerational;
that is, tracers comprising rich activity that evolved throughout the camp affording
a useful window into the emergence, evolution, and diffusion of knowledge
throughout the camp. Useful tracers have a rich history: spanning over multiple
timeframesand di stributed across multiple members. Inthisway, we hoped to cap-
ture the student practices that constitute understanding, and in doing so, develop a
picture of the coemergence of conceptual understanding and learner practicesin
situ. Specifically, we selected animation and geometric transformation astwo net-
work tracersthat provide ameans of examining how knowledge emerged, evolved,
and diffused throughout the camp. Because our observations of students’ under-
standing of animation and geometric transformation were so intertwined with the
contextualized activities |earners were carrying out, we refer to these as practices
rather than concepts.

Our criteriafor selecting the tracers were that (a) they had arich history, span-
ning over multiple time frames and distributed across multiple members; (b) they
wereilluminative of the themes that we identified as central to camp activity; and
(c) there were video data on alarge percentage of the interactions related to their
trajectories. Assuch, tracerswere chosen to beilluminative examplesthat help tell
the story of the camp, rather than comprehensive tracers that represent the full
camp experience, or exemplarsthat serveto promote the camp activity. In present-
ing these tracers, we highlight only those nodes that directly relate to the two trac-
ers of interest. As such, we only present the highlighted nodes—those that are
directly related to either the animation or the geometric transformation practice.

RESULTS

We present our resultsin three sections. The first section presents the data associ-
ated with the solar system camp. We begin by drawing on our observations, field
notes, student—teacher interviews, videotapes, texts, student-developed artifacts,
and the database of nodes to build an account of the solar group so as to
contextualize the reader. Next, wetrace the historical devel opment of the geomet-
ric transformation practice to examine the historical development of a particular
practice in greater depth. In the second section, we shift our focus to the theater
group, which, like the solar group, begins with a general narrative account of the
group followed by the historical development of akey practice (i.e., animation). A
key feature of theanalysisof both practicetracersisan explicit focuson theinextri-
cable relations of practices and conceptual understandings with both constituting
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and being constituted by the other. Last, having presented an overview of the cases
and thetracings of student practices, we present a cross-case comparison that high-
lights two themes characterizing group dynamics (Merriam, 1998).

Solar Group

Over theweek, thegroup membersworkedin dyadsto create aseriesof virtual mod-
elsof boththeinner and theouter planets, with different studentsresponsiblefor dif-
ferent planets (see Figure 4 for a two-dimensional, static snapshot of a student
model). These model swerethen combined onthefinal day of thecamp. Themodels
incorporated numerous astronomy concepts and phenomenon, such as relative
scale, eclipses, equinoxes, orbital tilts, and all theplanets, aswell asasubset of plan-
etary moons. The central challenge, as perceived by the students, was to represent
relative scale of the solar system on a20-in. monitor so that realism wasmaintained
andthefinal product wasstill visually appealing. Although each student constructed
models of complex astronomical phenomena, time constraints prevented students
and teachers from combining these separate pieces into one complete project. Fur-
thermore, studentsfrequently appeared confused and had difficulty mastering both
theastronomy content and the software. Despite these difficulties, studentsworked
hard and showed pride in their presentations and work.

Thefirst day of the camp opened with theteacher introducing the project. Sheled
the five-member group through a discussion of what data they needed to create a
model of the solar system. Group members participated sparingly, with the teacher
asking all of the questions, supplying most of the answers, and transcribing impor-
tant points on the board. The teacher also identified most of the potential resources
anddividedtherolesandtasksinthegroup. After this1-hrintroduction, group mem-
bers scoured the Web for additional astronomy-related resources. The teacher con-
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FIGURE 4 Screen shot of an eclipse created by the solar group.
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tinually challenged the learnersto consider how they would convert their datainto
usabl einformation and how they could model thevast distancesof the solar system.
Inthisway, shedefinedthekey challengesof theproject for thegroup, rather than al -
lowing the group to identify the struggles inherent to the activity.

Midway through the first day, the technology expert demonstrated how to use
CosmoWorlds, the VR creation software that we used during the camp. Hegave a
20-min demonstration that left students visibly bored. Finally, over 2 hr into the
session, the group began to construct their model solar system. Quickly, the group
encountered problems with CosmoWorlds: They created and lost planets and
could not navigate in three-dimensional space. Perhaps not surprisingly, the group
members appeared frustrated with the process. Little progress was made, and the
teacher called the group back together to refocusthem on modeling questions. Stu-
dents were reluctant to give up working on their models to give their attention to
theteacher, requiring her to make repeated requestsfor their attention. Oncethein-
structor finally gained the students' attention, she was unable to elicit any re-
sponses from them describing what they were trying to accomplish or why. At the
end of the day, the technology coordinator gave 1 student ajust-in-timetutorial on
how to create viewpoints in their model. This knowledge spread quickly through-
out the group, and the first day ended with aflourish of productive activity.

On the second day, the technology coordinator led class, walking the group
through specific CosmoWorlds functions. As on thefirst day, the group members
were visibly bored. After 30 min, the students separated and constructed individ-
ual models of the planets. After 1 hr of struggling with the notion of relative scale,
the camp director intervened and explained the challenge of sizing planets concep-
tually and then gave a brief discussion of how to usethelevel of detail (LOD) func-
tion on the tool. The students latched on to this tool-related practice, quickly
transcended the technology teacher’ s understanding, and eventually explained the
process to the technology teacher who did not completely understand how to use
multiple levels of detail to fit multiple sizes and scales on the screen at once. The
students then continued to proceed to work on their own, with coaching, resulting
in aproductive last ¥ hr of the session.

Thethird day picked up wherethe second day left off, with groupsworking col-
|aboratively with the support of the camp director. As the camp director divested
himself from the group, the teacher appeared concerned that the students were not
learning, and she struggled to reassert herself by delegating tasks, directing activ-
ity, or even taking control of students' mice. Again, students appeared moreinter-
ested in working on the computer than conforming to the teacher’s agenda, with
one student commenting, “God, | wish she would let us work.” This pattern was
exacerbated on the third day when the teacher gave alecture on orbits and made a
table of the planetary data that denied students the powerful opportunity to create
inscriptions to guide their work (Roth & Bowen, 1995). By the fourth day, the
teacher became visibly frustrated and began withdrawing herself from the project.
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Students seized this opportunity to direct the project, working collaboratively, but
independently, from the teacher. The technology coordinator began playing a So-
cratic, facilitative role, questioning students and challenging their thinking. Stu-
dents also recustomized the table of planetary data based on the scales they chose
to usein building their model, and they added in viewpointsto their model. View-
points refer to perspectives or “camerapositions’ that can be placed in athree-di-
mensional model, allowing viewers of the model to immediately shift to various
locations and examine the model from the new perspective; for example, standing
on the moon and looking at the Earth.

