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The purpose of this study was to analyze knowledge co-construction as a self-organization process and the role of technology as its catalyst. Novel AI-directed speech recognition technology and the artifacts it generates were deployed to scaffold the knowledge co-construction process in two groups of pre-service teachers in a science education context. Throughout the lesson, the focus of the learning tasks was on pedagogical content knowledge and students' preconceptions. Analysis was conducted through the key characteristics of the social system's self-organization theory. The process of self-organization refers to the system's capacity to diverge from familiar structures, perspectives, and operations. Through the lenses of system theories, the active role of artifacts in co-construction was grasped and the role of technology in the self-organization of knowledge was analyzed. The pedagogical design of knowledge co-construction followed the principles of student-engaging learning. The technology used in co-construction was novel speech recognition AI software, which produced visual and editable word cloud artifacts from oral discussions on the large-format screen to edit. The data included videos and audio recordings. In this qualitative study, a content analysis and interaction analysis were used with descriptive analysis. The results showed that when technology became visible, as an active component of the system, artifacts triggered key signs of the social system's self-organization in co-construction. Exchange of information, “entropy levels,” were rapidly increased, and different viewpoints were expressed. Also, “chaos zones,” far-from-equilibrium states, were reached in both groups. Editable artifacts on the screen represented bifurcation spaces where groups' discussions were crystallized for the first time. Information was further categorized and evaluated through artifacts and this demonstrated how the groups processed communication into learning insights. Based on the results, the role played by this kind of technology was significant in the self-organization of knowledge. Materialized artifacts pushed the groups from small group conversation phases, comfort zones, toward uncertainty and confusion, which are central in self-organization. Technology in the system is seen not only as an interactor but also as an active agent that can facilitate epistemic emotions and support the group in the self-organization of knowledge.
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1. Introduction

In this study, the social system's self-organization theory approach (Ståhle, 1998) is adopted to analyze knowledge co-construction processes where technology is seen as one central component of the system. Through the lenses of system theories, it is possible to grasp the active role of artifacts in co-construction and analyze the role played by AI-directed speech recognition technology in the self-organization of knowledge. The system theory approach has not been widely used for analyzing co-construction processes. Group agency is widely studied (Dillenbourg et al., 2009; List and Pettit, 2011; Stenalt, 2021; Brod et al., 2023) but there are only a few empirical studies on group self-organizing processes of knowledge in the context of educational technologies (Scheel et al., 2022). Sawyer (2006, 2009) has connected a systemic approach to collaboration and formed the concept of collaborative emergence. Sawyer introduces the phenomena, studied by social scientists, that emerge from “complex systems of individuals in interaction.” Ritella and Hakkarainen (2012) see technology-mediated learning practices as a similar phenomenon, a distributed system involving inter-psychological (social) and intra-psychological (individual) levels, materially embodied artifacts, and different perceptions of time.

Productive collaborative processes share similarities with social systems' self-organization processes of knowledge, which can be also equated with innovative learning and the emergence of new knowledge (Ståhle et al., 2020). If the indications of self-organization exist when a group of learners constructs knowledge, the process includes affordances to support higher-level learning and deeper cognitive processes (Bloom et al., 1956), which are also the aims of novel pedagogical approaches and 21st-century competencies. The challenge in existing pedagogical practices is still to generate higher-order cognitive processes, even though novel curriculums' content in recent years has shifted learning objectives from the idea of information transfer to higher-level learning (Härkki et al., 2021) such as the skills to analyze and solve problems and apply complex ideas (Haataja et al., 2023). The demands and aims of 21st-century education also challenge the pedagogical practices of using digital tools (Schleicher, 2018; Sanina et al., 2020).

The importance of collaboratively developed artifacts is highlighted in idea development and productive collaboration (Hennessy and Murphy, 1999; Barron, 2003; Paavola and Hakkarainen, 2009; Kangas et al., 2013). Also, in more recent learning research, Sawyer (2022) highlights the role of material tools in learning and collaborative creativity. He points out that artifact agency is a “positive force that drives the creative process forward.” Jointly constructed artifacts have an agency that supports creativity.

In this study, a system refers to an entity composed of a student group, technology, artifacts produced by students and technology, and co-construction activities. In systems where knowledge is created by self-organization, the system must undergo iterative processes that involve feedback loops. Through iterative interactions between its components, a system is driven to a state of instability through which unexpected paths are opened for its development. These paths can format new structures, new knowledge, and higher-level learning outcomes. In the context of social systems, “entropy” is considered a key characteristic in generating iteration. The concept of entropy, used in this study (based on Ståhle, 1998) refers to the rich exchange of information, as well as increased disorder and randomness in a system. Self-organized systems must have the ability to produce and increase entropy: to discuss the topic from different points of view and elaborate on the information exchanged. An increase in entropy leads the system from its balance, “equilibrium,” toward a far-from-equilibrium state in which confusion and uncertainty are necessary elements for knowledge to be analyzed, evaluated, and finally crystallized. When a system can operate with increased entropy in a far-from-equilibrium state, classifying and reflecting on information and tolerating challenges, the system has the opportunity to evolve and innovate a new order.

The self-organizing process of knowledge differs, for example, from a linearly scripted learning process, where the learning path is defined as precisely as possible. In a system's behavior, there must be room for uncertainty which creates space and opportunities for innovation through self-organization of knowledge. A self-organizing system has the freedom to act on and influence its decisions. Small changes can lead to significant shifts in the system's patterns and structures through bifurcation moments. The new order emerges suddenly from the system itself. Bifurcation moments in a broader sense can lead to significant shifts in learners' understanding and knowledge structures.

This study aims to analyze the knowledge co-construction process and the role of technology in the self-organization of knowledge. The research interest lies especially in technology as one active component of the system in co-construction, besides the group of learners. By taking a social system theory approach to the analysis of knowledge co-construction processes, scaffolded by AI-directed speech recognition technology, patterns of the key components that enable a group to self-organize their learning together are delineated.

From this context, the following research question arises:

“What is the role of AI-directed speech recognition technology in the co-construction process in terms of self-organization of knowledge?”

