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Abstract

:

Drawing is recognized as a powerful tool to learn science. Although current research has enriched our understanding of the potential of learning through drawing, scarce attention has been given to the social-cognitive interactions that occur when students jointly create drawings to understand and explain phenomena in science. This article is based on the distributed and embodied cognition theories and it adopted the notion of we-space, defined as a complex social-cognitive space, dynamically established and managed during the ongoing interactions of the individuals, when they manipulate and exploit a shared space. The goal of the study was to explore the role that collaborative drawing plays in shaping the social-cognitive interaction among students. We examine this by a fine-grain multimodal analysis of a pair of middle school students, who jointly attempted to understand and explain a chemical phenomenon by creating drawings and thinking with them. Our findings suggest that collaborative drawing played a key role in (i) establishing a genuine shared-action space, a we-space, and that within this we-space it had two major functions: (ii) enabling collective thinking-in-action and (iii) simplifying communication. We argue that drawing, as a joint activity, has a potential for learning, not restricted to the cognitive process related to the activity of creating external visual representations on paper; instead, the benefits of drawing lie in action in space. Creating these representations is more than a process of externalization of thought: it is part of a process of collective thinking-in-action.
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1. Introduction


The importance of drawing for the scientific practice [1] and the growing recognition of drawing as a powerful tool to learn science [2,3,4] have recently inspired a number of studies in science education as well as in different content domains and learning-teaching environments. Drawing facilitates conceptual change and the development of more complex mental models [5,6,7] as it enhances students’ visualization of ideas and concepts during the exploration of scientific models [8,9]. It also enables students to process ideas, move toward higher levels of thinking, understand more complex topics, and develop more complex explanations [6,10]. Importantly, when students create their own drawings, they become highly engaged with learning [2,11]. Thus, having students creating their own drawings is typically associated with a better understanding than when students learn from visual representations they have been given [3,12]. In particular, collaboratively created drawings provide opportunities for students to integrate multiple representations, exchange and clarify ideas, engage in elaborative discussion, build on each other’s ideas, and establish shared representation and deeper science understandings [6,10,11,13,14]. Thus, collaborative drawings have affordances that emerge from both visual representation and the collaborative discourse around drawings’ creation. In creating their drawings, students have the opportunity to discuss and to externalize their ideas in a shared material space, which facilitates following a line of thinking [10,15].



Although current studies have enriched our understanding of the potential of learning through drawing, questions remain open about the social-cognitive interaction that occurs around drawings’ creation [7]. It is still unclear, for example, how drawing facilitates social-cognitive interaction between students, or how drawing shapes the products of that collaboration. In fact, studies on drawing have mainly focused on the effects of drawing on students’ learning. These perspectives tend to conceptualize drawing as a tool that serves processes, such as to help students construct appropriate mental models or communicate the end product of their work [7]. While these studies consider the importance of the social dimension of the practice of drawing, with few exceptions they do not make social interaction an integral part of the analysis of the role of drawing for learning. From science education to other fields of research in education, only a scarce number of studies on learning through drawings’ creation have conceptualized drawing as a situated activity, that is, an activity that derives its meaning from the environment where it is created and used, and, as such, an activity with the potential to shape the environment of its creation and use [16,17]. However, this perspective is essential to expand our understanding of the mechanisms by which drawing may drive learning, as it allows us to capture the features of the social and cognitive interactions with the drawing activity.



In this article, we take the theoretical perspective of distributed and embodied cognition. Theories of distributed cognition postulate that “cultural and cognitive processes are not merely interrelated but are co-implicated” [18] (p. 83), i.e., they are shared processes [19]. Distributed cognition assumes that all instances of cognition emerge from distributed processes and are not necessarily centralized in the mind or its representational processes [18,19]. Thus, cognitive processes cannot be treated separately from the environment in which they occur but as emergent from the interactions among individuals and the environment, including its social-cultural features [20,21,22]. Embracing this view implies that two (or more) individuals jointly working on a task are conceptualized as a cognitive system, and, as such, any cognitive achievements in such system emerge from the complex interaction among them and the properties of the environment [18,23].



Embodied cognition theories focus on the roles of perception and action in cognition [24,25]. Theories on embodied cognition argue that cognitive processes cannot be divorced from the environment where they take place, and from the states of the body and the interactions between the body and the environment. Evidence supporting the embodied cognition approach has grown in recent years and generally supports the idea that perception and action influence cognition [26,27,28,29]. In particular, a variety of studies focus on gestures as embodied actions in the environment [17,28,30,31,32]. Gestures (hand movements) are themselves one kind of embodied expressions, which not only reflect an internal representation but also influence it, at least in part, by embodying cognition in action [28].