Theweek ended with the technology coordinator showing students how to view
their projects on the Web, which energized the group and renewed their interest in
perfecting their projects by the camp’s deadline. In achieving this end, they dele-
gated project tasks according to each member’s strengths. Despite the challenges
earlier in the week, the group completed a model of the solar system that all stu-
dents stated met their expectations. In contrast, one of the camp directors stated
during interviews that the final products had not met his initial expectations; he
had hoped to see more dynamic and comprehensive final models.

Geometric transformation tracer.  Although each tracer is nested within
the fully developed network of camp activities, for space reasons we present here
only the nodesdirectly related to either the animation or the geometric transforma-
tion practice. Geometric transformation servesasour primary practicetracer for the
solar group. Roughly speaking, the practice refersto the rendering of the objectsin
themodel so that they are proportional intermsof their relative sizes and distances
to those numbers scienti sts use when describing the actual solar system. However,
in contrast to mechanistic descriptions, the practice is complex, and its actualiza-
tioninsitu spansmultiplenested practicesthat require appreciation of important as-
tronomical concepts. Wetrace aparticular set of geometric transformationsasthey
are associated with sizing and positioning planetsin the solar group. The power of
thismaintracer isactually aproduct of aparticular resource (i.e., table of planetary
physical data) and another practice from the domain of mathematics(i.e., calculat-
ing relative scale). We begin with two component tracers.

Thisfirst component tracer isthe resource of atextbook—more precisely an as-
tronomy textbook’s table of planetary physical data. This table has the planetary
size, distance from the sun, and a number of other facts not relevant to the subject
at hand. The data on the planet’s size and distance are easily found as fact-based
knowledge, to use Bloom'’s (1956) vernacular. These numbers are extremely large
and difficult to conceptualize, given that students did not have direct experience
with artifacts of this size or work in these large scales. Students used the textbook
as aresource for their work; that is, they had a goal (build a model Earth), deter-
mined what they needed (how bigis Earth?), found aresource that would meet that
need (table of planetary physical data), and then found the specific fact they
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needed (Earth is 12,756 km in diameter). Thistable of planetary physical datare-
sourcetracer, thus, constitutes one of the components of the geometric transforma-
tion practice tracer. The second component tracer is creating a relative scale for
their solar system. Calculating relative scale (using the table of planetary physical
data) involves mathematically transforming a planet’s size and distance from the
Earth into a set of scaled numbers that learners identify as appropriate for their
three-dimensional model.

The table of planetary physical datawasfirst introduced by the teachers at the
end of Day 1 asaresource for students. We have found that having an inscription
to scaffold our interpretations and descriptions of anetwork isuseful inilluminat-
ing the historical development of thetracer and, therefore, included the network in
thisarticle for the reader (see Figure 5). The introduction of the table of planetary
physical data by the teachersis captured as Nodes 1 through 4 of the activity net-
work that represents the geometric transformation tracer (see Figure 5). The stu-
dents did not use thistable until Day 2 when, for example, Bill (Node 5) and Jake
(Node 6) were attempting to create VR objects in their models. Using the table of
planetary physical dataresource asthe basisfor their model, they eventually came
together and worked collaboratively on Jake's computer (Node 7). It isimportant
to note that at this point, the teachers did some coaching but mostly took control of
the process, transforming the data themselves and handing the numbers that were
appropriate to build aVR model to the students.

The planet sizes constituted the first conceptual challenge confronting the
group in terms of this practice. Sophie and Jason began with the creation of a
sphere (Node 8), eventually put a texture? on it (Node 9), and then sized it with
the direct manipulation tool (CosmoWorlds allows the user to click and drag
handlebars to increase the size of the planets; Node 10). This activity provided
insight into their alternative conceptions on the relative size of the planetsin that
they were able to easily see, or not to see, all these planets on one screen. They
then used the transformed data table that they had developed under the control
of the teachers.

When they used the transformed datatabl e, they had anumber of interesting re-
actions. For example, Sophie and Jason created the sun, Earth, Jupiter, and moon,
and then placed them next to each other (Node 11). When they entered the trans-
formed numbersfor the Earth, moon, and Jupiter, they were given immediate feed-
back on therelative size of these heavenly bodies (Node 12). However, when they
entered the numeric data on the sun, there was a problem. Actually, there weretwo
problems. First, the Earth, moon, and Jupiter were no longer visible on their
screen. Second, their entire virtual world appeared gray in color (Node 13). With

A textureisatwo-dimensional imagethat is stretched over athree-dimensional surfacein this soft-
ware. The students used two-dimensiona Mercator geographic maps, NASA composition photographs,
and artistic renderings of planets as textures.
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FIGURES5 Thegeometric transformation tracer network, showing the geometric transforma-
tion-related nodes and links. Nodes are presented for each initiator with numbered circlesrepre-
senting nodeinitiators and noncircled numbersrepresenting node participants. In addition, lines
represent observed links between two nodes, with the dashed line representing nodes that were
dually initiated.

some prompting by the technology teacher, they used a dolly control in
CosmoWorlds to zoom out and then zoomed out some more (Node 14). Finaly,
they reached apoint in which they saw nothing but yellow. They zoomed out some
more until they saw the entire sun and no planets. What had happened? The size of
the sun was so large, compared to the other bodies, that it had engulfed the other
planets and Sophie’s original viewpoint as well. It was not until they reoriented
themselvesthat they were able to see both the sun and al so reposition the bodiesto



TRACING LEARNER PRACTICES 71

seethe huge differencesin the sizes. Sophie exclaimed, “Wow, | never realized ...
it [the sun] is so big compared to the others [planets].” This event directly and
meaningfully confronted her conception of the relative sizes of the planets.

The second conceptual difficulty developed when the other group of students
went to placethe planetsin relative distance to the sun. Using the transformed data,
Bill and Jake entered the numeric datainto CosmoWorlds (Node 15). Once again,
there was a visceral response to what happened. They had their sun and planets
created and sized, and then they started to enter in the distances. First attemptsled
to a state of confusion, with Jake stating (Node 16), “What happened to my
planet?’ After pulling back their viewpoint, the students confronted their concep-
tion on the relative distances between the planets. A similar confrontation led
Mike to ask (Node 17), “How can we get the Earth and Jupiter’s orbit on one
screen and bereal like?” When he later consulted atextbook resource, he came to
the following conclusion about how the solar system wasillustrated: “ This picture
iswrong, thereisno way they could get Mercury, Earth, and Saturn all in the same
picture. The distances are too great ... . My science book lied” (Node 18).

Although prior to devel oping the simulation students were able to quickly find
the numbers from the book and even transform them into scaled values, in areal
sense they did not understand them. Otherwise, they would have realized that the
textbook representation was inaccurate. These misunderstandings about size and
distance are not only pervasive, but they are also supported by the standard text-
book and movie depictions of the solar system (see Pfundt & Duit, 1998;
Wandersee, Mintzes, & Novak, 1994, for areview of research on alternative con-
ceptionsin science). Only when they created their own solar system with real data
did they come to appreciate the magnitude of these differences. Thiswas apparent
on Day 3 when Jason stated (Node 19), “I never realized how big the sun was or
how large the solar system was.”