In the following sections, the theoretical background is initially clarified. The main concepts of social self-organizing systems are revisited and our conceptual and analytical approach, reflecting learning theories, is framed. The research setting is then introduced, covering the technology-mediated co-construction of preservice teachers in science education and an empirical analysis of the case study. Finally, in the discussion, the focus is on evaluating the theoretical insights with empirical data aiming to identify the key components that enable a group to self-organize in knowledge co-construction.



2. Theoretical background


2.1. What is a system?

In systems thinking, the concept of a system refers to “a holistic entity composed of and dependent on a series of interconnected and interacting parts” (Ståhle et al., 2020, p. 191). Salazar (2002) defines a system in social sciences as a collection of mutually dependent elements that form a cohesive entity. A group can be construed as a system, given that it is comprised of mutually dependent elements, which may be conceptualized in various forms (such as group members, behaviors, and interactions) that contribute to a unified whole.

Systems have been studied from a variety of perspectives. Ståhle (1998, 2008) has distinguished three different research generations of systems paradigms, the first of which focused on systemic order and its predictability, the second on systems openness and steadiness, and the third on self-organizing systems. The systems thinking trend from the 1960s shifted research toward the unpredictable dynamics of systems, disorder, and the relationship between chaotic behavior and the emergence of order. These new viewpoints led to a new research approach, known as complexity theory (CT) or complex adaptive systems (CAS) theory (Ståhle, 2008). The field of complexity science refers to a growing body of research on dynamic non-linear feedback systems and self-organizing systems. Not only individuals but interconnected and interacting parts form a dynamic system whose ability to self-organize requires a chaotic state. In general, complexity sciences investigate the zone between order and chaos, where a system transitions to exhibiting a significant degree of dynamism, represented by an increased variety in the behavior of its constituent elements. The term “complexity” refers to the substantial interdependence among a system's elements, as well as a high degree of variety in their respective behaviors (Salazar, 2002).



2.2. Concept of self-organization

The process of self-organization refers to the ability of a system to move away from familiar structures, perspectives, and operations. The concept refers to the capacity of a system to create its own structure (mentally, socially, and physically) and to set rules that facilitate collaborative behavior without requiring external top-down control (Mitchell, 2009). Self-organization in a system may be said to occur when a system seemingly spontaneously develops new structural features and a new order after having progressed through a disruption. The disruption causes a kind of “crisis” in the system which moves it away from equilibrium, from its stable state. This movement is characterized by a display of a greater variety of behaviors than was the case when the system was functioning at, or close to, its equilibrium point (Salazar, 2002).

Prigogine's research can be said to be the most important contribution to the self-organization and dynamic systems paradigm. Prigogine, a famous chemist, pointed out in his theory of dissipative structures that physical or chemical systems appear to develop order out of chaos. Prigogine discovered new laws of nature that could connect the natural sciences to the human sciences, and he maintained that these laws are universal, and thus also applicable to social systems (Prigogine, 1976, p. 120–126; Ståhle et al., 2020).

According to Prigogine (1980), to fully grasp the concept of self-organization in social systems, one must understand the critical transitional changes between order and chaos, stability and confusion. In stable states, the system works like it used to work. However, this state of “equilibrium” also means that there is little room for new or unexpected developments. The system needs to be pushed to the “chaos zone” to achieve new developments and results. If the system always operates in a stable equilibrium, through its familiar practices, innovative developments do not emerge. Characteristics that promote stability inhibit creativity because they only allow group members to do things that are guided by the same frames of mental models as usual (Salazar, 2002). The space between stability and instability—the edge of chaos—is where higher-level learning and creativity take place.

Ståhle (1998) analysis of Prigogine's research is used in this study. Key characteristics (i.e., requirements) for all self-organizing systems: entropy, state of far-from-equilibrium, and momentums of bifurcation are extracted from Prigogine's work by Ståhle. The focus of this study is the self-organization of knowledge within a group.

Next, the process and requirements of self-organization in social systems are clarified.

Entropy, a fundamental concept in thermodynamics, also plays a crucial role in the self-organization process. In the context of social systems, it refers to the information that a system produces to generate iteration but also increased disorder and randomness in itself. The systemic basis of self-organization is interaction, a rich exchange of information among its components. The more that the system exchanges information, i.e., communicates, the more the level of entropy increases. However, there are certain requirements. First, the communication dynamics in the system must be non-linear, and second, it must include both positive and negative responses. Both are needed for fruitful discrepancies and confusion to emerge. Positive feedback alone creates unanimity and negative feedback alone prevents continuity (Ståhle, 1998). When communication increases and the dynamics of communication include positive and negative forms, the process is called iterative: a cyclic feedback process that is continuous and sensitive, which allows the information produced by a system to be quickly transmitted throughout the whole system. Increased entropy also means information that cannot be utilized. Contrary to earlier beliefs, Prigogine saw high entropy levels not as a waste, but instead as a necessary component of self-organization. According to Ståhle (1998), Prigogine argued that a self-organizing system always produces waste and abundant information. Paradoxically, this uselessness is also necessary for a system's evolution.

In Prigogine's theory, increasing entropy levels are also associated with information chaos and disorganized, unclassified, or unappreciated knowledge. Entropy also brings uncertainty, imbalance, and confusion into the system through increased communication and different perspectives. It is important to note that high entropy means greater disorder, wasted resources, lost information, and uncertainty in the system. For a social system, this means abundant communication and production of ideas, and different angles of information without any certainty as to whether they will prove useful. Entropy is key in the self-organization process. Without increased entropy levels, the system (group) stays in a stable state (equilibrium) where new developments can only be small steps without any radical transformations.

To sum up, the entropy level of the system is based on its iterative quality, i.e., the frequency of information exchanged and the number of different viewpoints, as well as the balance between positive and negative feedback and equal participation (power balance) of the system components.



2.3. From comfort equilibrium to chaotic far-from-equilibrium

As described above, high entropy levels are necessary for a social system to move from its stable state, equilibrium, toward self-organization. When the system moves from its comfort zone to “far-from-equilibrium”, it handles increasing entropy levels, uncertainty, and confusion. If the system can handle the disharmony and confusion of increased entropy levels, it has a chance to produce order out of chaos; thus, it is crucial to avoid making interpretations and crystallizing information too early in the system, as this can hinder the system's ability to reach the needed “chaos zone.” Far-from-equilibrium might lead to the creation of something genuinely new—a new order, new knowledge, out of chaos.