The perspective of embodied cognition is important within the perspective of distributed cognition, when the focus is on a system involving the interaction of individuals with each other and with the material environment around them. In these complex systems, the interaction of distributed and embodied cognition is substantial. Cognitive processes are distributed among interactions between individuals’ minds, the environment, and the individuals’ embodied actions in the environment [20,21,26]. By adopting the perspectives of distributed and embodied cognition, we are assuming that cognition is typically distributed in multiple ways, including embodied actions in the environment. Thus cognitive processes encompasses both internal and external processes, and uses the environment and actions on the environment as external informational structures that complement internal representations [24,25,33]. All together, these elements form an integrated cognitive unit, whose properties go beyond the simple aggregation of the cognitive properties of any of the individuals that are part of the system [20,23]. Besides the cognitive effects of distributed systems, some authors have also noted their social effects. Indeed, while socially interacting, individuals manipulate their surrounding environment creating a complex dynamic system in which each individual’s actions shape each other’s actions in a dynamic process of mutual-coordinated interactions. In distributed and embodied systems, social and cognitive processes interact and shape each other [34,35,36].



In sum, this study assumes that students involved in collaborative drawing activities form a distributed socio-cognitive system, comprising the students, the drawings that they created, and their communicative and embodied actions on the drawing. From these perspectives, the goal of the current study was to explore the role that collaborative drawing plays in shaping the social-cognitive interaction among students. For examining the social-cognitive interactions around drawing, we borrowed from Krueger [34] the concept of we-space, defined as a complex social-cognitive space, dynamically established and managed during the ongoing interactions of the individuals, when they manipulate and exploit their shared space. For that, this paper presents a pair of middle school students who jointly attempted to understand and explain a chemical phenomenon by creating drawings and thinking with them.




2. Methods


2.1. Setting and Context


The current study is a detailed case study focusing on the observation of one pair of 8th grade students, aged 14–15, Iris and Raul (pseudonyms), who jointly created drawings while they were trying to understand and explain a chemical phenomenon. Participants attended a three-day workshop about chemical change led by two authors of this study. The sessions were carefully designed to afford opportunities for student discovery through collaboration. The broad aim of the research was to investigate how pairs of students collaborate and reason about the mechanisms underlying a chemical reaction through drawing creation. The phenomenon under explanation was the reaction of an antacid (i.e., pills of calcium and magnesium carbonate) to neutralize the stomach’s acidity (hydrochloric acid).



Data were drawn from the first session of this workshop, where Iris and Raul worked together to create a drawing at the level of particles (i.e., the atoms, molecules, etc.) In this case, it concerns the chemical reaction of calcium and magnesium carbonate (the main components of the antacid pills) and hydrochloric acid (the main component contributing to the acidity of gastric juice). In creating the drawing, students were asked to imagine that they could see the smaller parts that make up matter constituent of the acid juices of the stomach and the antacid pills and to draw what they would see happening along the reaction. To assist in creating their drawings, students were provided with a schematic template with three frames, each corresponding to a stage of the reaction: before, during, and after.



The goal of providing students with a template focused on different stages of the process was to extend drawings from space to time, stimulating students to represent temporal events depicted in the moments before, during, and after [37]. This decision was consistent with the workshop’s goal: to prompt students’ thinking about the underlying mechanisms that give rise to the target phenomenon. As we aimed to stimulate interactions for capturing the students’ way of thinking and interacting with each other and the drawing, we provided the minimum amount of information regarding the creation of the drawing. For instance, no information was provided about the structure of the chemical identities participating in the reaction. By doing this, students had to jointly decide which elements to represent in their drawings and how to visually represent them in space and through time. In this way, we may consider that the task is a rather open task. During the session, the students were assisted by the two researchers who led the workshop, who only intervened to structure the session (for instance, to introduce information needed to perform the tasks) and to make any clarifications when needed. The decision to reduce researchers’ interventions to a minimum was thought to let students work in pairs so that they could engage in an easygoing conversation with minimum intervention and constrains.




2.2. Data Collection and Analysis


The pair’s interaction during the session was video-recorded, and the artifacts they produced were collected and digitalized. The analytical practice adopted in this study was fine-grained analysis inspired by the multimodal-grounded approach [38,39]. The multimodal system of analysis in this study was the drawing and participants’ interactions with each other and with the drawing. The primary modalities analyzed in this study included talk and actions performed on the drawings, including sketching, gesture, and gaze. The first author conducted the multimodal transcription of the video-recorded. The multimodal approach used in transcription [39] integrate verbatim transcription of talk, snapshots of the video, description of every action performed on the drawings that included sketching, gesture, and gaze, and when applied, an interpretative description of the interaction with the propose to contextualize a particular event in the interaction. Table 1 presents and describes the primary modes of interaction that emerged from the analysis of the interaction, as well as the transcription conventions used to illustrate these modes of interaction, based on Wardak [18].



The multimodal analysis and transcription followed an iterative process. First, to complete the transcription, the video records were re-watched, and any observed action performed on and with the drawing was highlighted in the transcription using the set of conventions displayed above. Second, a description of the actions performed on the drawing was added in a separate column. Third, a preliminary narrative was constructed around the theme of drawing and the social-cognitive interactions. In this phase, particular attention was given to how students interacted with the drawings and how these interactions drove and shaped their social and cognitive processes. In this process, critical incidents indicative of the role and function of drawing in shaping the social-cognitive interaction among students were further examined. In the following section, we present our findings and discussion.





