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ABSTRACT

In an era where digital platforms increasingly shape the educational experiences of learners,
this dissertation examines activity in the MDS, an expansive online learning community used by
hundreds of thousands of mathematics learners worldwide. Daily interactions, numbering in the
tens of thousands, brought by students in need of advice, comprise a dynamic environment for
peer mentorship. The study investigated the phenomenon of online mathematics learning taking
place in chat-based platforms by creating and analyzing MathConverse, a novel dataset of 200,000
structured conversations from the help channels on the MDS. This dataset, transformed from raw
messages into a comprehensive repository of conversations with rich metadata, makes possible ways
of understanding the complexity of real-time problem solving and cooperative learning that takes
place when students look for help from others online. Beginning with tackling the complexities of
transforming chat-based exchanges into analyzable data, this dissertation navigates the challenges of
conversation disentanglement and contributes to the methodological and theoretical advancement

of educational research in online spaces.

Central to this investigation are two primary objectives: First, to demonstrate and refine the
application of methods from machine learning and natural language processing to study fext as data
in educational research, addressing the methodological gap in analyzing voluminous, text-based
datasets. Chapter 2 provides details of the work involved in transforming extensive conversational
data into structured datasets for analysis. In Chapter 3 and Chapter 4, I provide case studies using
MathConverse to illustrate how techniques from natural language processing (NLP) can be used
to draw rich qualitative insights from the texts we as social science researchers are surrounded by
in our research. For example, once I determined a large language model could reliably categorize
questions into question types paragraph 3.5.2.1.2, I used the model to classify a larger set of

questions (n = 120, 362) by question type.

Second, the dissertation aims to provide an illustration of the dynamics of engagement and
learning within online mathematics communities, particularly the MDS. The creation, analysis,
and public distribution of the MathConverse dataset empowers researchers to explore learning
phenomena often obscured from our view as researchers and educators in traditional academic

settings. The analyses in the study not only probe the types of inquiries posed by learners and

Xil



the nature of their interactions but also provide an example of the various ways a mathematical
concept can be instantiated in a conversation through my closer look at the diverse conceptions of

the derivative that showed up across the sample of conversations.
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CHAPTER 1

Introduction

1.1 Motivation

1.1.1 From traditional classrooms to digital learning: The evolution of

mathematics learning spaces

In their transition from secondary to university mathematics, students find themselves at a critical
juncture where the familiar structures of academic support recede, forcing many to navigate their
mathematics coursework more independently (Vollstedt et al., 2014). The study of this shift, often
referred to as the secondary-tertiary transition (STT), has been studied extensively by scholars in
mathematics education. Gueudet’s (2008) review of the scholarship in this area highlights three
main transitions involving individual, social, and institutional factors: the transition in ways of
thinking, the transition to proof and the technical language of mathematics, and the institutional
transition related to changes in the didactical contract. Furthermore, Bettinger and Long (2009)
emphasize that many students entering university are academically under-prepared for such rigor,
necessitating additional remedial support. Although students still engage with traditional forms
of academic support, such as office hours, one-on-one tutoring, and discussion sections, many
encounter barriers such as inflexible scheduling, financial constraints, and a hesitation to interact

directly with authority figures, which can limit their access to these resources (Pepin, 2014).

In recent years, the escalating role of technology in education has become increasingly evident,
leading to a shift in teaching and learning methods (Escueta et al., 2017). As traditional classroom
approaches encounter their limitations in addressing diverse learning styles and adapting to a rapidly
changing world, the need for innovative, technology-driven learning models has become more
pronounced (Hiebert and Grouws, 2007). This shift towards digital learning platforms not only
offers new avenues for engagement and interaction but also aligns with the evolving educational
demands of the 21st century. The advent of these platforms marks a significant evolution in the

ways mathematics is being taught and learned, and as education researchers, we must continue to



investigate the role these platforms are taking on outside our traditional classroom walls.

In the current era, our access to extensive and detailed educational text data is unprecedented,
sourced from online learning platforms, as well as transcripts of in-person classroom interactions
and student work. This rise in data availability is paralleled by technological progress and
research breakthroughs in fields such as NLP, computational linguistics, and social science. These
advancements have catalyzed the creation of sophisticated methods for the quantitative analysis of
large-scale text corpora (Fesler et al., 2019; Grimmer et al., 2022). Collectively, the expansion of
data accessibility and the refinement of analytical methodologies significantly enhance our ability to
identify novel patterns and validate emerging theories within the realm of education. In the context
of these developments and the transition towards digital learning environments, Chapter 2 offers a
new perspective for understanding how students engage with their mathematics coursework outside
the traditional classroom setting by illustrating the creation of MathConverse, a dataset curated
from an online mathematics learning community. This work provides education researchers with a
dataset of over 200,000 conversations between students and helpers and illustrates the some of the

initial steps (and potential) of doing research on learning that takes place in online platforms.

1.1.2 Online mathematics networks: Their growth and role in education

Online platforms for asking mathematics questions, such as the MDS, have not only provided a space
for academic support but have also become instrumental in developing resilience and adaptability
among students (Borba et al., 2018). These spaces have been shown to offer diverse benefits,
accommodating different learning styles and promoting inclusivity (Pratt and Back, 2009). The
sense of belonging and collective knowledge that emerges from these interactions is a testament
to the theories of connectivism, which suggest that knowledge is distributed across a network of
connections (Goldie, 2016).

The growing interest in studying online learning spaces within education research is reflected
in their increased use as a help-seeking resource for students. Notable investigations, such as the
study by van de Sande (2008) explore the dynamics of participation, community building, and the
development of mathematical understanding within these forums. For instance, Van de Sande’s
(2008) analysis of discourse within the calculus help forum FreeMathHelp.com demonstrates
how students actively engage in authoring content, questioning and challenging mathematical
propositions, and contributing to collective knowledge construction. With the rise of participation
across various platforms like MathHelpForum.com, StackExchange.com, and MathOverflow, the
significance of these platforms in immediately being able to provide students with help on their
mathematics problems is undeniable. As educators, researchers, and designers of educational

technology, we must understand the interactions in these online learning spaces. Such understanding
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can help tailor our pedagogical approaches and research endeavors more effectively to the evolving

learning modalities of our students.

In contrast to traditional forum-based websites for learning mathematics, learners can now turn
to chat-based platforms on platforms such as Discord, which can help catalyze real-time interactions
within specialized communities. The MDS, central to this dissertation, represents a departure from
asynchronous forums, offering immediate dialogue and feedback—a recognized catalyst for learning
(Hattie and Jaeger, 1998). In the MDS, students can pose questions in a set of help channels where
they are met with a flow of nearly instant feedback that can be invaluable for clarifying concepts and
correcting misunderstandings in the moment. This immediacy not only fosters a sense of community
but also significantly enhances the learning process by aligning with the educational principle that
timely feedback is essential for effective learning (Roth et al., 2008). Moreover, the volume of
data generated by chat-based interactions on platforms like Discord presents an unprecedented
resource for researchers, providing a wealth of real-time, naturalistic data that captures the nuances

of learning as it unfolds.

The expansive datasets available from platforms like Discord provide new opportunities for
research on conceptions, as data from these platforms can be collected with unprecedented detail
and scale. Given that students are gravitating towards these online networks to get help in their
mathematics courses, understanding the nature of these interactions can be a useful area to build
research studies. Knowledge from these studies can help us better understand what these resources
are offering them that traditional venues of help (e.g., office hours, mathematics tutoring centers,
supplemental workshops) might not be. The interactions present in the MathConverse dataset,
central to the analysis in Chapter 3 provides a window into the ways in which users are interacting
in the MDS. Unlike traditional, asynchronous forums, the MDS facilitates real-time dialogue
and feedback, aligning with modern educational principles that prioritize immediate, contextual
learning support. This immediacy not only fosters a dynamic learning community but also offers
a unique perspective on student engagement and problem-solving strategies outside conventional
classroom parameters. Through an extensive analysis of over 200,000 student-tutor conversations
spanning millions of turns of talk, Chapter 3 looks at the varied ways students and peer tutors
engage around mathematics content and within within the MDS platform, offering insights into the
types of questions posed, the topics discussed, and the temporal dynamics of these interactions.
By employing methodological techniques from machine learning and natural language processing
(NLP), the case study presented in this chapter aims to provide an illustration of the dynamics
that can exist in a community of interest (Henri and Pudelko, 2003) such as this one and what the
implications might be for the teaching and learning for mathematics worldwide. The approach to

use text-as-data methods on a large corpus on conversational texts not only provides a granular view



of student and tutor behavior but also highlights the potential of digital platforms to supplement
traditional educational models, offering educators and researchers a richer understanding of how

students interact with mathematics in the digital age.

1.1.3 Analyzing conversations about calculus problems on digital platforms

The derivative, a foundational concept in calculus, stands as a symbol of the academic and social
transitions that students undergo as they embark on higher education (Rasmussen et al., 2014;
Strogatz, 2019). Online platforms like the MDS can help serve as an essential bridge during this
transition, as students can get immediate access to help and feedback. The prevalence of calculus
within these online communities offers a good portion of conversations for analysis, presenting an
optimal case study for looking into the complex nature of mathematical conceptions as they unfold
in real-time online interactions. While research in this area has traditionally explored the interplay
between students’ explicit knowledge of the derivative (as formalized by educational authorities like
teachers and textbooks) and their implicit mental constructs (see Nurwahyu et al., 2020; Tall and
Vinner, 1981), these investigations have often been limited to smaller, controlled environments. In
contrast, this study extends the scope of inquiry to a much larger, more spontaneous context. By
focusing on the derivative, the work in Chapter 4 not only probes a single mathematical concept but
also sets a precedent for a broader examination of mathematical conceptions within online tutoring
spaces. The goal of this chapter is not merely to dissect students’ understanding of the derivative but
also to offer a window into the varied and rich ways in which students conceptualize mathematics

within a community of their peers.

Researchers in mathematics education have historically oscillated between exploring what
students know (i.e., an epistemological perspective) and how they come to know it (i.e., a cognitive
perspective) (Brousseau, 1997). Conceptions, or dynamic understandings of mathematical concepts,
are shaped by interactions with learning environments (Balacheff, 2013). Methodologically,
mathematics educators have used interviews, classroom observations, analysis of student work,
and textbook evaluations, mathematics educators to explore student conceptions. Building upon
Zandieh’s (2000) comprehensive framework for the derivative, which categorizes the concept across
different contexts and layers of mathematical reasoning, Chapter 4 builds on the the previous chapter
by filtering out the conversations that pertain to the derivative to look at at the various conceptions
of the derivative that emerge in the conversations, using Balacheff’s (2009) definition. Studies
focused on the varied ways students can think about the derivative have emphasized the necessity to
examine the interplay between students’ knowledge of the derivative stated in terms of definitions
provided by their teachers and textbooks (concept definition; Tall and Vinner, 1981) and their

mental constructs they have associated with it (concept image; Nurwahyu et al., 2020). In these



studies, researchers attempt to approximate students’ concept images by dissecting their explanations,
actions, or sequences of the steps they take while in a problem-solving situation. Compared to the
work done in this chapter, research examining students’ understanding of the derivative through
problem-solving has primarily been conducted in smaller-scale settings. My goal here is to try to
see whether I can use text-as-data methods to see how conceptions of the derivative are emerging in

this large online platform.

The derivative’s prevalence in conversations on the MDS offers a useful case study to explore
the multifaceted nature of mathematical understanding as it unfolds in real-time, peer-to-peer
interactions. The goal here is to provide a guiding framework that can help provide scaffolding to
other education researchers on how they might study student conceptions by working with concepts
that are of interest to them, either through the use of MathConverse or with their own, ‘unstructured’
datasets. By analyzing real-time dialogue data from Discord, the goal of the analysis in Chapter 4
is to provide a look into how often the conversations in the MDS that bring up the concept of the
derivative go beyond the notion of “applying rules to take a derivative”. That is, to see whether and
how many of these discussions have students thinking about the derivative in the multifaceted ways
described in Zandieh’s (2000) framework. This chapter uses recent advances in the training and
implementation of large language models to showcase how to classify large amounts of conversations
into discrete categories reliably. In the next section, I provide a brief primer on understanding the
use of text-as-data for analysis, as the analysis of text data shows up throughout all three of the

studies.

