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Idea emergence is critical in learning as knowledge creation. Although recent advancements make it possible to detect emergent ideas and evaluate how students engage in knowledge creation in collaborative learning contexts, the relationship between the learning processes and final conceptual understanding has not been well-studied. One confounding factor is how much students engage in their study topic during collaboration. In this study, therefore, we propose a new procedure for evaluating idea emergence in the context of jigsaw instruction by combining a socio-semantic network analysis of discourse and a text-mining algorithm, “the term-frequency.” This procedure was used to evaluate how high-school learners engaged in their social process of knowledge creation as well as how much they discuss their study topics, the human immune system. Results showed that the weight of priority on a study topic did not significantly differ in both high and low conceptual understanding groups, but high conceptual understanding groups were more engaged in sharing and discussing ideas in the early stage of their collaboration. It is suggested that students' recognition of the study topic was not different depending on the levels of their conceptual understanding in a well-structured collaborative learning context such as jigsaw instruction. However, what matters is how students discuss their ideas through collaborative discourse.
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INTRODUCTION

Learning as Knowledge Creation

In the perspective of learning as knowledge creation (Paavola and Hakkarainen, 2005), the objective of learners is to create new knowledge through collaborative work (Bereiter, 2002). Paavola et al. (2004) identified the following unique aspects of learning as knowledge creation. First, learning is defined as the pursuit of newness. Learners are not only expected to acquire knowledge and skills but also create something new based on their learned knowledge. The main goal of learning as knowledge creation is to develop the expertise to engage in creating knowledge. Second, knowledge creation practice is a social process. Learners do not have to make newness alone. Instead, they have to collaborate with others to share their ideas and improve them. Third, even in such a social process of knowledge creation, individual competence to contribute to the process should also be a goal of instruction. When learners are engaged in knowledge-creation practices, Scardamalia (2002) discusses how students need to have collective cognitive responsibility to contribute ideas to collective knowledge advancement in the community. She defined intentional engagement in the knowledge-creation practice as the epistemic agency and proposed this agency as a new goal for instruction in the knowledge age (Scardamalia et al., 2012). For evaluating students' learning as knowledge creation, therefore, we need to assess how students engage in their social process of knowledge creation, and how each student could contribute to the social process.

For facilitating students' learning as knowledge creation, many studies have been conducted to identify adequate collaborative learning arrangements (Sawyer, 2014). One such instructional method is jigsaw instruction (Miyake and Kirschner, 2014). In jigsaw instruction, learners collaboratively work on the same materials in the expert group activity. Their collaboration facilitates constructive interaction (Miyake, 1986) among learners who meet their individual goals to become experts in their assigned material. Then, learners join the jigsaw group activity, where those having studied different materials collaborate to integrate the different sources of knowledge. In the jigsaw group activity, students engage in social interaction within multiple zones of proximal development (e.g., Brown and Campione, 1996). One student is an expert concerning one component and teaches the other group members. In this study, collaborative learning in the jigsaw instruction was analyzed by using an analytic technique described in section Evaluation of Learning as Knowledge Creation.



Evaluation of Learning as Knowledge Creation

While most studies on learning as knowledge creation have been conducted by applying qualitative approaches, it is needed to develop a new quantitative analytic framework for evaluating learning as a knowledge creation practice to handle larger and richer datasets (Martinez et al., 2003; Scardamalia et al., 2012). Both qualitative and quantitative analyses are expected to provide us with deeper insights into student learning in the mixed-methods approach (Johnson and Onwuegbuzi, 2006; Oshima et al., 2018). A promising quantitative approach that recent studies have discussed is socio-semantic network analysis (SSNA). Educational research, Computer-Supported Collaborative Learning, in particular, started the utilization of social network analysis (SNA) for analyzing an essential social interaction such as who was communicating with whom. This type of SNA provides researchers with a picture of a community from the perspective of social interaction. It has been argued, however, that the ordinary SNA is not sufficient to examine how learners engage in the social process of knowledge creation, how they exchange their ideas through their collaborative discourse (e.g., Oshima et al., 2012; Shaffer, 2017). For solving the problem, researchers thought the use of a new procedure similar to SNA, but a socio-semantic network analysis to examine different types of networks. It is based on the vocabulary that learners use in their discourse (Oshima et al., 2012), the categorized codes representing cultural practices they engage in (Shaffer, 2017), and so on. The socio-semantic network analysis (SSNA) approach is based on the co-occurrence of words or categorized codes used in discourse rather than action logs, such as who commented on whom. The basic assumption behind the algorithm is that students' ideas are represented as clusters of words used in explaining their ideas. When students discuss their ideas in a deeper way by using a variety of vocabulary, the structure of the word network becomes robustly structured. Through visualizing the network structure of words or codes used in discourse, researchers could represent how a group of learners engage in their knowledge creation. The SSNA approach has been adopted in educational studies to analyze rotation of leadership among students in the knowledge-building community (e.g., Ma et al., 2016) and to detect productive interaction patterns in the knowledge-creation practice, such as in the jigsaw instruction (e.g., Oshima et al., 2018).