3. Findings and Discussion


Through a fine-grained multimodal analysis of students’ creating and using a drawing to understand and explain a chemical phenomenon, we identified three key themes related to the ways in which drawing works as a space for social and cognitive work: (i) establishing a we-space; (ii) enabling collective thinking-in-action, and (iii) simplifying communication.



3.1. Establishing a We-Space


The strip of interaction that follows occurred when Iris and Raul started to explore how the chemical reaction under explanation occurred and to consider how to represent what was happening at the level of particles:












	Line
	Talk
	Actions Performed on Drawing
	Snapshot of the Video
	Description of the Visual Frame





	1
	
	Gaze: Iris and Raul look at the empty drawing-sheet.
	 [image: Education 12 00045 i001]
	Raul and Iris are siting side by side with the drawing-sheet in front of them.



	2
	Raul: Well, {we have to draw a molecule [1] and then another molecule coming and hitting [2] and doing new things[3]} (4) And now::: (2)[What are they? [4] I don’t know.
	Gestures: [1] Points towards the before-reaction frame; [2] points towards the during-reaction frame; [3] and points to the after-reaction frame.
	 [image: Education 12 00045 i002]
	Raul and Iris are sitting side by side with the drawing-sheet in front of them Raul gestures over the drawing-sheet and Iris listen and follows Raul’s actions.



	3
	Iris: [The hydrochloric acid, I know what it is (.).
	
	
	






Iris and Raul were in front of the drawing-sheet, where they were supposed to draw the three stages of the chemical change (before-during-after) (see snapshot in line 1), when Raul initiated the conversation by describing what would be happening in each temporal frame [line 2]. He expressed himself using words synchronized with explicit pointing gestures towards each temporal frame on the drawing-sheet. While his words conveyed the entities and the action in which entities engaged, his gestures conveyed the temporal sequence of these actions. Together, Raul’s words and embodied actions on the drawing-sheet worked to enact a representation of how the chemical reaction under explanation occurs. Being enacted in words and embodied action in the drawing, Raul’s representation formed part of the material space that he and Iris shared, and it became perceptually accessible, enabling a direct experience for both. Indeed, Iris was able to derive meaning from Raul’s enacted representation on the drawing-sheet, as her following action showed. Her response overlapped with Raul’s concluding words. When he queried about the identity of the “molecules” participating in the reaction (“What are they? I don’t know.”), Iris answered that she knew the composition of one of these “molecules” (“The hydrochloric acid I know what it is”) [line 3]. In her immediate reaction to Raul, Iris signaled her understanding of Raul’s idea, as well as her intention to follow Raul’s thinking.



Hence, even before students had started to draw things on the paper, the drawing (or the drawing-sheet) had already become part of the material environment that both students shared; it played an important role in establishing their we-space—a social space of joint attention and mutually-coordinated interactions—as it functioned as a stable material medium for interaction that students manipulated to create a representation and to convey it in a perceptible way. The direct experience (by listening, seeing, and pointing) along with the enacted representation conveyed extensive information about each individual representation [24], essential to facilitate interpersonal understating and mutual engagement [11,40,41].



In addition, Raul’s actions exploiting the drawing-sheet may have shaped the representation he created. Raul’s spontaneous actions on the temporal frames of the drawing-sheet coordinated with talk may have not merely worked to convey a fully internal-formed representation; these actions may have also become part of the material process of thinking-in-action (as proposed by Krueger [42]), thus shaping the representation he created. According to models on distributed and embodied cognition, interacting with the material environment shapes one’s cognitive activity, and, likely, any representation emerging from this process will have features of the environment in which it was created [21,24,27].



Following this initial intervention, the two students began to be concerned about the entities participating in the reaction (“molecules”) and how to represent them visually in the drawing. The next piece of interaction illustrates this negotiation.












	Line
	Talk
	Actions Performed on Drawing
	Snapshot of the Video
	Description of the Visual Frame





	3
	Iris: [The hydrochloric acid, I know what it is (.)
	
	
	



	4
	Raul: Okay. First: What is this? *it’s calcium carbonate* (5) How do we draw this? Carbonate: C, Calcium: Cl? (4)
	
	 [image: Education 12 00045 i003]
	Raul Picks-up the antacid pills’ packaging and starts reading the name of components in it, i.e., the calcium carbonate and magnesium carbonate.



	5
	Iris: But, I don’t remember the color of the little balls!?
	
	
	



	6
	Raul: The little balls?! The little balls?! (.) But, it doesn’t matter=
	
	
	



	7
	Iris: = No::: the [{representation: the drawing::}[1] like imagine the oxygen,{the oxygen is…} [2].
	Gesture: [1] Taps the drawing-sheet in before-reaction frame with the pencil.