Itisinteresting to note that the tracer did not end here. This new understanding
created new and interesting problems for learners, as articulated by Jake who
asked the technology teacher (Node 20), “How are we going to possibly model it
redisticaly?’ Learners became engaged in the conceptually rich problem that re-
quired them to grapple with the nested issue of limiting agents (constraints)—an
important consideration when designing models of complex phenomena. For ex-
ample, apperception can be characterized as a limiting agent because when the
planets are all modeled with the same size and distance scale, it becomesimpossi-
bleto zoom out to aposition to see the entire solar system. Because the planetsare
too small to see, students as a group, under the guidance of the education teacher,
grappled with the issue of developing arealistic model as opposed to developing
onethat wasvisually appealing (Node 21). Furthermore, through thisstrugglefor a
solution, anew practice or conceptual understanding emerged: LOD. LOD isaVR
programming technique that minimizesthe computer’ scomputational |oad by cal-
culating and displaying only those detailsthat the viewer of the VR world can per-
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FIGURE 6 Screen shot of the set created by the theater group.

celve—not calculating those which are too small or distant to be perceived by the
viewer. Operationally, auser far away from a VR object sees a coarse-grained ob-
ject; asthe user movesin closer, the object isreplaced with amore detail ed object.

Group discussions and just-in-time lectures on LOD were initially about the
concept itself and were targeted toward supporting students in developing an ap-
preciation of the abstract concept (Nodes 22—24). At the end of the lecture by the
technology teacher, all students except Jason and Mike stated that they did not un-
derstand it (Node 25). Jason actually described how this concept would be useful
intheir models (Node 26): “We could useit in our modelsto show different stuff as
the user moved closer or further away.” Mike, also understanding it, responded
(Node27), “Itiscool, but how dowedoit?’ The studentsthen spent therest of Day
3 and the beginning of Day 4 applying the LOD concept to their models (Nodes
28-43 are not included in Figure 5 for space reasons). They created a model that
included enough detailswith respect to the Earth, moon, and sun so that their mod-
elslooked redlistic at large distances (e.g., very few features and no moon) and at
small distances (e.g., landmasses and a visible moon). Student understanding of
LOD emerged within and as part of their local concrete activities as they collabo-
rated with their peers.

The Theater Group

The week began with the teacher setting up the task. The group wasto adapt aplay
for athree-dimensional environment for an audience of middle school students (see
Figure 6 for ascreen shot of thevirtual play). They began by reading several plays,
eventually deciding to adapt The Monkey’ sPaw—aplay about amagical monkey’s
paw that grantsitsowner fivewishes. Next, theteam expl ored the parameters of the
activity and decided to adapt the play asthey saw fit. Initially, they were concerned
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about how to makethe play interactive and entertaining for middle school students.
Students had many questionsfor theteachers, particularly concerning the capabili-
tiesand limitations of CosmoWorlds. They were actively engaged in the conversa-
tionfrom the beginning, pushing theteacher to definethe boundariesof theactivity.

Next, students defined what types of props, sets, and characters they would
need. In particular, they were concerned with how characters would be animated.
Following the teacher’ s suggestion, students searched the Web for information on
the play, resources, and ideas about what animationsto include. Students accessed
the CosmoWorlds tutorials and quickly taught themselves how to add texturesto
objects. The group worked through CosmoWorlds collaboratively, assisting each
other in learning to use the technology. By the end of the first day, the group
learned to create, resize, rotate, texture, and manipulate objects.

The second day began with a brief recap of what the team had accomplished
and what their goals for the day should be. The teacher facilitated this discussion,
with students contributing significantly. For the second hour, the group members
worked relatively independent of theinstructor to build props, collaborating when
a group member had difficulty with CosmoWorlds. For example, when one stu-
dent (Ross) had trouble animating, another student (Ted) leaned over to show him
how to animate the object, and athird student (Sam) then looked over their shoul-
ders. Thistype of collaborative |earning continued throughout the camp.

In the second half of Day 2, one student began exploring Web sites containing
predevel oped three-dimensional characters, which had a profound effect on indi-
vidual activity as well as the overall classroom community. For example, Ted
spent approximately 2 hr creating a door, fully adorned with hinges, trim work,
and aknob. On the second day, Ted and his practices were representative of exem-
plar behavior and central to the formation of the practices that constituted the
group’s activities. However, when students examined potential objects to be
downloaded from aWeb resource site onto their computers, they found amore or-
nate door that was superior to Ted' s from an aesthetic standpoint. At this stagein
the camp, it appeared that the predevel oped technological artifact (i.e., the door)
made Ted' s hours of work related to position, sizing, shaping, and so forth, obso-
lete. Although Ted agreed that the door looked better, he was visualy de-
jected—his head sagged and he used a despondent tone. Furthermore, the group
decision to use a predevel oped door relegated the practice of artifact development
(and Ted' s status within the group) as potentially lessimportant than artifact find-
ing (i.e., Web searching).5

5Another perspective on Ted' s experience concernsthe trajectory of mastery of the complex virtual
reality domain. Certain featuresof thedomain (e.g., animation and practices) arefunctionally more cen-
tral than others (e.g., artifact search). Ted' sinitial activity was geared toward mastery of thedomain, as
well asto direct participation. However, the two are interlinked in practice, and he may have used his
time differently had he known about preproduced artifacts.
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After much discussion and exploration, the technology teacher informed the
group that the student-developed door, which consisted of multiple children al-
ready defined, would be simpler to animate through the various functions neces-
sary for the play. Understanding this comment requires an appreciation of
parent—child rel ationshi ps—how subordinate parts (children) are associated with a
superordinate object (parent). For example, a hand can be the collection of four
fingers, athumb, and a palm. The hand is the parent and the fingers, thumb, and
palm are the children. Likewise, the hand, forearm, and upper arm can be children
grouped together to form the parent arm. To make a person shake hands with an-
other person, for example, the parent object (the person) must be separated into its
component children (e.g., biceps, forearm, and hand) so that each of these parts
can be animated independently. Because the predevel oped artifact was not sepa-
rated out interms of itscomponent parts, it was useful only if studentslimited their
perspective on what they wanted to accomplish with the door—that is, if they did
not want to open the door. Asaresult, Ted' sability to build artifacts again became
central to the community. The teacher intervened, however, to remind the group
not to become too caught up in creating objects, to use time allocation strategies,
and to develop a plan for completing the tasks critical for finishing the play. The
group took this opportunity to share knowledge about animating in CosmoWorlds.
The remainder of the day was spent working in a fluid collaboration, as students
worked both independently and collaboratively.

The third day opened with a group discussion of animation. The teacher ex-
pressed concern that the team was becoming too bogged down with details and
was not going to finish the play. He stated to the group that their play needed to
have not only agood set, but good dial ogue and refined blocking to be appealing to
an audience. Theteacher proposed that they next write a script and then determine
what scenes they would need. The students responded by sharing their own
strengths and weaknesses and by negotiating their roles and responsibilities. As
opposed to an earlier discussion, when the teacher recorded all of the notes, a stu-
dent (Dan) wrote the groups notes on a whiteboard. The group then stopped
model building and recorded voice overs for the play.

