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10Abstract There is a growing understanding of the unique ways that tabletops support
11effective collaboration; however, this research mostly focuses on environments in which
12learners work towards a single shared goal. Underpinning this perspective, either implicitly
13or explicitly, is the theory that collaborative learning is a process of attaining convergent
14conceptual change. However, this model of collaboration may not apply to all scenarios where
15learners are working together. In particular, informal, open-ended exploratory environments
16support (and often promote) shared activities where the goal may not be for all participants to
17emerge with a single, shared understanding. There is increased interest in understanding the
18efficacy of designs that support (and encourage) learners to collaborate while seeking diver-
19gent goals, ideas, and conceptions. This paper advances a framework (Divergent Collaboration
20Learning Mechanisms - DCLM) for recognizing and coding collaboration and divergent
21learning in such environments. We apply the DCLM framework to an informal tabletop
22environment (Oztoc) as a means of highlighting how DCLM may reveal new productive
23interactions environments that support divergent forms of collaboration, mentorship, and
24learning. Analysis of participants’ interactions within Oztoc revealed that participants who
25have non-aligned goals can still productively collaborate, and in many cases can provide
26insight and feedback that would not be possible in shared-goal activities. We conclude with an
27examination of how open-ended exploratory environments can support communities of
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28practice and legitimate peripheral participation, and the importance of divergent inquiry and
29divergent conceptual change across a range of learning environments.

30Keywords Interactive tabletops . Collaboration .Museums . Informal learning environments
31

32Introduction Q3

33There is a growing interest in the learning sciences to understand how interactive tabletops and
34tangibles can afford new opportunities for people to collaborate and learn (Dillenbourg and
35Evans 2011; Rick et al. 2009; Tse et al. 2007; Marshall 2007). Tangible and tabletop learning
36designs span both formal and informal spaces and involve a wide range of activities including
37browsable collections of content (Geller 2006); collaborative poster and concept map building
38(Shen et al. 2003; Collins et al. 2012; Martínez Maldonado et al. 2010); math and science
39experiments (Mercier and Higgins 2013; Yoon et al. 2012); and simulations and games
40(Jermann et al. 2009; D'Angelo et al. 2015; Lyons et al. 2015). These are all very different
41types of collaborative tasks, and as such, researchers and designers should be careful about
42trying to understand “tabletop interaction” as a unified construct. Interaction designs that
43support one type of shared tabletop activity may fail to apply to other types of shared tabletop
44activities, and interaction analyses that shed light on one type of collaborative tabletop activity
45may not expose the most salient aspects of another collaborative tabletop activity. In this paper,
46we present a perspective for recognizing and understanding an under-recognized form of
47tabletop interaction, divergent collaboration, which is especially salient for open-ended
48tabletop learning activities.
49Most researchers acknowledge that collaboration around a tabletop is complex and, in
50response, have created frameworks to better (and more systematically) describe how partici-
51pants interact around tabletops. Most of the frameworks assume that groups will be engaged in
52joint activities around a tabletop in which participants are pursuing a singular collective goal,
53such as: using a museum exhibit to co-design how a community manages energy (Antle et al.
542013); negotiating the seating arrangement in a new office (Hornecker et al. 2008); or deciding
55on how desks should be arranged in a classroom (Fleck et al. 2009). This type of collaborative
56task can be characterized as having relatively ‘tight coupling’ (Pinelle et al. 2003; Nova et al.
572007), as the users’ inputs are interdependent and the outcome is shared for all users. Due to
58their shared outcomes, “effective” collaboration in tightly coupled tasks is often characterized,
59either implicitly or explicitly, by participants attaining convergent conceptual change (CCC,
60Roschelle and Teasley 1995), meaning that the participants come to a shared understanding of
61the task, its goals, and what constitutes satisfaction of those goals. However, this model of
62collaboration does not apply to all scenarios where learners are working together. In particular,
63informal open-ended exploratory learning environments often support (and promote) shared
64activities where the goal is not to have all participants emerge with a single, shared under-
65standing. For example, many museums have “maker spaces” where visitors are encouraged to
66produce their own idiosyncratic creations using supplied materials like circuit components,
67cardboard, and tape.
68Tabletop applications are most commonly designed to support tightly coupled tasks (in
69which actions by one participant have a direct effect on the work of others), but they can also
70be designed to support “loose coupling” (i.e., individuals’ actions do not necessarily have a
71direct effect on the actions of others), allowing for independent, parallel task execution (e.g.,
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72Sugimoto et al. 2004) and for learners to develop and evolve their own goals for the interactive
73experience (Lyons et al. 2015). Many early design recommendations for tabletop applications
74included supporting independent task execution as well as joint task execution (e.g., Morris
75et al. 2004; Scott et al. 2003), but existing frameworks for describing interactions at collab-
76orative tabletops do not emphasize the role of parallel independent task execution within
77collaborative activities and can mask the presence of parallel activities.
78This paper argues that many open-ended collaborative learning activities (such as those
79which include tinkering, exploration, building, or iterative design) may benefit from more
80explicit attention to how independent work can intersect with group work. To that end, we are
81proposing a new framework called the Divergent Collaborative Learning Mechanisms, or
82DCLM, framework. DCLM is derived from the Collaborative Learning Mechanisms (CLM)
83framework proposed by Fleck et al. (2009), which in turn is rooted in the Mechanics of
84Collaboration (Pinelle et al. 2003), an early way of representing collaborative work scenarios
85so that they would be amenable to usability task-analyses. While the CLM framework
86highlights many of the subtle forms of learning and collaboration supported by interactive
87tabletops (Fleck et al. 2009), it does so within a narrow definition of participant roles and
88goals. In the design case Fleck et al. analyzed using CLM, and subsequently evaluated, the
89goal was strictly defined (having a group of students decide where to place tables and students
90in a classroom), and participants were tasked with jointly achieving the goal (the students had
91to come to a solution together and only one solution for the group was possible), making it a
92tightly coupled collaborative activity. While this type of design is valuable, and in many cases
93desirable, it casts a narrow view on the kinds of learning designs afforded by tabletops. In
94open-ended, exploratory learning designs, goals are often individualized, idiosyncratic, and
95fluid, emerging and evolving as each learner interacts with the “curriculum” and his or her
96peers rather than defined a priori (Lyons et al. 2015). In these open-ended activities, the loose
97coupling of participant actions opens up a wider range of potentially productive collaborative
98behaviors. We need a method for documenting these collaborative behaviors that embraces
99their inherent characteristics.
100As such, we claim that extending the Collaborative Learning Mechanisms (CLM) frame-
101work to encompass open-ended tabletop collaborations and, more generally, the role of
102tabletops within a distributed sociotechnical space, will widen the scope of collaborative
103tabletop activities that can be studied. We introduce the Divergent Collaborative Learning
104Mechanisms (DCLM) framework as a means for widening the lens on collaborative activities
105at tabletops to include activities in which learners can shift between solo and shared work, and
106in which learners are free to define, co-define, redefine, and diverge in their goals. By focusing
107on cases not captured by the CLM framework, this paper (and the DCLM framework) helps to
108highlight a broader spectrum of productive collaborative behaviors within open-ended, ex-
109ploratory activities in which participants can pursue divergent goals.

110Background

111Frameworks are useful intermediaries between theory and practice in the learning sciences:
112they encode the theoretically-relevant learner behaviors in a format that allows both re-
113searchers and educational designers to witness those behaviors when enacted in context. To
114set the stage for our Divergent Collaborative Learning Mechanisms (DCLM) framework, then,
115we need to be specific about the theories upon which the framework is built, and the context
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116within which we propose to witness the targeted the learning behaviors. In this section, we thus
117review existing theories of collaborative learning and theories relevant to open-ended, explor-
118atory learning. We also review research that sheds light on the context of our learning activity:
119what we know about how collaborative learning unfolds in informal settings; and what we
120know about how digital interfaces can shape and influence collaborative learning. Finally, we
121review existing frameworks for characterizing collaborative activities at digital tabletops, to
122illustrate the contribution of DCLM.

