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10Abstract Conversational technologies such as email, chat rooms, and blogs have made the
11transition from novel communication technologies to powerful tools for learning. Currently
12virtual worlds are undergoing the same transition. We argue that the next wave of
13innovation is at the level of the computer interface, and that mixed-reality environments
14offer important advantages over prior technologies. Thus, mixed reality is positioned to
15have a broad impact on the future of K-12 collaborative learning. We propose three design
16imperatives that arise from our ongoing work in this area grounded in research from the
17learning sciences and human-computer interaction. By way of example, we present one
18such platform, the Situated Multimedia Arts Learning Lab [SMALLab]. SMALLab is a
19mixed-reality environment that affords face-to-face interaction by colocated participants
20within a mediated space. We present a recent design experiment that involved the
21development of a new SMALLab learning scenario and a collaborative student participation
22framework for a 3-day intervention for 72 high school earth science students. We analyzed
23student and teacher exchanges from classroom sessions both during the intervention and
24during regular classroom instruction and found significant increases in the number of
25student-driven exchanges within SMALLab. We also found that students made significant
26achievement gains. We conclude that mixed reality can have a positive impact on
27collaborative learning and that it is poised for broad dissemination into mainstream K-12
28contexts.

29Keywords K-12 learning . Mixed reality . Collaboration . Teaching experiment .

30Social computing . Human-computer interaction . Science learning
31

Computer-Supported Collaborative Learning
DOI 10.1007/s11412-009-9074-8

D. Birchfield (*)
School of Arts, Media and Engineering, Arizona State University, Tempe, AZ 85281, USA
e-mail: dbirchfield@asu.edu

C. Megowan-Romanowicz
School of Educational Innovation and Teacher Preparation, Arizona State University,
Tempe, AZ 85281, USA
e-mail: mary.megowan@asu.edu

JrnlID 11412_ArtID 9074_Proof# 1 - 18/08/2009



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

32Introduction

33Digital technologies are rapidly changing as new modes of production, communication,
34and interaction continuously redefine our computing experiences. Users, designers, and
35developers from diverse communities including computer science research, industry,
36education, and entertainment are driving this evolution. Each technological innovation
37seemingly offers fresh opportunities for educators and students to teach and learn in
38new ways, but also poses new challenges to ensure that best practices are identified and
39implemented. One of the most exciting areas of recent innovation is at the level of the
40interface, as is most apparent in the commercial uses of the Nintendo DS and Wii. As
41these technologies mature to the point that they are ready to be widely disseminated
42into mainstream K-12 learning environments, we must develop appropriate design
43frameworks and an empirical base that is grounded in contemporary research from the
44learning sciences.
45To address this need, our research team takes a holistic approach to realizing new
46frameworks for collaborative learning with interactive digital media. Specifically, we have
47implemented a new platform for embodied and mediated learning called the Situated
48Multimedia Arts Learning Lab [SMALLab]. We have worked in close collaboration with
49K-12 teachers and students to create interactive learning scenarios and associated curricula
50for content learning across the arts, humanities, and sciences. We have undertaken studies
51in informal and formal contexts including conventional school classrooms. Over the past
5218 months we have been conducting a series of design experiments (A. L. Brown 1992;
53Cobb et al. 2003; Collins et al. 2004) to study the efficacy of SMALLab in a large urban
54high school in our region. Three design imperatives have emerged to guide our ongoing
55work which have implications for the design of future computer-supported collaborative
56learning environments and the field of digital learning in general. Specifically:

57& Design Imperative 1: Direct face-to-face interaction among colocated participants
58within the computationally mediated space should be cultivated
59& Design Imperative 2: Thought and action should be distributed across multiple
60participants through an active, generative process that unfolds in real time
61& Design Imperative 3: Immediate (spatial and temporal) consolidation of emergent
62conceptual models should follow the active learning process

63The first imperative springs from our observations that students respond positively to
64direct face-to-face communication and the flexibility of digital tools. Nonetheless, many
65current platforms fail to integrate these two elements. For example, collaborative virtual
66worlds provide access to many distributed users, but they are often not designed to support
67direct interactions by colocated participants. Similarly, the traditional desktop computing
68platform itself is designed around a single-user interaction paradigm, and it often serves to
69isolate students from one another. We posit that despite the technological hurdles, hybrid
70physical-digital learning experiences should, when possible, be designed to integrate
71physical, social, and digital components into one coherent experience.
72The second imperative flows from the first. Multiple participants should be empowered
73to directly participate in a shared learning experience. Individual actions should have
74immediately apparent consequences for the entire group to the extent that collaborating
75students can translate their collective thought into collective action in real time. This
76imperative requires computational platforms with multiple parallel interfaces, each with
77clearly defined, yet interdependent roles for participants.
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78The third imperative speaks to the ordering of learning activities. In SMALLab, students
79are continuously creating and testing new knowledge through hands-on activities. There is a
80need to regularly consolidate this new knowledge into robust conceptual models. This
81consolidation is best supported by class discussions mediated by a teacher or peer mentor.
82We posit that this consolidation is best served by reflection that immediately follows action.
83This should be immediate in time, while the experience is most fresh in memory, and in
84space (i.e., in the same physical space as the learning) so students can directly refer to the
85artifacts or outcomes of their shared experience.
86These imperatives are grounded in our own research, and are further supported by the
87theoretical literature from the learning sciences regarding best practices in collaborative
88learning. In addition, they align with recent trends in Human-Computer Interaction (HCI)
89research that emphasize the importance of leveraging the natural social and physical
90capacities of users. In this article, we first present the theoretical basis for our work that
91draws from the learning sciences and HCI research. We next present SMALLab, a mixed-
92reality learning environment. We describe the context of a permanent SMALLab installation
93in a classroom at a large public high school in the southwest United States. We present a
94recent design experiment for earth science learning in SMALLab, detailing how our design
95imperatives ground the study. Our primary goal for the study is to better understand the
96impact of mixed-reality technology and our three design imperatives on collaborative
97learning in a classroom context. We present data that characterize the nature of student/
98teacher interactions while working in SMALLab. We summarize results from an invariant
99pre- and post-concept test that suggests that students made significant conceptual gains as a
100result of the experience. This study is not intended as a comprehensive validation of the
101impact of mixed-reality technology in the classroom. More extensive research is required to
102better understand the specific conditions and mechanisms that can lead to powerful mixed-
103reality learning experiences. Rather our aim is to demonstrate the potential for this
104technology and design imperatives to frame effective collaborative learning and to identify
105next steps in our longitudinal study.