2.4. Bifurcation: a zone between determinism and free choice

The new order in a system's self-organization includes momentums of bifurcation. “In principle, a bifurcation is simply the appearance of a new solution” (Prigogine, 1980, p. 105). Bifurcation always produces a change that is not a logical continuation of the previous structure (Prigogine, 1980, p. 105), and thus bifurcation as an event is always also a source of innovation (Prigogine and Nicolis, 1989, p. 74). The change of the system to the new equilibrium state happens suddenly. At the point of bifurcation, the system rejects a large amount of information, causing the amount of entropy to decrease and a new order to emerge. Bifurcation requires chaos or a state of far-from-equilibrium, as stated by Prigogine (1980, p. 105), Prigogine and Stengers (1984, p. 169), Prigogine and Nicolis (1989, p. 74), and Ståhle (1998).

According to Ståhle (1998) analyses of Prigogine, bifurcation refers to a phenomenon characterized by irreversible changes. As noted by Prigogine and Nicolis (1989), bifurcation is a catalyst for innovation and diversification, leading to the emergence of new solutions in the system. This transition occurs abruptly, akin to a sudden leap, which the term “crystallization” accurately portrays. At the bifurcation moment, the system relinquishes a significant amount of information, resulting in a decrease in entropy and the creation of a new order.

Bifurcation moments are critical in comprehending the irreversible changes that occur in self-organization. These systems are pushed beyond their initial equilibrium states through fluctuations, leading them to the bifurcation moments where multiple new options can be established. At this point, the system must choose between the available alternatives, and upon passing through the bifurcation moment, the system assumes a new configuration with new properties and structures.

In this study, our conceptual and analytical approach to the social system's self-organization can be seen to bring forth interesting emphases to modern learning theories. Following this, the related learning research context is presented, and concepts from our analytical frame are interconnected.



2.5. Reflection on the learning research context

In this study, the knowledge co-construction process is seen to include affordances for the group to self-organize and support higher-level learning, such as critical thinking, problem-solving, creativity, and reflection, and a more comprehensive understanding of the subject matter. The social system's self-organization is an iterative process with the unpredictable resonance between its components. Similarly, in socio-constructivism, learning is an ongoing, iterative process built from unscripted dialogue, interaction, the agency of participants, and artifacts (Lonka, 2015; Lonka et al., 2018). Learning goes beyond individual cognitive processes and also includes distributed, group, and social aspects (Hontvedt et al., 2023). Learners engage in cycles of inquiry, reflection, and action during the construction process, accommodating existing knowledge structures and refining their understanding. Material facets and the role of artifacts in collaborative processes are emphasized (Papert and Harel, 1991; Paavola and Hakkarainen, 2005; Stahl, 2006; Stahl and Hakkarainen, 2020).

How is this kind of iterative co-construction process supported in practice? Lonka and Ahola (1995) summarized three general principles for student-activating teaching and learning methods in higher education: first, starting with activating, and diagnosing the previous knowledge and understanding of the participants (e.g., brainstorming and generating ideas); second, supporting the learning process and making the learning processes overt to the discussion in various ways (e.g., guided discussions and editing shared artifacts); and third, providing both formative and summative assessments throughout the learning process (e.g., learning diaries, evaluation discussions, and further editions of artifacts). These three phases of learning processes are iterative and cyclical, where a longer learning cycle (such as an entire course) consists of shorter cycles of tutorials, lessons, or group discussions. Project-, inquiry-, and problem-based learning are examples of methods that activate students (Barron et al., 1998; Bereiter, 2002; Hmelo-Silver, 2004; Pedaste et al., 2015). In more ordinary settings, such as student-activating lectures, student-activating principles are also effective (e.g., McKeachie, 1999; Lonka and Ketonen, 2012). Lonka (2012) and Lonka et al. (2018) has presented a synthetic Engaging Learning Model, adding engagement and interest to the cyclic learning process described above: starting by catching interest and curiosity, then maintaining interest, and finally, deepening the interest of the students during the cycle (based on Hidi and Renninger, 2006). Activating students' ideas and potential misconceptions may also trigger confusion when previously held ideas are challenged. In all these phases, tutoring, and scaffolding of learning are important (e.g., Muukkonen et al., 2005).

In this study, the system-theoretic approach of self-organization and analytical tools is used to bring an understanding of how technology, as an active component of the system, adds value to the co-construction process. Entropy refers to the iterative information exchange that a system produces, including increased randomness and uncertainty in a system. In a learning context, this relates to the concept of surprise, which is one epistemic emotion. Epistemic emotions, which relate to knowledge and the generation of knowledge, are critical drivers of cognitive performance and engagement in learning (Vogl et al., 2020). As fundamental epistemic emotions, surprise, interest, confusion, and curiosity are linked with antecedents (e.g., cognitive dissonance) and outcomes (e.g., knowledge creation) and are therefore critically important for learning. Created confusion (imbalance) can turn toward discoveries, and curiosity promotes new levels of thinking. The findings of several studies imply surprise focuses attention, enhances memory, triggers interest and curiosity, and indirectly influences motivation. Sudden changes can push the system beyond its boundaries, sparking epistemic emotions (Renninger and Hidi, 2015; Noordewier et al., 2016; Vogl et al., 2020).

Increased entropy nudges a system from equilibrium toward chaos, a vital state for self-organization. Similarly, learning also requires tolerance of negative emotions such as confusion, boredom, and frustration, as they serve to stretch our understanding (Lonka et al., 2018). Rather than signs of failure, these challenging emotions are a natural part of the learning process. Specifically, confusion can stimulate constructive learning and deep understanding (Craig et al., 2004; D'Mello and Graesser, 2014). The benefits of confusion for learning depend on how it arises within tasks and how students manage it (Lehman et al., 2012; Lodge et al., 2018; Arguel et al., 2019). Effective confusion resolution is crucial for successful learning outcomes, as unresolved confusion can dampen interest in learning (D'Mello and Graesser, 2012). Furthermore, the learning environment should facilitate confusion management through timely feedback and align cognitive disequilibrium with task context for problem-solving (D'Mello and Graesser, 2014). However, it is important to note that individual differences significantly affect how students experience confusion in the learning process.