On finishing the voice overs, the group recognized that they still needed to ob-
tain alarge number of objectsfor the play in ashort amount of time, so they began
searching a CD-ROM containing predeveloped objects that could easily be
ungrouped and incorporated into the student’s three-dimensional world. Here,
they found another door that was fully editable and, the group decided, more aes-
thetically pleasing than the door Ted had developed. In contrast to the door they
previously found on the Internet, the object on the CD-ROM could be easily
ungrouped and was therefore totally editable. Again, it appeared that the techno-
logical development (i.e., a CD-ROM containing multiple objects) would under-
minethe common labor of the community. However, asit turned out, the available
funds only allowed the group to purchase alimited number of VRML objects, and
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the more elaborate door was not included in the basic purchase. Therefore, finan-
cial considerations (an authentic task constraint) limited the breadth to which the
reach of this technological advancement would extend. More important, Ted's
identity asthe core participant, boosted through his skillsin carrying out practices
central to the success of the group, was again primary. The group finished the day
working collaboratively on animations and voice overswith the teacher reminding
them to make good use of their time.

Thefourth day opened with aquick planning session, and thentheteam splitupto
resume animating objects. By this point, they could view their play onthe Web and
were ableto hear their voice oversand watch their animations. They began empha-
sizingrefinements, such asadding facial featuresto characters. By thesecond half of
the day, they were actually putting scenestogether and assembling their independ-
ently created obj ects. Withtheend now insight, theteam gatheredto discusswhat re-
mai ning tasksthey neededto accomplishwiththeteacher remindingthemthat it was
up to them to determinethelevel of quality they wanted to pursue. The students af -
firmed their commitment to create a quality product and decided to focus their re-
maining efforts on refining animations and creating only those additional
animationsthat were central to the plot of the play. Theteacher suggested that they
create viewpointsto place viewersin the best position to appreciate the play and to
hide any unfinished characters or animations. The day ended with considerable
stress, asassembling the final projectsrevealed problemsin the product. Some ob-
jects were created in away that made them nonanimation-friendly, other objects
werecreated out of scale, and not all of theanimationsported well totheInternet. By
the end of thefinal day, however, the group settled on a reasonabl e set of compro-
misesand delivered aproduct meeting their expectationsand most of those held by
the camp directors.

Animation tracer. The three-dimensional modeling practice of animation
was chosen as an example of how tool-related practicesemerged, evolved, and dif-
fused in response to task constraints and student (not teacher) needs for the theater
group. Nested within the practice of animation is the practice of creating par-
ent—child relationships, which demonstrates how the understanding of concepts
was situated across student interactions with the technology and each other, and it
illuminates the reciprocal relations of practices and conceptual understanding.

Within the theater group, animation had arich network: It was influenced con-
textually, both in terms of the students performing the animation and the day of the
week in which the animation was occurring (see Figure 7). Animation was intro-
duced on Day 1 (see Nodes 14 of Figure 7) when the teachers pointed studentsto-
ward aWeb-based tutorial in CosmoWorlds. However, at theend of Day 1, only 2
students, Ted and Zak, had actually used the practice of animation (Nodes5 and 6).
Thepractice, at thisjuncture, was appropriated with little personal transformation;
that is, Ted and Zak were simply implementing the stepslisted in aWeb-based tu-
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FIGURE 7 The animation tracer network, showing the animation-related nodes and links.
Nodes are presented for each initiator with numbered circles representing node initiators and
noncircled numbers representing node participants. In addition, lines represent observed links
between two nodes, with the dashed line representing nodes that were dually initiated.

torial that was identified by the teachers (Nodes 1-4). However, on Day 2, when
another student, Sam, was having difficulty producing a project-based animation,
he requested Zak’s help (Node 7). Later that same day, another student, Jim, also
requested Zak’s help but quickly came to an impasse that Zak had not yet experi-
enced (Node 8). Sam, overhearing the discussion between Zak and Jim, showed
Zak how to produce the desired effect (Node 9), after which Zak then shared this
with Jim (Node 10).
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At this point, animation became more complex; students wanted to move one
part of an object (e.g., an arm) while keeping another part till (e.g., thebody). Asa
result, students had to devel op an appreciation of parent—child relationships, incor-
porating this notion as part of the animation practice. Here, we continue through
our animation network (Figure 7) by tracing the interactionsrelated to the practice
or concept of parent—child relationships. Parent—child relationships were used as
conceptual toolsas part of the practice of animation and were al so present in object
creation and texturing. Students’ introduction to parent—child relationships first
occurred at the end of Day 2 when Ted was working with the key-frame animator
tool in an attempt to make one of the characters of the play walk acrossthe screen
(Node 11). Ted was working with afigure he had downloaded from the Web. The
figure was grouped, having only onelevel with no children, so thefirst step wasto
ungroup all the children parts (i.e., fingers, forearms, eyes, feet, etc.) of the parent
object (the body). In responseto this need, Ted asked the education teacher how to
make only one part of hisfigure move (Node 12). The two teachersthen presented
ajust-in-time lecture about parent—child relationships to the entire group (Node
13). Following this just-in-time lecture, the technology teacher coached Ted
through the procedure for ungrouping his object, while the rest of the group
watched (Node 14). Although the other studentswere not working on parent—child
relationships, for Ted, theintroduction to parent—child rel ationships was grounded
within a concrete experience and an immediate need that he appeared to value.

Thefollowing day, Ross needed to ungroup the monkey’ s paw so he could ani-
mate the various fingers (Node 15). In response to Ross's request for assistance,
Ted coached him through the process, occasionally using Ross's mouse to demon-
strate his points (Node 16). Later that same day, Sam, who had been eavesdrop-
ping on Ross and Ted (Node 17), began to animate adoor he had been working on
(Node 18). Sam was having difficulty and asked the technology teacher for assis-
tance (Node 20). The technology teacher had been watching and learning as Ted
used thewire-frame mode (Node 19), and he shared his understanding of this prac-
ticewith Sam, occasionally asking Ted for clarification (Node 21). Although Ross
and Sam had begun toincorporate the practiceinto their models, only Ted wasable
to make his object move across the stage so that it appeared that the children were
still grouped with the parent (Node 22). The education teacher then called all stu-
dents together and asked Ted to share his understanding of parent—child relation-
ships (Node 23). Ted explained how it relates to making objects animate,
clarifying what he was saying by demonstrating it on the computer (Node 24).

Some students seemed to grasp how the concept could be employed to success-
fully create an animation, illustrated when Sam said to the education teacher (Node
25), “Oh, so this (pointing to the person) isthe parent and thearmisachild.” How-
ever, others appeared confused and, in one case, extremely frustrated. Thisfrustra-
tionmanifesteditself on Day 4 (Node 26) when Jim, whowasbeing hel ped by Ross,
becameextremely frustrated andyelled out “ Thisdoesn’twork, | don’t getwhat | am
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supposedtodo.” Zak thenwent over and explained parent—childrel ationshipsandits
relevance to animation to both Jim and Ross (Node 27). Thisexplanation involved
pointingtothescreenand alluding to the particul ar task at hand: “ Y ou seethisfinger
isthechild and the hand isthe parent.” Jim did not understand the rel ationships and
stopped listening to Zak, but he continued trying to animate his object (Node 28).
Ross, however, did understand the concept and the practiceand returned to hiscom-
puter where he made his character open adoor (Node 29).