106Theoretical foundation

107There has been extensive research regarding the efficacy of collaborative and cooperative
108learning (A. Brown and Palinscar 1989; Mesch et al. 1988; Slavin 1995, 1996). In
109comparison to individualistic and competitive approaches, there is overwhelming evidence
110that collaborative learning is superior in many respects. Collaborative learning generates
111significantly higher achievement outcomes, higher level reasoning, better retention,
112improved motivation, and better social skills (D. W. Johnson and Johnson 1984, 1989,
1131991) than traditional didactics. Nonetheless, improved learning does not simply emerge
114from placing students in groups or providing tools that accommodate multiple users. Well-
115designed tools, activities, and mentoring must structure any collaborative environment to
116ensure collective thought and learning. Johnson and Johnson (D. W. Johnson and Johnson
1171991) have identified five essential elements for successful cooperative and collaborative
118learning. Specifically, learning hinges on (1) positive interdependence, (2) promotive
119interaction, (3) individual accountability, (4) interpersonal and small-group skills, and (5)
120group processing. Our own design imperatives emphasize the need to bring together
121collaborative activity and reflective processes within one cohesive learning environment.
122Johnson and Johnson’s model offers a compelling framework for the design of collaborative
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123learning environments and activities, and four of these tenets in particular have informed
124our design imperatives.
125Our design imperatives are grounded in the concepts of positive interdependence, (2)
126promotive interaction, (3) individual accountability. Positive Interdependence: Johnson and
127Johnson describe multiple facets to positive interdependence, and most influential for our
128work is the notion of positive goal interdependence. When there is positive goal
129interdependence, students understand that they can only achieve their goals if all group
130members contribute toward a shared goal. Promotive Interaction is defined as “individuals
131encouraging and facilitating each other’s efforts to achieve, complete tasks, and produce in
132order to reach the group’s goals” (R. T. Johnson and Johnson 1994). Such interaction is
133accomplished through frequent face-to-face interchanges that foster social competencies
134that engage students’ full expressive capabilities including language, gesture, and oral
135communications. Individual Accountability means that each member of a collaborative team
136has a clearly defined responsibility and contribution to the common goal. This
137accountability can be structured into the design of collaborative tasks through formal and
138informal assessment tasks such as tests and oral questioning. Individual accountability is a
139necessary complement to group interdependence.
140Our work is also grounded in group processing, which occurs when small groups and
141whole classes of students reflect upon the nature of their collaboration, discussing what
142worked and what needed improvement. This process encourages metacognitive thinking,
143promoting group trust, and providing positive reinforcement for successful work.