123Grounding DCLM in theory

124Collaborative learning theory

125Collaborative learning has been defined in any number of ways both before and since it became a
126field of study in its own right (Dillenbourg 1999), but it is generally understood to include any
127activity where two ormore learners attempt to learn something together. Because this definition is so
128broad, educational designers must be precise about characterizing learning scenarios that they wish
129to support, and learning researchers must be highly sensitive to how they frame collaborative
130learning and associated activities. Some researchers have made distinctions between types of
131collaborative learning by differentiating cooperation from collaboration (Dillenbourg 1999; Stahl
132et al. 2006). In this division, cooperation represents a process where individual learners engage in
133separate subtasks and later assemble their products into a whole. By contrast, when learners are
134engaged in collaboration they are engaged in the joint and sustained co-construction of shared
135knowledge. This latter definition of collaboration leans heavily on Roschelle and Teasley’s (1995)
136theoretical characterization of collaboration as a process of convergent conceptual change, meaning
137that as learners collaborate with one another, their individual conceptions of the problem space and
138problem solution evolve to be more similar to their learning partners’ conceptions (this can be either
139a unidirectional or a mutual process of evolution). The CLM framework was based in part on
140Convergent Conceptual Change (CCC), with the assumption that the goal of the learners’ collab-
141oration is to come to a mutual understanding.
142The concept of CCC is grounded in both situated and distributed theories of cognition,
143which in turn are derived from earlier sociocultural-historical theories of human activity
144(Leont’ev 1978; Vygotsky 1930/1978). This strand of learning theory stresses the importance
145of society, culture, and context in shaping what individual learners can do. Situated cognition
146posits that knowledge is “inextricably a product of the activity and situations in which [it is]
147produced. A concept, for example, will continually evolve with each new occasion of use,
148because new situations, negotiations, and activities inevitably recast it in a new, more densely
149textured form” (Brown et al. 1989, p. 33). Hutchins’ (1995) model of distributed cognition
150posits that knowledge is contained not within people’s heads, but within a system of people
151and artifacts found within a scenario. This theoretical grounding has significant
152implications for any research into CCC: researchers wishing to frame collaborative
153learning using a convergent conceptual lens must attend to the nature (and activity) of
154the artifacts in the space and characterize (or at least attend to) learning at the grain
155size of the group (Stahl et al. 2006).
156Via the CCC lens, communication is seen as evidence of the state of the group’s learning
157(i.e., their convergence). The persistence of divergent ideas in a group’s conversation may be
158then seen as a marker of poor collaboration. In exploratory and open-ended learning settings,
159however, divergence in ideas can actually increase opportunities for learning, as differences
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160press learners to elaborate and define their creations (and goals) in juxtaposition to the
161creations (and goals) of others (Turkle and Papert 1990). As this paper illustrates, circum-
162stances in which learners move away from a shared goal via adaptation and differentiation are
163potentially very fruitful for learning – albeit individual learning in a group setting. A CCC lens
164suggests examining the state of artifacts for additional evidence of convergence, with the
165implication that when learners’ artifacts are more similar to one another, learning has occurred.
166Once again, DCLM suggests the opposite tack – through a more open-ended, exploratory lens,
167divergent artifacts provide learners with the opportunity to learn new approaches and adapt
168them to their own ends. In exploratory collaborative settings, divergent artifacts provide
169opportunities for learners to seek help from one another and recognizing when another learner
170is doing something that they have not. The presumptive mutuality of CCC poses other
171challenges for characterizing the collaborative learning in informal, free-choice learning
172settings, as the next section will review.

173Constructivism and constructionism: theories relevant to hands-on, open ended tinkering

174The dominant pedagogical approach found in free-choice science and technology museums is
175what is often called “hands on” learning activities. Loosely grounded in constructivist learning
176theory, “hands on” learning activities have learners physically manipulate learning materials
177with the intent to both increase engagement and support personal knowledge construction.
178Hands-on learning pedagogy thus often overlaps with other design-based learning frameworks.
179Design-based learning frameworks (such as constructionism, Papert and Harel 1991, or
180learning-by-design, Kolodner et al. 1998) broadly suggest that making, tinkering, and other
181creative technical work are excellent learning opportunities for groups (Vossoughi and Bevan
1822014), disciplinarily authentic for science and engineering (Berland et al. 2013; Berland 2016),
183and encourages divergent thinking (Turkle and Papert 1990). The focus on the building and
184refinement of artifacts, through tinkering (Gutwill et al. 2015), messing around (Ito et al.
1852010), remixing (Ito et al. 2010), echoing Q4(Wielgus 2015), or creative exploration (Peppler
186et al. 2016) has been shown to support learning disciplinary practices. There is a growing
187recognition that in order to support learners in learning about STEM topics, we must support
188the development of disciplinary practices in addition to domain content (Berland 2016;
189Daskolia and Kynigos 2012; Whitman and Witherspoon 2003; Wilson 1996). Constructivist
190theories of knowledge suggest that in order to develop disciplinary practices, learners must be
191contextually engaged in those practices (Bransford et al. 1999). In particular, work on
192disciplinary practices in open-ended creative learning has suggested that tinkering, with its
193cycles of design, construction, evaluation, and redesign, can provide learners with a set of
194practices that both mirror those of domain experts (Wang and Agogino 2013) and prove useful
195on their own (Berland et al. 2013). Additionally, the work of Horn and Jacob (2007), Gutwill
196et al. (2015), and Lyons et al. (2015) suggest that tinkering is a useful learning practice that is
197particularly well-suited to the museum context, as it is informal, low-stakes, and involves
198rapid, often visual, feedback about activity from fellow learners and from the artifacts
199themselves. A proper frame is needed, though, to attend to the mechanics of informal open-
200ended learning activities like tinkering.
201Prior work suggests that to understand how people learn via open-ended, hands-on
202activities, we need to attend to individual learners’ understandings, social interactions, social
203goals, and how they co-evolve with both the material affordances of learners’ environments
204and the other learners’ experiences. Tinkering enables learners to iteratively revise their
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205understandings and goals as they revise their creations, but, by definition, it does not force
206convergence on a common goal (Lyons et al. 2015). Individual tinkering in a shared context is
207precisely the kind of collaborative behavior that we hope to capture through an analytic
208framework, but the processes and mechanisms of tinkering have not been historically well
209characterized by collaborative museum learning frameworks focusing on CCC.

210Grounding DCLM in context

211Collaborative learning in informal, free-choice learning settings

212Not all researchers use Convergent Conceptual Change (CCC) as the major marker of
213collaboration (Baker et al. 1999; Mäkitalo et al. 2001; Elbers and Streefland 2000). While
214CCC is a parsimonious concept, it may not be the most appropriate goal for many real-world
215collaborative learning scenarios. In life outside of school, people are not (as) often called upon
216to deeply engage in joint problem-solving – most shared tasks involve some degree of
217specialization, bringing the activity closer to the “cooperative” end of the spectrum of joint
218effort. This is certainly true in the work world, but it is also arguably true in interest-driven
219free-choice informal learning environments like museums, where visitors have the freedom to
220engage with exhibits in ways that suit their own unique perspectives and agendas (Falk and
221Storksdieck 2005). Free choice learning is most evident in educator-led informal institutions
222like hands-on science and technology museums (as opposed to more traditional curator-led
223institutions like art museums or natural history museums) (Roberts 1997).
224The majority of visitors to science and technology oriented museums are groups containing
225adults and children (Korn 1995), so much of the learning that takes place in such museums
226occurs within these social groups. One might argue that the type of social learning in these
227groups is not collaborative, owing to the innate power and knowledge asymmetries (cf.
228Dillenbourg 1999). In some family groups, parents play the role of teacher or tutor, sometimes
229even at the expense of a child’s ability to participate in the full breadth of the learning activity
230(e.g., Schauble et al. 2002). Even when parents are not in possession of more prior knowledge
231about the current exhibit than their children, the family members do not necessarily leave the
232exhibit with a shared set of concepts – the learning outcomes can be quite different for each
233participant (Crowley and Jacobs 2002), as each visitor is likely approaching their shared
234experience with different goals and thus is playing a different role from their companions (Falk
2352006; Zimmerman et al. 2008).
236While the collaboration in free-choice museums may not follow CCC models, it is not
237necessarily cooperative either (Dillenbourg 1999); rather than pursuing parallel paths, families
238often explore museum content together and engage in highly dialogic processes when doing so
239(Ash 2003). In fact, studies have shown that conversations between parents and children,
240despite the power differential, are often more mutual (in terms of participation in the conver-
241sation) than peer groups, where one party tends to dominate (Crowley et al. 2001). Even when
242children are relegated to executing “simpler” portions of an informal learning activity, parents
243often do monitor their children’s task execution and use that to inform their own task execution
244and conversation (Schauble et al. 2002). In order to document the shared learning processes in
245informal settings, then, one must attend to both the conversational moves and the physical
246actions taken by individuals in the space, as well as the ways in which those choices affect
247group dynamics. Moreover, room must be left to acknowledge that learners may have differing
248personal subgoals within the shared learning interactions.
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249Collaborative learning at digital tabletops