Although the SSNA approach has given educational researchers a new window to evaluate students' social process of knowledge creation, it has not been sufficiently examined yet concerning other essential variables such as students' knowledge related to the study topic, and their final conceptual understanding. For instance, even though we find a different social process in high conceptual understanding groups from that in low conceptual understanding groups, it may be because high conceptual understanding groups discussed more their study topic in discourse. Thus, to effectively use SSNA approach for evaluating the classroom practice where students engage in learning as knowledge creation, we have to conduct studies further to examine the relationship among their social process of knowledge creation, their study topic related knowledge used in their discourse, and their final conceptual understanding.



Structure-Behavior-Function Framework for Evaluating Students' Understanding of a Complex Scientific Concept

In knowledge-creation practices, learners have to take on complex tasks and comprehension of phenomena. Wilensky and Jacobson (2014) define complex systems as multiple levels of organizations locally interacting with one another. Such systems include financial economies and weather systems. It is a big challenge for many learners to sufficiently understand such complex systems, despite their importance. There are several reasons behind the difficulty. One main reason is that the understanding of the complex systems often conflicts with learners' prior experience. Learners have a “centralized” mindset by which they provide explanations by assuming central control and simple causality never seen in the complex systems (Jacobson, 2001).

For appropriately assessing learners' understanding of complex systems, Hmelo-Silver and Pfeffer (2004) proposed the structure–behavior–function (SBF) framework. The framework can provide researchers with accurate information about how each learner understands multiple interrelations and the dynamic nature of complex systems. Hmelo-Silver and Pfeffer (2004) used the SBF framework for assessing conceptual understanding of the aquarium by novices and experts as follows: Structures represent elements of a system such as fish, plants, and a filter. Behaviors mean how system structures achieve their purpose. The behavior of filters is to remove waste by trapping large particles, absorbing chemicals, and converting ammonia into harmless chemicals. Finally, functions represent purposes of elements within the system, why the elements exist within a given system. The filter should exist to remove aquarium byproducts. Hmelo-Silver and Pfeffer studied verbal responses and pictorial representations created by middle school students, preservice teachers, and experts. They found that novices focused on perceptually available, static system components. Experts, on the other hand, focused more on interrelation among structures, functions, and behaviors. The results suggested that the SBF framework could be a useful formalism for understanding complex systems. In this study, the authors used the SBF framework for evaluating conceptual understanding based on their explanations of the human immune system, a complex system in biology.



Research Design and Questions

In this study, for examining how the social process of knowledge creation by high-school students is interrelated to their knowledge used in discourse and their final conceptual understanding, we analyzed their collaborative discourse in a lesson unit of the human immune system in the form of the jigsaw instruction. Their conceptual understanding was evaluated by the pre- and post-test paradigm. The social process of knowledge creation was analyzed by using SSNA, and their knowledge used in discourse related to the study topic was analyzed by calculating term-frequency, a measure of the importance of words in discourse. With the data analyses, we attempted to answer the following two research questions:

(1) Is there any significant difference in students' use of their study topic related words between high and low conceptual understanding groups in the jigsaw instruction? This research question was examined by comparing means of term-frequencies of study topic related words in discourse across high and low conceptual understanding groups. The term-frequency is a measure to evaluate how important each word is in group discourse. The measure has been used to identify the uniqueness of a document in the text-mining research (Feldman and Sanger, 2007). We utilized the procedure to examine whether study topic related words were essential to identify high or low conceptual understanding groups.

(2) Is there any difference in the pattern of social processes in the discourse between high and low conceptual understanding groups? We applied SSNA to their discourse data for examining how they exchanged their ideas related to the study topic by constructing a network of the study topic words. The difference was discussed in conjunction with the results in the first research questions.




METHOD

Data Contexts


Student Sample

Thirty-nine tenth-grade (15–16 years old) students (19 females and 20 males) of a high school in Japan participated in this study as part of their regular curriculum. The school is well-known and highly ranked in its district as a college prep school. Most graduating students from this school go on to universities. A science teacher with more than 10 years of teaching experience taught the students.