These kinds of entropy-driven dynamics, triggering bursts of epistemic emotions, can catalyze bifurcation moments, innovations, and new solutions in the system. In collaborative learning, bifurcation momentums in self-organization can be harnessed toward the concept of collaborative emergence (Sawyer and DeZutter, 2009), which refers to the emergence of a new product or creative outcome, a collective chance for something novel and appropriate to occur. Cognitive processes, distributed across participants and artifacts, contribute to collaborative emergence (Sawyer, 2006, 2009). Characterizing this unrestricted process is a free-flowing collaboration marked by equal participation and flexible actions. Additionally, spontaneous responses to changing situations empower the occurrence of something novel (Sawyer, 2006, 2009).




3. Materials and methods


3.1. Case study
 
3.1.1. Context and participants

The research context of this case study was a science teacher education course. The focus was on pedagogical content knowledge, especially how to include science education research knowledge of students' conceptual understanding while planning science instruction. The course was part of a 1-year program of pedagogical studies, required in Finland to achieve formal teacher qualification in addition to master-level studies in the teaching subject, e.g., mathematics or physics. The program was conducted in English. In the course, there were two small groups, with a total of eight participating student teachers of mathematics or science. Due to the international study program, the students' backgrounds were notably diverse, including their experience with educational technology. Their ages ranged from 20 to 57 years. Participants' backgrounds varied, ranging from a career-changer transitioning from information technology to teaching, to a 4th-year student with little experience beyond their university studies. All participants gave their written consent to the planned research.

Focus is placed on one lesson (90 min) in this study. The collaborative activities of the lesson aimed at supporting reflection on why it is important for a teacher to track students' preconceptions and what pedagogical aspects to take into consideration when planning science and engineering practices for physics lessons. Group 1 (G1) comprised one female and three male participants, and group 2 (G2), three female and one male participants. There was one physics major in each group. The whole group tested the software during an earlier lesson on the previous day, so the functionality of the software was not totally new to them.



3.1.2. AI-directed speech recognition technology for self-organization of knowledge

The core concept of the AI-directed speech recognition technology used in this case study was based on theories of collaborative learning and knowledge co-construction. The main idea is that participants can focus on the flow of conversation and produce “notes”, digital artifacts, while speaking, without the additional effort required by typing or writing.

In this research, technology is seen as an inseparable part of the system. Technology provides a novel means for collaboration by enabling the co-creation of digital artifacts (word clouds and collective notes) through spoken contributions. The artifacts produced by technology during co-construction activities are seen as active components of the system, as a part of a group of learners. The notion of artifacts has been used interchangeably in learning sciences (Damşa, 2014). Artifacts are instruments to mediate learners' actions in dialogue and problem-solving, as well as engaging them in knowledge construction (Säljo, 1999). “Externalized and materialized artifact” refers to instruments that promote the evolution of understanding and guide personal or collective inquiry further (Ritella and Hakkarainen, 2012). The role of material artifacts during the construction process has more recently shifted from artifacts solely as learning outcomes to artifacts as an active part of learning. Artifacts have the agency to create situations where ideas emerge from a process of interaction with them (artifacts). “The pedagogical message throughout is that the student should welcome the artifact's agency as a positive force that drives the creative process forward” (Sawyer, 2022).

In this study, the AI-directed speech recognition technology used combines new disruptive technologies: (1) speech recognition as a novel collective way to produce artifacts orally without typing; and (2) artificial intelligence to transform recorded oral thoughts into visual, materially embodied digital artifacts. Automatic Speech Recognition (ASR) is a computerized procedure that decodes and transcribes spoken language, typically converting it into written text. Many empirical investigations have provided substantial evidence to support the positive impact of ASR on language learning in particular (Jiang et al., 2023). Speech recognition is one of the most complex areas of computer science—involving linguistics, mathematics, and statistics. The vagaries of human speech have made its development challenging. Numerous factors can impact word error rates, such as pronunciation, accent, pitch, volume, and background noise. Reaching human parity—meaning an error rate on par with that of two humans speaking—has long been the goal of speech recognition systems.

The core characteristics of the software used in this study are as follows. It is (1) built to work in the English language. After recording an oral group discussion, (2) the software materializes transcription, based on group discussion as a digital, frequency-based word cloud. It is (3) possible to move each word in the cloud separately, (4) resize the words, and (5) add new words and phrases to the word cloud by typing on a keyboard.



3.1.3. Pedagogical planning and co-construction activities

The pedagogical planning of this 90-min lesson was framed to apply the Engaging Learning Model (ELM) (Lonka, 2012; Lonka et al., 2018) with a simplified short learning cycle:

1. Phase 1—to organize activities and set goals, share current understanding, capture interest, and generate ideas.

2. Phase 2—to facilitate inquiries through a shared artifact and engage participants in knowledge co-construction process.

3. Phase 3—to assess learning gains and engage the participants in deepening their interest and motivating future learning.

1. Phase 1: The aim of this phase was to start the co-construction process: that is, to activate previous understanding and to start brainstorming based on oral discussions. The setting was a small group learning discussion around the table. The large format touch device was not in use during this phase. The participants were able to write their own notes. Microphones were set up on the table and voice-driven AI software recorded the learning discussion in the background.

2. Phase 2: Co-construction activity during the second phase aimed at deepening the learning process. The group activity consisted of editing the digital word cloud and organizing the single artifacts from the cloud on a large format touch device. Phase 2 began when the digital word cloud, externalized from oral group discussions and transcriptions, became visible, making digital artifacts available for knowledge co-construction.

3. Phase 3: In Phase 3, the co-construction activity of the groups was to present and share their learning outcomes for evaluation. Edited word clouds were available and displayed on the large format touch device during the groups' presentations. Table 1 summarizes the co-construction phases, activities, and technology setup.


TABLE 1 Co-construction phases, activities, and technology setup in each phase.