Later, when Jim’'s animated character, Mr. White, walked across the screen
with his feet remaining planted at the original location, his frustration again ele-
vated (Node 30). The education teacher then pointed to the child and parent but-
tons and said, “ Use these after highlighting the objects’ (Node 31). Jim, growing
more frustrated, commented (Node 32), “I don’'t know what parent and child
mean.” Ted then came over and asked Jim to show him what he was doing. When
Jim neglected to group the children, Ted pointed to the screen and said (Node 33),
“That iswhat you did wrong. Y ou didn’t group those objects with the parent.” Jim
then watched Ted work back on Ted's machine, as Ted modeled the practice
(Node 34). Afterward, Jim returned to his own computer and worked at
ungrouping and grouping objects so that he could move the character correctly
(Node 35). Hefinally got it to work and then described parent—child relationships
to the education mentor in terms of how it helped in programming:

It allows meto group awhol e object but makes one of the piecesachild [Jim
points to the knee] and | can move it and group them back so | can make the
objectlook like[itis] moving. By grouping some and not others, | don’t have
to animate each object but just parts, and the rest stays together.

His explanation captured the relationships of his conceptual understanding (par-
ent—child relationships) and his particular practices.

Examination of the dialoguewithin particular nodes showed how the practi ce of
animationtransformedover time(i.e., their contextual influence). Initially, students
weremore concerned with aesthetic appeal and realism (Nodes5-35); for example,
by using each other asmodel sto determine how to make acharacter’ swalking ani-
mationlook realistic. However, by theend of Days4and5, realismwassecondary to
the need for completion (Nodes 35-53, not shown in Figure 7). Time efficiency
eventually becamethemoresalient constraint on defining thepractice, with onestu-
dent stating, “Why don’twesimply haveMr. Whiteslideacrossthestage... . Atthis
point I’ mlessconcerned with how itlooks. | just want to get himfromonesideof the
stageto the other.” Furthermore, learner specialization for aparticular type of ani-
mation began to emerge. By Day 5, the group had made onelearner responsiblefor
all walking, whereas another dealt with head turns, and still another focused onarm
movement and animating the fingers of the monkey’s paw. One student stated,
“Okay, Ted will do al the walking stuff and Sam will do body movement.”
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Cross-Case Comparison

Learning by design.  Students in both groups engaged in a design process
similar to experienced designers as they shifted between learning software tools,
constructing their models, and visualizing their models, as their skill in using the
software and their understanding of the problem at hand evolved. Furthermore,
through this design process, conversations evolved surrounding the constraints
(timelinesand resources) and affordances (availabletool sand expertise) asthey re-
lated to completing the task. For example, one of the strengths of emerging
three-dimensional technologies is that they allow for the placing of viewpoints.
Thisfunctionality opens up many learning opportunities not normally availableto
beginning astronomy students. For example, a student wishing to view the Earth
from the moon would traditionally be rel egated to viewing static picturesthat show
the Earth from the moon. By using viewpoints, however, a student can design a
model that has aviewpoint on the moon and observe the Earth, determine whether
the Earth has phases, as well as visualize other astronomical concepts that can be
understood by gaining a different perspective.

Oneexciting feature of learning astronomy in this context was how the building
of their models created an authentic reason for applying mathematics. Applying
mathematics was central to dispelling misconceptions about astronomy (e.g., is-
sues of scale). Through building their models, students engaged numbers and
equationsthrough the direct manipulation of their virtual objects, supporting them
in building an understanding of quantitative relations of astronomical phenomena
without defining these through their formalisms. It was significant to hear one stu-
dent say, “Wow, finally ausefor math!” Consistent with how students cameto un-
derstand other conceptual tools, mathematicswas not introduced asaset of rulesto
be memorized but as a collection of useful tools to support students in building
their three-dimensional worlds.

Despite the success that the solar group had in designing amodel solar system,
constraining issues did emerge. For example, the teacher at times steered the stu-
dents toward constructing a model based on her vision of what she expected the
studentsto learn. Asaresult, the designtask (construct asolar system) shifted from
an open-ended, student-driven task to anarrower goal of constructing amodel that
imitated theinstructor’ simage of asatisfactory representation of the solar system.6
The addition of this design constraint changed the nature of the design process
from an iterative model-building processthat generates questionsto spur scientific

5Although at ageneral level the task was reproduction, at the level of local activity the students en-
gaged in much appreciation and decision making (e.g., making decisions regarding level of detail and
deciding whether to devel op scientifically accurate model svs. model sthat were more useful in support-
ing theuser inusing themodel to devel op astronomical insights, or even deciding which moonsand what
information would be included and excluded from the model).
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inquiry to one more heavily focused on imitation. This robbed the students of the
need to develop those design skills.

Incontrast, thetheater group wasimmersed inadesign processsimilar tothat de-
scribed by Schén (1987), inwhichthestudentsdevel oped meaning through creating
designsto solve aproblem rather than having meaning imposed by the problem or
some other external agent. In other words, the students could impose their own
meanings and define their goals before and during the design process while over-
coming various constraintsto compl etetheir design. For example, at one point, the
studentsreali zed that adeadline (constraint) wasapproaching, andto havetheir play
ready, certain sacrificeswould need to be madein animating their characters. In ad-
dition, the theater group had the opportunity to view their play from multiple per-
spectives. For instance, each student was simultaneously the director, producer, set
designer, and sounddesigner for their entirevirtual three-dimensional production.

Differences in emergent tasks and constraints.  The solar group developed
amodel of the solar system and, in the process, group members became increasingly
knowledgeably skillful with three-dimensional modeling and astronomy. The solar
group activity, especially when considered in contrast to the theater group, was ori-
ented toward reproduction rather than original creation. The solar group focused on
modeling the solar system asit is defined by scientists and made public through avail-
able resources, especialy textbooks, the Web, and their teachers. The solar system
teachers had a clear idea of what they expected students to produce, and deviations
from the scientifically accepted solar system were considered wrong. This predefined
endpoint potentially resulted in different sortsof activitiesthan thoseengagedin by the
theater group, with replication and fact enactment being valued more heavily than
learner creativity. Had the solar group conceptudized their activity as one of model
building inwhich the challengeliesin constructing model sthat answer scientific ques-
tions (vs. one of reproduction), more creativity might have been engaged. In contrast,
thetheater group decided early ontotakelibertiesin adapting the play, and theteachers
were comparatively more open to having students define the parameters of the project.
Therefore, the project constraints that emerged for the theater group were much more
open-ended and student directed than for the solar group.