250A major way technology mediates collaborative processes is by how tightly coupled users’
251actions are in the interface design (Dewan and Choudhard 1991). Coupling can fall into two
252categories: output coupling describes how an interface supports awareness of the effects of one
253another’s actions with the technology; input coupling describes how much interdependency
254the interface imposes upon their actions (Lyons 2009). Interfaces with both tight input and
255output coupling tend to “enforce” collaboration (i.e., they essentially force participants to work
256together), while relaxing the coupling can produce interfaces that encourage (but do not
257enforce) collaboration, and relaxing the coupling further still can produce interfaces that enable
258(but do not necessarily encourage) collaboration (Benford et al. 2000). In practice, tightly
259coupled interfaces would tend to privilege CCC approaches, whereas loosely coupled inter-
260faces would tend to privilege more divergent approaches.
261Tabletops, in particular, are one form of WYSIWIS (What You See Is What I See) interface
262(Stefik et al. 1987), which have tight output coupling, meaning that users have full (and
263identical) access to shared system output. For many existing collaborative tabletop applica-
264tions, the input coupling is also fairly tight, meaning that the input actions of users are
265interdependent to some degree – what a user does affects, or is affected by, other users’ inputs
266to the system (e.g., Jermann et al. 2009; D'Angelo et al. 2015; Block et al. 2015; Antle et al.
2672013; Zufferey et al. 2009), thus enforcing collaboration. There is nothing inherent to the
268tabletop form factor that demands tight input coupling, however. In fact, early tabletop
269interfaces were often designed specifically to take advantage of loose input coupling (i.e.,
270individuals’ actions do not necessarily have a direct effect on the actions of others), to allow
271users to move in and out of collaborative modes of use (e.g., Sugimoto et al. 2004), as time for
272solo work or independent reflection was deemed helpful for group work (Scott et al. 2003;
273Sugimoto et al. 2004).
274Current frameworks for characterizing tabletop collaboration assume both tight input and
275tight output coupling, but this perspective would miss the important shifts between individual
276and solo work that a loosely-coupled interaction design allows. To support analysis of a
277broader range of open-ended collaborative activities on tabletops, what is needed is a frame-
278work that can be applied to loosely-coupled tabletop activities. The framework needs to
279acknowledge when learners cross the boundary between solo and joint work, both in the input
280coupling sense (which we dub “boundary spanning actions,” which occur when learners
281engage in solo or shared task execution) and the output coupling sense (which we call
282“boundary spanning perceptions,” which occur when learners shift their visual attention to
283different parts or to the same part of the interface).

284Current approaches for characterizing collaboration with tabletops

285Students working toward common goals around tabletops have been extensively researched,
286resulting in the development of a number of frameworks for characterizing collaboration. For
287instance, Hornecker et al. (2008) developed a series of verbal and physical indicators to help
288researchers evaluate participant awareness during collaborative tabletop tasks, classifying
289awareness into three areas: negative awareness indicators (showing a lack of awareness of
290others), positive awareness indicators (reacting and assisting each other without an explicit
291request for help), and awareness work (monitoring and displaying actions). The implicit
292foundation of these categories is the theory of collaborative grounding – the idea that
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293participants should be aware of one another’s actions in a collaborative scenario (Baker et al.
2941999). They asserted that increased awareness of the actions of others would lead to more fluid
295collaboration, and that this form of analysis provided a more comprehensive set of measures of
296collaboration than would have been discovered by simply analyzing automated log files.
297While this approach was profitable for unpacking how this particular design increased
298participants’ awareness of each other, Hornecker et al. (2008) acknowledge that for other
299kinds of co-located tasks or interface set-ups different patterns of the awareness indicators
300could emerge. We argue that this is especially true in open-ended and exploratory environ-
301ments, where individuals’ tasks are not tightly aligned and may have divergent goals. In these
302scenarios the tabletop’s interaction design is likely to be loosely coupled, which allows
303participants to shift between parallel and collaborative work, and to be free to enter and exit
304the activity at will. In these settings not only will patterns change, but they may also overlap or
305interweave, creating more complex relations between individuals’ and groups’ awareness and
306collaboration.
307Not all researchers have assumed that participants have common goals, even though they
308might have a common task. Falcão and Price (2011) developed a framework for characterizing
309how groups responded when participants interfered with one another’s actions with tangibles
310on a shared tabletop activity. Building on a framework developed by Weinberger and Fischer
311(2006) to describe argumentative knowledge construction, they described three modes of
312consensus-building in the face of interference: quick consensus-building (where some learners
313voluntarily gave up their independent activity and followed the activity of a partner), integra-
314tive consensus-building (which involved reflection on the conflict), and conflict-oriented
315consensus building (where participants took action to undo or redo actions without the consent
316of others). The activity in this study, a digital re-creation of the sort of prism-based light table
317often found in hands-on science museums, featured moderately tight input coupling. While
318participants were free to move and manipulate the individual tangible blocks representing
319mirrors and prisms, there was only one simulated beam of light that would “bounce” between
320tangibles, meaning that the “outcome” (where the light would travel) was highly contingent on
321the actions of others. Although some participants attempted to work in parallel at times,
322because they ultimately needed access to the shared resource (the light beam) to test their
323arrangements, this parallel work was not well supported by the interface (Falcão and Price
3242009). Indeed, this tight input coupling enforced collaboration and was thus the source of the
325interference studied by Falcão and Price. The framework they developed reflects the
326assumption of tight input coupling, thus positioning consensus as the crux of the
327collaborative activity.
328Fleck et al. (2009) advanced the Collaborative Learning Mechanisms framework (CLM -
329Table 1) as one approach for evaluating the efficacy of collaboration around a shared tabletop
330by analyzing verbal and physical interactions. CLM proposes two main mechanisms to
331evaluate collaboration around a tabletop: (1) Mechanisms for Collaborative Discussion, which
332includes making and accepting suggestions, and negotiation among participants; and (2)
333Mechanisms for Coordinating Collaboration, which (similar to Hornecker’s et al.’s framework,
3342008) includes joint attention and awareness, and narrations (verbalizations that enable others
335to monitor you). Their selection of categories was motivated by findings from prior collabo-
336rative learning research and position papers, including Convergent Conceptual Change work
337(Roschelle and Teasley 1995). Specifically, the Negotiation and Narration categories rest on
338assumptions that learners are working towards developing the same shared understanding of
339the same, shared goal.
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340When attending to collaboration around the tabletop, CLM highlights the importance of
341both verbal and physical (such as pointing and manipulating) interactions. By examining
342student groups’ interactions around a tabletop, Fleck et al. (2009) were able to show not only
343was the tabletop productive in supporting student learning and collaboration, but that these
344gains were more subtle and only revealed as part of the learning process rather than in the
345outcome alone. They were able to detect and describe a number of behavioral markers for their
346framework categories, and interestingly, several of the physical negotiation markers they found
347paralleled the markers of conflict-oriented consensus building described by Falcão and Price
348(2011). These conflicts clearly arise from scenarios that not only have shared goals, but also
349rest on tightly coupled interfaces to support the shared work. While in principle, this frame-
350work could be applied to loosely-coupled interaction designs where learners lack a single
351shared goal, the framework obviously has some embedded assumptions owing to its origins
352(e.g., that parallel work, a perfectly valid mode of use in multi-goal scenarios, would count as a
353“negative” awareness indicator).
354As such, there is a general lack of frameworks that investigate divergent learners moving
355between individual, parallel, and collaborative interactions while using a loosely-coupled
356interaction design. This poses significant challenges to being able to “see” and, in turn,
357evaluate the kinds of collaboration taking place, and generally limits the kinds of conclusions
358that can be reached to generic evaluations of collaboration in general. To this end, there is a
359need to better document the mechanics of collaboration within designs that allow for individ-
360ual or divergent goal setting. Doing so will aid researchers in effectively identifying different
361collaborative phenomena and understanding how different designs do or do not support
362effective collaboration. As there is significant disagreement and little common framework
363use, we are somewhat hesitant to introduce yet another new framework, but, as we see, the
364current frameworks overlook some features key to open-ended learning activities on tabletops,
365especially those of an exploratory and tinkering nature. Our intention is to make two
366contributions with this work: a useful framework for documenting open-ended collaborative
367activities, complete with examples; but, perhaps more importantly, a call for the research
368community to focus on what has been overlooked in the current discourse on collaboration.