[image: Table 1]




3.2. Data collection and analysis

The video allowed us to examine the role of technology in group processes in depth (Derry et al., 2010). The present study employed the following data from the larger data corpus (240 min in total). Field notes were also collected. First, the video data were scrutinized. The main data set consisted of a 90-min lesson (co-construction Phases 1, 2, and 3). The data were collected using a video camera focused on a group with a microphone placed on the table in two separate classrooms. The selected video data (150 min in total) formed an entity where technology was used throughout the entire co-construction process. The data consisted of videos from both small groups' co-construction Phases 1 and 2, and from Phase 3 when the whole group and a teacher were together in one classroom.

The analysis proceeded as follows. The selected video recordings (150 min) were transcribed verbatim. Next, the video and transcripts were analyzed. The video data and transcriptions were imported into the Atlas.ti software. The data processing and analysis using Atlas.ti was carried out by the first author. The focus of the analysis was identified by the involvement of co-authors.

Initially, the participants' verbal acts were analyzed using the code-and-count technique. Each participant's discussion turns in both groups was divided into speech episodes, constituting the unit of analysis (Linell, 1998, 2009). In this study, a speech episode is defined as a thematically meaningful unit of interactional exchange. A new episode begins when the discussion turns to the next participant. By applying the code and count technique and calculating frequencies of speech episodes in co-construction processes, initial analyses of the changes in entropy levels (amount of information exchanged) during three different co-construction phases in both groups were performed.

Next, the speech episodes were analyzed according to the analytical framework (Ståhle, 1998). Our focus in the analysis was directed toward the identification of the concepts of (1) entropy, (2) far-from-equilibrium, and (3) bifurcation momentums across the three phases of co-construction.

Following the counting of speech episodes, the concept of entropy was further analyzed using qualitative content analysis (Braun and Clarke, 2006; Strijbos et al., 2006). Quantified speech episodes were also analyzed qualitatively, to understand the content dimensions and entropy subsections of the speech episodes. The unit of analysis was a speech episode that could be thematically categorized to represent characteristics of entropy. Three key entropy dimensions of variation in speech episodes were identified. In this study, it meant that the speech episodes either: (1) reinforced the previous speech act, (2) brought a new insight to discussion, or (3) represented an opposite viewpoint. Category (4) “Other” was created for some of the speech episodes that were not relevant to any of these three categories. Subsection criteria of entropy, examples of the thematic analysis, and data are presented in Table 2.


TABLE 2 Qualitative subsection criteria of entropy.

[image: Table 2]

In the third phase of analysis, units that captured a meaningful unity from the pre-service teachers' verbal and non-verbal actions, characterizing signs of the system's behavior in far-from-equilibrium state, were identified. In this study, this state was indicated by signs of confusion, frustration, or challenges manifested in the group members' verbal acts or behavior. Video-based interaction analysis (Jordan and Henderson, 1995) consists of the in-depth microanalysis of how people interact with one another, their physical environment, and the documents, artifacts, and technologies in that environment. The transcripts were segmented into topical episodes based on the substantive content of the speech and non-verbal behavior. Simultaneously occurring episodes were considered to be separate episodes. The talk and actions in these episodes were analyzed in terms of signs of confusion, frustration, or a sense of challenge. These signs were also systematically compared with entropy levels (number of speech episodes) and the existence and utilization of digital artifacts.

Finally, the analysis of speech episodes was continued through the concept of bifurcation in social systems' self-organization using qualitative content analysis. Bifurcation moments in this research are referred to as crystallized learning insights resulting from co-construction. The speech episodes from the co-construction Phase 3 were analyzed and compared to the edited word cloud artifacts.

The general focus was on the complex arrangement of verbal, visual, and material conduct through which the participants interacted during co-construction, including the role of the digital artifacts in the process (cf. Wohlwend, 2009; Theobald, 2012).




4. Results


4.1. Description of co-construction phases

The aim of co-construction Phase 1 was to begin the co-construction process with small group discussion: To activate previous understanding and to start discussing “How to take into consideration physics abstract situations when planning teaching, so that students can understand what the key aspects of the motion and force as a physics phenomenon are.” Technology was an “invisible” component in Phase 1. Speech-recognition software recorded the learning discussion in the background. Participants were able to write their own notes. Both groups' discussions were content related. All participants in both groups were able to contribute something new to the discussion, which followed the principle of alternation.

Phase 2 aimed at deepening the co-construction process. This phase began when both groups, in their own classrooms, saw the production of the recording, the word cloud artifact, for the first time. The aim was to produce a summary of pedagogical ideas for presentations by using the artifacts available. From a technical point of view, AI-directed speech recognition technology merged and transacted individuals' speech, and externalized spoken discussion using data mining functions based on the recorded group discussions. Technology formulated the digital word cloud from Phase 1 group discussions. Each individual's intangible shared thoughts were brought and merged. In Phase 2, technology became visible to the groups, so it also became one component of the system. Both groups went in front of the touch device and started to edit the artifacts while continuing their discussions (Figure 1). Selected artifacts from the word clouds in both groups represented the learning task at hand. The classified and organized artifacts represent content knowledge, and examples of these from group 1 are “Physics,” “Experiment,” and “Force,” and from group 2 are “Motion,” “Laws,” and “Preconceptions.”


[image: Figure 1]
FIGURE 1
 Group 1 is editing the word cloud artifact in Phase 2.


In Phase 3, the groups presented and shared their learning insights. In this third phase of co-construction, the two groups came together with a teacher and presented their findings, one group at a time. During the presentations, all members from both groups had the opportunity to participate in sharing ideas and thoughts from the previous phases.



4.2. The role of AI-directed speech recognition technology on co-construction in terms of self-organization of knowledge

To answer the research question “What is the role of the AI-directed speech recognition technology in the co-construction process in terms of self-organization of knowledge?,” the findings in terms of entropy are first illuminated. In the initial analysis, each participant's interactional speech episodes during the three co-construction phases were quantified. This was done with the intention of interpreting variation in entropy levels across both groups. The code and count approach, as explained in the data analysis, was used to get a full view of the interactional turns, which indicates the entropy levels in social systems' self-organization processes. The results showed that participants' discussion turns, or “entropy levels,” increased rapidly in Phase 2, when the digital word cloud became visible for the groups to edit on the large format touch device. Tables 3, 4 show the frequencies of the discussion turns of every participant in groups 1 and 2 in co-construction Phases 1 and 2. The groups worked on these two phases in their own classrooms. Table 5 shows the frequency of the discussion turns of every participant and the teacher in co-construction Phase 3 when both groups and the teacher came together in the same classroom. Entropy production was highest in Phase 2, concerning every participant in both groups (ID01–ID04 in G1 and ID05–ID08 in G2). The frequency of speech episodes was notably higher compared to Phases 1 and 3. The increased discussion turns mean more exchange of information and interaction between participants: Group 1: Phase 1 (variation between) 8–12 turns, Phase 2: 19–29, and Phase 3: 4–12. Group 2: Phase 1: 7–9 turns, Phase 2: 18–34, and Phase 3: 7–12.