Lesson Unit

The lesson unit we targeted our analysis was the human immune system, a study topic in the biology class. The authors collaborated with the classroom teacher to design the lesson unit within three class hours. For representing the human immune system as a complex system, the teacher and the authors created its SBF framework based on the contents of the textbook the students used. The teacher then decided to divide the lesson unit contents into three local subsystems interacting with one another: (1) humoral immunity, (2) primary and secondary responses, and (3) cell-mediated immunity. The three subsystems were documented in three separate materials that were used in students' expert group activity.

The lesson unit was designed by the teacher and the authors in the form of jigsaw instruction (e.g., Miyake and Kirschner, 2014). Students were divided into 12 groups of three or four members. They were given a challenge in their class, such as “Can you explain how vaccinations protect us from infections?” and then provided with three study documents, each of which was necessary for solving the challenge. The documents were on (1) humoral immunity, (2) primary and secondary responses, and (3) cell-mediated immunity. In the first phase, one or two students from each group gathered to form an expert group (of three or four members) and worked on their allocated materials over 1.5 class hours (each class hour was 50 min). After the expert group activity, students returned to their original group (the jigsaw group), where the other members had different pieces of information. They were encouraged to share and integrate their knowledge to solve the challenge. The jigsaw activity took another 1.5 class hours (see Figure 1). The teacher designed group composition for both group activities. The analysis in this study was focused on student discourse in the jigsaw group activity because the task requirement in the jigsaw group activity made them share and discuss their ideas through discourse.


[image: Figure 1]
FIGURE 1. The Jigsaw instruction designed in this study.




Study Design

Before and after the lessons, each student was asked to individually explain her/his thoughts on how vaccination protects one from infections by writing and drawing on a paper. Their discussion during the group activities was video-recorded.




Data Analysis


Evaluation of Students' Conceptual Understanding

Each student's writing and drawing for explaining how vaccination protects one from infections at the pre- and post-test was evaluated by creating the SBF framework and comparing it with the teacher-made framework. The comparison was conducted by the first author and another collaborator who was familiar with the SBF framework. When a student explanation appropriately covered more than two subsystems and their interrelations, the student was evaluated as holding the integrated understanding. When a student showed an understanding of only one subsystem but did not refer to its interrelation to other subsystems, the student was evaluated as holding a single understanding. Others who made no understanding were categorized as no understanding. After each student conceptual understanding was identified, we categorized 12 jigsaw groups into high and low conceptual understanding groups. The process-oriented measures, such as term-frequency and the total value of the degree centrality were compared between the different levels of conceptual understanding. More details are described in the results section.



Term-Frequencies of Study Topic Related Words

For evaluating how importantly students recognized the study topic related words in their discourse, we calculated the term-frequencies of the study topic related words. In the field of natural language processing (NLP) or text-mining, several algorithms are used to calculate the unique contribution of words to a discourse. The most typical metric is the term-frequency. We calculated the term-frequencies of words representing the study topic by using the formula
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where t, g, and ft mean a word, a group, and frequency of the word, respectively.

We selected words representing the structure and function components of human immunity SBF as vocabularies and calculated their term-frequencies for comparing high and low conceptual understanding groups. From the formula above, it is clear that term-frequency is not a metric of an amount of time, but is an indicator that helps us examine how uniquely words contribute to a discourse. We used the metric for comparing the quantum of study-topic related talk the students engaged in during their group activities.



Socio-Semantic Network Analysis

This study aimed to evaluate students' knowledge creation practice from the perspective of how they discussed their ideas in discourse. For doing so, we conducted SSNA of vocabulary. We used the same vocabularies selected in the term-frequency analysis. A unique process in our SSNA was that we repeatedly project the vocabulary network whenever a new conversation turn appeared so that we could examine the temporal change in the vocabulary network structure. The total value of the degree centrality of a vocabulary network served as the primary network indicator. This value was recalculated based on aggregative discourse segments whenever a new conversation turn was added. The degree centrality is a measure of how strongly related to each word is within the network of vocabulary, and the centrality has been used as a measure to indicate how robust and cohesive the network structure is in previous studies (e.g., Oshima et al., 2012; Ma et al., 2016; Lee and Tan, 2017). In this study, the same measure was used for evaluating how high school students engaged in their discourse around their ideas of the vaccination mechanism. The increase in the value meant that students' discourse about their ideas became more fluent and robust. The mathematical formula for calculating the degree centrality coefficient is as follows:

For a network with n nodes, the normalized degree centrality, C'd(i), of node i is

[image: image]

where aij is the degree between node i and another j (1 or 0 in the algorithm of this study). The total value of degree centrality is calculated by
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at any point in time during an episode of discourse. When a new conversation turn is added, the network structure may be changed by the addition of new nodes or links between new or existing nodes. A temporal change in the centrality was depicted visually as a graph with conversation turns plotted along the horizontal axis and the indicator on the vertical axis.