369A framework to embrace divergent inquiry: divergent collaborative learning
370mechanisms (DCLM)

371What makes collaboration unique in open-inquiry/tinkering environments is that their goals are
372not prescribed at the outset; rather, they occur naturally during each participant’s arc of inquiry.
373Unlike in pre-defined learning scenarios, participants’ goals are constantly being negotiated
374and refined, and in some cases may diverge and converge throughout their participation.
375Further, in open-ended designs, where participants are free to come and go as they please, there
376are no clearly defined start and end points. Participants will often be at different states of

t1:1 Table 1 The collaborative learning mechanismsQ5 framework (Fleck et al. 2009)

t1:2 1. Mechanisms of collaborative discussion
t1:3 a. Making and accepting suggestions
t1:4 b. Negotiating
t1:5 2. Mechanisms for coordinating collaboration
t1:6 a. Joint attention and awareness
t1:7 b. Narrations
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377understanding, providing fertile grounds for scaffolding new entrants into the space. And yet,
378many of the collaborative behaviors identified by existing collaborative frameworks can still
379emerge, so there is value in building from existing models. We found that the Collaborative
380Learning Mechanisms (CLM) framework proposed by Fleck et al. (2009) provided a good
381foundation for documenting divergent collaboration, to which we recommend adding six
382additional learning mechanisms for supporting divergent collaboration (marked by italics in
383Table 2, see below for longer descriptions) to form the Divergent Collaborative Learning
384Mechanisms (DCLM) framework. These six codes were based on prior research into collab-
385oration patterns (Lyons et al. 2015) within the open-ended tabletop exhibit (Oztoc, described
386below) in combination with a grounded approach (Derry et al. 2010) of participants’ interac-
387tions across two days with the exhibit. We then used interaction analysis (Jordan and
388Henderson 1995) to iteratively refine our coding scheme.
389Note that we do not recommend removing any of the existing CLM categories. Even
390though we have highlighted that CCC is the foundation of several CLM categories (e.g.,
391negotiation and narration), and previously made a case that CCC does not encompass all the
392types of collaboration that occur in informal learning settings like museums, there are instances
393where CCC can and does occur in open-ended learning settings. It is important to note that
394unlike in many of the other contexts described above, CCC is just one of the many things that
395could happen in open-ended inquiry environments, rather than a pre-determined desirable
396outcome. We follow with detailed examples of these learning mechanisms as applied to the
397evaluation of a specific open-ended, constructionist tabletop museum exhibit.

398Extending the mechanisms of collaborative discussion

399In extending CLM to support divergent learning environments, two additional learning
400mechanisms were added: Clarification and Seeking Help.

401Clarification: Clarification focuses on explicit discussion between participants to disam-
402biguate actions by the system or by users. Clarification may take the form of a participant
403asking a peer how a part of the system works, or what caused a particular system
404response. During shared-goal activities, participants may require clarification in order to
405understand how the actions of their peers helps in addressing the overall groups’ goals.
406During divergent tasks, clarification can take on a particularly important role as partici-
407pants may be trying to do different things (i.e., achieving different goals). In these cases,

t2:1 Table 2 The divergent collaborative learning mechanisms framework

t2:2 1. Mechanisms of collaborative discussion
t2:3 a. Making and accepting suggestions
t2:4 b. Clarification
t2:5 c. Negotiating
t2:6 d. Seeking help
t2:7 2. Mechanisms for enacting divergent collaboration
t2:8 a. Joint attention and awareness
t2:9 b. Goal adaptation
t2:10 c. Boundary spanning actions
t2:11 d. Boundary spanning perception
t2:12 e. Narrations
t2:13 f. Modeling
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408clarification can help participants better understand the goals of their peers in order to
409provide suggestions or support. Similarly, participants can use clarification to better
410understand the work of their peers towards advancing their own explorations.
411Seeking Help: Because participants can freely come and go from open-ended construc-
412tionist spaces, it is important to provide means for entrants to learn from the expertise of
413more knowledgeable members. Throughout exploratory activities, the ability to seek help
414is a critical means for participants to make sense of and progress their own inquiry/
415tinkering. The addition of seeking help is important in open-ended exploratory environ-
416ments, as it can highlight moments in participants’ exploration where they need to draw
417on the expertise of others even if they have divergent goals. Understanding when and how
418participants seek help and how others provide help can give us added insight into how
419participants relate their own learning and exploration to the problem states of others. In
420this way, seeking help (and the resulting exchanges) can give us an important lens into
421the ways common ground can be established between participants with divergent con-
422ceptualizations of the problem space and goals.

423Revising the mechanisms for coordinating collaboration to embrace enacting divergent
424collaboration

425While open-ended, tinkering, and exploratory environments can be less explicit in terms of the
426goals for collaboration, thus removing the strong need for learners to coordinate, there is still a
427clear need for documenting how collaboration is enacted. In truth, because individual goals are
428more fluid in these spaces there is a greater need to consider how participants can coordinate
429their thinking and sense making to support productive collaboration. In response, we changed
430this section’s title to Mechanisms for Enacting Divergent Collaboration and introduce three
431additional mechanisms:

432Goal Adaptation: Because open-ended, exploratory activities can allow participants to
433more freely define their goals (both individually and collectively), it is important that such
434environments enable participants to understand the larger “learning ecology” in which
435they are situated, what others are doing, and to define and refine their own goals in
436relation to this. While in some cases this may involve all the participants orienting
437towards a shared goal (or achieving CCC), it is not a requisite. This is in contrast to
438environments in which the UI enforces shared, convergent goals via tight coupling, and
439instead acknowledges that with a loosely-coupled interaction design participants’ goals
440may or may not converge, and, if they do, it is because the learners chose a shared goal
441rather than were compelled by some external force. Goal Adaptations (moments in the
442activity when participants expressly change or adapt their goals) serve as important
443markers of when participants diverge, or converge, in their goals.
444Boundary Spanning Actions (BSA): Open-ended tabletop environments offer unique
445opportunities for participants to directly interact and manipulate the tinkering spaces of
446others. Actively engaging with other’s spaces is unique to parallel tinkering and offers
447opportunities to tangibly show others your own tinkering practices and/or work out
448mutual challenges (exhibiting a form of active and intentional ZPD). While these
449boundary spanning actions have some resemblance to the conflict-oriented actions seen
450in other work (Fleck Q6et al. 2008; Falcão and Price 2011), considering that learners are
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451moving or taking the resources of others at the table, in practice, BSA serve as markers of
452the voluntary input coupling that occurs as learners shift from a more solo/parallel mode
453of work to a more mutual mode of work. This is why we do not consider BSA to be a
454form of Negotiation, as Fleck et al. does. Tabletop activities that employ tangible artifacts
455are particularly fruitful for supporting cross boundary interactions among participants, as
456tangibles have been shown to provide easier and faster manipulation of objects across the
457surface than direct touch alone (Lucchi et al. 2010) and a clearer spatial relationship to the
458object between participants (Scott et al. 2003).
459Boundary Spanning Perception (BSP): Having multiple participants working synchro-
460nously on similar challenges allows users to simply watch and learn from the tinkering of
461others, which can serve as a form of “passive collaboration” (and passive, unintentional
462ZPD – by allowing others to learn through observation of a more knowledgeable peer
463rather than direct interaction), or as a means for sparking discussion between participants.
464Well-designed tabletop environments can support this kind of collaboration by allowing
465participants to clearly see the tinkering of others, relate it to their own tinkering, and refer
466to it in follow-up discussions. Boundary spanning perception moves mark instances
467where users voluntarily opt to more tightly couple the output that the tabletop is providing
468by allowing for these kinds of comparisons. In this fashion, it is similar to the monitoring
469aspect of the “awareness work” described by Hornecker et al. (2008), but is distinct from
470CLM’s existing Joint Attention and Awareness category, in that the awareness is not about
471establishing mutual grounding (i.e., one participant can be engaged in surveilling the
472workspace of another participant without the second participant’s attention being simul-
473taneously engaged).
474Modeling: Modeling extends Fleck et al.’s concept of narration. With narration, learners
475are verbally describing their actions or intentions as they execute a task, with the purpose
476of keeping companions abreast of their current state of activity so as to facilitate group
477coordination. When modeling, an “expert” explains what they are thinking and doing to
478others while simultaneously exhibiting it through physical actions (such as manipulating
479objects on the tabletop) so that novices (or others engaging in BSP) can replicate the
480actions in their own workspace, without the explainer explicitly engaging with the space
481or work of their audience.