1.2 Text as Data

The participants in the MDS primarily communicate via messages that contain text and images.
Text is often referred to as ‘unstructured data’, as it is a recording of a verbal activity meant to
communicate something (Benoit, 2020). In order to be able to treat these messages as data that can
be understood by a machine, I needed to extract the messages from the platform, establish a ‘unit of
measurement’ for each analysis, and transform these texts into numerical representations. As shown
in Figure 1.1, this process turns the ‘unstructured’, yet very meaningful, text exchanges that transpire

in the MDS, and transform these texts into data in a way that is amenable for analysis at scale.

NLP is a subfield of machine learning and artificial intelligence encompassing a set of techniques
that makes human text accessible to computers (Eisenstein, 2019; Hirschberg and Manning, 2015).
Goals of the field of NLP include using computers to perform useful tasks such as sentiment analysis
and question answering. We can see NLP in action through several commercial applications we

use in our everyday lives: our emails providing suggestions for how to complete a sentence, or our
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Figure 1.1: From text to data to data analysis; an adaptation of a figure from Benoit (2020)

ability to ask Google how to translate an English phrase to French. Additionally, applications of
NLP extend to academic research settings. For example, political scientists have used NLP to infer
political leanings of text based on their language choices (Yu et al., 2008), and social scientists used
NLP to analyze police officer discourse to show racial disparities in officer respect (Voigt et al.,
2017). In mathematics education, scholars have used topic modeling to analyze five decades of
articles from two prominent education journals (Journal for Research in Mathematics Education
and Educational Studies in Mathematics) to determine how the major areas of focus in mathematics
education have shaped and shifted (Inglis and Foster, 2018). In this dissertation project, I leverage
techniques from the field of NLP to construct representations of the data found in MathConverse
in order to answer the research questions I pose in Chapter 3 and Chapter 4. The results from
the findings of these chapters help demonstrate the benefits gained by augmenting our work with
unsupervised and supervised machine learning methods. That is, combining qualitative coding
with machine learning techniques can provide researchers with deep understanding of text-based

interactions that are challenging to do without the use of computers.



1.2.1 Text classification and its relevance to this study

Among the diverse applications of NLP, text classification plays a useful role in the transformation
of text into data for analysis. This common technique from machine learning automatically
categorizes open-ended text into one (or many) predefined categories, such as in sentiment analysis
to determine textual tone, language detection, and distinguishing between questions and statements.
Text classification has been crucial in various sectors, notably in developing Al systems like chatbots,
where accurately identifying user input as questions or statements is essential for effective response
mechanisms. The investment in developing models for such tasks highlights the importance of
text classification in both commercial and academic contexts. In the context of this dissertation,
text classification serves as an essential analytic technique for addressing many of the research
questions. For example, in Chapter 3, to explore what students and helpers discuss in the MDS, I
use a pre-trained model to classify messages from MathConverse as either questions or statements,
followed by further classification of questions by type using a large language model (LLM) provided
through an Application Programming Interface (API) (RQ 2a of Chapter 3). Similarly, to identify
different student conceptions of the derivative, a topic model is used to label conversations by topic,
and then the conversations labeled as being about the derivative are then classified with another
LLM to determine which (if any) conceptions of the derivative are present in the conversation
(RQ 1 of Chapter 4). This dissertation study provides these two inquiries as case studies on how
text classification with machine learning models can be used to enable the systematic analysis of
educational interactions at scale, providing a contribution for understanding mathematical discourse

within online platforms.

1.3 Research Objectives

One main goal of this dissertation project is to provide a window into a learning space that is used
by hundreds of thousands of mathematics learners from around the world, one where there are
tens of thousands of messages are exchanged everyday in its help channels where students can
get guidance from peer mentors on their mathematics problems. My time as a doctoral student
and researcher at the University of Michigan has provided me years of focused time to observe,
learn from, as well as learn how to learn from learning environments like the MDS. In this study,
I present a novel application of using text-as-data methods for analyzing large-scale educational
interactions. Building upon the evolving landscape of students engaging with mathematics online and
the significant potential of online learning communities to augment traditional educational supports,
this dissertation aims to explore the nuanced ways in which students engage with mathematical

concepts in these new environments. At the heart of this investigation are two primary objectives.



The first is demonstrating and refining the application of text-as-data methods and large language
models (LLMs) in educational research, which I posit can help strengthen the methodological gap in
analyzing large-scale, text-based datasets within the field of mathematics education. This includes
detailing the process of transforming vast amounts of conversational data into structured datasets
amenable to analysis and leveraging techniques from NLP to uncover patterns of engagement and
conceptual understanding. The second objective is highlighting the type of engagement and learning
that is happening in online mathematics communities, such as the Discord Server (MDS). My
work in creating, analyzing, and making publicly available the MathConverse dataset can provide
researchers a way in which to view this learning that is happening outside of the eye of many
academics. This work involves a detailed analysis of the types of questions that are being raised in
the community, the nature of interaction, and the topics of discussion, including a deeper dive into

understanding the conceptions of the derivative that are emerging in the conversations.

1.3.1 Research questions

The objectives of the dissertation outlined above directly inform the following overarching research

questions:

1. What processes are involved in converting large amounts of mathematical conversations into a

structured dataset for analysis using text-as-data methods?

2. What are the characteristics of participant engagement and conversational dynamics within
the MDS?

3. What conceptions of the derivative emerge in the data collected from the MDS?

These questions guide the work of each of the three chapters, respectively, and in Chapter 5, I

check back in on the outcomes of these as they relate to the results of each study.



CHAPTER 2

MathConverse: The Design of a Large Scale,
Multi-Subject Mathematical Dialogue Dataset

2.1 Introduction

This chapter introduces MathConverse, a dataset derived and constructed from a set of channels
on an online mathematics platform dedicated to helping learners with mathematics problems. By
capturing the conversations that take place in this online space into discrete, analyzable forms of
data, it becomes easier to capture some of the intricate dynamics of student-tutor interactions in this
unique educational setting that are often unseen by educators in K-12 and university classrooms. In
the current digital era, the reliance on traditional classroom data, such as recordings and transcripts,
has been pivotal for understanding and enhancing educational methods and student interactions
(Major and Watson, 2018). However, as Suresh et al. (2022) point out, such data sources often
face significant challenges related to scalability, privacy, and practicality. These factors severely
limit their availability and the feasibility of sharing data, which can inhibit the replication and
advancement of research in mathematics education. In stark contrast, MathConverse represents a
novel approach to overcoming these obstacles. By leveraging data from a public online learning
environment, MathConverse presents a scalable and diverse alternative that effectively navigates
through many of the limitations inherent in traditional educational data sources. This significant
advancement equips researchers with new avenues for exploring the ways students are engaging

with the mathematics they are working on outside their formal classroom settings.

Online learning spaces have rapidly become integral to contemporary educational practices,
offering an unprecedented avenue for students to engage, discuss, and explore mathematical concepts
(Engelbrecht et al., 2020). These spaces, characterized by their accessibility and collaborative nature,
represent a paradigm shift in how educational interactions occur outside the traditional classroom.
The MDS, a focal point of this study, epitomizes this shift. It serves as an academic hub, facilitating

rich dialogues and problem-solving exercises among diverse participants ranging from novices to



experts.

MathConverse holds significance in understanding these novel educational interactions. By
capturing conversations from the space in the MDS devoted to providing individual help to students
on homework problems, this dataset provides a window into the real-time, dynamic process of
learning and providing help with mathematical content. The work described in this chapter differs
from conventional data collection methods, as it can help provide a large-scale, yet deep look into
how students engage with mathematics problems outside of face-to-face learning environments. This
dataset can not only help bridge the gap between theoretical understanding and practical application
of what is going on when students leave our classrooms, but can also aid in helping identify patterns,

challenges, and opportunities in online mathematics education.

The chapter begins by looking at some examples of online discussion groups that have evolved in
digital communication platforms (e.g., FreeMathHelp, MathOverflow, Discord, Slack, WhatsApp)
as well as how mathematics educators have studied mathematics teaching and learning in these
settings. Next, I discuss prior work on constructing datasets in educational research, with a
specific focus on datasets in mathematics education. Following this, I discuss the literature on
conversation disentanglement highlighting the challenges and innovations involved in extracting
coherent dialogues from synchronous chat environments. The chapter progresses to describe the
composition of this study’s dataset and its methodological underpinnings, followed by a discussion
on the broader implications and potential applications of this dataset. I conclude by reflecting on the
potential contribution of MathConverse to the ongoing discourse in online educational research,

setting the stage for future explorations and implications.

2.2 Background

2.2.1 Learning in online communities

The digital era has significantly changed the way people talk with one another, with digital
communication platforms such as Discord, Slack, and WhatsApp emerging as spaces for learning
and interaction. These platforms offer unique opportunities for forming learning communities beyond
traditional classroom spaces, catering to diverse educational needs and backgrounds. Discord’s
role extends beyond traditional social media, serving as a voice, video, and text chat app with
server-based organization similar to group chats, complete with explicit rules and hierarchical
structures (Roy, 2023). The structure of interactions on Discord resonates with Swales’ (2016)
concept of discourse communities, where the platform’s server-based organization, explicit rules, and

hierarchical structures not only foster goal-oriented communication but also support the development
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of shared practices and values among its users, embodying the evolving nature of digital discourse

communities.

2.2.1.1 Authority and anonymity in online learning communities

Within these digital communities, authority is multifaceted. In his study of the University of
Toronto Mississauga Math Server, Roy (2023) observed that authority was not only vested in
administrative roles, such as Teaching Assistants and Professors, and the enforcement of server
rules, but also emerged through participatory credibility. The latter is particularly critical as, as
this shows that active participation builds trust and reinforces authority in these communities,
diverging from a definition of authority as an intangible power granted through an institution Wardle
(2004). Kim et al. (2023) observed similar dynamics in an introductory organic chemistry course,
where Discord facilitated student-tutor interactions, leading to the formation of an active student
learning community. This finding calls attention to the platform’s capability to cultivate interactive

educational environments that support student learning and engagement.

Effective interaction is key in these communities. In the UTM Math Server, the proper use of
mathematical terminology and notation facilitates meaningful dialogue and integration into the
community (Roy, 2023). This approach aligns with Duff’s (2010) language socialization theory
which emphasizes learning through interactions with more proficient members. Similarly, in the
study by Kim et al. (2023), the importance of peer interaction in online environments is emphasized,
showing how platforms like Discord can mitigate the challenges of traditional educational data
sources by offering scalable, diverse alternatives. The structure of authority within Discord servers,
such as those in the UTM Math Server, profoundly impacts the learning process. Roy (2023)
identifies three types of authority: administrative roles like Teaching Assistants and Professors, the
server administrator, and authority built through participatory methods. Each form of authority
on the server is underpinned by online presence and trust, with the latter deriving entirely from
participatory involvement. This emphasis on participatory authority illustrates the shift in traditional
educational dynamics, where authority is not solely institutional but is also earned through active
engagement and credibility within the community. Further extending the role of these platforms,
Heinrich and Carvalho’s (2022) research highlights how Discord supports professional identity
formation. Unlike LinkedIn or Slack, Discord fosters informal communication, allowing students
of different year levels, alumni, and staff to connect, engage in collaborative inquiry, and build

confidence—a fundamental component of professional networking and identity formation.

The unique environment of online learning communities, as observed in platforms like Discord,
foregrounds a significant shift in the traditional dynamics of authority and learning. In these digital

spaces, students often experience a heightened sense of autonomy and comfort, which can encourage
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more open inquiry and participation. This autonomy is partly attributed to the anonymity that online
platforms provide, alleviating the pressures and social anxieties often associated with face-to-face
academic interactions (Jay et al., 2020). Such anonymity can be particularly empowering for
students from traditionally underrepresented groups in STEM, who may face additional barriers
in conventional classroom settings, like the fear of reinforcing stereotypes or threatening their
self-image (Marchand and Skinner, 2007; Ryan et al., 2009).