144Interactive technologies for collaborative learning

145With the advent of interactive technologies, educators and researchers have embraced each
146new wave of innovation, continuously revamping the nature of collaborative learning along
147the way. Nonetheless, each technology varies in its ability to support collaboration and
148collaborative learning.
149For example, “conversational technologies” such as email, electronic bulletin boards,
150and chat rooms enabled new modes of collaboration that were not previously possible.
151They transformed the nature of distance learning (Harasim et al. 1995; Leh 2001).
152Similarly, Learning Management Systems (Blackboard Inc. 2008; Moodle 2008) can reach
153a broad community that is distributed across multiple sites, providing an important shared
154forum for knowledge exchange. More recently, Wiki technologies (Leuf and Cunningham
1552001) have been shown to play an important role in supporting collaborative learning in
156online environments (Raitman et al. 2005; Rick et al. 2002). However, it is also evident that
157these mediated platforms are most effective when combined with face-to-face interaction
158(Asllani et al. 2008). These conversational technologies do not inherently support the face-
159to-face promotive interactions as described by Johnson and Johnson.
160In recent years, massively multiplayer online games [MMOG’s] and multi-user virtual
161environments [MUVE’s] have been adapted to support collaborative learning. For example,
162CyberOne: Law in the Court of Public Opinion (Nesson et al. 2007), is a course recently
163offered by the Harvard Law School and the Harvard Extension School. The River City
164project (Dede and Ketelhut 2003; Dede et al. 2002; Ketelhut 2007; Nelson et al. 2007) is a
165MUVE that enables middle school children to learn about disease transmission and has
166been demonstrated to be an effective tool for learning (Dede and Ketelhut 2003; Dede et al.
1672002). These technologies can support real-time interactions among large communities of
168learners, but unless purposefully designed, these open-ended virtual worlds do not
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169necessarily facilitate structured mentoring or conceptual consolidation during the
170experience. While virtual worlds hold promise for effective communication and for
171collaboration that reaches beyond previous conversational technologies, there is still the
172risk of a gap between virtual learning experiences and those that are situated in the
173physical world.
174Mixed-reality environments are interactive spaces that integrate computer-generated data
175with real-world components. They typically rely upon alternative display devices and
176tangible interaction devices. For example, flight simulators such as the Boeing 777 Cockpit
177Simulator, developed by NASA Ames’ Flight Deck Display Research Laboratory
178(W. Johnson and Battiste 2006), have been used for decades to safely train pilots in a
179manner that approximates real-world flight conditions. The MEDIATE environment was
180designed to foster a sense of agency and a capacity for creative expression in people on the
181autistic spectrum (EU Community Report 2004; Pares et al. 2004; Pares et al. 2005).
182There are also semi-immersive configurations for mixed-reality that are particularly well
183suited to support so-called social computing experiences (Dourish 2001). For example,
184tabletop computing systems use video projectors with camera-based tracking of physical
185objects in a tabletop configuration (Ishii and Ullmer 1997). When coupled with 3D motion-
186capture technology and large-scale projections, this tabletop framework can scale to
187architectural spaces to form 3D multi-user environments that remain situated in everyday
188contexts. These are often referred to as perceptive spaces (Wren et al. 1999) or ambient
189display environments (Sukthankar 2005). Working in this context, we have developed a
190new mixed-reality environment called the Situated Multimedia Arts Learning Lab
191[SMALLab] (Birchfield et al. 2006).
192Compared against previous technologies, mixed-reality environments offer several
193potential advantages for collaborative learning. First, mixed-reality environments support
194direct interactions by groups of colocated participants. They afford direct face-to-face social
195exchange between students. Second, mixed-reality environments provide a multitude of
196input devices that, unlike a traditional desktop computing platform, can be simultaneously
197manipulated by multiple users. The integration of these features is key. Mixed-reality
198environments afford face-to-face interactions between learners within a hands-on
199computational environment.

200What is SMALLab?

201SMALLab is semi-immersive mixed-reality learning environment developed by a
202collaborative team of media researchers—including the authors—from education,
203psychology, interactive media, computer science, and the arts. As shown in Fig. 1,
204SMALLab is physically open on all sides to the larger environment. Participants can freely
205enter and exit the space without the need for wearing specialized display or sensing
206devices such as head-mounted displays (HMD) or motion capture suits. Participants
207seated or standing around SMALLab can see and hear the dynamic media, and they can
208directly communicate with their peers who are within the active space. As such,
209SMALLab establishes a porous relationship between the mediated space and the larger
210physical learning environment.
211SMALLab supports situated and embodied learning by empowering the physical body
212to function as an expressive interface (Birchfield et al. 2006). Within SMALLab,
213students use a set of “glowballs” and peripherals to interact in real time with each other
214and with dynamic visual, textual, physical, and sonic media through full body 3D
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215movements and gestures. They can hear the sounds of an ocean or desert environment,
216see a structure take shape on the floor, and shake a physical device in their own hands to
217generate earthquakes.
218SMALLab consists of the following sensing and feedback equipment: a six-element
219camera array for object tracking, a top-mounted video projector providing real-time visual
220feedback, four audio speakers for surround sound feedback, and an array of tracked
221physical objects (glowballs). A networked computing cluster with custom software drives
222the interactive system. In past work, our team has deployed SMALLab in a series of pilot
223programs that have reached over 25,000 learners through regional school and museum
224programs (Birchfield et al. 2008; Cuthbertson et al. 2007; Hatton et al. 2008).

225Research context

226In Summer 2007, we began a long-term partnership with a large urban high school in the
227greater Phoenix, Arizona metropolitan area. We have permanently installed SMALLab in a
228classroom and are working closely with teachers and students across the campus to design
229and deploy new learning scenarios. This site is typical of public schools in our region. The
230student demographic is ethnically and socioeconomically diverse: 50% Caucasian, 38%
231Hispanic, 6% Native American, 4% African American, 2% other. In this study, we are
232working with ninth-grade students and teachers from the school’s C.O.R.E. program for
233at-risk students. The C.O.R.E. program is a specialized “school within a school” with a
234dedicated faculty and administration. We are conducting a long-term design experiment at
235this site to support a K-12/university Professional Learning Community [PLC] (DuFour et
236al. 2006; Hord 1997; Wenger 1998). Four K-12 teachers and three university researchers meet
237once a week for 2-h sessions after school to devise new approaches to mixed-reality learning
238including curricula and assessment metrics. One teacher, referred to as our teacher-partner,
239implemented the intervention described below in his classroom.