482Investigating productive collaboration patterns for tabletops: applying DCLM

483We wanted to understand to how individual visitors naturalistically interact, learn, and
484collaborate within open-ended tabletop exhibits. As such, the aim of this paper is show how
485the DCLM framework can highlight productive collaboration among participants’ individual
486and collective tinkering while engaged in divergent inquiry that might otherwise be
487misclassified using other collaboration frameworks.
488Below, we describe one instance of an open-ended exploratory tabletop museum exhibit
489(named Oztoc) and evaluate it in terms of its support for divergent collaboration and conclude
490with evidence of this collaboration’s productive effect on participants’ tinkering. We chose
491Oztoc as our system of choice because prior research into Oztoc revealed productive interac-
492tion patterns between participants that were not adequately described by existing collaboration
493frameworks (Lyons et al. 2015). As such, we felt that Oztoc was an ideal test case for exploring
494how DCLM could highlight productive interactions that might be missed by other frameworks.
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495Example exhibit: Oztoc

496Our team developed a multitouch tabletop exhibit that is installed at a large urban interactive
497science museum. The exhibit, named Oztoc, situates participants as electrical engineers helping
498fictional scientists in an uncharted aquatic cave teeming with never-before-documented species of
499fish (see Fig. 1). The creatures are bioluminescent, and visitors are tasked with designing and
500building glowing fishing lures to attract the fish so the scientists can better study them. Participants
501place wooden blocks on the interactive table to create simple circuits (see Fig. 2). In order to catch
502all the different fish, playersmust experiment with creating circuits with different colors (red, blue,
503or green) and numbers (one, two, or three) of LEDs.
504When a circuit is successfully created, a fish will swim up from the depths and head
505towards it, getting captured and displayed on a large scoreboard screen placed at one end of the
506multitouch table (see Fig. 3). It is important to note that the scoreboard does not provide a
507linear scoring mechanism (i.e., the points do not accrue over time), it only displays all fish that
508participants have individually “captured”. The “points” assigned to each fish are randomly
509generated as a means of showing when a new fish of the same kind is caught. The goal of the
510scoreboard is to encourage continued exploration and discussion among participants. Mounted
511along another side of the table is a rear-projection screen, which displays a looping video that
512introduces visitors to the exhibit’s narrative and provides a wordless tutorial on how to
513manipulate the blocks to form a simple circuit.
514In designing Oztoc, it was important to ensure that visitors would have some freedom in
515choosing their own goals (e.g., which type of fish to target) while still providing a common set
516of materials and processes. The table provides feedback on visitors’ circuit building, acting as a
517layer of augmented reality to support participants’ exploration and tinkering.

518Methodology and participants

519Oztoc is installed in an enclosed exhibit space just off the main floor of a major metropolitan
520science center. A ‘lollipop’ sign just outside the exhibit indicates when videotaping will take place,
521letting visitors decide to enter or to return when data collection was not active. Researchers were
522present at the edge of the room so that theywould not be obtrusive, but were available in the event of
523equipment trouble. Video data was collected via three cameras unobtrusively placed across the
524exhibit space, and audio was captured using a boundary microphone near the table. Visitor
525interactions with the table were logged using the ADAGE system (Owen and Halverson 2013).

Fig. 1 Children gathered around
the Oztoc exhibit. The large
scoreboard can be seen behind the
children
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526Video data was coded in Inqscribe to indicate times when participants engaged in DCLM patterns.
527Log data and video data were manually synchronized then programmatically synced to create the
528graphs supporting the case analysis.
529The cases presented herewere specifically selected from seven days of data collection to illustrate
530how visitors engaged in collaborative patterns both within and across groups while engaged in
531divergent inquiry.We selected groups that represented two important forms of collaboration support:
5321) The transition between shared collaborative goals to divergent parallel goals; and 2) collaboration
533within groups, and collaboration across groups. Neither of the groups used in this analysis had
534interacted with the exhibit before, and therefore served as excellent cases of how participants
535explored the space for the first time and set and revised their goals as they explored. Because the
536exhibit was closed except when we were collecting data, we were able to verify that neither group
537had engaged with the exhibit previously by reviewing the recorded video.
538Table 3 describes the coding scheme for the analyzed discourse. In each excerpt, we included
539turns of talk, participant gestures directed towards the table, and participant eye gaze. Each turn of

Fig. 2 Players assemble virtual
circuits using wooden blocks that
represent resistors (1), batteries (2),
timers (3), and different colored
LEDs (4). Participants make circuit
connections (depicted as lines on
the tabletop (5) by bringing the
positive and negative terminals of
the blocks (augmentations
displayed by the table) in contact
with one another. Creating a suc-
cessful circuit (one that has the
correct ratio of resistors, batteries,
and LEDs) causes the LEDs to
glow and lures the fish attracted to
that light

Fig. 3 Oztoc participants in case
1, first phase, first interaction
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540talk, gesture, and gaze change could have multiple codes. Eye gaze, which may relate to Boundary
541Spanning Perception and Actions, was recorded by the first author to preserve naturalistic interac-
542tions in the exhibit (compared to eye-gaze tracking headsets that may impact behaviors). All the
543codes were assigned using Inqscribe, a popular video transcription and annotation software. An
544external coder assisted with inter-rater reliability. Across the coded discourse, gesture, and gaze
545tracking, Cohen’s kappa for inter-rater agreement was 0.9339 for 17 of the 68 coded excerpts (40%).
546Disagreements were resolved through discussion.

547Analysis and findings

548In the analysis below, we examine two cases of participants engaging with the exhibit in terms
549of their collaboration around the tabletop while they attempt to accomplish both shared and
550divergent goals. The groups described below were chosen afterwards during the analysis
551period. While there were many groups that exhibited elements of DCLM, we chose the groups
552below because they were particularly excellent case studies for how DCLM plays out. We
553apply the DCLM framework to identify aspects of their collaboration during both individual
554and shared goal tasks, and the affordances the tabletop provides to support these collaborative
555interactions.

556Case 1: Transition from collaborative goals to divergent goals

557The following case shows how DCLM can document how an exhibit can support users in
558establishing both shared and divergent goals within the same activity. The participants begin
559the activity working together but as open exploration progresses their goals become increas-
560ingly divergent and individual.

561First phase: collaborative exploration

562This phase consists of four interactions, wherein the group is using a shared-goal perspective
563while they are actively trying to deduce what the object of activity should be. There are a few

t3:1 Table 3 Case study analysis coding scheme

t3:2 Descriptor Code/Explanation/Icon

t3:3 Group and Player number Group members are identified first by their group
(e.g., G1 indicates the first group to enter the space)
and then an individual speaker notation (e.g. P2
indicates second member of the group), so G1P2
indicates that the second member of the first group is talking

t3:4 Making and Accepting Suggestions MS or AS
t3:5 Clarification CL
t3:6 Negotiating NG
t3:7 Seeking Help SH
t3:8 Joint Attention and Awareness JA
t3:9 Goal Adaptation GA
t3:10 Boundary Spanning Actions BSA
t3:11 Boundary Spanning Perception BSP
t3:12 Narrations NA
t3:13 Modeling MO
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564attempts at parallel goal execution, when one member of the group attempts to incorporate a
565specific artifact into his circuit that his companions do not attempt to use, but the group is
566largely seeking convergence during these interactions.