TABLE 3 Discussion turns and characteristics of speech episodes of group 1 in Phase 1 and Phase 2.

[image: Table 3]


TABLE 4 Discussion turns and characteristics of speech episodes of group 2 in Phase 1 and Phase 2.
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TABLE 5 Discussion turns and characteristics of speech episodes of group 1, group 2, and the teacher (everyone in the same classroom) in Phase 3.

[image: Table 5]

A self-organizing system must have the ability to produce and accumulate entropy. Speech episodes of every participant in both groups were analyzed to determine how speech episodes were distributed among the group members and thus reveal the power balance of communication. The results demonstrate that every participant in each group contributed to the discussion evenly and no one dominated the discussions excessively. As presented earlier, the self-organization of the system requires the production and accumulation of entropy (the number of speech episodes), but it is also critical that all information is considered equal.

As noted above, producing and increasing entropy levels (the amount of communication) is one aspect of entropy, equally valued information is second, and the qualitative contents and meanings of speech episodes is third. Next, the content of the speech episodes was analyzed to understand the meanings and qualitative dimensions in terms of entropy in self-organization. It was shown by our results that speech episodes represented various dimensions of entropy: (1) reinforcement of previous speech episodes, (2) new viewpoints, and (3) opposite viewpoints. In the data, there were also many speech episodes that did not fit into any of these three categories. The (4) “Other” section includes speech episodes that do not represent dimensions of entropy. This section represents off-topic or random episodes. Tables 3, 4 show that in Phase 1, participants in both groups generated discussion by reinforcing previous speech episodes or presenting new viewpoints to the discussion. There was only one opposite viewpoint in each group in Phase 1. These results in Phase 1 reflect that co-construction activity is represented by a typical small group learning discussion where everyone shares their opinions on the topic at hand. Speech episodes in such activities might not contain that much dissonance: the focus is more on sharing one's own thoughts, one participant at a time. However, disharmony is needed for the system to be able to self-organize. In Phase 2, when the digital artifacts were available for groups to edit, there were more opposing viewpoints and also more new viewpoints from content knowledge that participants had brought to the discussion when compared to the results from Phase 1.

In summary, the results of the first analysis phase showed that both groups increased entropy levels by exchanging more information during Phase 2 when digital artifacts were visible and available to edit. The distribution of speech episodes among participants reflected equal participation. Speech episodes during this phase included key qualitative characteristics of entropy, not only reinforcing the previous opinions but also bringing opposed or new views of content knowledge into the process. Based on the results, the role of the artifacts—materialized digital word clouds—represented a new source of information, which increased entropy production and accumulation of entropy (amount of discussion turns), and also triggered new and opposing points into the discussion. Presence and working with the artifacts brought out the iterative nature of the co-construction process, which is explained next.


4.2.1. From equilibrium to far-from-equilibrium

As presented above, small group learning discussion represented a well-known and familiar educational practice where a group of learners share their thoughts. From the system's self-organizing perspective, during this activity, both groups were near equilibrium during Phase 1, based on earlier results regarding entropy levels and the qualitative content of speech episodes. Also, results from the interaction analysis showed that in Phase 1, there were no signs of confusion, uncertainty, or disorder which are indicators of a far-from-equilibrium state in our analysis.

Far-from-equilibrium is a central state in the system's self-organization. The far-from-equilibrium state opens the possibility to enter the “chaos zone”, which is imperative for the self-organization of knowledge. Far-from-equilibrium or chaos zone in social systems does not necessarily mean a real chaotic atmosphere, but there must be a redundancy of contradictory and opposed ideas, which are signs of uncertainty and confusion.

Selected examples of the data, which indicate a far-from-equilibrium state in the system's self-organization, are presented next. The results show that when Phase 2 began and digital word clouds became visible to the groups on the large format touch device for the first time, signs of surprise and confusion appeared. Excerpt 1 demonstrates the first signs of perplexity when group 1 saw the word cloud for the first time in their own classroom. Mistakes in speech recognition led to the appearance of unexpected and confounding words within the word cloud.


EXCERPT 1 Group 1 sees the digital word cloud for the first time.

[image: Excerpt 1]

Based on the results of interaction analysis, the digital word cloud artifact played the key role and pushed the groups gently from the stable equilibrium state, which, based on the results, refers to the small group discussion in Phase1, to the far-from-equilibrium phase, which also evoked epistemic emotions among group members (Figure 2).


[image: Figure 2]
FIGURE 2
 Group 1 when they saw the word cloud artifact for the first time.


Signs of surprise, confusion, and frustration, which indicate a far-from-equilibrium state in this study, were the focus of our analysis. Laughing is one of the signs of raised epistemic emotions, representing surprise, and confusion. The occurrence of laughter implied that the situation held unexpected and therefore puzzling elements. The appearance of a word cloud revealed conversation points that the participants had not mentioned in the earlier discussion during Phase 1. Furthermore, laughter was also prompted by mistakes made by the technology. These errors relaxed the atmosphere and provided material to deepen the co-construction process.

Meanwhile, when group 2 saw their artifact for the first time in their classroom, they immediately went in front of the screen and started to work with the concepts of the word cloud. There were also signs of confusion among these participants (Excerpt 2) regarding the words in the word cloud and also challenges when they started to work with the cloud and move the single words on the screen.


EXCERPT 2 Group 2 started to work with the word cloud.