240Earth science learning

241Geologic evolution is an important area of study for high school students because it
242provides a context for the exploration of systems thinking (Chen and Stroup 1993) that

Fig. 1 Students collaborating to
construct a layer cake structure
in SMALLab
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243touches upon a wide array of earth science topics. Despite the nature of this complex,
244dynamic process, geologic evolution is usually studied in a very static manner. In a typical
245learning activity, students are provided with an image of the cross-section of the earth’s
246crust. Due to the layered structure of the rock formations, this is sometimes called a
247geologic layer cake. Students are asked to annotate the image by labeling the rock layer
248names, order the layers according to which was deposited first, and identify evidence of
249uplift and erosion (Lutgens et al. 2004). Students generally work individually, using
250reference materials to complete worksheet assignments. The classroom may come together
251to discuss the answers, but it is rare that students are offered a hands-on learning experience
252that captures the dynamic nature of the process of geologic evolution.
253Our partner teacher, an experienced earth science teacher, identified a deficiency of
254the traditional instructional approach: When students do not actively engage geologic
255evolution as a time-based, generative process, they often fail to conceptualize the
256artifacts (i.e., cross-sections of the earth’s surface) as interconnected products of a
257complex, dynamic system. As a consequence, they struggle to develop a robust
258conceptual model during the learning process. For 6 weeks, we collaborated with
259members of the PLC, using the SMALLab authoring tools, to realize a new mixed-
260reality learning scenario to aid learning about geologic evolution in a new way. Our three
261design imperatives grounded the development process. Once complete, our teacher-
262partner led a 3-day teaching experiment with 72 of his ninth-grade earth science students
263from the C.O.R.E. program.

264Research methodology: A design experiment

265We are currently engaged in longitudinal study of the impact and efficacy of the SMALLab
266learning environment. This study is unfolding over the course of several years, and
267numerous interventions. We take a design experiment approach as proposed by Brown
268(1992), Q1Collins (2004) and Cobb (2003). To that end, our process is iterative. Successive
269instances of teaching intervention are formulated, implemented, and studied. The design
270imperatives presented in this current study are grounded in our prior work and the
271theoretical literature. As proposed by diSessa (1991), these imperatives are of intermediate
272theoretical scope in that they draw from prior theory, and also from a set of experiences and
273studies within this particular school setting using the SMALLab learning environment.
274Nonetheless, they pose practical guidelines for the implementation of similar efforts in other
275contexts, yet we acknowledge that more work is necessary in order to extend these
276imperatives to a full-fledged learning theory.
277In this particular study, we focus on the question of how the mixed-reality
278environment and our design imperatives impact student-driven collaborative learning in
279the classroom. More specifically, we expect to see that the nature of interaction and
280discourse in the SMALLab is increasingly student-to-student versus student-to-teacher
281when compared against regular instructional methods. As an ancillary question, we also
282want to better understand if and how our methodology is advancing student content
283knowledge, but we acknowledge that a more focused design is required to examine this
284question in detail.
285Our collaborative design process yielded three parts: (1) a new mixed-reality
286learning scenario, (2) a student participation framework, and (3) a curriculum. We now
287describe each of these parts, discussing how each component reflects our design
288imperatives.
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289SMALLab learning scenario: Layer cake builders

290As pictured in Fig. 1 above, during the learning activities, all students are co-present in the
291space. Figure 2 shows the visual scene that is projected onto the floor of SMALLab. Within
292the visual display, the center portion is the layer cake construction area where students
293deposit sediment layers and fossils. Along the edges, students see three sets of images.
294Along one edge they see depictions of depositional environments. Along another edge are
295images that represent sedimentary layers. Along a third edge they see an array of plant and
296animal images that represent the fossil record. Each image is an interactive element that can
297be selected by students and inserted into the layer cake structure. The images are iconic
298forms that students encounter in their earth science studies outside of SMALLab. A standard
299wireless gamepad controller is used to select a depositional environment from among the
300five options.
301When a student makes a selection, they will see the image of the environment and hear a
302corresponding ambient soundfile. For example, if a student selects the fast moving stream
303environment, students hear the sound of rushing water. One SMALLab glowball is used to
304grab a sediment layer from among five options and drop it onto the layer cake structure in
305the center of the space. This action will insert the layer into the layer cake structure at the
306level that corresponds with the current time period. A second glowball is used to grab a
307fossil from among ten options and drop it onto the structure. This action embeds the fossil
308in the current sediment layer. On the east side of the display, students see an interactive
309clock with geologic time advancing to increment each new period. Three buttons on a
310wireless pointer device are used to pause, play, and reset geologic time. A bar graph
311displays the current fault tension value in real time. Students use a Wii Remote game
312controller with embedded accelerometers, to generate fault events. The more vigorously
313that a user shakes the device, the more the fault tension will increase. Holding the device
314still will decrease the fault tension. When a tension threshold is exceeded, a fault event (i.e.,

Fig. 2 Screenshot of projected
layer cake builder scene with
developing structure in the
middle
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315earthquake) will occur, resulting in uplift in the layer cake structure. Fault events can be
316generated at any time during the building process. Subsequently erosion occurs to the
317uplifted portion of the structure.

318Student participation framework

319The process of constructing a layer cake involves four lead roles for students: (1) the
320depositional environment selector, (2) the sediment layer selector, (3) the fossil record
321selector, and (4) the fault event generator. The teacher typically assumes the role of
322geologic time controller. Participants interact simultaneously, each using a separate
323SMALLab interface (e.g., glowball Wii Remote, wireless gamepad) to accomplish their
324task. In this way, positive interdependence, promotive interaction, and individual
325accountability are encoded in the interactive technology itself. The computer interfaces
326define clear roles for multiple participants, and their success depends upon careful timing
327and execution of a collaborative choreography of action.
328In the classroom, approximately fifteen to twenty students are divided into four teams of
329five or six students each. Three teams are in active rotation during the build process, such
330that they take turns serving as the action lead with each cycle of the geologic clock. These
331teams are the (1) depositional environment team and fault event team, (2) the sediment
332layer team, and (3) the fossil team. The remaining students constitute the evaluation team.
333These “evaluator” students are tasked to monitor the build process, record the activities of
334action leads, and to steer the discussion during the reflection process. Students from all
335teams are encouraged to verbally coach their teammates during the process.
336There are two ways in which the build process is structured. In an exploratory build
337process, the interaction is largely open-ended. The teacher or depositional environment
338student leads the process, experimenting with the outcomes, but without a set of specific
339constraints. In the source matching process, the students can reference an existing layer
340cake structure as a script. Here, students must first analyze the structure to determine the
341sequence of sediment layers and uplift/erosion evidence to properly initiate the environ-
342ments and fault events that could generate the structure. Only the few students on the
343“depositional environment” team had access to this source image. Thus all others’ actions
344were dependent on their decision making. At the end of this process, led by the “evaluation
345team,” all students reflect on the results of their reconstruction attempt by comparing the
346new structure to the source.