Furthermore, the theater group members were cognizant of the audience for
their project, often (48 out of the 242 recorded nodes) referring in their discussions
tothefriends, family members, middle school students, and Internet viewing audi-
encewho would usetheir project. In contrast, the solar group seldom discussed au-
dience constraints, discussing audience or constraints of the Web-based delivery
environment in only three recorded nodes. Thisdifference suggeststhat amore so-
cially authentic context emerged for the theater activity than the solar system ac-
tivity. In sum, whereas the theater group could best be described as a context of
collaboratively emergent public constraints, the solar group could be better char-
acterized as a context of teacher-defined, factual reproduction constraints.
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Group dynamics and evolution.  Divisionsof labor and theroletheteacher
played impacted theway both the solar group and thetheater group unfolded. Inthe
theater group, over 90% of the nodes (216 out of 242) involved a student, some-
timeswith ateacher, asaninitiator. (Using the CN-ARE approach, itispossiblefor
both astudent and ateacher to dually initiateanode.) Initially, theteachersdirected
the trgjectory of experience by remaining the focal point for conversations, taking
notes, and initiating group discussions. However, on Day 2 there was a switch in
teacher-only initiation when one teacher was distracted in conversation. The stu-
dents, growing impatient, seized the moment and actually walked over and re-
moved the easel from hishands. From that point forward, the learnerstook respon-
sibility for the project’s completion, with the teachers stepping in only when the
learners were getting sidetracked or to address a technology-based impasse. At
these times, the teachers would rarely tell students what to do. Instead, they used
questioning techniques to help students maintain or reinitialize the goal. Their ap-
proach was consistent with that of Collins, Brown, and Newman (1989) in which
the teacher models, then coaches and provides scaffolding, with the goal being to
gradually fade to the background, applying supports only when necessary. On the
first day, the teacher often led discussion and modeled the use of CosmoWorlds,
whereas on Days 3 through 4, the teacher coached students while they worked on
their projects; and by Day 5, theteacher faded into the background, encouraging the
|earners to assume responsibility for the completion of their project.

Inthe solar group, only 59% of the nodes (140 out of 238) involved a student as
aninitiator. More striking, one of theteacherswasinvolved ininitiating 60% of all
coded nodes and in all but 3 of the 22 planning nodes. In contrast to the theater
group, the solar group teachers had a difficult time stepping back, promoting col-
|aboration, and allowing the students to devel op ownership and responsibility for
their projects. The switch from teacher initiation to student initiation never took
place in the solar group. There was little collaboration among the students unless
explicitly requested by the teachers. Furthermore, the teachers continually com-
peted with the computers for the attention of the students. This led to different
group dynamics for the two groups.

We developed a qualitative visual representation of the interaction among stu-
dentsand teachersfor the theater group and solar group acrosstime (see Figure 8).
Thisdepiction represents an encoding of the observationsinitially taken fromfield
notes, which was then followed up with feedback from the directors and through
further analysis of the videotapes by the research team to increase representational
accuracy. Therefore, although the diagram isaqualitative representation, we have
used multiple sources of data to triangulate this interpretation. The specific dis-
tances are not based on a quantitative scale; rather, they are intended to qualita-
tively represent the relations we observed. This depiction showsthat early in both
projects the facilitators, represented by black circles, were the center of activity
and interaction, with al discussion flowing through them. In the theater group,
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FIGURE 8 Pictoria representation of the interaction among students and teachers across
time. This depiction represents an encoding of the observationsinitially taken from field nodes,
whichwerethen followed up with feedback from directorsand further analysisof thevideotapes
by the research team to increase representational accuracy. Gray dots represent students and
black dots represent teachers, with placement of dotsroughly signifying distance between indi-
viduals. Solid lines suggest movement and dialogue.

group members quickly began sharing information on CosmoWorlds. In the solar
group, this pattern of interaction did not emerge until much later in the week. The
theater group evolved evenfurther by the end of theweek, with the group members
working amost entirely independently, interacting together in both small and
large groups without their teachers. The teachers were facilitators in these latter
stages, entering the discussion to provide just-in-time instruction, Socratic ques-
tioning, or to help the group monitor its progress.

CONCLUSIONS

In this research, we followed the trajectory of two practices to document empiri-
cally how practices (e.g., geometric transformation) and conceptual understanding
mutually coevolve, and we suggest that both terms can be subsumed under theterm
knowledgeably skillful. Even when concepts were discussed asissues at hand (vs.
being treated as part of practices), their realization reciprocally emerged within the
context of their actualization as a practice. Such a pedagogical approach directly
speaks to Sfard’'s (1998) distinction between acquisition and participatory meta-
phors of learning, or Lave's (1997) distinction between a“ culture of acquisition”
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versus “understanding in practice,” by suggesting that the goal of instruction isto
facilitate participation in practices that involve conceptually rich understanding
and to situate conceptual discussionsas part of student tasksand practices. Wehave
attempted to document how conceptual understanding did not evolveassomereifi-
cation of practice or as an abstract entity, but was distributed across students’ tra-
jectory of experienceswith teachers, each other, technology, and thetask at hand. It
is our contention that adopting the parti ci pation metaphor contextualizes knowing
asarelational processand not only moreusefully capturestheworld asitis, but also
dramatically augments and shapes the practice of designing environmentsto sup-
port learners in becoming knowledgeably skillful.

Rooted in Cartesian dualisms, separating knowing and doing islong and distin-
guished in the history of cognitive science, education, and Western thought in gen-
eral (Barab et d., 1999; Bredo, 1994; Cunningham, 1992; Swenson, 1997). Thisis
apparent in the separation of conceptual and procedural knowledge (Alexander,
1996; Greeno, 1978), and this dualism has been reified throughout traditional
American schooling (Lave & Wenger, 1991; Resnick, 1987). As Cunningham
(1992) wrote, “The majority of the pedagogical practices employed in our culture
(e.qg., lectures, large classes where listening predominates, objective tests with
‘true’ or ‘best’ answers) areideally suited to supporting a dualist perspective” (p.
179). Specifically, these practices have involved teachers lecturing on prepack-
aged concepts with the expectation that learners will later match up the concepts
with their functions (J. S. Brown et a., 1989). In contrast, we and others have ar-
gued for the inextricable relations of knowing and doing, and we find ourselves
resonating with notions such as knowledgeably skillful (Lave & Wenger, 1991),
intelligent action (Ryle, 1949), mind as action (Wertsch, 1998), and the process of
semiosis (Cunningham, 1992).

We, asdesigners, attempted to avoid these dualisms by immersing camp partic-
ipantsin rich contextsthat demand thoughtful action. While working in these con-
texts, participants manipulated and examined dynamic artifacts they developed
with three-dimensional modeling tools. At one level, theorizing knowing and do-
ing as inseparable is smply a theoretical commitment that we have chosen, and
their interrel ations are present because we have chosen to situate them in thisman-
ner. However, at another level, we believe that situating our camp design and our
interpretations in terms of this commitment alows us to develop more useful
|earning environments and interpretations of the student experience in these envi-
ronments than if we maintained the dualistic tradition. With respect to design is-
sues, this commitment led to the creation of a project-based |earning environment,
which isonetype of PLE inwhich completing aproject provides amotivation and
justification for students’ evolving practices—practices that require rich concep-
tual understanding. For example, the concept of relative size was not aseparate ac-
tivity that students designing a model of a solar system were expected to study;
rather, it wasaway of defining the constraints of their virtual worlds, with learners
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actualizing and evolving their understanding as part of the model-building pro-
cess. Similarly, students in the theater group did not learn parent—child relation-
shipsasan abstract concept but, instead, cameto appreciateitsapplicationinterms
of the complex practice of animation.