Furthermore, the transformed perception of help-seeking in educational contexts, as highlighted
by Nelson-Le Gall (1981) and others (e.g., Gonida et al., 2019; Schenke et al., 2015), aligns with
this shift towards more autonomous and student-centered learning environments. Online platforms
foster a normalization of seeking assistance, which is now recognized as a key factor associated with
academic success. This is particularly evident in the context of mathematics education, where the
pressures of grading and authority in face-to-face interactions with instructors may inhibit student
engagement. The participatory nature of online communities therefore presents an empowering
alternative, allowing students to engage more freely and confidently in their learning process. This
transition to a more student-centered, interactive model of learning sets the stage for exploring the
intricate dynamics of mathematical discourse and conceptualization within these digital communities,

as detailed in the following sections of this chapter.

2.2.2 Forum-based vs. chat-based platforms

Online mathematics communities come in two forms: forum-based and chat-based. Forum-based
platforms set the standard for structured knowledge exchange. Some examples of these forums,
such as Mathematics StackExchange MathOverflow, and FreeMathHelp.com, offer users the ability
to pose questions, provide answers, and engage in academic dialogue with a clear delineation of
topics and responses. Their asynchronous nature affords users the time to craft thoughtful, in-depth
contributions, thus fostering a more reflective and analytical exchange of ideas. However, this
structure may also lead to slower response times, potentially impacting the immediacy of help
and support that learners seek. Figure 2.1a illustrates the organized interface of Mathematics
StackExchange, a prime example of such forum-based communities. Contrasting the forum-based
model, chat-based communities like the MDS provide a fluid, conversational space for learners to
interact. This synchronous mode of communication allows for a rapid exchange of ideas, resembling
the immediacy of a live classroom discussion. Such platforms often attract students who prefer a
more dynamic and instantaneous help system, which can enhance their understanding and retention
of mathematical concepts. The less structured nature, as depicted in Figure 2.1b, encourages a
more equitable participation across members, enabling a diverse range of voices and perspectives to

contribute to the learning process.
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Figure 2.1: Online mathematics platforms for helping learners with problems

2.2.3 Prior work building datasets in educational research

Contemporary research and practice on the teaching and learning of mathematics in classrooms are
deeply informed by data derived from recordings of classroom activities, which encompass video,
audio, and transcript formats. Such data are not only pivotal for understanding current educational
interactions as highlighted by Major and Watson (2018) and Kim et al. (2023), but they also play
a vital role in the development and training of educational technologies that are emerging. The
construction and utilization of high-quality datasets in educational research have become increasingly
important, especially in mathematics education. These datasets enable the analysis of student-teacher
interactions, which are critical for developing teaching strategies and educational technologies. One
such study, the “Million Tutor Moves Observatories Project” represents a significant advance in
digital educational data science. The goal of this project is to crowd-source one million quality
student-tutor interactions that are machine-readable, in hopes of training intelligent tutoring systems
tailored for diverse learning needs (Reich et al., 2023). Another study by Demszky et al. (2021)
focuses on a framework for computationally measuring teachers’ conversational uptake, which is
when a teacher builds on a student’s contribution in dialogue. They released a dataset of 2,246
student-teacher exchanges from US math classroom transcripts, annotated for uptake by domain
experts. The uptake is formalized using pointwise Jensen-Shannon Divergence (PJSD), compared to
unsupervised measures, and correlated with educational outcomes. This dataset and methodology
facilitate large-scale analysis of teacher-student interactions and aim to improve educational practices
through better understanding of conversational dynamics. Suresh et al. (2022) work on the TalkMoves
dataset is another pivotal contribution. This dataset comprises 567 annotated transcripts from K-12

mathematics lessons, derived from both in-person and online classes. It provides a rich source for
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analyzing teacher and student discourse, facilitating the development of educational technologies

that can improve classroom interactions.

The work developing open-source datasets for by scholars like the ones I have cited above sets a
new precedent in educational data science research. These datasets, with their extensive, detailed
annotations of mathematical dialogues, are invaluable for building more reliable models that will be
put into use one day in our mathematics classrooms. In the next sections, I explore the challenges
and innovations in dataset construction and the role of Al and bots in data collection and processing,

shedding light on the complexities and advancements in educational data science.

2.2.4 Conversation disentanglement

When using data from a synchronous chat platform (e.g., Slack, Google Hangout, Internet Relay
Chat (IRC), or Microsoft Teams) for research, it should be noted that the messages are not necessarily
organized into threads like they are in other asynchronous chat platforms (e.g., Stack Exchange,
Quora, or Yahoo Answers). The conversations are entangled, meaning all messages appear in
one space. When users enter these spaces, although search functionality is typically available,
it is up to them to determine where conversations begin and end. Most chat disentanglement
models have been based on chats extracted from IRC channels (Kummerfeld et al., 2019; Shen
et al., 20006), but until 2019 it was done with small datasets (less than 2500 messages) or non-open
source datasets. Kummerfeld et al. (2019) manually annotated a dataset of 77,563 messages for
conversation disentanglement and provided their model, which has served as a training set for many
studies working to develop their own disentanglement models (see Chatterjee et al., 2020; Liu and
Cohen, 2021). To train the model, they engineered features at the message and pairwise message
level. Some message level features included timestamps and answers to questions such as: how long
ago this user last wrote, did the same user wrote right before or after, are they a bot, is this message
targeted, and was the previous message targeted. Additionally, some pairwise message features
included number of intervening messages or answers to questions like: is the user the same, did the
user address another user, and do the two messages have the same target? Their results were state of
the art at the time, and since then, researchers have been working to build and improve on this work
given the new strengths of technology that have come out in the past two years. Figure 2.2 presents

an example from the MDS, where three separate conversations are entangled in the same thread.
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Figure 2.2: Entangled data with 3 conversations

2.3 Data

2.3.1 Site choice and description

The dataset for this dissertation was sourced from the Mathematics Discord Community, an active
online platform facilitated by Discord. Discord’s capabilities in supporting text, video, and voice
communication have made it a popular choice for diverse groups, including those focused on
education. The MDS, launched in January 2017, represents a unique convergence of individuals
with a shared passion for mathematics (Figure 2.3). With over 38 million messages exchanged
among more than 181,000 registered users (as of November 2023), the server provides a rich source
of data for examining contemporary mathematical discourse and learning practices. This server
was chosen due to its active engagement and substantial user base, which provide a diverse range
of mathematical discussions and interactions. The broad yet focused nature of the community’s
rules has shaped the discourse, making it an ideal setting for this study. The University of Michigan
Institutional Review Board (IRB) has granted an exemption from continuous review for this research,

acknowledging its adherence to ethical research standards.
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Figure 2.3: What users are shown upon joining the server, offering a glimpse into the community
structure and entry process.

2.3.2 Community norms as an embodiment of an online community of interest

The MDS, with its structured yet dynamic environment, shares some elements of what Wenger-
Trayner and Wenger-Trayner (2015) have succinctly encapsulated in their more recent writing of
Communities of Practice (CoPs). They describe CoPs as groups bonded by a shared domain of
interest, engaging in collective learning while learn how to do it better as they interact regularly.
While the MDS provides a space for people who share an interest in mathematics, to engage in
collaborative interaction with thousands of other like-minded people from all over the world, and
share an abundance of resources for learning, I turn to the work of Henri and Pudelko (2003) in
wanting to to note the MDS does not meet the requirements of being classified as a CoP. They
identify three principal components of the social context of the activity of virtual communities:
the emergence of intention (goal of the community); the methods of initial group creation and the
temporal evolution of both the goals and the methods of group creation. I describe their theory in
more detail in Chapter 3; however, for now, I say that a main component not met by the MDS is that
a majority of their participants are going there for the goal of individual learning; that is, they go
for help on their own mathematics problems. Using their framework, I can identify the MDS as

something closer to a community of interest.
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O Available help channel!

Send your question here to claim the channel.

Remember:

» Ask your math question in a clear, concise manner.

= Show your work, and if possible, explain where you are stuck.
- After 15 minutes, feel free to ping @Helpers.

* Type the command .c1ose to free the channel when you're
done.

- Be polite and have a nice day!

Read # how-to-get-help for further information on how to

ask a good question, and about conduct in the question
channels.

Figure 2.4: A screenshot showing the implementation of a bot that shows up in every encounter
showing the norms of how students should ask for help.

All of this said, the server goes beyond being a mere repository for questions; the way that
the server has been set up helps cultivate a dynamic environment conducive to collaborative
problem-solving and the sharing of knowledge. This is particularly evident in the lively book
recommendation channel, where members engage in diverse discussions that span topics from
Riemann integration to machine learning, reflecting a community committed to mutual academic
support and the collective creation of knowledge. Moderation plays a critical role in guiding these
interactions. Moderators, wielding discretionary authority, are key to maintaining the server’s
scholarly tone and ensuring civility within discourse. Their influence is apparent in the quality
of the interactions and, consequently, in the quality of data collected for this study. A notable
moderation initiative was the establishment of ‘help channels’ in late 2019, which realigned the
server’s norms to direct question-asking into these channels, reserving topic-specific channels for
broader discussions on subject matter. One of the rules established by the moderators that helpers
are not supposed to directly give answers to those giving questions, and there is a bot that shows up
in the available channels explicitly telling the ‘question-askers’ how to ask for help (Figure 2.4).
Beyond this, moderators can recognize and assign ‘roles’ to users based on their contributions to
the community, remove content deemed unsuitable, and enforce account suspensions to uphold the

integrity of the platform and its users’ experiences.

In summary, this server represents more than a digital space for mathematical discussion; it is a
growing, evolving space that has weekly talks, community members that participate daily helping
learners who ask for help, and a set of norms that provide guidance on how to ask and provide help
to learners. Research on this space can help provide a window into the digital evolution of how

students are looking for help when they leave our classroom halls, which sets of questions they find

17



most difficult, amongst a large set of questions we might find interesting to explore. In order to do

this work, it must first be made into a dataset that can be analyzed at scale with appropriate metadata.

2.3.3 Characteristics about the data

Figure 2.5 illustrates a conversation among four community members and a bot (an ‘automated’ user)

about a problem related to the derivative. This figure highlights six key features (numbered in the

list below) that provide structure to the cleaning, representation, and modeling of the conceptions.

1.

Multi-modality: The conversation initiates with a student providing a problem through a
screenshot and adding clarification by typing in some clarification, demonstrating the need to
use multiple modes of communication—symbolic and graphical—to convey their question

effectively in the absence of face-to-face interaction with the person helping them.

. Timestamps: Each message in the dataset includes a date and time record that adheres

to the ISO 8601 international standard, marking the exact moment it was posted. This
precise time-stamping is essential for maintaining uniformity in the temporal data, which is
fundamental for analyzing the sequence and timing of interactions. It provides a framework
for examining the rhythm and pace of the community’s collaborative problem-solving efforts,

revealing patterns in engagement and responsiveness over time.

. Linked replies: Here we notice that users can reply directly to a message rather than just

continuing to reply in the channel. This is relevant metadata when there are more than two
participants present if someone is directing a message specifically towards someone. If a
person says, “do you understand this”, and it is a linked reply, the metadata can tell us who

they are talking to.

. Multiple Participants: This particular conversation involves several peers contributing to the

problem-solving process, with one particularly active member providing most of the guidance.
The data call attention to the collective aim and implementation to learning in this community,

with multiple individuals partaking in a single thread of discussion.

. Conversation Closure: The use of a “.close” command illustrates a systematic way in which

conversations are concluded, with a bot formalizing the end of an interaction. This feature,
significant to the structure of the server, offers a clear endpoint to conversations, was one of

the key factor in the ability to disentangle the conversations.

Automated Bots: The presence of bots highlights the role of automation in managing
discussions and providing support, such as typesetting with LaTeX or moderating conversation

flow. As noted above, the bots can help ensure that the conversations come to a close and
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Figure 2.5: Example conversation from the dataset with some highlighted features. Usernames have
been deidentified.
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make the channels ‘available’ again for other learners.

These features collectively paint a picture of the important features present in the conversation
and are reflective of some of the larger pedagogical and social dynamics present within the MDS.
In the next section, I provide an overview of how I approach embracing some of these features into

my methodological approach to the study.

2.4 Methodological Approach

The field of mathematics education is increasingly harnessing digital platforms to understand how
students engage with and learn mathematical concepts. Platforms like Discord have emerged in
order to support students looking for help in topics like mathematics, physics, and programming, and
as a social science researcher interested in text-as-data methods, I see immense potential of being
able to study student learning behaviors and interactions from these data. This section outlines the
methodological approach undertaken of this study, which focuses on extracting and disentangling

the data from the MDS into separate conversations for in-depth analysis.