347Pedagogy

348We collaborated with our teacher-partner to design a curriculum that he implemented in a
349total of three, 45 min class periods across three consecutive days. The curriculum is
350informed by our design imperatives, and is designed to foster student-centered,
351collaborative learning. Student activity is structured around a repeating cycle of
352activity→reflection. Simply put, students spend a period working in SMALLab to
353collaboratively build a layer cake structure. Then they spend a period of time reflecting
354on that process and evaluating the results. This cycle was repeated during each day of the
355curriculum, with new features and challenges added along the way.
356From a modeling instruction perspective (Hestenes 1992, 1996), this activity cycle maps
357to students’ cognitive process of knowledge construction→consolidation. During the
358knowledge construction phase, students make the necessary observations to help them build
359a conceptual model about the elements, operations, relations, and rules that govern the
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360underlying systems. They continuously form, test, and revise their conceptual models. Then
361there is knowledge consolidation process as students discuss their activities, analyze any
362faults in decision making, make sense of the various aspects of the layer cake structure, and
363challenge one another to justify their actions in the space. With each iteration of this cycle,
364new concepts are introduced and new knowledge is tested and consolidated, ultimately
365leading to a robust conceptual model of geologic evolution.
366Table 1 outlines the curriculum and goals. SMALLab activities are matched with four
367primary learning goals that are central to high school earth science learning and are
368components of the State of Arizona Earth and Space Science Standards (Arizona
369Department of Education 2005). The principle of superposition dictates that older structures
370typically exist beneath younger structures on the surface of the Earth. The fossil record can
371provide clues regarding the age of these structures. Geologic evolution must be understood
372as a complex process that unfolds over time and is driven by interdependent relationships
373between surface conditions, fault events, and erosion forces.

374Data sources

375Audio/visual documentation Each SMALLab session was documented through audio and
376video recording. In addition, we made audio/video recordings of two 35 min sessions of
377regular classroom instruction led by our teacher-partner. To assess the types of collaborative
378discourse in the classroom, we designed a coding rubric to classify the types of student and
379teacher utterances and code for their presence in the audio/video data. Our rubric allows for
380four types of utterances. Teacher-to-student utterances are either questions or statements
381from the teacher and directed to an individual student, a group of students, or the entire
382classroom. Student-to-teacher utterances are questions or responses that are directed to the
383teacher. Student-to-student utterances are comments, questions, or responses between two

t1.1 Table 1 Layer Cake Builder curriculum and goals

t1.2 Day 1—Introduction and
exploration

Day 2—Exploratory construction Day 3—Source-
matching construction

t1.3 •
SMALLab
collaborative
learning
activity

•
Introduction to SMALLab
and the Layer Cake
Builder scenario

•
Generate fault events and discuss the
effects including uplift and erosion

•
Analyze source
geologic structures
and recreate them in

t1.4 •
Select depositional
environments

•
Transition from an exploratory build
process toward the source-structure
matching process

•
SMALLab by enacting
the process of
evolutiont1.5 •

Apply sediment layers to
the structure

t1.6 •
Add fossils to the
sediment layers

t1.7 •
Earth science
concepts

•
Principle of superposition

•
Geologic evolution is a time-based
process

•
Geologic structures
emerge from a
complex process

t1.8 •
Significance of the fossil
record
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384individual students. Student discussions occur between two students or among a group of
385students and contain a minimum of three exchanges. In the sample transcript below, we
386omitted any utterances of a social or clearly off-topic nature. We selectively transcribed
387short episodes from the sessions in order to demonstrate the application of our coding
388framework and illustrate the nature of the discourse.
389We coded two classes of students, each for the three consecutive days of the SMALLab
390treatment. For comparison, we coded two classes during regular Earth Science instruction.
391To triangulate the data analysis, two researchers with expertise in classroom instruction and
392qualitative research methods analyzed the video data. Inter-rater reliability was addressed as
393the researchers coded the video simultaneously, resolving any conflicts through face-to-face
394discussion until consensus was reached.