[2] Repeats the same gesture.
	 [image: Education 12 00045 i004]
	



	8
	Raul: [The little balls?

You draw a little ball with another one next to it and you put the two together, and that’s a molecule. Calcium carbonate…*How do we draw calcium carbonate?*1 (5) It’s C, that’s the carbon [and Cl, that’s the calcium. C and Cl or [Cl and C.
	
	 [image: Education 12 00045 i005]
	Raul picks up the antacid pills’ packaging and puts it down again.



	9
	Iris:

[It’s carbonate.

[and calcium is Ca, isn’t it?
	
	
	



	10
	Raul: Okay, it’s C with Ca (…) Okay, we draw=
	
	
	



	11
	Iris: =Well, but inside what is it?{Like a circle with (1)} [1]
	Gestures: [1] Gestures a circle over the surface of the paper.

with the pencil.
	 [image: Education 12 00045 i006]
	



	12
	Raul: We draw the C, with the Ca next to C=
	
	
	



	13
	Iris: =Calcium carbonate, is that how it is?
	
	
	



	14
	Raul: @_(5) Ok. It might be like this @ [1] (.) @_It must be bigger (8) @ [2].
	Drawing: [1] Takes the pencil from Iris and draws a circle divided in two parts, and then

[2] deletes it and draws a new one, but bigger; starts to inscribe Ca in one of the parts.
	 [image: Education 12 00045 i007] [image: Education 12 00045 i008] [image: Education 12 00045 i009]
	Raul starts to draw a circle, but then decides that it is too small, so he deletes it and draws a bigger one.



	15
	Iris: But not {here. There is none of this, yet. But only H-Cl.}
	Gesture: Points towards the drawing and then to the antacid pills’ box.
	 [image: Education 12 00045 i010]
	Iris showing Raul that in the frame before-reaction the entities of the antacid pills were not to be drawn yet, because in the beginning it is only the acid.



	16
	Raul: @ H: Cl: [nothing more @
	Drawing: Picks the rubber and deletes the entity “C-CA” he have drawn in A13.
	 [image: Education 12 00045 i011]
	As Raul deletes the entity “C-Ca” Iris continues explaining to Raul why it should only be the acid in the frame before-reaction.



	17
	Iris: [Yes, because, truly, the tablet were not there before.
	
	
	



	18
	Raul: @_Okay. So it’s H:: with Cl::_@[1]. Okay:: it’s{here. [Here it’s the H and the Cl}[2]
	Drawing: [1] Draws the entity "H-Cl".

Gesture: [2] Points towards the "H" and then the "Cl".
	 [image: Education 12 00045 i012]
	






From the above excerpt, it soon became apparent that each student had different representations of the entity “molecule”. Raul’s intended representation was a symbolic representation (an entity represented by its chemical symbol), while Iris’s intended representation was a pictorial representation (circles with different colors that stands up for each chemical entity). As these entities are key agents in the mechanism they were attempting to explain, establishing a representational visual convention meaningful for both is an essential step.



Nevertheless, the initial exchanges in [lines 3–7] show signs of personal disengagement from the interaction. Raul acts as he was having a conversation with himself, and in line 4, he seems to ignore Iris’s intervention. Actually, Raul’s reaction was a response to his own queries and an elaboration of his own ideas. Further ahead, in line 6, Raul reacted with disapproval to Iris’s wonderings about the color for representing the entities of the acid molecule [line 5]. Importantly, if these signs of social disengagement had not had been repaired, they could have ended up compromising the genuine mutual-cooperation necessary for establishing and sustaining a we-space. However, Iris, apparently perceiving Raul’s disengagement and willing to make her own intentions understood, reacted by elaborating her viewpoint. In line 7, she tapped in the first frame of the drawing-sheet, while saying: “the representation: the drawing”, and as she continued: “like imagine the oxygen, the oxygen is…”, she repeated her gesture as she wanted to signal something meaningful to her. Iris’s words coordinated with embodied actions on the drawing-sheet worked to reveal relevant important information about her current cognitive status (her concerns about how to actually draw a visual representation of the target entities). These actions may have also shaped Raul’s following move, as after Iris’s intervention he tried to meet her concerns by providing an eloquent oral description for the spatial arrangement of “the little balls” (suggested by Iris) in order to visually represent a “molecule” [line 8]. Indeed, Raul’s move showed signs of cooperation and attention to create an interpersonal understanding of the situation. Thus Iris’s gestures on the drawing-sheet seemed to work as a perceptual stimulus for monopolizing joint attention in managing the we-space.



However, Raul’s verbal description did not seem clear enough for Iris, as she remained somewhat confused about what to draw (“Well, but what is inside?”) [line 11]. So, she said “Like a circle” while gesturing a circle over the drawings-sheet, and afterwards, she pointed to the inside of “it” while saying: “with”—her gestural drawing on the drawing-sheet called Raul’s attention to the salient features of her intended representation. He responded by providing further information about how to display the elements in the drawing (“We draw the C, with the Ca next to C”) [line 12], although Iris remained somewhat uncertain [line 13]. Raul then decided to pick-up the pencil and draw a possible representation of the target entity. He said: “Ok. It might be like this” as he drew two circles together and inscribed in each one the correspondent chemical symbol [line 14]. In doing so, he transformed an individual/intended representation into a material representation that depicted relevant visuo-spatial features and that became permanently available in the we-space, thus allowing for intersubjective inspection [42]. Readily, Iris pointed to the drawn entity to make her evaluation. Although she agreed with what Raul drew, she noticed that before the reaction, the entities of the antacid pills “were not there [in the stomach]” “but only the H-Cl [(the acid) is in the stomach]” [lines 15–17]. This seemed to have made sense to Raul, as he readily changed the representation, accordingly [line 18].