The methodological approach employed in this study is significant for a number of reasons. It
allows for exploration of authentic student interactions in a naturalistic setting, providing a window
into how mathematical concepts are discussed, questioned, and talked about outside of the classroom.
Additionally, the methodology is instrumental in managing the vast and complex nature of data
intrinsic to online communication platforms. Online chat rooms, especially those used for the sake
of learning, produce large volumes of inherently unstructured and varied data, including text, images,
and interactive exchanges. Addressing this challenge requires a systematic approach to organize,
categorize, and analyze the data in ways that render them meaningful for research. By transforming
the raw, unstructured conversational threads into structured datasets, the approach I describe in
this chapter is to describe a way to create a way to uncover patterns, themes, and insights that
might otherwise remain hidden. This includes analyzing how mathematical concepts emerge while
discussing homework problems, identifying the types of questions that foster deeper engagement,

and observing patterns of peer-to-peer interaction that contribute to learning.

2.4.1 Tools and technologies employed

2.4.1.1 Data collection using Discord Chat Exporter

The initial phase of data collection was facilitated by the Discord Chat Exporter command line
interface, an application that helps extract information from Discord channels. This application

helped export the messages of each of the help channels into JSON format, encompassing around six
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Figure 2.6: Overarching design of Chapter 2 study

million messages, which form the foundations of building the dataset for this study. Key components
of the data included message IDs, timestamps, user information, and the content of the messages

themselves.

Following data collection, the challenge of conversation disentanglement was addressed. This
involved developing the algorithm which serves as the main finding of this chapter. This algorithm
is encapsulated within a Python script, and serves to parse and organize the raw data into coherent,

individual conversations.

2.4.2 Conversation disentanglement

As cited above in subsection 2.2.4, the development of an algorithm to disentangle the dataset
was pursued to address the complex challenge of parsing and organizing a substantial corpus of
educational data, specifically housed within a number of data formats that can handle the hierarchical,
nested structure of the conversations. The primary objective was to structure the data in a way such
that it could be clear to me and researchers in the future: (1) when the conversation started, (2) who
started the conversation, (3) timestamps to identify when messages were sent and the duration of the
message, alongside a number of other metadata that could be helpful for analyses by researchers
in future projects. This process of figuring out the unit of analysis early on was important, as
methodologically I want to make sure that the methods and models I am employing in the study can
handle understanding the representation of the data I am creating. I aim for the study within this
chapter to be both practical, in that the dataset can help facilitate mathematics education researchers
to study how students engage with mathematics problems online in their own studies, but also in a
theoretical or methodological sense, I aim to help my readers gain a sense of the challenges I have
faced in constructing such a dataset, and what might be necessary in building a learning environment

if one might wish to study the data at scale at future dates.
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In the data that has been extracted from the MDS, a message is defined as a discrete communication
act—a student posing a question, a response from a peer, or a clarification from a mentor. These
messages are the atomic units of communication, often rich with mathematical notation, diagrams,
and discourse. Yet, the true essence of the educational dialogue is best captured when these messages
are viewed in concert, forming what I refer to as conversations. A conversation in this context is an
encapsulated exchange that begins from when a student introduces a problem and ends when the
problem finds closure, whether through an answer, an explanation, or a conceptual understanding.
Unlike messages, which are singular and often fragmented, conversations provide a comprehensive
view, encompassing the ebb and flow of the interaction. The dataset reveals that these conversations
are not confined to a singular domain of mathematics; rather, they traverse a spectrum ranging from
high school subjects such as precalculus to graduate school subjects such as measure theory. This
diversity reflects the server’s role as a microcosm of the broader academic sphere, where students
arrive with inquiries drawn from various mathematics courses. Each conversation, therefore, is a

window into the unique challenges and learning trajectories within different mathematical domains.

Focusing on conversations as the primary unit of analysis unlocks the potential to observe and
understand the dynamics of problem-solving and how students as they unfold in real time. This
approach allows for an examination of the scaffolding that occurs as participants collaborate to
navigate challenge mathematics problems. By dissecting these conversations, researchers can gain
insights into not only the cognitive processes involved in mathematical problem-solving but also
the social and collaborative dimensions of learning mathematics online. Therefore, the distinction
between messages and conversations is an important one to make here—while messages are the
building blocks, it is through the aggregation of these messages into conversations that researchers
have a chance to capture what mathematics learners are grappling with when they pose questions

online and engage with knowledgeable others, and what comes of these conversations.

Figure 2.7 provides a diagram of some of the over-arching pieces that go into disentangling
the data. The algorithm starts by transforming the messages that happen in each channel into
Javascript Object Notation (JSON) file. This step is critical for transforming the raw data into
a structured format that can be effectively manipulated. Following this, the algorithm enters a
loop, iterating through each message within the files. A key decision point in this loop is the
identification of ‘Channel closed’ messages, which serve as markers to delineate the boundaries
of individual conversations. When such a message is encountered, the algorithm increments a
conversation identifier (conversation_id), which marks the start of a new conversation thread. This
mechanism ensures that each conversation is captured as a discrete entity, reflecting the natural flow
of dialogue as it occurred. To adhere to privacy concerns, the algorithm incorporates a function to

replace the user names with pseudonyms. While the usernames already mostly protect the users
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Figure 2.7: Flowchart diagram of the disentanglement algorithm

with an anonymous shield (they choose when they enter the platform a username to engage with
the community), this step is essential for anonymizing the data, this step adds an extra step of
making sure the users personal information isn’t linked to their messages while still maintaining
the integrity of the conversational context. The algorithm also performs a series of formatting
operations on the messages, which include cleaning the text and standardizing the timestamp format.
These operations are essential for ensuring data consistency and readability, thereby enhancing
the quality of the subsequent analysis. To do this, I have made a spreadsheet of 500 common first
and last names that have been extracted from a public list on the internet. This provides a total of
500 - 500 = 250, 000 unique names to choose from, more than the number of unique author names
in the MDS. The algorithm goes through the list of unique author names and assigns to each one
of these unique first-last name pairs (e.g., Alice Jones). Upon completion of the processing loop,
the algorithm finalizes each conversation by assigning it to a unique file. This segmentation into
individual files is not only important for organization but also facilitates easier access and analysis of
specific conversations. The output, therefore, consists of a series of files, each representing a distinct
conversation, ready for further examination. This structured output is instrumental in enabling a
comprehensive and detailed analysis of the conversational data, ultimately contributing to a richer

understanding of student interactions and learning processes in mathematical education.
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Figure 2.8: Schematic of the results of Chapter 2

2.5 Results

2.5.1 Overview of disentangled conversations

Following an exhaustive data disentanglement process detailed in the previous sections, the algorithm
successfully parsed 6,384,642 messages from the MDS, structuring them into 205,885 distinct
conversations. This transformation represents the initial objective of the study: to organize a vast

corpus of mathematical exchanges into discrete segments, ready for analysis.

The dataset is organized into distinct conversation threads, each represented as a discrete file
equipped with detailed metadata. This includes a *conversation_id’ that uniquely identifies each
thread, along with the constituent messages. The metadata for each message provides information
on the author (‘author_id’ and ‘author_name’), the exact time of posting (‘timestamp’), the message
content, any associated attachments, and user mentions. This comprehensive metadata framework
enables a nuanced analysis, capturing the multifaceted nature of interactions within the community.
To ensure the integrity of the analysis, timestamps have been formatted to “MM/DD/YYYY
HH:MM:SS” format in Eastern Standard Time.

2.5.2 Implications for research and educational practice

The disentangled dataset stands as a rich resource for educational researchers, offering an unprece-
dented opportunity to explore the mechanisms of online mathematical learning. Potential studies

can leverage this data to investigate patterns of student engagement, peer-to-peer and mentor-student
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interactions, and the evolution of mathematical understanding within the community. Figure 2.9
provides a sketch of how the larger set of conversations can be queried to hone in on a subset of
conversations of interest to a particular study. For example, in Chapter 4, I examine the various
conceptions of the derivative that arise in the conversations, and one way to look at this diagram is to
see that a script could be run to just pull out the conversations where students talk about derivative
problems. If another researcher is interested in diagrams, they could write a script where only
conversations where students talked about or included a diagram could be looked at. Furthermore,
the dataset can serve as a benchmark for developing and testing machine learning models aimed at

identifying educational outcomes and predictors of student success in online learning environments.
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Figure 2.9: What can be done with MathConverse

Insights derived from this dataset have the potential to significantly influence online educational
practices. By analyzing student behaviors and conversation patterns, educators can tailor their
approaches to foster more effective online learning communities. The dataset may also provide
valuable benchmarks for the development of automated tools to support teaching and learning in
digital platforms. Future research could explore the application of natural language processing
techniques to detect and support students’ learning progress, enabling real-time interventions in

similar educational communities. In summary, the methodological innovations and resulting dataset
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from this study contribute a foundational tool for advancing the field of mathematics education
research, particularly within the context of studying how students are learning mathematics online.
The data not only reflects the rich and complex nature of mathematical discourse but also provides a
springboard for future investigations aimed at enhancing the educational experiences of learners

who use online tools or platforms to learn and study mathematics.
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CHAPTER 3

Characterizing Engagement on the MDS Platform:
Analyzing Participants’ Activity Patterns and

Conversation Content

3.1 Introduction

The widespread use of smartphones and the internet amongst our learners and educators has
transformed the teaching and learning of mathematics (Engelbrecht et al., 2020). The digital age has
ushered in new modalities of learning where thousands of students can learn together in Massive
Open Online Courses (MOOC:s), interactive learning applications, and online learning forums, all
of which have become fundamental in reshaping education at all levels (Haleem et al., 2022). This
shift transcends traditional classrooms, with students worldwide turning to a diverse set of online
resources for educational support. This trend is not confined to a single educational platform; it is a
widespread phenomenon seen across countless online learning environments. Van de Sande’s (2011)
study of an open, online calculus help forum exemplifies a shift towards platforms that provide
unrestricted access to students of diverse educational backgrounds and levels, facilitating questions
and engaging in subject-specific discussions. Central to this study is the MathConverse dataset
which offers a dynamic and collaborative space where students from across the world can engage
together in mathematical discourse, encompassing everything from homework help to open-ended

discussions on specific mathematics topics.

The history of distance learning has roots evolving from early forms in the 1700s to the
multi-modal online platforms we see our learners gravitating to today. This history, which will
be elaborated upon in the following section, sets the stage for understanding the current era of
online learning, providing context for understanding the nature of the MDS that is studied in this
dissertation. By situating the study within this historical continuum, I present how education has

been reshaped by the internet, technology, and distance learning, leading to the ways in which we as
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education researchers are in an era of being able to collect and understand how students are engaging
with their learning with these tools and platforms. Much of the data we collect and gather from
these tools and platforms is ‘unstructured’ and text-based, and from this data there is enormous

potential to see how students and educators are engaging with mathematics content.

Traditional tutoring research has predominantly focused on small-scale, in-person sessions and
their effectiveness (see Roscoe and Chi, 2007). MathConverse, the dataset I described in Chapter 2
composed of 200,000 student-tutor interactions, provides an opportunity to study how students
engage with mathematics problems at large-scale. Unlike data collected from conventional academic
settings, this dataset’s strength lies not just in its volume but also in its variety. Students and helpers
are coming from all over the world, bringing in problems from a wide range of topic areas, and
because they are looking for help that is not face-to-face, the ways in which they have to communicate
about their work is different than it is when working in person. The data collected encompasses text,
mathematical drawings, links to videos, screenshots, and more. The multi-modal conversations
from MathConverse provide a comprehensive view of the tutoring process, capturing nuances
of communication that extend far beyond traditional text-based analysis. While this study looks
primarily at the text exchanges that take place between the students and the helpers, there is promise
to integrate the other forms of multi-modal metadata that has been collected in MathConverse.
Techniques from machine learning and natural language processing are used to navigate this complex,
unstructured dataset, extracting meaningful patterns and insights that would be challenging to

discern in smaller, more homogeneous datasets.