One could view both of these instances aslearning a concept and then applying
it or even looking at learner activity as simply mechanistic behaviors after which
learners devel oped conceptual understanding. However, we believe that it ismore
parsimonious and functional to discuss these instances as learners becoming
knowledgeably skillful without trying to separate out what was knowing and what
wasdoing. Cleaving learner activity along dualistic (mind vs. body or mind vs. en-
vironment) or even researcher-imposed lines serves to carve up experience in
ways that were inconsistent with our observations. We observed that learning in-
volved atrgjectory extending across multiple time scales, resources, individuals,
and activities. Relegating experience to conceptual understanding occurring in the
confines of the mind creates an unnecessary divide between individual and envi-
ronment (Gibson, 1979). This separation further justifies the validity of posttest
analysisand allows researchersto overlook the complex and dynamic interactions
that characterize learning in PLEs (Barab & Kirshner, in press).

It would al'so be naiveto refer to either of the practices discussed, or any other
practices, as simply mechanistic behaviors. The theater group never explicitly
used theater formalisms of blocking, perspective, aesthetics, and so forth. Their
model-building practices, however, clearly evidenced an appreciation for audi-
ence and made good use of blocking, perspective, and aesthetics. Wewould havea
difficult time referring to their practices as behavioral but not knowledgeable. In
other words, these practices relied on conceptual understanding even though no
one used the particular formalisms taught in theater or mathematics classes. It is
for this reason that we use the phrase knowledgeably skillful when characterizing
learner practices. Similarly, the practice of geometric transformation was in-
formed by tools, resources, and other experiences, with learner understanding and
practices being situated in and part of these contexts. Students in the solar group
did not cometo appreciate the magnitude of the differences of scale, presumably a
conceptua understanding, until they enacted these differences in the context of
building their models. Students in the theater group came to understand par-
ent—child relationshipswithin and through their local activities. Restated, knowing
and doing are so interlinked that it woul d be counterproductiveto build accounts of
cognition or to create learning environments that treat them as separate.

The inextricable relations of knowing and doing were also contextually influ-
enced, being defined in part by teacher-defined prescriptionsbut primarily through
the constraints of student-defined goals and expectati ons with respect to their pro-
jects. For example, despite the education teachers explicit lecturing on par-
ent—child relationships, students’ understanding was a part of and evolved through
the practices and tasks they were carrying out. The contextual influence on prac-
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tice was evident in the evolution of animation, which began with the goal of pro-
ducing real-looking movement and became relegated to the goal of efficiency.
Although both goals require animating objects, the process and task of animation
are different in that one emphasizes texturing objects in fine detail and creating
multiple children that can be animated separately, whereas the other requires mak-
ing moretime-efficient choices. Theability of studentsto alter practicesin relation
to contextual particulars is a necessary understanding of practices if they are to
have real-world application. All too often, however, in schools we provide stu-
dents with a definition of practice or provide them with the opportunity to apply
the practice within the constraints of one close-ended assignment that requireslit-
tle or no adaptation of what is being learned.

In addition to the influence of context on practiceswere the effects of resources
on practices and, ultimately, the greater context. These effects on agroup or com-
munity dynamic can be remarkable, relegating practices passed on from genera-
tion to generation and hours of work to meaninglessrelics of the past. Roth (1996)
discussed how aglue gun tool undermined much of the teacher-adopted curricular
goals because, with the glue guns, students no longer needed to understand many
of the important concepts the lesson was designed to illuminate (e.g., triangula-
tion). Similarly, we were able to document how theintroduction of apredevel oped
artifact (the door for the theater group) affected the individual, the group, and the
relationships among both. These artifacts have the potential of undermining indi-
viduals (whose personal identity is devalued) as well as entire communities (e.g.,
dairy farmers) whose practices (those milking with their hands) are not as efficient
and profitable asthose accomplished using technological artifacts (e.g., the farmer
who purchases an electronic milker). In this project, the CD-ROM of images
seemed like an innocuous introduction, but it quickly redefined the community.
This case shows how technological innovations can have aprofound impact onthe
learning practices and classroom culture, and designers of PLEs should be aware
of their potential impact on a community.

Last, the virtual instantiation of students’ understanding afforded by three-di-
mensional model sfacilitated the devel opment of grounded understanding of astro-
nomical phenomena not as isolated concepts, but as distributed descriptions that
are situated across their experiences (Barab et al., 1998; Pea, 1993). For example,
students in the solar group were able to create artifacts and enter various coordi-
nates, sizes, rotations, and tiltsto explore (and challenge) their current conceptions
of the solar system. Thisisimportant because astronomy isadomain that tradition-
aly does not allow learners to experience planetary and stellar dynamics; instead,
learnerstypically read about them in atextbook. Clearly, students cannot travel to
the heavens, but three-dimensional modeling toolsallow studentsto havelocal ex-
periencethrough which their astronomical understanding can evolve. With respect
to the theater group, learners were able to set up scenes and then immediately ob-
serve the effects of design decisions related to theatrical formalisms, such as
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blocking, lighting, and casting. In addition, each student was ableto play thedirec-
tor, producer, set designer, and even actor for their three-dimensional production.

IMPLICATIONS

It is important to reclarify our claim that conceptual understanding and
contextualized activity are fundamentally interrelated and mutually constitutive.
We provide support for our conviction that conceptual understanding coevolved
throughlearner practices, leadingtowhat Laveand Wenger (1991) referred to asbe-
comingknowledgeably skillful. Wearenotimplyingthat theseunderstandingsarea
result of virtual artifacts serving as a source of perturbation for learner cognitive
structures or that what isbeing constructed is some sort of reified mental structure.
Rather, whileworking with three-dimensional modeling toolsinour PLEs, students
can participate in atrgjectory of experiences that supports their becoming knowl-
edgeably skillful—alearning processthat invol ves parti cipation and not accommo-
dation or acquisition (Barab & Duffy, 2000; Kirshner & Whitson, 1997, 1998).

A challengein our design experimentsisto develop innovative introductory as-
tronomy courses that embed the factual constraints within a context of emergent
task constraints (Barab, Hay, Barnett, & Keating, 2000). This effort involves sup-
porting students as they use three-dimensional modeling tools to collaboratively
define meaningful questions and construct VR models that they and future users
can use to answer these student-generated questions and to better understand as-
tronomy. Although factual constraintsstill hold, they areintroduced by studentsin
relation to constructing their models as opposed to being didactically imposed by
the teacher (Barab, Barnett, et a., in press). In addition, technological advances
since this summer camp have made it possible to implement these types of
three-dimensional modeling projects with fifth graders on standard laptop com-
puters using free software.