395Geologic evolution concept test To assess content learning gains, we collaborated with our
396teacher-partner to create a 10-item pencil and paper test to assess students’ knowledge of
397earth science topics relating to geologic evolution. To assess both the descriptive and
398explanatory aspects of students’ conceptual models, each item included a multiple-choice
399question followed by an open-format question asking students to articulate an explanation
400for their answer. The content for this test was drawn from topics covered during a typical
401geologic evolution curriculum and aligned with state and national science standards. All
402concepts were covered through traditional instructional methods in the weeks leading up to
403the experiment. At the time of the pre-test, students had studied the material to the full
404extent that would be typically expected in a ninth-grade earth science class. The SMALLab
405curriculum did not introduce any new concepts, but rather reinforced and reviewed
406previously studied topics. The test was administered 1 day before and several days after the
407SMALLab treatment. Every earth science class taught by our teacher-partner participated in
408the study.
409

410Results

411To address the question of how collaboration is impacted by SMALLab, we first present
412data pertaining to student and teacher interactions in SMALLab as compared against
413interactions during regular classroom instruction. Tables 2 and 3 contain transcriptions of
414episodes taken from day 1 and day 2 of the SMALLab treatment. In the right column, we
415annotate the types of discourse that we coded into our analysis. In the Day 1 transcription,
416the majority of exchanges here are between a single student and the teacher with little direct
417interaction among students. By Day 2 there is a clear shift. The interactions are more
418balanced with numerous student-led interactions and occasional interjections by the teacher.
419In Table 2, T denotes the teacher, and S denotes a student.
420During the next episode taken from Day 2, the students are engaged in a layer cake
421build cycle, working together with their teams to create two new layers on their
422structure. The teacher interjects occasionally to help the students when technical issues
423arise. In Table 3, SS denotes a sediment layer student. FS denotes a fossil layer student.
424DES denotes a depositional environment student. EvalS denotes a student on the
425evaluation team.
426Table 4 summarizes the percentage breakdown and actual number of utterances between
427participants. Disc. Indicates a student discussion. S→S is a student-to-student exchange
428while S→T and T→S are exchanges between students and our partner teacher.
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t2.1 Table 2 Day 1 student and teacher interactions in SMALLab. T denotes the teacher, and S denotes a student

t2.2 T: Alright, let’s go one more time. Teacher-to-
studentt2.3 (Sound of rushing water. The students with the glowballs pick a sediment layer (sandstone)

and a fossil (fish) and lay them into the scenario. This takes less than 10 s. When they are
done the teacher pauses the geologic clock to engage them in reflection).

t2.4 T: Alright, depositional environment—what are we looking at? Teacher-to-
student

t2.5 Ss: A river. Student-to-
teacher

t2.6 T: A river. Sandstone. Is that a reasonable choice for a type of rock that forms in a river?
(Students shrug) Could be…is there any other types of rock over there that form in a river.
Chuck. What’s another rock over there that might form in a river?

Teacher-to-
student

t2.7 C: In a river? I can’t find one… Student-to-
teacher

t2.8 T: In a river. (there is a pause of several seconds) Teacher-to-
student

t2.9 S: Conglomerate. Student-to-
teacher

t2.10 T: Alright. Conglomerate is also an acceptable answer. Sandstone’s not a bad answer.
Conglomerate is pretty good…big chunks of rock that wash down in the river. So, what
kind of fossil did you put in?

Teacher-to-
student

t2.11 S: A fish. Student-to-
teacher

t2.12 T: A fish, okay. A fish in a stream makes good sense. Let’s think about the fossils that
we have in here. First we have a trilobite and then we had a jellyfish, then we had a
fern and then we had a fish, alright? Is there anything wrong with the order of these
animals so far?

Teacher-to-
student

t2.13 S: They’re aging. Student-to-
teacher

t2.14 T: What do you mean, ‘they’re aging’? Teacher-to-
student

t2.15 S: Evolution? Student-to-
teacher

t2.16 T: It’s evolution so which ones should be the older fossils? (pause of several seconds) Teacher-to-
student

t2.17 S: ...Trilobite? Student-to-
teacher

t2.18 T: Trilobite in this case…why the trilobite in this case? How do we know the trilobite’s the
oldest?

Teacher-to-
student

t2.19 S: Because it’s dead. Student-to-
teacher

t2.20 T: Just look at the picture. How do we know that the trilobite is oldest? Teacher-to-
student

t2.21 S: Because it’s on the bottom? Student-to-
teacher

t2.22 T: We know that the oldest rocks are found… Teacher-to-
student

t2.23 S: On the bottom. Student-to-
teacher
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t3.1 Table 3 Day 2 student and teacher interactions in SMALLab

t3.2 SS2: Hurry! Student-to-
student

t3.3 SS1: I picked one already. Student-to-
student

t3.4 DES2: No, take your time... Discussion

t3.5 (The fossil student selects a fossil and lays it onto the center of the floor.
The sediment student is still deliberating with her team on what layer
to choose.)

t3.6 T: (to the fossil student) Harry, you gotta wait until the rock goes in there. Teacher-to-
student

t3.7 FS1: I gotta wait? Student-to-
teacher

t3.8 T: You gotta have rock before you can have fossil, right? Teacher-to-
student

t3.9 (The sediment student lays a limestone layer down. Students look on for a few seconds at
the first layer they have built. The teacher tries to keep them mindful of the limited time.)
You’ve got to pass it on. (Referring to the glowballs that fossil and sediment selectors must
each pass to a teammate. They pass the balls and the new selectors move to make their
choices. ) No. You’ve got to wait till the next cycle. (The clock chimes as the next cycle
begins and the sound of falling water can be heard.) Alright. Now you can put in your
choices.

t3.10 (The sediment selector picks up coal and lays it into the layer cake and the fossil selector
reaches for a trilobite until her teammate tries to stop her.)