3.1.1 Research questions

Building upon the expansive scope of the MathConverse dataset and its potential for unprecedented
insights into online tutoring, this study is structured around a series of research questions that aim
to understand the dynamics of engagement within the Mathematics Discord server. The research

questions of the study are as follows:

1. What does activity at the participant- and conversation-level look like in the Mathematics
Discord Server (MDS)?

(a) How often do users participate in the MDS across time, in terms of months, days, and

times of day by asking questions or helping one another?

(b) How do students and helpers converse on MDS (engage within conversations) in terms

of time, that is, length of conversations and time between turns of talk?

2. What do students and helpers discuss in the MDS?
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(a) What types of questions do the conversations address?
(b) What are the topics of the conversations?

The findings from these research questions will offer educators and researchers valuable insights
into the dynamics of student engagement in external online mathematics communities in ways that
could help align research and practice more closely with the observed needs and preferences in these

independent online learning environments.

3.2 Background

3.2.1 Historical development of distance learning

The way students learn and teachers teach mathematics was transformed with the advent of distance
learning, a phenomenon that spans centuries of innovation and adaptation. This section examines
the historical progression from traditional forms of distance learning to the online learning platforms
learners are using in the digital age. By tracing this evolution, I aim to illustrate the foundations
upon which current online learning environments, including platforms like the MDS, are built.
This exploration not only highlights key technological advancements but also highlights some of
the shifts in the ways students and teachers facilitate learning that have led to the current state of

learning from online resources.

3.2.1.1 From distance learning to digital education

The development of online learning platforms, which can be tied back to the notions of distance
learning in the 1700s, has a history that predates the advent of computers or the internet. Early
initiatives, such as Caleb Phillips’ shorthand lessons via postal mail in 1728 and Anna Eliot Ticknor’s
correspondence school in the 1800s, were key in laying the groundwork for modern educational
technologies (Harting and Erthal, 2005). These initial forms of remote learning, emphasizing
accessibility and self-paced learning, have continually shaped educational methodologies and
technologies, evolving into the diverse spectrum of online learning platforms we see today. This
transition, marked by technological advancements throughout the 20th and 21st centuries, represents
a continuum of innovation deeply rooted in distance education’s core objectives. As Kwon et al.
(2021) notes, this evolution led to the development of structured online courses and programs, most
notably Learning Management Systems (LMS) like Blackboard and Massive Open Online Courses
(MOOC:s) like MIT OpenCourseWare which have become integral in managing course content and
facilitating interactions in an organized, structured manner. These platforms, while technologically

advanced, continue to echo the core objectives of early distance education, including overcoming
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geographical barriers, enabling flexible learning, and reaching diverse learner populations.

The historical evolution of online learning platforms, tracing back to the early initiatives of distance
learning, has played a key role in shaping the current forms of online education. This development
from traditional correspondence courses to contemporary, technologically advanced online learning
methods represents a continuum of innovation deeply intertwined with the foundational principles
of distance education. As we explore this progression, it becomes evident that the technological
advancements of the 20th and 21st centuries have not only broadened the scope of distance education
but also facilitated the emergence of dynamic, community-driven online learning spaces. Platforms
like the MDS are prime examples of this evolution, marking a significant departure from structured
learning environments to more fluid, collaborative spaces where knowledge is co-constructed by

participants.

3.2.1.2 Technological advances shaping online learning

The transition from structured educational systems like Learning Management Systems (LMSs)
to dynamic, interactive online communities signifies a pivotal shift in how students are learning
online. While traditional LMSs, like Blackboard or Canvas, are designed for structured content
delivery and management, focusing mainly on instructor-led activities, platforms like Discord offer
a more informal, adaptable environment that can be more conducive for student-led interactions.
Discord’s design, facilitating real-time, peer-to-peer communication and collaboration in both
academic and social contexts, aligns with the principles discussed by Kurianski et al. (2022) for
humanizing mathematics education. It enables the creation of diverse channels for mathematical
discussions, homework help, and social interactions, fostering a well-rounded community. This
contrasts with the more rigid, content-focused nature of traditional LMSs. Such an environment,
as highlighted by Kurianski et al. (2022), is essential for building community and encouraging
communication, key aspects of humanizing online learning experiences. Discord’s flexibility not
only supports academic engagement but also promotes a sense of belonging and community among
students, echoing the study’s emphasis on intentional community building in virtual educational
settings. Such an environment aligns with the Fehrman et al.’s (2021) emphasis on the importance
of meaningful interactions in asynchronous online discussions (AODs), further supporting the shift
towards more engaging and inclusive online educational paradigms. In examining the dynamics of
online education, the study by Lin and Overbaugh (2007) provides valuable insights into the impact
of allowing students to choose their mode of online communication. Their findings suggest that such
flexibility can enhance student satisfaction and engagement, a concept that resonates with informal,
community-centric learning on platforms such as the MDS. This aligns with my study’s objective

of exploring engagement patterns and the effectiveness of tutoring in environments where learners
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have autonomy in their interactions. Specifically, it touches on the core aspects of my research
questions which aim to understand user activity, the nature of discussions, tutor responses, and the

overall quality of messages within the server’s community.

The MDS illustrates an example of a platform that exists in modern educational times where
technology can facilitate spontaneous, peer-driven knowledge exchange, transcending conventional
classroom dynamics. This study centers on the unstructured, community-driven platform of the
MDS, which contrasts with more structured environments like how students learn with tutors in
person or engage with question-answering in more structured online forums. By focusing exclusively
on the MathConverse dataset derived from the server, my goal is to provide a window into the
ways in which learners are engaging with online learning spaces, in this case one that focuses on
mathematics. This approach allows for a concentrated analysis of what activity looks like in terms of
participation and what is being talked about in a less formalized, yet very active online community.
The insights gained will contribute to a deeper understanding of how such unstructured digital
platforms can influence how students are learning mathematics, highlighting both the potential and

challenges of online learning in contemporary educational settings.

This shift has significant implications for the nature of tutoring and collaborative learning in
online environments. The flexibility and accessibility of platforms like the MDS enable ways
of learning that can be more natural and spontaneous for learners, where traditional educational
roles and norms that tend to be hierarchical and restrictive can be redefined. Here, the role of
tutors evolves from being ‘more knowledgeable others who transmit knowledge’ to ‘facilitators
of knowledge’, collaborating and adapting to the unique needs and identities of learners within
these digital communities. I argue that by exploring the evolution of online learning platforms as
well as taking note and doing more research on what students want and need out of their learning
experiences, the field can gain a better understanding of how these environments are shaping tutoring
dynamics and collaborative learning. This way, our research can inform the learning conditions for
students in our classroom spaces. This research has been useful in contextualizing my study of the
MDS within the broader narrative of online coursework, online learning, and what we need to do as
educators in order to make sure our students can stay engaged if we transition more of our high

school and university teaching to being through online platforms.

3.2.2 Dynamics of online learning: Opportunities and challenges

3.2.2.1 Enhancing student engagement and learning through online platforms

Platforms like the MDS highlight the evolving dynamics of education through online learning

environments. These platforms demonstrate both the strengths and weaknesses of providing
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assistance remotely compared to in-person. While online communities offer unparalleled resource
access, promote asynchronous learning, and can connect learners from across the world, they lack
the immediacy of physical classrooms, relying instead on asynchronous, text-based interactions
that can limit real-time guidance, and there is less infrastructure for understanding the quality
of instruction our learners are receiving. Despite this, their multi-modal assistance, like sharing
videos or diagrams, showcases their adaptability, balancing the pros and cons of online versus
traditional educational settings. Interaction patterns within these online communities vary greatly,
which can depend on the type of platform, as well as the engagement of the participants in the
platform (Tareen and Tahir Haand, 2020). This variability can also span from members being
completely engaged contributing to discussions to passive participants absorbing information,
mirroring in-person engagement but with unique moderation and facilitation challenges (Borup
et al., 2020). Understanding the diversity in these interaction patterns, shaped by the evolving norms
and etiquette of the online community, is imperative for investigating user activity patterns and

participation nature in online learning environments, aligning with research question 1 of this study.

3.2.2.2 Navigating challenges in online learning environments

In online learning environments, traditional educational hierarchies are undergoing a transformative
shift. These platforms foster a collaborative and peer-to-peer learning ethos, democratizing the
exchange of ideas beyond the conventional teacher-student model. This shift is evident in the
diverse nature of discussions, ranging from specific problem-solving queries to broader exploratory
dialogues and debates (Engelbrecht et al., 2020). Borba et al. (2016) highlight this transformation
in their paper, noting how mobile technologies and social media have reconfigured the flow of
knowledge, enabling a dynamic, two-way exchange between teachers and students. This evolution
represents a significant departure from the standard didactical contract, as described by Herbst and
Chazan (2012). In their conceptualization, the didactical contract traditionally delineates a more
unidirectional flow of knowledge from teacher to student. The current shift, however, re-positions
learners as active participants in their learning, thus challenging and reshaping the traditional

boundaries of this contract.

In online learning environments, technological features like discussion thread layouts, messaging
capabilities, and resource-sharing tools play a decisive role in shaping user interaction and
communication. Threaded forums, while popular, often encounter issues such as a lack of focus and
minimal in-depth interaction, leading to predominantly surface-level discourse (Gao et al., 2013;
Suthers et al., 2008; Thomas, 2002). Suthers et al. (2008) highlight the inherent challenges in
collaborative knowledge construction that rely on threaded reply forums. In a study of community

question-answering sites, Roy et al. (2022) observed that these forums, while popular, often face
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issues related to coherence and convergence, leading to predominantly surface-level discourse. This
can result in incoherent or misaligned collaborations between learners and more knowledgeable
others. In contrast, when learning communities are built on platforms like Discord and norms are
constructed around how ‘synchronous’ the feedback is, it can lead to more focused and meaningful
exchanges, aligning with the principles of the Productive Online Discussion Model proposed by
Gao et al. (2013): (1) discuss to comprehend, (2) discuss to critique, (3) discuss to construct
knowledge and (4) discuss to share. The roles of anonymity and identity in these platforms present a
delicate balance between ensuring user security and maintaining accountability in discourse, further
complicated by the global and culturally diverse nature of participation, introducing challenges such

as language barriers and varying educational objectives.

In these online-mediated environments, tutors evolve from content deliverers to facilitators,
leveraging diverse communication tools for asynchronous student engagement. This shift necessitates
adaptive communication strategies and effective management of varied student inquiries. While the
asynchronous nature of traditional forums, as discussed in Gao et al. (2013), allows for reflective and
thoughtful participation, it can also lead to delayed responses and challenges in maintaining student
engagement. In contrast, the Mathematics Discord Server’s design promotes a more immediate,
collaborative learning experience, encouraging dynamic interaction and participation. This approach
is particularly relevant for tutors in collaborative and peer-to-peer models, who transition from
knowledge providers to discussion facilitators. Such a transition necessitates strategies to foster
inclusive and interactive atmospheres, aligning with RQ la and RQ 1b that examine how and
how often users participate in the MDS in terms of time. The findings from these analyses will
offer a distinct contrast to the typical dynamics of threaded forums as outlined in Chapter 2 (see
subsection 2.2.2).

3.2.3 Social dynamics and diversity in online learning

3.2.3.1 Help-seeking behaviors in online learning spaces

The perception of help-seeking within education has undergone significant transformation over
time. Historically, educators and students tended to view help-seeking negatively, often associating
it with dependency or an avoidance of personal academic effort (Gonida et al., 2019). This
viewpoint, however, began to shift, particularly following Nelson-Le Gall’s (1981) seminal work
on help-seeking. Nelson-Le Gall differentiated instrumental help-seeking—a proactive approach
aimed at acquiring understanding and problem-solving skills—from executive help-seeking, which
is characterized by the pursuit of direct answers over comprehension. Instrumental help-seeking

has since been recognized as a key factor associated with academic success (Schenke et al., 2015),
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marking a significant change in the educational paradigm. As new digital and online technologies
have emerged both in and outside the classroom, traditional methods of seeking help have evolved to
meet the diverse and dynamic needs of today’s students. Online platforms have emerged as pivotal
tools in this transformation, offering alternatives that extend beyond the limitations of face-to-face
educational interactions. These technological advancements have not only reshaped the ways in
which students seek help but have also broadened the accessibility and inclusivity of educational

resources.