In this case, until Raul drew the entity under discussion, the two students seemed to experience difficulty in making sense of each other’s individual/intended representations. In the absence of a material visual representation, they lacked a visual perception of each other’s intended representations. Hence, they had to infer each other’s representations, which indeed did not occur without misunderstanding. With the representation of the entity under discussion materialized on the paper, evaluating and negotiating its features became a much easier task, facilitating achieving interpersonal understanding about what to draw and how to draw.



In brief, the drawing (or the drawings-sheet) worked as a material medium in the space shared by both students that they used to enact their actions and that worked to establish a space of joint attention and mutual-coordination, a we-space. Raul outlined a representation that laid the ground for their subsequent activity by performing a sequence of embodied actions on the drawing. When signs of disagreement came about, compromising the we-space, Iris made use of gestures on the drawing-sheet that functioned to manage and keep the joint attention necessary for sustaining the we-space. Finally, the two students ended up establishing a conventionalization to represent the key entities participating in the reaction under explanation. The representation that emerged included aspects of their individuals’ representations aligned and transformed into a new representation that was the product of their joint attention and mutual coordination, dynamically established in their ongoing interactions around the drawing.




3.2. Enabling Collective Thinking-in-Action within the We-Space


The strip of interaction in the following excerpt occurred when the two students were dedicated to draw the during-reaction stage. They had already drawn the entities of the substances they identified during-reaction stage (i.e., the two components of the antacid pills (“C-Ca”; “C-Mg”) and the acid (H-Cl)). As they finished, Raul started gesturing over the drawn entities to show them colliding while saying “they collide” [line 29].











	Line
	Talk
	Actions Performed on Drawing
	Snapshot of the Video





	29
	Raul: So, @ It’s the C with magnesium, (3) Mg @ [1] {They collide with each other} [2]
	Drawing: [1] Draws the entity “C-Mg” in the during-reaction frame.

Gesture: [2] Moves his hand, holding the pencil, over the during-reaction frame, making a circle that passes over the entities represented there (“C-Mg”, “H-Cl”, and “C-Ca”).
	 [image: Education 12 00045 i013]



	30
	Iris: And {this one [1] shrinks [2]}.
	Gesture: [1] Positioning she hand over the molecule of acid “H-Cl” in the during-reaction frame;Gesture: [2] Gestures “shrink” by closing her hand.
	 [image: Education 12 00045 i014]



	31
	Raul: No, I don’t think they shrink (3) they originate new things. (2) @_It’s water, It’s H-2-O@.
	Drawing: Starts drawing the entity “H-O-H” in the after-reaction frame.
	 [image: Education 12 00045 i015]



	32
	Iris: ^Look this is [(8) and… Ah! So, I see! ^ I see, so it also originates a salt, that is…
	Gaze: Iris looks at the drawing.
	






Raul’s enacted collision caught Iris’s attention, and she immediately reacted by gesturing over the same part of the drawing, the acid molecule shrinking [line 30], while she said: “And, this one shrinks” [line 30]. Iris’s gesture was like a continuation of Raul’s gestures. Thus, Iris and Raul performed an integrated sequence of gestures during this interaction, building on each other’s embodied action on the drawing and generating a visual representation within the we-space. Raul used embodied action to convey the idea of entities colliding. Building on Raul’s gestures, Iris then used a gesture for enacting the result of such collision on the acid molecules. The jointly enacted visual representation (of entities colliding and causing the acid molecules to shrink) achieved momentary visibility and significance that otherwise would have not achieved and gained particular interactional relevance. In this way, through a direct visual perception related to the representation activated by the embodied action on the drawing, an understanding of each other’s ideas emerged. Indeed, it turned out that Raul became aware that the representation (acid molecule shrinking due to collisions) conflicted with the representation that he had in mind. Apparently, according to Raul’s representation of the chemical reaction, molecules collide to originate new ones, i.e., new entities with a different chemical entity, which, in this case, would be the water molecules. However, Iris proposed that collisions cause a change in the molecule’s material properties (i.e., size) while maintaining the same chemical identity. Aware of the emergence of different understandings, he proceeded by saying: “I don’t think it shrinks. They originate new things”, and then he drew a molecule of water in the after-reaction frame (represented as “H-O-H”) as he stressed his idea (“It’s water. It’s H-2-O”) [line 31]. Having this entity now available on the drawing, Iris leaned over the drawing, as though she was trying to make sense of something (“look, this is…”); and after 8 s of quietly observing the drawing, she came out to make sense of what Raul was proposing: “Ah! So, I see!” and “So, it also originates a salt” [line 32]. The entity drew by Raul was perceived at that moment in a particular way; it gained intelligibility within the activity at hand. In this way, Iris developed a situational understanding of something that she had likely learned as a rule (an acid and an antacid react to originate salt and water).