567First interaction This first interaction involves the group – a boy (G1P1), his mother
568(G1P2), and father (G1P3) - coming up to the table and collaborating together to understand
569the interaction space and develop some initial goals, which are largely shared at first (Fig. 3).
570G1P1: JA: Hey look, a resistor is connected to another resistor.
571G1P1: NA: Alright, this resistor… so I got to put this battery here, next battery there.
572G1P2: BSP: Looks at G1P1’s space again
573G1P2: CL: So you did an LED [and] a resistor?
574G1P2: BSP: [G1P2 starts “mirroring” what G1P1 is doing]
575G1P1: NA: Yeah, I connected the battery to the resistor, so now all I have to do is connect
576the resistor to battery to the LED. Yep, it’s all connecting. So I have two resistors
577connected to each other, and, uh, one there’s of the two resistors is connected to the
578battery, and the battery is connected to the red LED.
579G1P2: CL, SH: What the timer for?
580G1P1: NA, GA: There’s a timer? I mean I don’t, why would you need a timer? Awesome,
581so this is awesome, because I think you’re trying to power a timer, because two resistors
582and then a battery and then a LED and then a timer, that’s what I think it is.

583G1P1 starts by getting G1P2 to orient to their space (JA - “Hey look!”), and then proceeds
584to work through what he is doing out loud (“so I got to put this battery here…”). G1P2 watches
585G1P1’s tinkering and tries to copy him (BSP), while asking some probing questions (“What’s
586the timer for?”). G1P1 attempts to help G1P2 follow his thinking by verbalizing possibilities
587(NA) and in doing so sets a new goal (GA – “powering” the timer, which counts as a valid goal
588for G1P2, even though it is not actually a valid task in the game).

589Second interaction Once the group got used to the basic mechanics of the exhibit, led by the
590son, they began to further refine their shared goals by talking about their processes and hurdles
591(Fig. 4).
592G1P3: JA, NA: Look at this, a battery to a resistor, to 2 LEDs!
593G1P1: Oh, it’s not a computer.
594G1P2: SH: Well, I don’t have the line…
595G1P1: CL: What, yeah if you have the line, then you made a connection.
596G1P1: NA, GA: Um, timer, I’m going to connect the timer to another LED, it’s going to
597be weird.
598G1P1: NA: I connected the timer to another LED, I have the other…
599G1P2: CL: I have the LED and a resistor.
600G1P3: BSP, BSA: [G1P3 looks over to G1P2’s space and gestures.]
601G1P3: CL: The problem is that the “power thing”.
602G1P1: NA: Alright, there we go, resistor connects to…
603G1P3: CL: What kind of rule?
604G1P2: CL, SH: Do we put the timer in there?
605G1P1:[Inaudible]
606G1P1 and G1P2: BSP: [Starts looking at G1P3’s table]
607G1P3: JA: Well look at that…
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608We begin with G1P3 describing the product of his tinkering to the rest of the group and
609trying to draw their attention to it (NA, JA). G1P2 then seeks help (SH) from G1P1, and G1P1
610explains to her why she doesn’t see the connection lines that he does. G1P1 attempts another
611approach to figure out what is going on (GA). G1P3 and G1P2 continue to work together to
612figure out what isn’t working. G1P3 gets his circuit working and both G1P1 and G1P2 notice
613and stop what they are doing to watch G1P3’s playspace (BSP). G1P3 gets his group members
614to focus on his circuit once he gets it to work (JA).

615Third interaction Once G1P3 figures out how to make the circuit, G1P1 figures it out soon
616after, and they begin to work together to bring G1P2 up to speed (Fig. 5).
617G1P1: NA: So that would mean resistor and LED.
618G1P3: Cool!
619G1P2: NA: I have that…
620G1P1: CL: Yeah! Battery, resistor…
621G1P2: NA: I have ‘battery’.
622G1P1: CL, MO: Mom, you’re doing it wrong then, because it’s like this… uh, positive to
623negative like that and then…

624G1P1 talks about his circuit out loud to walk through his tinkering process (NA). G1P2
625asserts that she had the same thing as G1P1 (NA), but G1P1 explains that she must be doing it
626wrong (CL), and then shows her the difference by modeling it in his space (MO).

627Fourth interaction After the group sees G1P3 successfully make his first circuit they think
628this is the main goal (because it takes about 20 s for a captured fish to swim into the “light
629lure”); however, when G1P3 captures the fish the group learns this is one of the core
630“achievements” in the game and reorient themselves to figuring out how to catch fish (Fig. 6).
631G1P1: BSP: [G1P1 starts looking at G1P3’s space]
632G1P2: BSP: [Starts looking at G1P3’s space]
633G1P2: JA: Look! Look!
634G1P3: Whoa!
635G1P1: NA: That was on my side!
636G1P2: CL: But G1P3 has that connected and then right there, what was that?

Fig. 4 Oztoc participants in case
1, first phase, second interaction
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637G1P1: CL: What was that?
638G1P2: CL: What is that?
639G1P1: I don’t know actually…
640G1P2: JA, BSP: Looks at G1P1’s space: Oh look at that!
641G1P1: Wow!
642G1P2: MS: Get this thing Derrick!

643As the fish swims across the table (starting at G1P1’s area of the table), G1P1 and G1P2
644watch the fish (BSP) until it accelerates out of G1P1’s zone and gets captured by the circuit in
645G1P3’s area (which is brought to the group’s attention by G1P2 - JA). All three members try to
646make sense of what happened, during which time G1P1 makes his own circuit and
647attracts his own fish to get captured. When the second fish appears G1P2 suggests
648G1P1 try and capture it (MS). 649

Fig. 5 Oztoc participants in case
1, first phase, third interaction

Fig. 6 Oztoc participants in case
1, first phase, fourth interaction
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650Second phase: diverging goals

651Once all the group members figured out the core mechanic of the game, they began to branch
652out and try to make different circuit types on their own, and to establish their own metrics for
653success (Fig. 7).
654G1P3: NA, JA, BSP: I’m player one look!
655G1P2: NA, BSP: I’m player 3!
656G1P1: JA, BSP: I have 9 you have none!
657G1P2: NA, BSP: You got none…
658G1P1: NA, BSP: No, I have 9!
659G1P2: NA, JA: Oh look I got one!
660G1P1: NA, BSP: I have 10, got 10!
661G1P2: NA: Come thing come back over to me…
662G1P3: NA, JA: You have no points.
663G1P1: JA Yeah, you have no points mom.
664G1P3: That’s cool!
665G1P2: GA: I don’t need points.
666G1P1: CL, SH: What happens if you have two batteries?
667G1P3: NA: I got one!
668G1P1: CL, SH: What happens when you have two batteries?
669G1P1: GA: I want to see what happens when you have two batteries.

670G1P3 orients all three group members to look at the scoreboard (JA, BSP) and they all
671discuss (BSP) their individual “scores” (values assigned to the fish they captured).
672After some back and forth, G1P2 declares that she “doesn’t need points,” thus setting
673her own goal as different than P1 and P3. After some additional tinkering P1 starts
674wondering what would happen if he tried different circuit configurations (SH, CL) and
675after not getting any feedback, he decides to set his own goals distinct from those of
676the other group members (GA).

Fig. 7 Oztoc participants in case
1, second phase
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677Key behaviors revealed in case 1 using DCLM

678In the case described above, we see several instances in which participants move between
679shared and divergent goals during their investigations. Under other existing frameworks, the
680divergent moments of exploration would be often classified as unproductive. However, by
681highlighting the BSP and BSA events, we see how participants can leverage these
682independent events for productive collaboration. In both the first and second interac-
683tions, the group members are advancing their own largely independent explorations,
684but come together when a member achieves an important event (e.g., creating a
685working circuit). We also see how these events can the trigger new divergent goal
686setting, such as when G1P1 attempts to figure out what happens when he uses two
687batteries in phase 2. The DCLM framework reveals the nuanced connections between
688these events that may have been backgrounded otherwise.