RESULTS

Students' Conceptual Understanding and Group Differences

Students were categorized as having (1) no understanding, (2) single understanding, and (3) integrated understanding. When a student responded using appropriate connections among the three components (Structure, Behavior, and Function) across the sub-mechanisms, s/he was categorized into the group with integrated understanding. If a student demonstrated his/her understanding by using appropriate connections among the components within a single sub-mechanism, s/he was categorized into the group with a single understanding. Referring to the SBF framework of the human immune system, the first author and another researcher independently evaluated 10 randomly selected students' SBF frameworks based on their explanatory discourse and pictures in each of the pre- and post-tests. Cohen's Kappa coefficient for the agreement between the two raters was 0.92. Disagreements were resolved through discussion. The first author evaluated the remaining data. Because no students demonstrated proper conceptual understanding (single or integrated) of the human immune system in the pre-test, we focused on their conceptual understanding in the post-test for our analysis. Based on the SBF framework evaluation of student conceptual understanding, we categorized the 12 groups as high conceptual understanding groups (n = 3) or low conceptual understanding groups (n = 9). Groups were categorized as high conceptual understanding when every group member was evaluated as having an integrated conceptual understanding at the post-test.



Group Differences in Term-Frequencies

We selected 19 words as vocabularies representing students' ideas from the teacher-made SBF of the human immune system. Each word's term-frequency was calculated, and the means of their term-frequencies among groups were compared by using one-way ANOVA with repeated measures. As a result, we found no significant differences in the term-frequency means across the 12 groups, F(11, 198) = 2.35, p > 0.05.



SSNA of Student Discourse

Figures 2, 3 show the temporal changes in the total values of degree centrality of vocabulary networks across conversation turns. Although we could not conduct statistical analysis for examining the difference between the high and the low conceptual understanding groups because of the small sample size, our visual inspection of the graphs revealed the following. The values show a quick increase and then exceed 10.0 in all the high conceptual understanding groups (see Figure 2), whereas the values stay low and slowly increase across discourse exchanges in the low conceptual understanding groups (see Figure 3). These results may suggest that the high conceptual understanding groups engaged in sharing and discussing their ideas more quickly and sustainably.


[image: Figure 2]
FIGURE 2. Temporal change in the total value of degree centrality of the vocabulary network in high conceptual understanding groups.



[image: Figure 3]
FIGURE 3. Temporal change in the total value of degree centrality of the vocabulary network in low conceptual understanding groups.


For examining our interpretations of the SSNA results, we further conducted discourse analysis. Students in a high conceptual understanding group engaged in their discourse as follows (The original discourse was in Japanese and translated into English by the first author. SSNA vocabulary is in bold.):


[image: image]



Students engaged in creating shared understanding of how the human immune system works. Student A was a key person to externalize shared understanding through monitoring confirmation by others (B and C). Student B played the role of recording ideas on the paper, and so frequently revoiced student A's externalizations to support the fluency of the group and check for a shared understanding (turn #159, #161, #163, #167, #169, #171, and #173). In contrast, student C went beyond just creating shared understanding to generative collaborative actions by up-taking student A's talk (turn #165). Student C is considered to have attempted to improve student A's idea based on self-understanding by asking important questions from a different perspective (e.g., “Wait a minute. How about memory T-cells?”). Within the discourse segment, students A and C were more engaged in generative collaborative actions.

Students in a low conceptual understanding group, on the contrary, could not sustain their engagement in their ideas. They were collaboratively constructing sentences for their explanatory discourse. Their discourse, however, was digressed from their engagement in ideas by a student's turn (“Why do not we just follow this [picture in their studied document]?”). In the conversation turn, the student proposed the transformation of their learning goal into the performance goal, and the other students quickly accepted this proposal.




DISCUSSION

Our first research question was, Is there any significant difference in students' use of their study topic words between high and low conceptual understanding groups in the jigsaw instruction? If groups of students in the jigsaw instruction engage in discourse around their study topic with different weights of priority, how would it influence the conceptual understanding? The question was examined by calculating term-frequencies, a measure of a unique contribution of words related to the study topic in their discourse. Our results revealed no significant differences in the means of term-frequencies across groups. It suggests that students in the context of the jigsaw instruction engage in discourse with a similar recognition of importance of their study topic. If significant differences were seen in the conceptual understanding, therefore, the group differences should not be attributed to what students talk about in their jigsaw group activity.