This example shows that drawing worked as a material shared medium within the we-space that helped students explore each other’s ideas in the process of coordinating actions and meanings. With the entities of interest drawn on a shared medium, both students gained direct access to them and were able to manipulate them through embodied actions. Instead of relying on internal representations of these entities, students worked with stable visuo-spatial representations and animated them in real-time by coordinated gestures. Raul enacted the drawn entities’ actions in an integrated sequence of gestures while Iris enacted their effects. Thus, from their coordinated actions, an animated representation emerged. Importantly, this representation did not exist until it was enacted in real-time within the we-space. It emerged in a distributed system where each student’s individual representation, drawing, and embodied actions on the drawing constitute parts of the material process of thinking-in-action [23,33]—in turn, providing an animated representation within the we-space allowed for further thought and collaboration, which enabled students to evaluate their individual representations and change them via thinking-in-action. What is most interesting to consider in this example is that drawing can be conceptualized as more than a visuo-spatial representation of thought on paper. Instead, creating and interacting with a drawing is part of the dynamic process of collective thinking-in-action. Drawing invites students into the interactive engagement and coordination of meanings that emerge from this interactive process; these meanings will eventually change and evolve by students coordinately acting upon the drawing with talk and gestures.




3.3. Simplifying Communication


As the two students advanced in the task, their talk became more specified and conceptualized by gestures on the drawings. The strip of interaction in the following excerpt shows how students’ talk was combined with highly active pointing work on the drawing that worked to simplify the flow of the conversation.











	Line
	Talk
	Actions Performed on Drawing
	Snapshot of the Video





	40
	Iris: I don’t know, but I think it’s something like {these three will combine somehow} to originate things (…) So…
	Gesture: Gestures a circle with her finger over the entities: “C-Ca”, “Mg-C” and “H-Cl” in the during-reaction frame.
	 [image: Education 12 00045 i016]



	41
	Raul: We should focus on just one. ^(5) Ah! No::^ [1] We have to do{this one [2] with this [3] and this one [4] with this one [5]}.
	Gaze: [1] Looking at the drawing.

Gesture: [2] Puts his finger over the entity “C-Ca”; then

[3] over the entity “H-Cl”; and then [4] he puts his finger over the entity “C-Mg”; and then [5] again over the entity “H-Cl”.
	 [image: Education 12 00045 i017]



	42
	Iris: Yeah!
	
	



	43
	Raul: There are two different combinations. (8) What is the name of the tablets? (2) Rennie, isn’t it? (2) @ Rennie are these two together @[1] And then,{originates water}[2] (.) and the other…
	Drawing: [1] Draws an arrow connecting the entities “C-Ca” with the “C-Mg” and writes “Rennie”.

Gesture: [2] Points with the pencil to the entity “H-O-H” drawn in the after-reaction frame.
	 [image: Education 12 00045 i018]



	44
	Iris: I think {these two together} [1] originate the calcium chloride; and {these two} [2] originate the magnesium chloride. But {all three, I don’t know} [3].
	Gesture: [1] Puts her finger over entity “Cl” and then over the entity “Mg”.

[2] Repeats the same gesture with the entities “Cl” and “Ca”.

[3] Gestures a circle with her finger over the entities: “C-Ca”; “Mg-C”; “H-Cl” (the gesture is similar to A38).
	 [image: Education 12 00045 i019]



	45
	Raul: We (…) {this [1] and this [2], and this [3] with this [5]…}
	D-Gestures: [1] Points towards the entity “H-Cl”; and then [2] towards the “C-Ca”; and again [3] towards “H-Cl” and [4] then “C-Mg” (the gesture is similar to A39).
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	46
	Iris: But what? The two?
	
	



	47
	Raul: It originates two. (8) It’s the ^(5)^ No!?
	Gaze: Stares at the drawing.
	



	48
	Iris: ^Does it originate one or two salts?^ [1] Will it be {this with this and this with this [2]; or these three together? [3]}(…)
	Gaze: [1] Keeps looking at the drawing;

Gesture: [2] Points to “Mg” and then to «Cl», and then again to “Ca” and to “Cl” (gestures similar to A42);

[3] with her finger circles the three entities: “Cl”, “Ca” and “Mg” (the gesture is similar to A38).
	 [image: Education 12 00045 i021]



	49
	Raul: It is {this one with this one [1] and this one with this one [2]}. Two separated. Perhaps the two are in the same tablet, because perhaps one is stronger than the other, or it might be that they somehow complement each other.
	Gesture: [1] Points towards “H-Cl” and then towards “C-Ca”;