Animportant implication of thisresearch stemsfrom the acknowledgment that
PL Esarecontinually evolving systemsthat support |earnersat multiplepointsalong
their trajectory of being and becoming knowledgeably skillful. The emergent and
dynamic nature of PLES hasimportant implications for the nature of instructional
design. Rather than traditional paradigms aimed toward specifying fixed goalsand
objectives using predetermined lessons directed toward students’ acquisition of
facts (see Reigeluth, 1983), the emergent practi ces defining thesetypes of environ-
ments push toward a new educational paradigm (Barab et al., 1999; Bednar et al.,
1992; Gagne, Briggs, & Wager, 1993; Reigeluth, 1999; Roth, 1996):

This new paradigm has to recognize that the needs of practice relative to changing
systems of a community’s activities are more apt regulators of learning than are the
community’s (including teachers’) beliefs about the importance, significance, and
value of isolated pieces of concept-related resources and practices. In many respects,



TRACING LEARNER PRACTICES 87

this knowledge-building community had properties similar to other self-organizing
and emergent phenomena; the evolving resources and practices provided not only a
base for future events but also new possibilities and constraints for still other events.
(Roth, 1996, p. 217)

If the practicesthat students|earn change with respect to contextual demands, then
itisessential that educators do morethan simply tell or show students how to carry
out a particular practice; rather, they need to establish learning contexts that en-
courage studentsto engagein and, possibly moreimportant, to modify practicesin
response to various contextual demands. It is the responsibility of the teacher to
support the emergence of learning environments that both (a) validate the impor-
tance of to-be-learned, conceptually rich practices, and (b) requirelearnersto con-
tinually evolve their competence in response to changing contextual demands.

We have also found that it is important that the teacher has “buy-in” into the
pedagogical practicesthat supply the foundation of PLEs; that is, allowing the op-
portunity for the emergence of student-driven practices, goals, and expectations
rather than redefining the goals to meet certain curricular objectives. Stated more
broadly, teachers must buy into the participation and not simply the acquisition
models for learning (Sfard, 1998). From a design perspective, one of the greatest
challenges facing instructional designersis not how to design innovative curricu-
lar packages, but, rather, how to support teachersin using them in amanner that is
consistent with designers’ intentions. For example, when the CTGV (1990, 1993)
published the Jasper Series, they found that many teachers tended to integrate the
seriesinto traditional pedagogical practices, many of which wereinconsistent with
the participatory contexts that the series was designed to promote.

The emergent nature of these environments and of the process of learning also
hasimplicationsfor research. Central to our research isaparticipatory unit of anal-
ysis, defined as the intersection of individual, context, and activity as they unfold
in situ. Limitations to the more common unit of analysisthat focuses on the think-
ing of individual learnersisevident in Greeno’s (1998) statement:

Cogpnitive science analyzes structures of the informational contents of activity, but
has little to say about the mutual interactions that people have with each other and
with the material and technological resources of their environments. (p. 6)

The difficulty in finding methods for capturing the more dynamic unit of analysis
discussed in this study liesin the fact that this unit is distributed spatially and tem-
poraly across multiple individual, social, and material components (Barab &
Kirshner, in press). Despitethe challengesin capturing such adynamic and distrib-
uted unit of analysis, it isimperative that educators continue to explore innovative
methodol ogical approachesthat capturelearning asit emergeswithin rich environ-
ments so as to inform instructional practice and design. We have found the
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CN-ARE methodology, introduced by Barab, Hay, and Yamagata-Lynch (in
press), to provide auseful strategy for tracing the evolution of resources and prac-
ticeswithin aPLE. Thesefindings can provide educators with an understanding of
the types of interactions PLEs afford, potentially serving as guidepostsfor design-
ers and teachers. The CN-ARE approach allowed us to capture and develop net-
worksthat can represent theinteractionamong thetask, theindividual, theteachers,
the technol ogy, and the physical—social setting.

Webelievethat three-dimensional technol ogi escreateexciting opportunitiesfor
studentsto create, manipul ate, andinteract withtheir ownvirtual products, devel op-
ing understandingsthrough their first-hand experience—especially with respect to
astronomy |earning. When students|earn conceptsthat areintroduced as somehow
disembodied and abstract, they must suspend reality and conceptualize signs (e.g.,
mathematical symbolsand line of nodes) void of any concrete attachment to direct
experience (Walkerdine, 1997). As such, students must construct their own signs,
someof which correspondwith socially negotiated meaningsestablished by authen-
tic communities of practice and othersthat do not. With respect to astronomy, this
hasresultedinwidespread alternative conceptionsabout thescal eof thesolar system
and other important astronomy concepts (Pfundt & Duit, 1998; Pyramid Film &
Video, 1988; Wanderseeet al., 1994). Wehaveargued that for studentsparticipating
in this summer camp, conceptual understanding was inextricably linked as part of
practice and stood in sharp contrast to their more common treatment in schoolsin
which abstract facts are introduced through didactic lectures or textbooks
(Bransford, Franks, Vye, & Sherwood, 1979; Ruopp, Gal, Drayton, & Pfister,
1993). The constructionist nature of the course and the innovative technology also
proved engaging for studentswho choseto participateand do what could be charac-
terizedascurricular work voluntarily, when school wasout—thesetechnol ogiescan
stimulate student interest in educational activities during their free time.

L earning through design can al so support additional opportunitiesin which stu-
dents can develop a sense of authorship over their work (Holbrook & Kolodner,
2000; Lehrer, 1993). Thisfeeling of authorship can lead to increased intrinsic mo-
tivation and perhaps a stronger interest in the subject matter under study (Lepper,
1988). Furthermore, learning by designing models can increase student motivation
by alowing the freedom to control and determine the course of their activities
(Lepper & Malone, 1987). When students learn collaborative design skills, they
are developing habits and practices that are valuable for their future endeavors
(e.g., learning how to plan, recognizing when acourse of action isnot working, be-
coming comfortablewith learning how to use new tools, and learning how to nego-
tiate and arrive at a shared understanding of how to solve complex problems;
Ehrmann & Balestri, 1992).

Inclosing, we believeit isimportant to note that our understanding of the emer-
gent nature of PLES and the interrelations of knowing and doing is not based on
some theoretical conjecture, but rather arises out of our experience with facilitat-
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ing and analyzing the development of PLEs. Because of the grounded nature of
thisresearch (both its direct tie to actual data and the fact that the data are derived
within an authentic, naturalistic setting), it caninform practice and practitionersin
meaningful ways. Thistype of empirical research is needed to advance our under-
standing of PLEs. We hope that educators will continue to explore innovative
techniques for capturing the unfolding of learning and group dynamicsin situ so
that we can build a grounded understanding of what is occurring and the types of
interventions and design principles that need to be considered while developing
PLEs. Our interpretations of the data suggest uniting the traditionally distinct no-
tions of knowing and doing, reconceptualizing both as a process of becoming
knowledgeably skillful. These results also indicate the potential of PLEs for sup-
porting this process.
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