3.2.3.2 Overview of tutoring interventions

Research on tutoring consistently demonstrates its positive impact on student learning. For instance,
Elbaum et al. (2000) conducted a meta-analysis revealing substantial benefits of one-to-one reading
interventions, especially for students at risk for reading failure. While many tutoring studies focus on
reading and young children, the principles of effective tutoring, such as personalized instruction, are
equally applicable to the subject of mathematics. In the context of mathematics tutoring, Cunningham
et al. (2011) provide compelling evidence for the effectiveness of online homework-completion
tutoring in remedial mathematics courses. Their study revealed that integrating online homework
tutoring, even when introduced later in the semester, significantly improved student performance
and attendance in comparison to traditional pencil-and-paper methods. Specifically, the analysis
showed that students who engaged in online homework tutoring had notably higher COMPASS
test pass rates and Math Lab attendance, with these results being statistically significant. This
indicates that interactive online homework, which prompts active problem-solving rather than
passive note-taking, can substantially enhance the learning experience and outcomes for students
in remedial mathematics courses. Importantly, the study suggests that the earlier students begin
receiving homework tutoring, the more pronounced the benefits, highlighting the value of timely

and interactive tutoring interventions in mathematics education.

Despite the value of tutoring, there remains a notable gap in data regarding the moment-to-
moment work of tutors, especially in online environments. As large-scale, detailed analyses of the
improvisational strategies used by tutors are scarce, this gap highlights the need for more in-depth
research into the dynamics of tutoring interactions. This dissertation focuses on an online tutoring
environment to explore how students engage with mathematical concepts. Previous research like
Bloom (1984) and Fuchs et al. (1997) mainly centered on program design and the efficacy of
learning interventions. In contrast, this study investigates what goes on behind the scenes in these
out-of-school tutoring interventions by understanding the conceptions and ideas emerging during
tutoring conversations. This approach seeks to fill a gap in the literature identified by Roscoe and

Chi (2007) by examining the content of conversations in online tutoring contexts, with a particular
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focus on student conceptions about the derivative. By investigating the nuances of peer-tutoring
conversations in an online platform, this study contributes to a broader understanding of effective
tutoring strategies and the role of conversation content in facilitating learning. It offers valuable
insights into how students conceptualize and engage with mathematical problems, enhancing our

understanding of the patterns and dynamics of mathematics discussions in peer-tutoring settings.

3.2.3.3 Role of online platforms in facilitating help-seeking

As the role and norms around help-seeking in education have evolved, a significant development
has been the rise of online platforms, which have come to play a central role in facilitating modern
help-seeking behaviors. These online environments have not only increased the accessibility
of educational resources but have also redefined the nature of student interactions and support
mechanisms. Online platforms, encompassing numerous digital resources such as interactive lessons,
educational videos, and forums, have become integral in providing flexible and accessible learning
opportunities. Their significance is particularly pronounced for traditionally underrepresented
groups in STEM fields, including women, first-generation college students, and racial minorities
(Jay et al., 2020). These groups often encounter additional challenges in conventional educational
settings, such as the fear of reinforcing stereotypes or threatening their self-image, which can impede
their willingness to seek help. The anonymity and normalized methods for seeking assistance offered
by online platforms can potentially alleviate these barriers, contributing to a more equitable and
inclusive educational environment. Additionally, unlike more cost-prohibitive spaces like university
course forums, online chat spaces can provide universally accessible spaces where students can
anonymously post specific assignment-related questions. This transparency not only fosters a
community spirit but also expands the scope of learning beyond individual efforts. Covering a
wide array of subjects, these platforms cater to learners at different academic stages, from primary
education to postgraduate studies (Van De Sande, 2013), thereby enhancing the overall educational
experience and transcending traditional academic boundaries. Lastly, focusing specifically on the
teaching and learning of mathematics, online platforms can help offer learners solutions to specific
problems but also foster a deeper understanding of mathematical concepts. The MDS, exemplifies
one of these platforms as a space where students go for in help. It represents a dynamic and
collaborative space where students engage in mathematical discourse, from seeking homework help
to participating in open-ended discussions. When mathematics instructors give homework, there
are a number of more cost-prohibitive resources for students to get help, including private tutoring,
paying for online services for access to solutions, amongst other things. As educators, we must
examine that students will go to the internet or their peers for help with their assignments, with or
without explicit policies against such actions, and if we wish for them to get help from more official

resources, we must continue to ask whether such resources are accessible for all.
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3.2.3.4 Diversity and inclusion in online learning

The transition to learning in online learning environments is not without its challenges. Miller (2021)
highlights that even experienced educators, who value student relationships, find maintaining these
relationships increasingly challenging as curricular demands intensify, particularly in remote settings.
Her paper highlights that during the shift to remote learning during COVID-19, educators worked
to (re)build relationships, which involved setting clear expectations, responding to non-academic
needs, and promoting peer-to-peer interactions. Efforts such as these are vital in keeping online
learning platforms active, healthy, and successful, where establishing a positive tone and fostering a
sense of community can significantly impact student engagement and success. However, Chapman
et al. (2010) emphasize the persisting digital divide, noting the disparities in technology access
and technical skills among teachers, particularly in high-needs schools, which can hinder effective
implementation of online learning and professional development. This ends up having an effect on
students, where those from socioeconomically disadvantaged backgrounds may lack the necessary
resources for remote learning, which can affect their sense of belonging and academic success
(Cleary et al., 2006; Miller, 2021).

In exploring the challenges faced in online learning, a critical issue that emerges is the persistent
gender gap, despite the significant increase in women’s participation in distance education (DE).
Gnanadass and Sanders (2018) highlight that while women have increasingly enrolled in DE
programs, surpassing men in both undergraduate and graduate levels, the culture of online learning
is not devoid of gender biases. The fundamental challenge lies in the perception and design of
technology and online platforms, which often fail to be gender-neutral (Patterson, 2009). This
oversight leads to a replication of traditional gender norms and inequities in online learning spaces,
contradicting the emancipatory goals of DE (Weatherly, 2011). Similarly, the evolving demographic
of milennials and gen-Z in online education introduces unique dynamics and challenges in the
learning process. This new age of learners, having grown up immersed in digital technology, exhibit
distinct expectations from online learning environments. In her doctoral dissertation, Yonekura
(2006) emphasizes that millenial students tend to favor learning environments that are interactive,
flexible, and well-structured. Their study reveals that millennials, irrespective of gender, value
aspects such as convenience, time management, and the ability to learn at their own pace. However,
these students also express concerns over the lack of interaction, the role of the instructor, and the
design of online courses. Female millennials, in particular, showed higher levels of satisfaction
with online learning experiences compared to their male counterparts. These findings suggest that
for millennials, the quality of online education hinges significantly on the effectiveness of course
design, the instructor’s engagement, and the opportunities for meaningful interaction. Consequently,

educational platforms like the Mathematics Discord server must consider these preferences and
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challenges to cater effectively to the millennial demographic, ensuring that the server’s structure and

instructional approaches align with their distinct learning styles and needs.

In summary, online learning comes with both beneficial dynamics and distinct challenges. As
we transition towards increasingly digital educational environments, the traditional paradigms
of help-seeking, tutoring, and educational interactions are being reshaped. Online mathematics
learning communities embody this transformation, offering new opportunities for engagement and
learning while also highlighting the importance of addressing the digital divide, fostering inclusive
communities, and catering to the unique needs of diverse student populations, including millennials
and Gen-Z learners. As we navigate these complex dynamics, it becomes imperative to adopt a
theoretical framework that comprehensively addresses these multifaceted aspects of online learning.
In the subsequent section, I introduce the conceptual framework, focusing on aspects of connectivism
and communities of practice (CoPs) as key frameworks for understanding the dynamics of online
learning. Through the lens of connectivism, I explore how the digital learning network within the
MDS facilitates the creation and navigation of diverse information sources, in line with Siemens’s
(2005) concept of learning as a process of network building and connection creation. Additionally,
the exploration of some elements of CoPs, as conceptualized by Lave and Wenger (1991) and
Wenger-Trayner and Wenger-Trayner (2015), will shed light on the social aspects of learning within
the MDS. I examine how this online platform functions as a community of interest, fostering shared

learning experiences, collaborative problem-solving, and a sense of community among its members.

3.3 Conceptual Framework: Some Takeaways from Connec-

tivism and Communities of Practice

This study provides a unique opportunity to observe a learning space that is different from a
classroom or office hours. In this space, students are coming in from all over the world, with different
kinds of knowledge, experiences, and goals. Unlike the more traditional academic settings, the
community members of the Mathematics Discord Server are free to come and go as they desire, and
participate as little or as much as they want. The complexities of how students acquire knowledge and

how community members interact with each other necessitates a multifaceted theoretical approach.

I adopt core ideas from the theories of connectivism and CoPs as an integrative conceptual
framework to analyze the dynamics of learning in this learning environment. Connectivism, as
articulated by Siemens (2005), is a theory of learning which emphasizes the creation of digital
learning networks, highlighting the importance of navigating diverse information sources in a
rapidly evolving digital age. CoPs focus on members within a shared domain of interest (in this

case, mathematics) engaging in discussions, helping each other, and sharing information (Lave and

37



Wenger, 1991; Wenger-Trayner and Wenger-Trayner, 2015). While is it essential to clarify that the
MDS does not fully align with a CoP, the theory provides some helpful framing when talking about
the mathematical interactions that are taking place in the learning environment. In the following
sections, I provide brief primers on these theories and how they guide the analytical work I do in

this chapter.

3.3.1 Connectivism

Connectivism, a learning theory coined by George Siemens to account for our transition into the
digital era, positions learning as a process of creating connections and network building. Siemens
(2005) notes that it is not merely the acquisition of a specialized set of information that epitomizes
learning but the ability to see and create links between fields, ideas, and concepts is what is viewed
as a key component to learning. This perspective shifts the focus from the content of ‘what is
known’ to the process of ‘knowing’, placing a premium on the capability to continuously adapt and
acquire new information in a rapidly changing environment. One of the foundational principles
of connectivism is that learning and knowledge are deeply embedded in a diversity of opinions.
It emphasizes that learning is a dynamic process of connecting specialized nodes or information
sources, and that “learning may reside in non-human appliances” (Siemens, 2005, p.5). Another
important aspect to this theory is that maintaining and nurturing these connections is essential for

effective learning.

This is a particularly useful theory in the case of studying the mathematical interactions that
take place in the MDS, as it recognizes the fluid and networked nature of knowledge in the digital
age. Learners in the community are naturally going out of their way to take the content they are
learning in school and talk about it and discuss it with others, and this community provides a space
for members to do continuous learning, adapt what they are learning in ‘school’ mathematics by
talking about it with others, and as they engage more in the discussions, use search functionality or
be pointed to references of other conversations or references where people have worked on similar
problems. By intertwining these elements with some of the the communal and reflective aspects of
communities of practice as outlined by Wenger-Trayner and Wenger-Trayner (2015), it helps provide
a lens of looking at the ways in which members are engaging and learning mathematics as a part of

being a community member.

3.3.2 Communities of practice

While CoPs provide a foundational framework for understanding collective learning processes in

shared human endeavors their traditional characteristics need to be carefully considered when applied
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to online platforms like the MDS (Smith et al., 2017). CoPs are typically characterized by groups of
people who share a concern or a passion for something they do, and learn collectively through regular
interaction Wenger (1998); Wenger-Trayner and Wenger-Trayner (2015). This framework becomes
particularly relevant when examining how people come together to learn mathematics in the MDS,
where participants are engaged in synchronous dialogue, exchange of knowledge and resources, and
collaborative problem-solving, all in an effort to enhance understanding in mathematics teaching
and learning. However, the nature of participation in the MDSs leans more towards individual
knowledge construction, as the members are not coming together in pursuit of a common goal or

collective professional development that is found in traditional CoPs.

According to Henri and Pudelko’s (2003) classification, virtual communities are seen to exist on
a continuum, ranging from ‘communities of interest’, where the focus is primarily on individual
knowledge construction, to ‘goal-oriented’ and ‘learners’ communities’, where there are more
collective goals, activities proposed by an instructor, and ultimately to ‘communities of practice’,
which embody the highest level of social bonding and collective professional development. Within
this spectrum, the MDS aligns most closely to a community of interest, as learners primarily
engage in ‘knowledge construction for individual use’ converging around their shared interest
in mathematics to enhance personal understanding and problem-solving skills. This orientation
towards self-directed learning, as opposed to the more communal and interdependent learning in
traditional CoPs, highlights the unique positioning of the MDS on the continuum of virtual learning

communities.