[2] and again [2] points towards “H-Cl” and then towards “C-Mg” (the gesture is similar to A39).
	 [image: Education 12 00045 i022]






To an outside observer, these conversational turns look fragmented and sometimes hard to follow; this reveals that Iris and Raul have created a we-space that it is genuinely their own space, where they successfully function and communicate. Their talk included many deictic expressions such as “this one”, “there”, “with”, which only have meaning when considered in coordination with the gestures performed on the drawing. The entities of interest were referred to by pointing coordinated with deictic expressions, such as “this one” or “these two”—lines A41, A42, and A44 display some examples. The students avoided cumbersome scientific names by pointing to the entity of interest and by simply saying “this one” or “these two”. Without being overburdened by scientific terms, students were able to keep the conversation on task with minimum effort. Here, their pointing gestures to the entities also worked to suggest the possible rearrangements that entities undergo during the reaction. They indicated how entities, during a reaction, rearrange by a series of sequential pointing gestures on the entities of interest. For example, when saying “this one”, they pointed to one of the entities of interest. While saying “with”, they moved their finger to indicate the other [line 44]. On another occasion, they put one finger over an entity and the other finger over another while saying “these two together”.



Adding an element to the drawings was also used to highlight some aspect referred to in talk and to hold it, as in line 43, when Raul drew an arrow grouping the two entities of the antacid pill and wrote the commercial name of the antacid pills over it while saying “Rennie is these two together”. In doing so, he emphasized the idea that the antacid pills were made of two different components, and each one would react with the acid. This action not only drew attention to a relevant aspect but also made information retained in the drawing for later use.



In brief, as entities represented in drawings did not need to be referred to in speech, they also did not have to be held in memory, thus reducing the cognitive load [18]. When talk and gestures are on the drawing, drawing provides the stable medium that adds meaning to both talk and gestures [18,41]. In this case, as the drawings were a joint creation emerging from an ongoing negotiation of individual’s representations, the drawn entities have a shared meaning for both students. Most frequently, we found both students using talk and gestures on the drawings for conveying their ideas. In other words, they talked to each other through embodied actions on the drawing, which made their conversation highly contextual and fluent with minimal verbal resources. Together the representational function of drawing and gestures helped students to articulate more ideas in the exchange because these modalities assume what would otherwise have to be put into words during the conversation [16,18,29]. In turn, once the continuous flow of the turn-taking was ensured, it was easier for students to introduce their ideas into the conversation, and thereby to develop higher levels of thinking [4].





4. Summary and Implications


Our findings suggest that the activity of jointly creating a drawing plays a role in establishing a genuine shared-action space, a we-space. As a genuine shared-action space, a we-space is established and sustained through complex interactive processes of mutual cooperation and joint attention. It occurs when two or more individuals are mutually responsive to each other, making the necessary adjustments to achieve interpersonal understanding, resulting in the emergence of new ideas that were not previously available to the individual parts, but emerged as a shared achievement [34]. A drawing, as a visuo-spatial representation, requires making decisions about which objects to draw and how to draw it, for instance, regarding their shape, size, and location [29]. In addition, in particular, creating a drawing at the scalar level of particles requires deciding on entities and processes that cannot be seen [10]. In this case, students engaged in drawing creation with their individual representations and intentions. Thus, creating a joint drawing required them to make sense of each other’s representations and intentions as well as to cooperate in developing a shared one. In addition, and more interesting, drawing itself enabled complex interactions that drove processes of mutual cooperation and joint attention. Our findings showed students exploiting the drawing space by gesturing and sketching, which served to enact their individual (private) representations and, thus, to make them perceptually available. This, in turn, worked to orient students’ attention towards each other’s intentions and move the interaction from the private space to the shared space. In this process, both students established a genuine shared-action space, a we-space, or a space of sustained focused interaction that opened possibilities for interpersonal processes of understanding [34]. These findings give strength to arguments elsewhere (e.g., [16,17,37]) that drawing cannot be reducible to a sketching activity, but it is also a social-cognitive one. Collaborative drawing may be seen as a social-cognitive space, where drawing plays a role in its establishment and management.



In this study, the we-space is a distributed system formed by the drawing, each student’s internal representations, and their communicative and embodied actions in drawing. Within the we-space, the drawing’s functions extended from supporting thinking to enabling collective thinking-in-action. Our findings showed students performing embodied actions on the drawing, such as gestures to simulate real-time representations. From the point of view of the theories of embodied and distributed cognition [21,25,26], these real-time representations evidence instances of collective thinking-in-action, emerging from a distributed system using representations that exist both internally and externally, which are enacted as external representations that complement and enhance internal and individual representations [22,29,34,42]. Thus, our findings support the ongoing work on embodied and distributed cognition, suggesting that the material environment and embodied action on the material environment are critical parts of the process of thinking that cannot be treated as separated but instead as a distributed system [27,29,30,31,32]. In the case of collaborative drawing, we tentatively suggest that the thinking process is not either with or without the drawing [28], instead it is enacted through the ongoing interaction of multiple modal representations, including talk, gestures, and sketch, distributed over space, time, and participants. Indeed, a main contribution of this study was to provide empirical evidence to the theoretical ideas regarding distributed cognition and its potential to promote learning as well as that drawing has an active function in these processes.