689Case 2: Collaboration with and across groups

690In the following case we see an important contrast to the group discussed above. In
691this case, one member of the group (Group 2 or G2) quickly figures out how to make
692a successful circuit and works with his group members to help scaffold their tinkering
693and goal setting. Unlike in the first group (G1) where they did not interact with any
694other participants outside their group, in this case a second group (G3) joins the table
695and begins to tinker alongside G2. As G3 struggles in their tinkering we see a
696member of G2 engage with them and help them understand the task and set their
697own goals.

698Within-group collaborative constructionist scaffolding

699We first examine a situation in which two members of the same group (G2) engage in
700collaborative discussion to help one of the members progress past their initial road-
701block (unable to successfully complete a circuit that attracted a fish) (Fig. 8).
702G2P2 SH: Why does this not fit?

Fig. 8 Oztoc participants in case
2, within-group collaboration
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703G2P1: BSA:[Reaches over to G2P2’s space and helps her build a circuit.]
704G2P1: NA: So positives, negatives.
705G2P1 MS, NG:Let go.
706G2P2: CL: These?
707G2P1: CL: Oh, that’s because you need a battery and a resistor.

708In this case the G2P2 is struggling to make a complete circuit and seeks help (HS) from
709G2P1. G2P1, having already figured out how to complete a basic circuit, reaches
710across the table (BSA) to help G2P2 complete her first circuit while also explaining
711the components she is missing (and asks her to let go of the blocks so he can work
712with them – MS, NG). Once her error is explained to her G2P2 is able to advance in
713her tinkering. This shows how G2P1’s ability to see and interact with G2P2’s space
714was instrumental in developing a common collaboration space to allow G2P1 to
715scaffold G2P2’s work, and how DCLM allows us to capture this collaborative
716interaction.

717Cross-group collaborative constructionist scaffolding

718The second analysis involves the same group (G2) as they synchronously tinker with another
719group (G3) that arrives a few minutes after them. Below, we examine four successive
720interactions between the two groups.

721First interaction
722G3 BSP:[Enters Room]
723G3P1: SH, GA: So how do you play?
724G2P1: CL: So basically there was a little instructional video that says… it literally
725(inaudible) you take a battery, a resistor, and an LED to create a complete circuit, so by
726creating the circuit it attracts some kinds of fish…

727A new group (G3) walks up to the table and starts by watching what others are
728doing (Boundary Spanning Perception - BSP) to get a sense of the community of
729practice (Fig. 9). After a minute one of them (G3P1) engages in Goal Adaptation
730(GA) and Help Seeking (SH) with the other participants to orient themselves to the
731activity. G2P1 responds with a Clarification, summarizing the goal of experience and
732the process for attaining that goal as he has come to understand it (CL).

733Second interaction
734G2P1: NA, BSP, BSA: There are rules to follow, so you gotta be careful, too much
735electricity it might overload the circuit, so once you get it working you light up the LED,
736and it will attract it, it will attract the fish.
737G2P1: NA, MO: So like mine, I don’t have enough battery, so let’s take away an
738LED.

739After a few minutes of tinkering in his own space G2P1 looks at G3 (BSP) and notices they
740are still struggling to make a complete circuit, draws their attention to a specific part of the
741circuit he is currently building (BSA) and offers additional information about his progress
742(NA) and models a solution (MO) (Fig. 10).

Intern. J. Comput.-Support. Collab. Learn

JrnlID 11412_ArtID 9249_Proof# 1 - 24/02/2017



AUTHOR'S PROOF

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

743Third interaction
744G2P1: MS, BSP: Yeah, but see, you’re missing a power source.
745G3P1: SH, GA CL: Oh so we need more power?
746G2P1: MS, CL, BSP: You need more power.
747G3P1: (To G3P2): AS, MS: Oh put your battery, battery, put your battery in. Maybe over
748here.

749G2P1 looks at G3’s space again and sees they’ve gotten close to making their first circuit
750(BSP), and describes the current state of their circuit building, noting that now they still need a
751power source (MS) (Fig. 11). G3P1 picks up on G2P1’s suggestion and ask for help about
752what they should do next (SH & GA). G2P1 answers them by making a suggestion to add
753more power (MS, CL) after looking at their workspace (BSP). G3P1 accepts G2P1’s sugges-
754tion (AS), then suggests to G3P2 (who is tinkering on the same circuit as G3P1) where to put
755the battery (MS).

756Fourth interaction
757G2P1: GA, MS, BSP: The other trick is if you want a bigger fish put the same color
758LEDs.
759G3P1: Ok
760G2P1: CL: A bigger fish, because it attracts a bigger.
761G3P1: Ok

Fig. 9 Oztoc participants in case
2, cross-group collaboration, First
Interaction

Fig. 10 Oztoc participants in case
2, cross-group collaboration, sec-
ond interaction
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762G2P1: CL, MS, GA: So if you’ve got two reds you’ll get two times the size.
763G3P1: CL, JA: Ok, you saw that [G3P2]?
764G2P1: BSA MS: So just replace one of your LEDs with the same color. [G2P1 points to
765one of G3’s LED blocks]
766G2P1: AS: Right the same color
767G2P1: CL, GA: So you’ll get twice the size fish

768G2P1 once again looks at G3’s space (BSP) and sees they have some errors in their circuits
769– in this case they have increased the number of LEDs in their circuit, but they are all different
770colors (in order to capture a larger fish the LEDs must all be of the same color). G2P1 points to
771their circuit (BSA) and suggests they replace one of their LEDs with the same color (MS),
772clarifying the way the number of LEDs affects fish size (CL) while simultaneously helping G3
773to form a new Goal Adaptation (GA - catch bigger fish) (Fig. 12).
774

775Key behaviors revealed in case 2 using DCLM

776In Case 2, we see the use of DCLM in exposing the ability of BSP and BSA to allow
777participants engaged in parallel, divergent goals to still engage in productive collaboration. In
778the within-group interactions, G2G1 was able to see how his fellow group members were
779struggling with their exploration and to provide timely support to help them make progress.
780Similarly, G2P1 was able to engage with G3 when he recognized their struggles in making

Fig. 11 Oztoc participants in case
2, cross-group collaboration, third
interaction

Fig. 12 Oztoc participants in case
2, cross-group collaboration,
fourth interaction
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781sense of the exhibit. As a result, G3 was able to overcome their initial struggles and progress to
782new, more complex, goals (Fig. 13). In both cases, the participants were engaged in divergent
783goals; the DCLM framework highlights ways in which divergent participants engage in
784productive collaboration. In addition to the lack of a shared goal, when applied to the case
785above, DCLM reveals how collaboration is not limited by the lack of shared input coupling,
786rather it reveals a range of new opportunities for participants to engage in discourse around
787open-ended, exploratory learning environments.

788Discussion

789This work advances a new way of recognizing collaboration in environments that support
790participants in exploring goals and solutions that may diverge from their co-located peers.
791Similar to the work of Nathan et al. (2007), which recognized the potential for divergent views
792to help middle school students engage in intersubjectivity, divergent inquiry offers a contrast to
793the generally accepted notion that movement towards convergent conceptualization is always
794the desired goal for collaborative learning activities. As shown in the cases above, allowing
795learners to both explore their own paths and to set their own divergent goals can provide new
796ways of understanding the learning context in ways that provide benefits for all participants. In
797the cross-group scenario, G2P1 was able to apply his understandings of the problem space,
798gained from his own explorations, to the exploration being done by G3, even though they were
799working on very different goals (e.g., trying to get their first circuit working versus the more
800complex tinkering being enacted by G2P1).
801Cross-group collaboration has been seen as an effective means for supporting problem
802solving among groups who are engaged in different, but similar problems in online problem-
803based learning environments (Lou and MacGregor 2004). By providing a shared context for
804the groups to solve their problems, we can create an environment that is analogous to