3.3.2.1 Domain, community, and practice in the MDS

The MDS, while not fitting neatly into the traditional CoP framework, exhibits elements of the
domain, community, and practice elements described by Wenger-Trayner and Wenger-Trayner (2015).
The MDS’s domain revolves around mathematics, providing a shared space for members of varying
expertise to engage in mutual knowledge sharing and problem-solving. This aligns with the assertion
by Wenger-Trayner and Wenger-Trayner (2015) that CoPs are groups bound by a shared passion or
concern, learning collectively as they interact regularly. As noted by Zhang and Watts (2008), online
communities like this one play a significant role in knowledge dissemination and skill development.
In the MDS, the sense of community is fostered through active participation, collaboration, and
support amongst members. This sense of belonging and mutual respect is vital for sustained learning
and engagement, as demonstrated in the interactions captured in the MathConverse dataset. The
practice within the MDS is characterized by a shared repertoire of resources like problem sets,
solution strategies, and other sources. This is one aspect where the MDS diverges from a traditional

CoP, as the practices being developed and sustained are not being made explicit to the members of
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the group. While there are some rules and norms within the server that have developed over time to
make sure that more effective help can take place (e.g., help channels with one conversation at a
time, norms about how to ask for help and how to provide help in the form of rules, moderation in

the group), this isn’t the primarily aim for the community.

In summary, the analysis of the MDS through the lens of connectivism and CoPs highlights its
effectiveness as a learning environment. It demonstrates the server’s role in facilitating collective
learning and knowledge creation, serving as a testament to the adaptability of the CoP framework in

encompassing online platforms and its relevance in contemporary educational contexts.

3.4 Methods

3.4.1 Overview of methodological approach

Social science research is undergoing a transformative phase, driven by the integration of computa-
tional approaches and large-scale text analysis. In this section, I introduce the use of text-as-data
methods, an approach that has revolutionized social science research by enabling the analysis of
large collections of documents and text interactions (Grimmer et al., 2022). This methodology is
centered on the analysis of text data to draw inferences about human behavior and social phenomena.
Its growing popularity stems from the pivotal role language plays in social interactions, whether in
the form of legislation, historical documentation, religious discourse, or everyday communication
(Benoit, 2020). This approach is particularly apt for this study, given the extensive text interactions
within the Mathematics Discord server. Utilizing advanced computational techniques, text-as-data
methods allow for the processing and analysis of large-scale text collections, transforming copious

amounts of conversational data into structured, analyzable information.

Historically, the use of text data in quantitative social science research was limited, primarily due
to the challenges in processing and analyzing large amounts of text. The advent of methods from
NLP, a subfield of machine learning, has made it feasible to process, analyze, generate, and make
meaningful inferences from and about text data, something that had previously been impractical
(Chowdhury, 2003; Jurafsky, 2009). We can see text-as-data methods in action through several
commercial applications: our emails providing suggestions for how to complete a sentence, or
our ability to ask Google how to translate an English phrase to French. Additionally, applications
of NLP extend to academic research settings. For example, political scientists have used NLP to
classify political affiliation from speech (Yu et al., 2008), and mathematics educators have used
topic modeling to analyze five decades of articles from a prominent education journal (i.e., Journal

for Research in Mathematics Education) to determine how the major areas of focus in mathematics
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education have shaped and shifted (Inglis and Foster, 2018). I argue that as education researchers,
we should know more about these methodologies and the advantages they might offer to study
how people learn and teach mathematics. By employing advanced computational techniques, this
methodology allows for the dissection of complex online interactions, transforming vast amounts of
unstructured conversational data into structured, analyzable formats, further enabling an in-depth
exploration of the patterns of communication, knowledge sharing, and learning processes that take

place in this online learning community.

3.4.2 Dataset description

3.4.2.1 Nature and source of the dataset

As outlined in Chapter 2, the MathConverse dataset, derived from the Mathematics Discord
Community, offers a comprehensive view of online mathematical discourse. The MathConverse
dataset is extensive, encompassing 6,384,642 messages across 205,885 unique conversations. This
data was contributed by 41,275 unique users, reflecting a wide array of mathematical discussions and
tutoring interactions. This dataset is ideal for this study due to its extensive volume, the diversity of
interactions, and the structured yet dynamic nature of communication among participants. The rich
text and conversational data provide an unparalleled opportunity to examine the nuances of learning
and problem-solving in a digital educational setting. The selection of the MathConverse dataset
is justified by its alignment with the theoretical frameworks of connectivism and communities of
practice. The server’s environment, where knowledge is collaboratively built and shared, mirrors
the core principles of these frameworks. Furthermore, the dataset’s volume and diversity allow
for a robust analysis of patterns in tutoring strategies, student engagement, and problem-solving

approaches, addressing the research questions effectively.

3.4.3 Characterization of engagements

When the learners are looking for help, they are met with the following screen as we see in Figure 3.1.
Typically, I have seen that there is always a couple of help channels always available, but usually
most of the 49 help channels are being occupied with a student asking for help, showing that at all

times of the day, the server is lively and burgeoning with activity with students.

3.4.4 Methodological approaches

In this section, I describe the methodological approaches I use to analyze the qualitative content
of conversations within MathConverse. First, I describe how I use a pre-trained machine learning

classifier designed to distinguish questions from other sorts of messages. Next, I expand on the
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how-to-get-help « 0. You are here
help « 1. Send your question here to claim a channel

2. Channel is automatically moved to Occupied

& VIATH HI

help-0 | you « 3. Discuss your question in your channel

Figure 3.1: What the users see when they are looking for help in the help channels

classifier’s application to to the messages of MathConverse, first elaborating on the criteria for
question classification and and how I evaluate performance by comparing the automated outputs
with my own set of manual annotations. Lastly, I discuss the use of topic modeling as an analytical
tool to automatically extract latent themes from the conversations. This commonly used technique
shows the most common words that cluster together in the documents, which can give some insight
into the mathematical subjects and pedagogical dialogue present in conversations. From here, I
show how I use this label the conversations for further analysis (e.g., the conversations with that are
labeled with the ‘derivative’ topic were filtered and used as a dataset to study which conceptions of

the derivative emerged in MathConverse in Chapter 4).

3.4.4.1 Using a pre-trained machine learning model to find questions

In this study, I use the Transformers library, a powerful and widely-used framework developed by
Hugging Face, which provides access to a large collection of pre-trained machine learning models!
which enable researchers to do inference on their own datasets. Within the context of this study, [ use

the “Keyword Statement vs. Question Classifier for Neural Search” model developed by the Haystack

Pre-trained machine learning models, are equipped with billions of parameters (values that the model adjusts to
make accurate predictions) that are refined during an initial learning period. This takes place using massive datasets
to gain proficiency on a number of generic NLP tasks before the model is trained to perform well on specific tasks
(fine-tuned).
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team. This model excels in differentiating between keyword-based statements and natural language
questions, a key capability for my task of finding the messages within MathConverse which contain
questions. For example, in the dataset, a message might ask, ‘Can someone help me understand
how to find the zeros of this polynomial?’ while another might simply say, ‘Thanks, I got it.’
Using this classifier as a preliminary step allowed me to efficiently filter through the conversations,
distinguishing pertinent questions from other message types. This filtration is foundational to my
methodological approach, as it enables a focused analysis on the nature and types of questions posed

by participants, in aim of answering RQ 2a.

In sum, the classification model takes in each message as an individual data point, and processes
it through the classification function in sequence. Subsequently, the outputs are reincorporated into
the dataset, now paired with labels that state whether the message is a ‘question’ or a ‘statement’.
With the messages categorized, the dataset can be filtered for the next step of analysis to look at the
types of questions posed in the conversations. The results of the classification are shown later in

Figure 3.9, but briefly, around 20% (approximately 1 million) of the messages were questions.

3.44.2 Classifying questions by type

To address RQ 2a, which examines the types of questions present in the conversations in Math-
Converse, this part of the study builds on the foundational work of Graesser and Person (1994).
Their seminal work on question asking during tutoring sessions provides a detailed framework for
decomposing mathematics students’ questions into detailed aspects of presupposition and focus,
as elaborated in their prior work (Graesser et al., 1992). Their framework provides guidance on
how to classify questions into 18 distinct types, capturing a range of both cognitive and linguistic
diversity present while students ask questions about mathematics problems. The original taxonomy
of 18 question types devised by Graesser et al. presents an extensive assortment, from ones that
elicit short answers like verification (e.g., ‘Is a fact true?’), disjunction (e.g., ‘Is it X or Y?’), and
quantitative questions (e.g., ‘How many?’), to more elaborate ones that require open-ended longer
answers, to those that are interpretational, and those that are procedural in nature. However, in
examining the dialogues within MathConverse, I noticed a recurring theme: many questions often
fit into several of these categories, blurring the lines of distinction set by the original framework.
For example, there were often questions that would elicit an open-ended, yet procedural reply. To
adapt Graesser et al.’s (1992) framework for this study, my goal was to build a more streamlined set
of clearly defined categories that would ensure each category was not only distinct but also fully

representative of the types of questions posed within the questions posed in MathConverse.
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Figure 3.2: Structured data extraction with LLMs

Table 3.1: Question Type Coding Framework

Question Category

Definition

Example

Basic Inquiry
Procedural
Reasoning
Context Inquiry
Exploratory
Inquiry

Assertive
Communication

Seeks a simple, factual response
or clarification of basic informa-
tion.

Concerns the steps or procedures
taken to achieve a certain goal or
solve a problem.

Questions that require understand-
ing and applying context or sce-
narios.

Aims to explore concepts or defi-
nitions, often asking for elabora-
tion or examples.

Involves making a statement or
claim, often with confidence or
certainty, sometimes to persuade.

What is the first step in solving a
quadratic equation?

What are the steps involved in
isolating a variable in an algebraic
expression?

How does the concept of elasticity
apply to the demand for a product
in a competitive market?

Can you explain the concept of a
derivative in calculus?

The theorem can be proved by
applying the principle of mathe-
matical induction.

The Question Type Coding Framework, as illustrated in Table 3.1, serves as the basis for the

coding process. The categories are designed to capture the overarching nature of the questions asked

in the conversations found in MathConverse, in some order of increasing abstraction. With the
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coding framework in place, the next phase of the study involves applying these categories to the
dataset, both through manual annotation and the use of a LLM. The coding process is designed as

follows:

Procedure for Analyzing MathConverse Dataset Questions

1. Apply the “Keyword Statement vs. Question Classifier” across the entire dataset of

MathConverse to isolate messages that are likely to be questions.

2. Extract a randomized sample of 1000 (potential) questions to construct a corpus for
manual analysis. I made this set larger than the sample I intended to label as I anticipated
there might be some messages erroneously labeled by the previous classifer as questions

that I would not want to label.

3. Methodically review each question within the sample, ensuring its classification as
question and categorize it with the most suitable category from the Question Type Coding

Framework.
4. Repeat this process to the first 500 messages in the sample labeled as questions.

5. Once this process has been finished, identify the labeled questions by ID, and run the
prompt to automatically classify each question using GPT-3.5 Turbo. I use GPT-3.5
Turbo as it blends cost effectiveness (10x cheaper than GPT-4), performance, and ease of
use. Additionally, the GPT models provided by OpenAl were shown to outperform the
open-source models on similar tasks looking at inferring student errors in mathematics

tutoring dialogues (Wang et al., 2023).

6. Compare the results, see if there are any places where I believe the model got the prediction
correct and I was incorrect with the first application of coding. Correct these responses

and set this group aside as the new ‘gold standard’ dataset.

7. Run evaluation metrics to evaluate performance. If performance is good, run the

classification model over a larger set of questions from the sample.

This process of labeling a random sample of the data, then running a model against the same
responses and comparing the results is going to come up again in Chapter 4 when I use GPT-3.5
Turbo to classify conversations for the presence of derivative conceptions. As the OpenAl models
are decoder-based, these models are generally best for ‘text-generation’ tasks, and as both of these
tasks are classification tasks, it is important to make sure that the output is constrained in some way
that can be useful for me to use at scale. I use Pydantic, a Python library which uses Python type

annotations to validate, serialize, and deserialize data as a way to structure and validate the outputs
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of the model. This is useful because I can run the script and produce structured output in JSONL

format, which is suitable for further analysis without manual manipulation (Figure 3.2).