[image: Excerpt 2]

The word cloud artifacts themselves included surprising and confusing elements. Wrong off-topic recognitions in the word clouds triggered expressions of epistemic emotions. Confusion and challenges are needed to move groups toward self-organization. The word clouds did not show the full sentences or the logical order of the discussion. The word cloud result was surprising, a mix of key concepts from participants' speech and also sound material from incorrect speech recognition by the technology. In normal open-ended conversation, vagaries of human speech and unexpected sounds occur, which were also captured by the recordings. The technology “took in” every sound from the other sound sources (such as sneezes, coughing, background noise, or talking over each other) and processed these other sounds as if they were speech. Speakers' accents can also cause occurrences that increased the error rate of speech recognition. Both types of wrong recognitions caused words that were not discussed to appear in the word clouds, which caused observable confusion when the editing of the word clouds continued. Excerpt 3 shows this while group 1 was editing the cloud.


EXCERPT 3 Group 1 is editing the word cloud.

[image: Excerpt 3]

Also in group 2, the group members were confused by the wrongly recognized words in the word cloud (Excerpt 4). They tried to find the concepts from the word cloud that they had been talking about during Phase 1.


EXCERPT 4 Group 2 is editing the word cloud.
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Editing the word cloud created frustration among the group members. Group 2 was trying to change the size of the words to make them more visible. After changing the size of one word, the word cloud rearranged itself and mixed the already selected and arranged concepts into different places on the screen (Excerpt 5).


EXCERPT 5 Group 2 is editing the word cloud.
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Despite these challenges, the groups did not give up on the task, and they continued to engage by discussing and shaping the word clouds to represent their thoughts regarding pedagogical aspects of physics teaching.

As stated above, in the process of self-organization, generating entropy (exchange of information), accumulating entropy (different viewpoints), confusion, and tolerance of challenges are crucial elements in reaching a far-from-equilibrium state. It is critical that the system should also be able to dissipate entropy to self-organize. In the context of social systems, this means that information needs to be analyzed and evaluated. The editing of the word cloud and discussions of the shared artifacts represents the analysis and evaluation of the information gained. In this study, technology, as one system component, scaffolded co-construction, and at the same time, the self-organization of knowledge by squeezing and visualizing group conversation into a word cloud format. The word cloud summarized parts of the exchanged information from Phase 1. With the visualized artifact, it was possible to grasp the thoughts of previous Phase 1 conversations, despite the wrong recognized words in the cloud, and dive more collectively into evaluating the topic at hand.

It is critical to avoid making interpretations and the final crystallization of information too early. If the system can handle the confused situation, a turmoil of chaos may produce order out of chaos. This makes it possible for new structures or innovations to arise. When information is analyzed, valued, or modeled, the entropy and chaos with uncertainty decrease. Working with digital artifacts led the groups to spend more time discussing the learning task at hand again. Crystallization of information was not done immediately after the Phase 1 conversations. In Phase 2, the co-construction process included a vivid process of classifying and organizing the information scaffolded by artifacts on the screens. Classifying of artifacts and discussions focused on building shared understanding and deepening perceptions, which started during Phase 1. From the systemic self-organizing view, when participants discussed, organized, and classified the artifacts into a summary of their pedagogical ideas, the atmosphere of confusion and uncertainty started to lift as the work with the clouds and discussions continued.



4.2.2. Momentums of bifurcation points

The phenomenon of self-organization in a social system includes characteristics of seemingly spontaneous emergence of new structural features and order following a period of disruption, “far-from-equilibrium”. As presented in the results above, in this study, digital word clouds were the key elements in leading and maintaining groups at a far-from-equilibrium state and also for keeping the systems and the process iterative. The word cloud artifacts also generated opposing viewpoints among the learners, which is essential for creating the conditions for bifurcations. As the iteration continues and the system operates long enough in this state by classifying information, the system can become increasingly receptive, and move closer to the bifurcation moments that can result in a new state, a new structure, or the crystallization of knowledge. Bifurcation is a catalyst for innovation and diversification, leading to the emergence of new solutions in the system.

A content analysis was conducted on the speech episodes from Phase 3 where both groups came together and presented their findings from the two earlier co-construction phases. First, in this study, the materialized word cloud itself can be seen to represent a significant turning point in the co-construction process, which can be referred to as a bifurcation point. The concepts in the clouds were based on groups' discussions so the clouds can be seen to be a crystallization of the exchanged information, which the technology made visible as one active component of the system. The technological artifact transformed the groups' monological flow of thought into collective views, visually merging consecutive speech turns from Phase 1 into a word cloud. The common visual output offered a turning point for the group's co-construction process. Misinterpretations in the clouds served as surprising elements and reflective mirrors that increased communication and confusion, thereby stimulating learners to collaboratively construct knowledge.

It may be too daring to talk about real bifurcation moments in this study, which in their wider meaning can be seen to lead to significant shifts in learners' understanding and knowledge structures in the context of the social systems. As a result, instead of using the concept of bifurcation moment, further editing the digital word cloud could be seen to represent a “bifurcation space” (Figure 3), where there are many different branches to work with knowledge and where groups are allowed to make free choices by picking up, removing, and adding the artifacts they like. The choices made in this state depend on the system and cannot be predicted in advance. These acts, every decision that the groups made regarding artifacts they selected from the word cloud, can be seen to crystallize information further and represent learning by insights, which are more likely to emerge in this kind of short co-construction cycle than bifurcation moments in their wider meaning. Interacting with and organizing digital artifacts, the system abandons a large amount of information and thus the amount of entropy decreases. It can be said that learning insights were reached by both groups during this moment of the process. Based on content analysis, bifurcation moments in this study represented collective and crystallized thoughts about the learning insights of the co-construction cycle. Excerpt 6 presents examples of learning insights from group 2 while they presented their thoughts in Phase 3.


[image: Figure 3]
FIGURE 3
 On the left, word cloud after Phase 1. On the right, edited word cloud after Phase 2. Both from group 2.



EXCERPT 6 Group 2 is sharing learning insights in Phase 3.

[image: Excerpt 6]





5. Discussion

The purpose of this study was to analyze knowledge co-construction as a self-organization process and the role of technology as its catalyst. Novel AI-directed speech recognition technology and the artifacts it generates were deployed to scaffold the knowledge co-construction process of pre-service teachers in two groups in a science education context. Analysis was conducted through key characteristics of the social system's self-organization based on Ståhle (1998). By taking a systems theory approach, a pattern was found that pointed out the key elements in enabling a group to use technology as a catalyst to self-organize in knowledge co-construction.