Fig. 13 The four interactions between G2P1 and G3. This shows how G3 was unsuccessful in luring a fish until
the third interaction where G2P1 helped correct an error in the design (more power was needed). Less than a
minute after G2P1’s help G3 successfully lured their first fish (two fish were lured simultaneously because their
circuit had both a red and a green LED). G3 made the exact same circuit 30 s later, which prompted G2P1 to
intervene a fourth time letting G3 know they could make a larger fish (instead of two small ones) if they switched
one of their LEDs (so the circuit only contained one color of light). About one minute later G3 successfully lured
a larger (medium) fish
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805“communities of practice” (Lave and Wenger 1991). While the work of Lou & MacGregor
806was effective, their designs still focused on the notion of in-group convergence around a
807common goal and the between-group collaboration was largely asynchronous. In the Oztoc
808cases shown above, we use DCLM to show how divergent goals can still be productive within
809groups, and how the ability to engage in boundary spanning perception (BSP) can provide
810fruitful opportunities for real-time support and collaboration. In the within-group collaboration
811we see each member in the group relating their own tinkering and exploration to that of the rest
812of the group, talking through the different feedback they receive from the table, and making
813suggestions.
814Offering multiple paths to multiple goals is challenging, but voluntary learners (such as
815museum visitors) are often working at multiple levels of understanding toward multiple goal
816states. Many exhibits enable “prolonged bystanding” which can have mixed results and often
817serves to alienate or exoticize complex content (Heath and Vom Lehn 2008). By enabling
818creation at multiple levels, newcomers can “see” the ladder towards becoming more central
819“community” members. This, in turn, can support spontaneous scaffolding through boundary
820spanning – other learners at the table will provide natural scaffolds both by example and
821through explicit boundary spanning actions where possible (and where motivated by the
822exhibit itself). It is important to allow participants to set individual and collective goals (as
823seen in Case 1) – interactive tabletop activities that are intended to support this kind of
824boundary spanning need to allow participants to reflect on their work and that of others in
825order to define and refine these goals. Boundary spanning also provides unique opportunities
826for more advanced tinkerers to see how and when others are struggling and to offer help. In the
827third interaction in Case 2, we saw G2P1 use the ability to engage in boundary-spanning
828perception to notice G3’s challenges, diagnose the problem, and offer the targeted advice that
829G3 needed more power to get their circuit working. Then working together, G3 correctly built
830their first circuit (see Fig. 13 above).
831Within open-ended environments, participants are often free to come and go, providing
832opportunities for them to pass on their gained knowledge to new entrants. Making each
833group’s tinkering visible and accessible via BSP provides quick entry into the knowledge
834community - as seen in the second interaction where G3 was able to watch the exploration and
835tinkering done by G2 and to ask questions before attempting any circuit building of their own.
836Visibility of the larger group’s collective tinkering can allow bystanders to watch those
837engaged in the activity and act as legitimate peripheral participants (Lave and Wenger 1991)
838before engaging with the exhibit, while offering reasonably low overhead to move from
839bystanding to creating (as exemplified in the first interaction above where G3 watches from
840the periphery for ~30 s before engaging).
841Allowing participants to interact with other groups’ spaces (Boundary Spanning Actions –
842BSA) provides opportunities for co-tinkering and physically scaffolding the work of peers –
843even when their respective goals are different. We see this when G2P1 reached across the table
844to help G2P2 build their first circuit. The ability for participants to both see and engage in
845others’ spaces provides unique instances for engagement based on their states in real-time.
846Within groups, this can include orienting strategies, resources, and goals. Across groups this
847can include giving advice, orienting them to one’s own work, or modeling actions. In the forth
848interaction in Case 2, we saw G2P1 help G3 orient to a new goal by observing what they were
849currently doing and making suggestions on how to adjust their tinkering (i.e., make all their
850LEDs the same color). This is especially important in environments where individuals may
851have different goals or participants may come and go at different times, as it provides a fertile
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852ground for more “advanced” participants to take an active role in supporting the tinkering of
853“novices” (making it an ideal state for supporting successive and evolving states of ZPD).
854We acknowledge some limitations to this study, including the need to hand code partici-
855pants’ gaze and gestures. While it is critical to maintain the exhibit’s naturalistic setting, as
856argued above, we envision future research that uses unobtrusive technological approaches
857(such as placing Microsoft Kinects around the exhibit) for fully automated data capture. We
858also recognize the setting described herein is only one example of an open-ended exploratory
859learning environment. We would be interested in investigating how DCLM highlights diver-
860gent inquiry that takes place within other open-ended tabletop systems with different con-
861straints and affordances. We also anticipate further research into how the DCLM framework
862can be effectively applied to non-tabletop learning environments. Makerspaces are particularly
863interesting, as learners are often making different things with different goals (e.g., different
864Minecraft mods or Arduino projects) at the same time in the same space. Of particular interest
865is how learners’ use of Boundary Spanning Perception and Boundary Spanning Actions in
866makerspaces can support divergent collaboration and inquiry.

867Conclusion

868Supported by the case studies described here, our goal with the DCLM framework is to
869provide an expanded set of collaborative behaviors for designers to consider when developing
870and evaluating open-ended learning activities. In learning environment designs with a clear
871beginning and end to the learning activity, learners “following a linear path” or orienting
872around a “shared goal” are likely just a result of the nature of the learning environment design.
873However, when we start evaluating the tinkering and goal trajectories of learners in more open-
874ended scenarios, we start getting closer to the kinds of authentic and emergent possibilities for
875learning envisioned by much of the computer-supported collaborative learning and learning
876sciences communities. Though existing frameworks do not focus on these behaviors, in many
877cases this is exactly what we want – learners are naturally diverse, and we want to support
878them in capitalizing on their strengths as they engage as a rich community of practice (Lyons
879et al. 2015). It is also important for us to foster learners’ abilities to recognize and capitalize on
880opportunities to spontaneously learn from and teach their peers. By expanding the CLM
881framework we open up new possibilities for understanding how divergent goals can, rather
882than being a marker of “poor” collaboration per the convergent conceptual change definition,
883provide significant and diverse learning opportunities, and we can recognize and design for
884productive interaction patterns for open-ended and constructionist learning. For this reason,
885while we acknowledge that DCLM and its codes can be applied to interactions that happen
886during tightly coupled and convergent collaborative inquiry, they are nonetheless of special
887utility to divergent inquiry. In truth, while these interactions often transpire in CCC situations,
888they are particularly fruitful for highlighting, and in many cases are required, to understand
889divergent collaborative inquiry.
890DCLM allows us to show how participants who are simultaneously engaged in divergent
891(or non-convergent) goals can still effectively scaffold each other and engage in productive
892collaboration. Because tabletop exhibits reduce the barriers to establishing shared grounding
893and sensemaking, even when individual goals are not tightly coupled, they offer unique
894opportunities for participants to collaborate with peers. Unlike in many shared-goal activities,
895the manipulation of artifacts that reside in others’ spaces is not necessarily a sign of conflict or
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896negotiation, but instead may be indicative of a fruitful moment of authentic and spontaneous
897ZPD scaffolding (an outcome that many educational designers hope for but struggle to
898achieve). This is particularly critical in informal environments in which joining or
899exiting the ‘community’ is fluid – such as museums exhibits or other open-ended
900environments such as makerspaces – as expertise can be passed down through
901successive cycles of participants’ entry and exit, potentially accelerating the ‘scal-
902ing-up’ of their competency in the domain.
903It is this ability to observe, relate to, reflect on, and interact with the tangible ideas and
904tinkering of others that is the heart of our introduction of boundary spanning perception and
905actions. Within open-ended and constructionist environments there exist the potential for many
906simultaneously occurring ‘idea spaces,’ in which individuals or small groups are working on
907challenges that may profit from an outside peer’s insight or knowledge. By making the work of
908individual groups visible and accessible, as exemplified by the tabletop exhibit described in
909this paper, educational designers can reduce the friction for these kinds of productive interac-
910tions. In turn, this brings into play need to carefully consider the design of the physical space
911itself in order to support the visibility and interaction between groups. Before DCLM, we
912lacked frameworks that could embrace and reveal the different collaborative interaction
913patterns that emerge in these settings.
914In the end, the goal of our work – among many others – is to support students as they learn
915collaboratively. By creating a framework that helps designers see new modes of productive
916collaboration, we hope that people will be able to engage in a more informed exploration of the
917design space of open-ended, creative learning environments.
918
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