Student-to-
student

t3.11 FS: No, no! (She selects a fern instead and places it into the coal layer.)

t3.12 T: Okay. Pass the ball. Teacher-to-
student

t3.13 SS: Shall I go now? (The clock chimes another cycle and a wind can be heard.) Oh, no. Student-to-
teacher

t3.14 T: Not till it changes. Alright, this is better guys. You’re going a lot faster. Teacher-to-
student

t3.15 (The sediment selector places a sandstone layer and the fossil student inspects her choices.
Her teammate points to one that he thinks she should choose.)

Discussion

t3.16 FS: That one right there. (She leans over and picks it up, and then places it carefully into
the sandstone.)

t3.17 T: Alright. Good so far. (He turns to the evaluation team.) Are you recording all the stuff
they put down?

Teacher-to-
student

t3.18 (The clock chimes but no new environment is selected immediately.) Student-to-
student

t3.19 FS: Come on dude.

t3.20 SS: Which one do you choose? (They deliberate and finally select a picture of a warm
shallow ocean, and the sediment and fossil selectors quickly place their choices into the
layer cake and then hand off the glowball to a teammate. The clock chimes again and this
time the depositional environment team promptly selects a river delta environment.
Lapping water can be heard.)

Discussion

t3.21 SS: Yeah. (He quickly picks up shale and places it into the layer cake, and the fossil selector
places a fossil into it.)

Student-to-
student

t3.22 S: I want an earthquake. (The clock chimes but the depositional environment does not
change).

Student-to-
student

t3.23 FS: Did you pick the same one? Student-to-
student

t3.24 DES: Yeah. Student-to-
student

t3.25 EvalS1: wait what was the second one? Student-to-
student
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429Figure 3 illustrates the proportion of types of utterances during a total of five SMALLab
430sessions and two regular instruction sessions, both conducted by our teacher-partner. We
431note the increased presence of student-to-student and discussion type interactions during
432SMALLab. Figure 4 documents the types of interactions over the course of the 3-day
433treatment. We observe that there is a dramatic increase in the number of student-to-student
434and discussion interactions from Day 1 to Day 2. Finally, Fig. 5 compares the types of
435interactions during activity and reflection episodes on Day 2 and Day 3 of the SMALLab
436treatment. Given the introductory nature of Day 1 of the curriculum, clearly defined activity
437and reflection cycles were not present, and thus, we have not included Day 1 in this
438analysis. We note the increase in student-to-student and discussion interactions while
439students are engaged in the activity process.
440To collect preliminary evidence of student gains, we collected pre- and post-treatment
441scores using an invariant paper and pencil test with items derived from our teacher-partner’s
442existing curriculum materials. Mean test scores were analyzed for the 72 participating
443students and summarized in Table 5. The question items were broken into two categories
444for the multiple-choice items and the free-response explanation items. We computed a
445percentage increase and the Hake gain for each category—the actual percent gain divided
446by the maximum possible gain (Hake 1998).
447Participating students achieved a 22.6% overall percent increase in their multiple-
448choice question scores, a 48% Hake gain (p<0.00002, r=0.20, n=72, std=1.9). They
449achieved a 40.4% overall percent increase in their explanation scores, a 23.5% Hake gain
450(p<0.000003, r=0.60, n=72, std=2.8). Again, the assessment of student learning gains
451is not the focus of this study, and extensive further study is required before any claims can

t3.26 EvalS2: What did you just put? Student-to-
student

t3.27 FS: A whale. (The clock chimes the next cycle and the sound of a whistling wind can be
heard. Students place fossils without comment. The clock chimes and the sound of rain
can be heard. The sediment and fossil selectors lay in their choices.)

Student-to-
student

t3.28 EvalS1: Alan, what did you pick? Student-to-
student

t3.29 FS: I put a...um...(the clock ticks over again and the sound of a rushing stream can be
heard. Students point to features on the layer cake as they lay in the next layer and fossil.)

Student-to-
student

t3.30 EvalS: What are you doing? Student-to-
student

t3.31 FS: I put a fishy. Student-to-
studentt3.32 (The clock chimes the end of the build cycle.)

t4.1 Table 4 Summary of proportion and number of utterances between students and teachers

t4.2 Regular
Instruct.

SMALLab
Total

SMALLab
Hands-on
Activity

SMALLab
Reflection
Activity

SMALLab
Day 1

SMALLab
Day 2

SMALLab
Day 3

t4.3 Disc. >1% (2) 10% (332) 19% (210) 6% (119) 1% (3) 12% (97) 16% (108)

t4.4 S→S 7% (47) 31% (1041) 62% (694) 16% (303) 14% (44) 38% (309) 25% (172)

t4.5 S→T 46% (333) 27% (892) 4% (49) 38% (719) 40% (124) 23% (189) 29% (199)

t4.6 T→S 47% (340) 32% (1059) 15% (165) 40% (755) 45% (139) 27% (220) 30% (202)

t3.1 Table 3 (continued)
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452be made regarding the potential impact of SMALLab in this regard. Nonetheless, these
453results are reported to provide a more complete picture of the learning experience and
454outcomes.