The self-organization of knowledge involves a sequence of iterative steps. First, the system must produce entropy, promoting a rich exchange of information and increased randomness. Next, an increase in entropy leads the system from its stableness, “equilibrium”, toward a far-from-equilibrium state, in which confusion and uncertainty are necessary elements for knowledge to be analyzed, evaluated, and finally crystallized. When a system can operate with increased entropy, classifying and reflecting on information and tolerating challenges, it has the opportunity to evolve and innovate a new order through bifurcation moments.

In this study, a system referred to an entity composed of a student group, technology, artifacts produced by students and technology, and co-construction activities. Based on the results of this study, the role of technological artifacts to enable signs of self-organization during knowledge co-construction was significant in both groups. First, the results showed that in every participant's discussion turns, the “entropy levels of the systems” increased rapidly in Phase 2, when technology became an active component of the system. The digital word cloud and artifacts became visible for the groups to edit on large-format screens. The number of speech episodes—entropy—increased in both groups. Also, the speech episodes included various qualitative forms of entropy, such as opposing views and new ideas. Visible and perplexing artifacts and engaging collaboration with them pushed the groups from stable small-group discussion in an equilibrium state (Phase 1) toward far-from-equilibrium (Phase 2). Without the digital word cloud artifacts, mandatory signs of self-organization (increasing entropy levels, different forms of entropy, and far-from-equilibrium states) were not found in either group through data analysis. The presence of technology and artifacts spawned more communication, and participation was distributed equally among the group members. Technology, as an inseparable part of the system, brought surprising and confusing elements to co-construction. It can be said that the technological artifacts destabilized a familiar educational structure, small-group discussion, and gave a new boost to the process, enabling observable signs of self-organization processes. The word clouds and artifacts can be seen to present a sort of bifurcation moment. The participants' earlier discussions were crystallized and materialized by technology. AI-directed technology offered bifurcation, a concrete and visible summary draft that scaffolded groups to construct knowledge and gain learning insights into the topic at hand. Working with the digital artifacts represented a bifurcation space where groups were able to follow different branches and co-constructed knowledge further.

The results of this study raise questions: how can new technologies be built and used to support novel kinds of co-construction processes and the emergence of beneficial epistemic emotions? What new practices then emerge? The prevailing assumption has often been that advanced educational technology should adjust the learning process in real-time to suit the learners' current knowledge and skills. This adjustment aims to prevent uncertainty or confusion. Simply put, common wisdom holds that confusion should be avoided during learning and rapidly resolved if and when it arises (D'Mello et al., 2014). But when it comes to the construction process, epistemic emotions such as surprise or confusion relate to learning itself and have an object focus on knowledge construction (Pekrun et al., 2017). Positive learning experiences should include enough challenges and even confusion (Vilhunen et al., 2023). If technology-mediated processes are scripted and built to keep learners “always on track,” predictability is maximized, and emergence is minimized. This might diminish the appearance of epistemic emotions, which in the co-construction process have the potential, based on our results, to lead the group toward deeper collaborative efforts and self-organization. As D'Mello et al. (2014) claim, confusion plays an important role during complex learning activities and, if appropriately regulated, it can cause learners to process the material more deeply to resolve their confusion. Learning environments need to challenge learners substantially to elicit critical thought and deep inquiry. To continue, Scardamalia and Bereiter (2014) state that scripted instruction stands in contrast to the emergent character of human action, creative thinking, and constructive work with ideas. To foster higher-level “emergent,” technologies can play a role as enablers, not only supporting productive interaction between people but also promoting engagement between people and ideas, which can lead to the emergence of innovations (Scardamalia and Bereiter, 2014).

Teachers play an important role in fostering learning and emotional scaffolding (Halonen et al., 2016; Vilhunen et al., 2023). The role of a modern teacher is also to plan and facilitate learners to move beyond their comfort zones, transitioning from stable equilibrium states toward dynamic far-from-equilibrium situations. In such situations, learners have opportunities and freedom to interact and develop innovations together. According to the findings of this study, if co-construction activities and the use of technology are creative and framed pedagogically meaningfully, learners acquire opportunities for deeper knowledge construction processes. Thus, as pedagogical experts, teachers can employ elements of surprise and confusion in relation to technology-mediated learning activities. Embracing mistakes, incorporating randomness, and confronting challenges are essential aspects of innovative knowledge co-construction. The three-phase, student-activating pedagogical framework (Lonka et al., 2018), also used in this study, could aid in the planning of technology-enhanced learning activities that may induce confusion, unexpected turns, or other challenges designed to evoke epistemic emotions.

In the current era of expanding artificial intelligence (AI), it is necessary for existing pedagogical structures to harness technologies more extensively to support self-organizational elements in the learning context. Instead of merely speeding up the tasks and giving ready-made answers, EdTech could be a catalyst for co-construction and offer surprising collective twists to evoke epistemic emotions that feed creativity, engagement, and higher-level learning elements as a natural part of non-linear pedagogy and collaborative learning. When technology scaffolds self-organizational processes and fosters the emergence of knowledge co-construction, teachers can focus more on crucial aspects of human learning that also contribute to a communal and resilient future such as facilitating students' social-emotional wellbeing, school engagement, and metacognitive skills.

The significance of this study emerges from a systemic approach where reflections regarding the role of technology in co-construction were illuminated by our results. It was demonstrated that technology, as an active component of the system, can catalyze co-construction. The analysis and results of this study underscore the need for systemic thinking in a Computer-Supported Collaborative Learning (CSCL) context. Emerging technologies and digital artifacts are more than just interactors, they are increasingly active agents within the system. Together with the group of learners, they can facilitate the whole system toward the self-organization of knowledge, thus creating a valuable space for innovative learning as knowledge creation.

The limitations of this research are acknowledged. It is recognized that the results cannot be generalized due to the case study nature of this research. Follow-up studies are necessitated in other learning contexts and on other learning elements, as well as the use of different educational technologies. Despite these limitations, this study creates interesting openings for applying the analytical tools of self-organization in technology-mediated co-construction.
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