Our second research question was, Is there any difference in the pattern of social process in the discourse between high and low conceptual understanding groups? That is, how differently students engage in their collaborative discourse in high and low conceptual understanding groups. The second question was examined by analyzing student discourse using the SSNA of vocabularies and complementary discourse analysis. Results revealed that students in high conceptual understanding groups were more engaged in collective knowledge advancement by producing more ideas in the early stage. This finding suggests that how a collaborative discourse is initiated and sustainably continued may be the key to a deeper conceptual understanding in the jigsaw instruction. Our results here replicate the findings from recent studies on the regulation of collaboration. When students are successfully involved in a collaboration, they regulate the collaboration in a socially shared way (Hadwin et al., 2018). In the metacognitive process of collaboration, the most crucial aspect is planning. In the early stage of their collaboration, students need to establish their goals and plans on how to discuss their ideas by socially sharing the metacognitive knowledge of what good collaboration should be like for them. Our results suggesting the high conceptual understanding groups' engagement with more ideas in their early stage lead the authors to future studies to examine a hypothesis that the high conceptual understanding groups may be successful in establishing their agreement of how to proceed collaboration.

Taken results together, it is concluded in this study that early agreement seemed to enable more integration of concepts in high conceptual understanding groups, while low conceptual understanding groups took more time to reach high levels of the degree centrality.

Based on our discussion above, we further consider the directions of future research. First, our proposed evaluation procedure should be further developed so that we can assess students' learning processes in a formative way. If we can identify the pattern of discourse leading to unsuccessful conceptual understanding in the middle of students' learning, we can implement further appropriate instructional supports to improve their discourse toward more successful conceptual understanding. In this study, we started how to identify the differences in students' discourse processes in their knowledge-creation practices after they had finished their learning. Further research should be conducted to examine if we can appropriately predict the differences in their learning processes.

Second, another direction of future research should be to adapt existing instructional supports in a way that we can use to support learning as knowledge-creation. One promising instructional support is collaboration scripts (Fischer et al., 2013). A variety of external scripts have been developed for supporting contexts of collaboration but not for learning as knowledge-creation yet. Further, in-depth discourse analyses are needed to examine what scripts successful groups have used in the jigsaw instruction. Our proposed evaluation procedure could help researchers to identify the segments of discourse that they have to examine for the purpose.

We finally state several limitations of this study for future works. First, we have mainly focused on the quantitative analyses but not sufficiently conducted the mixed-methods approach. The quantitative analyses could let researchers pay attention to significant segments of discourse. They cannot provide them with sufficient information without complementary qualitative analyses. Second, the algorithm to evaluate the knowledge creation practices could be further improved. The current algorithm is partially temporal but not powerful enough to demonstrate the dynamic change of ideas discussed in discourse. It can evaluate how new ideas might appear but not how they might disappear in discourse. The algorithm should be improved to calculate how long the linkage between nodes is activated.
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Student A (156)

Student B (157)
Student A (158)
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Student B (163)
Student A (164)
Student C (165)

Student A (166)

Student B (167)
Student A (168)

Student B (169)
Student A (170)

Student B (171)
Student A (172)
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So, what did we say? They are trapped
and broken into smaller pieces, and their
antigenic information is transmitted to helper
T cells. Next, helper T cells emit a substance
called cytokine.

Cytokine?

Yeah, cytokine. Oh, you [student B] put this
[cytokine] down twice [on the worksheet].
Twice?
Oh, never mind. Just put down “cytokine.” This
is emitted. Then, draw an arrow from T cell to B
cell, please. [Student A told B to draw an arrow
on the worksheet.]
T and B?
I wonder how we can describe this... Well, T
cells propagate. Would you [student B] shorten
the space here [pointing at an area in the
worksheet] a bit?

Propagate?
Yeah, T cells do propagate.
Wait a minute. How about memory T cells?
Are they part of the activated cells?
T cells propagate. Then, how about these [B
cells]? These [B cells] create antibodies.
... create antibodies.
and, some will become immunological
memory cells,

Immunological?
Immunological memory cells. Here, look [at
a picture in their documents]. Some of them
remain as immunological memory cells. Then,
we go to the secondary response.
The secondary response?
Through the secondary response, when viruses
come into our body...
OK, they come into us.

I wonder if we have to make two lines here
[pointing an area in the worksheet], too.
Immunological memory cells react to the
viruses. T cells also react to them. T cells then
become killer T cells. Killer T cells propagate.
©Oh no, we need more space [in the worksheet]
to write this down... Then, this [B cells] emits
antibodies to antigens. This is called antigen-
antibody response.
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