Finally, in the joint creation of a drawing, part of the communication activity was done through the drawing by embodied actions that functioned to simplify communication in various ways. We found that as drawing took form, students’ conversation was conducted through the drawing. Students’ talk was frequently coupled with gestures on the drawing that functioned to make the conversation more accessible, thus helping to develop shared, coherent lines of thought and follow them smoothly. Gestures have been already recognized as an essential form of embodiment in language that facilitates communication (e.g., [31,32,33,43,44]). However, few studies have paid attention to the development and use of gestures in collaborative drawings (e.g., [16,17,18]). In this study, abstract entities and their spatial relations represented in a drawing were easily brought into the conversation by pointing gestures. Rather than having a conversation about abstract entities, the students’ conversation was about concrete entities that could easily be brought into the conversation by efficient gestures on the drawing, avoiding cumbersome language and allowing for establishment and maintenance of common ground. These findings are in line with the view that gestures convey spatial information, since they help d to organize spatial information for speech and, thus, to conceptualize the information to convey [17,41,43,44].



In conclusion, the general argument that we sought to support through the present study is that drawing, as a joint activity, has potentialities for learning that are not restricted to the cognitive process related to the activity of creating external visual representations on paper; rather, the benefits of drawing lie in action in space. Creating these representations is more than a process of externalization of thought; it is part of a process of collective thinking-in-action.



One important note: in this study, the drawing activity was sufficiently open to allow students’ creativity and imagination while actively creating their own products. The fact that students jointly created a drawing with minimal guidance to explain a phenomenon that deals with the unobservable level of atoms and molecules left space for interpretation of individual intentions and negotiation. These findings give strength to arguments elsewhere that it is not the drawing itself, but how drawings are used, that best supports learning [8]. While we believe that our work supports the argument to incorporate drawing activities into the science classroom, we are also aware that drawing, like many other classroom activities, is tightly related to the nature of the task in which students engage. In fact, researchers in science education claim that drawing may not always provide the expected benefits for students learning unless it is purposefully integrated into practices that challenge students to use their drawings to think [3,45]. Hence, the dimension of joint-drawing creation as a sufficiently open-ended task is a critical issue to incorporate in instructional practice.



This study did not occur without limitations. We analyzed a single case study that did not occur in a classroom setting, since our purpose was to conduct a fine-grained analysis that would allow us to describe a mechanism in great detail. The students’ interaction was undoubtedly influenced by this particular social-cultural context. We believe that further research, to account for the role of drawing within other educational settings, such as the classroom, will be needed to expand our knowledge. Nevertheless, this article makes an important contribution because the framework and analysis presented here can provide the basis for such lines of research. From the many possibilities for collaborative drawing to learn, we advocated for the potential usage of drawing to understand and explain phenomena that requires dealing with lower-scalar-levels, with entities that cannot can be depicted by sketching their structures and spatial relations, which can then be used to simulate their behaviors by embodied actions. Such drawing activities have the potential to turn an abstract problem into a perceptual-action experience.



This study also has implications for research by strengthening the argument for the importance of multimodal analytical approaches. We have illustrated how a multimodal analysis produced a rich description of the social and cognitive process, when students jointly created and used a drawing, and how the drawing in this environment shaped these processes. The multimodal analytical approach helped to focus on drawing and the interrelationship between the verbal and other modes of interactions concomitantly occurring. Hence, we argue that extending the current understanding of how students use drawing to learn requires an analysis of drawing within the environment of its creation and use.
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Table 1. Description of the modes analyzed, codes for gestures, and transcription conventions used.






Table 1. Description of the modes analyzed, codes for gestures, and transcription conventions used.





	
Mode

	
Description

	
Transcription Conventions






	
Talk

	
Students’ utterances in the interaction.

	
[

	
A point where the two participants start talking simultaneously.




	
=

	
A latched utterances, with no perceptible gap.




	
(.)

	
Short pause.




	
(2)

	
Pause in seconds.




	
…

	
A utterance trailing off.




	
:

	
Lengthened syllables.




	
(…)

	
Some material of the original transcript that has been omitted as it is not perceptible.




	
Drawing

	
Students sketch or make any kind of marks on the drawing, such as adding or deleting an element or highlighting some particular aspect or feature.

	
@text@

	
Participant drawing.




	
#_text_#

	
Participant adding a mark or an inscription to the drawing.




	
Gaze

	
Students looked at the drawing for a moment.

	
^ text ^

	
Participant looking at the drawing.




	
Gestures

	
Students moved their hands to point to any element or part of the drawing and/or to interact with the drawings in some way, such as to animate an element of the drawing, to depict some property of an element, or to simulate some action or behavior.

	
{text}

	
Participant gesturing on the drawing.




	
*text*

	
Other non-verbal actions (e.g., reading the information in the pills’ box).
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