455Discussion and limitations

456Figures 3 to 5 illustrate the proportion of student and teacher exchanges during the
457experiment. Student-to-student and student discussion exchanges are increased in
458SMALLab by 33% when compared against regular instruction in a conventional
459classroom. We attribute this to several factors. First, as shown in Fig. 2, when working
460in SMALLab, students are physically arranged so that the entire class can see and engage
461one another. This is a manifestation of Design Imperative #1 such that students and
462teachers have equal access to one another, learning tools, artifacts, and representations
463while the teacher is removed from a position of central focus. This is in contrast to a
464typical classroom configuration where students are seated at individual desks, facing
465forward toward with the teacher in front. Second, in accordance with Design Imperative
466#2, the technology, curriculum, and participation framework are aligned to provide
467clearly defined roles for students that are mutually dependent on one another. Students
468must work well with peers in their teams and in other teams in order to successfully
469complete the layer cake build task, all the while under a constant time pressure that the

Fig. 3 Proportion of utterances
during SMALLab learning and
regular instruction

Fig. 4 Proportion of utterances
for each of the 3 days during
the SMALLab intervention
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470game-like scenario provides. We even observed that on Day 3 in particular, many
471utterances by the teacher-partner were left unanswered by students who were fully
472engaged in the simulation and peer collaboration. Finally, in accordance with our Design
473Imperative #3, the learning activities focus on the alternation of hands-on layer cake build
474activities, followed immediately by a process of whole-class discussion and reflection on
475the process. Our teacher-partner observed his students readily engaged in the process of
476describing and defending their decision making to an extent that he had rarely seen in
477other classroom activities. We conclude that this is a result of the structuring and
478immediate relevance of the ensuing discussions.
479Despite this encouraging trend, Fig. 5 reveals a reduced level of student-to-student
480exchanges and discussion during the reflection activity when compared to the build activity.
481This outcome is not unexpected given that the reflection activity is more akin to a
482conventional instructional paradigm than the build activity. Our teacher-partner noted that
483he felt his students still required substantial guidance to structure their reflection discussions
484during the reflection activity as unfortunately this is not a skill that students in the C.O.R.E.
485program often practice outside of SMALLab. Nonetheless, the design of effective strategies
486to retain a student-centered focus during reflection activities has emerged as a point of
487emphasis within the context of our professional learning community.
488In Fig. 4 we see a double-digit rise in student-led exchanges from the beginning of the
489intervention to the end. This is an expected outcome in the sense that the first day was
490introductory in nature, and students required a certain amount of direct instruction to simply
491operate the input devices and understand the learning environment and scenario. By Day 2,

t5.1 Table 5 Summary of mean scores and gains on pre- and post-treatment concept test

t5.2 Mean scores

t5.3 Multiple- choice test items (n=72) Pre-treatment multiple choice average score 6.82

t5.4 Post-treatment multiple choice average score 8.36

t5.5 % increase 23%

t5.6 Hake gain 48%

t5.7 Free-response justifications (n=72) Pre-treatment explanation average score 3.68

t5.8 Post-treatment explanation average score 5.17

t5.9 % increase 40%

t5.10 Hake gain 24%

Fig. 5 Proportion of utterances
comparing interaction during a
build activity vs. a reflection
activity in SMALLab
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492students and teacher were all more comfortable with their roles. We account for the marked
493change from Day 1 to Day 2 in that students were able to transition away from the
494procedural aspects of constructing a layer cake in SMALLab toward a higher order
495conceptual understanding of the interdependent processes that are at work in geologic
496evolution. In addition, our teacher-partner consciously structured his participation in a
497manner that he hoped to gradually withdraw into the background, while allowing the
498students themselves to take ownership of the process. The data reflects the success of this
499design.
500One limitation of the current study is that we were not able to compare the nature of
501collaboration in SMALLab against other types of pedagogy. We would like to better
502understand the nature of collaborative learning in SMALLab as compared to learning in
503small groups around similar problem-based tasks. We intend to explore these questions as a
504next step in our research.
505Pre- and post-test data regarding student achievement suggests that perhaps the
506SMALLab experience led to improved understanding by participating students. Given the
507size of these gains, especially in light of the fact that these students had already studied
508these earth science topics in a conventional instructional paradigm prior to the intervention,
509we speculate that SMALLab learning might offer an advantage over other methods.
510However, extensive research is required to better understand the potential causes and
511implications of these gains. A particular limitation of this study is that we were not able to
512identify a suitable control group for comparison. In our future work, we intend to use a wait
513list control group design to further explore questions regarding the impact of our design
514imperatives and the SMALLab environment on student achievement.

515Conclusions

516Mixed-reality technologies can offer a number of advantages over other tools for
517collaborative learning. However, it must be used in the context of well-designed learning
518scenarios and teaching practices. From a theoretical perspective, there is extensive evidence
519that collaborative learning can be a powerful approach to learning, but it must be properly
520structured in order to achieve the greatest benefit. We are working toward an integration of
521these technological and theoretical perspectives to produce new frameworks for computer-
522supported collaborative learning. Based on our observations and empirical evidence
523collected in a series of pilot programs, we propose three design imperatives to structure
524computer-supported collaborative learning in mixed reality: (1) direct face-to-face
525interaction among colocated participants within the computationally mediated space should
526be cultivated, (2) thought and action should be distributed across multiple participants
527through an active, generative process that unfolds in real time, and (3) immediate (spatial
528and temporal) consolidation of conceptual models should follow the active learning
529process.
530Through the realization of a longitudinal design experiment, we are exploring the
531feasibility of the use of mixed-reality technologies in a mainstream school-based context.
532We are expanding the program to include additional content areas and participants. We are
533focusing our evaluation methodologies to more specifically address questions regarding
534collaborative learning and student achievement. Taken in whole, this early data
535demonstrates that despite the additional logistical and financial hurdles, when properly
536designed and implemented, mixed-reality technology can be an effective and viable
537platform for collaborative learning in a mainstream school context.
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