3.4.4.2.1 Prompting Unlike traditional machine learning models, pre-trained large language
models offer the ability to produce quality, unique insights without necessitating the retraining of
the model. Prompts are instructions provided to an LLM to enforce rules, streamline workflows,
and guarantee particular attributes (both in terms of quality and quantity) of the produced output
(White et al., 2023). Prompt engineering is a technique for directing an LLM’s responses toward
specific outcomes without altering the model’s weights or parameters, relying solely on strategic
in-context prompting. While the transformer architecture-based LLMs I implement in this study
show remarkable linguistic capabilities, in the context of this project, creating prompts for the various
tasks which use the LLLM has been an iterative process that must take into consideration a number of
limitations: (1) LLMs lack persistent memory, that is, I must assume that every LLM call will take
in one new input, provide one output, and refresh; (2) identical prompts can produce variability
in responses due to the probabilistic nature of the LLMs; (3) LLMs are trained on historical data,
and unless prompted to connect to the internet, will not have any real-time awareness or updates;
and (4) LLMs can (and will) generate plausible yet factually incorrect information, often called

hallucinations.

For the purpose of this study, I developed a prompt construction framework using Python that
categorizes questions into predefined types—Basic Inquiry, Procedural Reasoning, Context Inquiry,
Exploratory Inquiry, and Assertive Communication—>based on their content and intent. Each
category is defined as follows: Basic Inquiry focuses on straightforward, factual responses; Procedural
Reasoning on the steps to achieve goals or solve problems; Context Inquiry on understanding
contexts or scenarios; Exploratory Inquiry on the questions that dive deeper into concepts or seeking

further explanations; and Assertive Communication on making confident claims or persuasions.

i | from enum import Enum

from pydantic import BaselModel, Field

. |class QuestionType (Enum) :

BASIC_INQUIRY = "Basic Inquiry"

6 PROCEDURAL_REASONING = "Procedural Reasoning"

7 CONTEXTUAL_INQUIRY = "Context Inquiry"

8 EXPLORATORY_INQUIRY = "Exploratory Inquiry"

9 ASSERTIVE_COMMUNICATION = "Assertive Communication"”

11 | QUESTION_TYPE_DESCRIPTIONS = {
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22

)

QuestionType.BASIC_INQUIRY: "Seeks a simple, factual response
or clarification of basic information.",

QuestionType.PROCEDURAL_REASONING: "Concerns the steps or
procedures taken to achieve a certain goal or solve a
problem.",

QuestionType.CONTEXTUAL_INQUIRY: "Questions that require
understanding and applying context or scenarios.",

QuestionType.EXPLORATORY_INQUIRY: "Aims to explore concepts or

definitions, often asking for elaboration or examples.",

QuestionType.ASSERTIVE_COMMUNICATION: "Involves making a

statement or claim, often with confidence or certainty,

sometimes to persuade."”

QUESTION_TYPE_EXAMPLES = {
QuestionType.BASIC_INQUIRY: "What is the first step in solving
a quadratic equation?",
QuestionType.PROCEDURAL_REASONING: "What are the steps
involved in isolating a variable in an algebraic expression
7",
QuestionType.CONTEXTUAL_INQUIRY: "How does the concept of
elasticity apply to the demand for a product in a
competitive market?",
QuestionType.EXPLORATORY_INQUIRY: "Can you explain the concept
of a derivative in calculus?",
QuestionType.ASSERTIVE_COMMUNICATION: "The theorem can be

proved by applying the principle of mathematical induction.

def create_prompt(question: str) -> str:
categories = ', '.join([gt.value for qt in QuestionType])
return (f"Given the question: '{question}', classify it into
one of the following categories based on its content and

intent:

f"{categories}.™)

class QuestionClassification(BaseModel):
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classification: QuestionType = Field(

34 description="A list of classifications for a question,
indicating the types or categories the question belongs
to based on predefined criteria. Each classification

must be one of the enumerated types defined in

QuestionType ~.

7 |# Example usage:
% |question = "What is the derivative of x"27"
19 |prompt = create_prompt(question)

w0 |print (prompt)

Listing 3.1: Question classification prompt

The code excerpt in Listing 3.1 presents an Enum class defining these categories, associated
descriptions, and examples, which show some of the work that goes into building a prompt. The
function create_prompt encapsulates this logic by accepting a question and classifying it into the
appropriate category. This function ensures that the questions posed to the LLM are systematically

categorized, thereby streamlining the process and enhancing the quality of the responses.

Next, I go over some of the details for my use of topic modeling in order to answer RQ 2b.

3.4.4.3 Topic modeling

Topic modeling is a popular Bayesian statistical model to categorize individual texts and identify
topics or patterns across documents (Vayansky and Kumar, 2020). This method is particularly
suitable for analyzing large amounts of conversation data, where underlying themes might not be
immediately evident. The task at hand is one of dimensionality reduction; there are over 200,000
distinct conversations within MathConverse, but given the nature of the help channels’ objectives, it
is reasonable to presume that certain themes recur in what the learners discuss. Topic modeling
is an effective methodology for pattern identification by detecting which words commonly occur
together. This allows for the creation of ‘topics’, where each document is then characterized by
a mixture of these topics. Manually analyzing and categorizing topics in large datasets can be
not only impractical and time-consuming but also vulnerable to interpreter bias and inconsistency.
Topic modeling addresses these challenges by automating the process, thereby enhancing efficiency,
consistency, and objectivity. Moreover, it facilitates the involvement of subject-matter experts, who

can interpret and contextize the results effectively at scale.
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The outer plate represents documents, while the inner plate represents the repeated choice of topics
and words within a document. Diagram from Hwang and Cho (2021)

To implement the topic modeling process, I use MALLET (MAchine Learning for LanguagE
Toolkit; McCallum, 2002). MALLET uses Latent Dirichlet Analysis (LDA) via an implementation
of Gibbs sampling, a statistical technique meant to quickly construct a sample distribution, to create
its topic models. As shown in Figure 3.3, the model provides three important outputs: (a) the
word-topic distribution, 7, which provides a list of words and associated weights for each topic; (b)
the document-topic probability distribution 6, which provides for each document the probability of
it being generated by words coming from each of the topics; and (c) topic distributions, S1.x, where
each By is a distribution over words. I settled on a 30-topic model after running several models; the
choice of the number of topics for an LDA model is a hyperparameter to be set by the researcher a
priori, and one that is determined based on subjective evaluation from the researcher after looking at
the results (Zhao et al., 2015).

3.5 Findings
3.5.1 RQ 1: What does activity at the participant- and conversation-level

look like in the MDS?

3.5.1.1 Activity patterns of the MDS

Figure 3.4 illustrates the frequency of user participation over the observed period from November
2021 to January 2023. I provide this chart to guide the inquiry of RQ la which asks what user

participation looks like in the MDS across time, in terms of months, days, and times of day by going
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over not only the general trend of participation over time but also the variability in daily message

counts.
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Figure 3.4: Number of daily messages in the help channels from November 2021 to January 2023

The fluctuations revealed by the blue line in Figure 3.4 provide a detailed view of user engagement
within the MDS. A cyclical pattern emerges, which indicates both weekly rhythms and seasonal
variations in activity. For instance, the visible dips corresponding with the weekends—represented
by shaded vertical strips—suggest a regular decrease in activity during these periods. Similarly, the
reduced frequency of messages during typical holiday seasons emphasizes the seasonal characteristic
of user participation. Additionally, the trend line, shown in green, is particularly revealing. It not
only confirms a general growth in user participation, as evidenced by the approximate 500 message
per month average increase. This rate of growth over time in the help channels represents significant
and sustained engagement by users, providing quantifiable evidence of increasing user interaction
over time within the MDS.

Referring to Figure 3.5, where the columns represent each day in the week, the rows represent
each hour of the day, and the darker the cell the more activity we see in that hour on the day, we see
that between the times of 10PM - 2PM Eastern time on any day of the week is when the server is
most active. While the server is still very active on the weekend, the most active time is in the center
of the plot, with the most active day of the week being Wednesday. This is a surprising result, as this
i1s when we could expect high school and university students to either be in class or attending office
hours. This prompts further investigations into why students might turn to these online learning

environments rather than traditional forms of help they could receive while present in school or
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Figure 3.5: Heatmap observing most popular times to send messages in the help channels. Times
are in Eastern Standard Time (EST)

university. In the next section, I look to some quantitative measures that can provide some metrics of

the quality of the exchanges that happen between the students and the helpers in these conversations.

3.5.1.2 How students and helpers engage with each other

This section aims to answer RQ 1b by examining how students and helpers converse on MDS
in terms of time- and message-based involvement. Specifically, I investigate three key metrics:
interchange interval, the length of conversations, and the number of turns of talk within each
conversation. To better align with the goals of the research question, it is important to make some
adjustments to the data and be clear about the definitions. First, interchange interval is defined
to capture only the intervals between messages when there is a shift in the sender, focusing on
exchanges between different participants. This distinction is necessary for accurately measuring
the responsiveness of participants in the MDS, as it excludes consecutive messages from the same
individual, a common practice that exists in this platform. Similarly, turns of talk is measured based
on the number of exchanges that happen between different participants. By focusing on intervals

where speakers change—either from student to helper or vice versa—the goal is to capture genuine
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conversational exchanges, as if I just measured time between messages I would often be measuring
time between messages sent by the same person.? In each analysis I provide a visual through the use
of a histogram and provide some initial interpretations of each metric, and to finish the section, I

provide a table of summary statistics (Table 3.2) to synthesize the findings.

3.5.1.2.1 Interchange interval The interchange interval,” representing the time span between
consecutive messages involving a shift in the sender’s role, is visualized in the histogram provided
in Figure 3.6. The histogram illustrates the distribution of message intervals across all dialogues
within the MDS, showcasing the platform’s capacity to facilitate quick exchanges. An initial analysis
yielded an average interchange interval of 1.81 minutes (1 minute and 49 seconds), with half of the
back-and-forth exchanges happening within the first 0.30 mins (18 seconds). This is a surprising
result, as it shows that nearly half of the replies tend to be nearly synchronous between the students

and helpers.

Histogram of Interchange Interval (n=2,124,603 messages)
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Figure 3.6: Histogram with interchange interval values for the n = 2, 124, 603 exchanges between
participants

2Perhaps a strength as a communication tool, but a weakness as an analytical tool, but often when people are using
chat communication platforms they will send several messages in succession rather than simply sending one message
and waiting for a reply.
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3.5.1.2.2 Duration of conversations As the interchange interval analysis suggests promptness
in exchanges, the duration of conversations provides some insights into the extent to which students
and helpers engage with mathematics problems. With an average duration nearing 24 minutes
and a median indicating that half of the discussions are concluded in just over 11.28 minutes (11
minutes 17 seconds), the findings signal that conversations can be both quick and can lead to more
prolonged, dialogues. This duration of conversations metric provides another measure to examine
the multifaceted nature of engagement in the help channels of the MDS, as it helps gauge how long

a helper will stick around to help a student or how long a student is willing to get help on a problem.

Histogram of Duration of Conversations (n=138,794 conversations)
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Figure 3.7: Histogram with duration of conversation values for the n = 138, 794 conversations in
the analytic sample

The histogram in Figure 3.7 shows a right-skewed distribution, indicating that a majority of
the interactions transpire over a shorter time-span than the mean, suggesting that while half of the
conversations are shorter than 11 min 17 seconds, there seems to be a diversity in the range of
duration that is worth investigating. From my years as an observer of the learning space, this parallels
what I have seen, as some students come looking for quick clarifications while others aim to have
more lengthy, conceptual discussions. In this context, comparing the average length of conversations
to the interchange interval helps shed some light on how the MDS serves as a learning space. The

quick turnaround time for individual messages combined with the overall lengthy conversations
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exemplifies a learning environment that can accommodate a wide range of mathematical inquiries.

The choice to examine turns of talk was a natural progression from here, as it helps tie together
the duality of these two findings. The number of turns signifies not only the back-and-forth nature
of the conversations but also provides a measure of how the helpers in the community have made
a commitment to not just ‘give an answer’ when a student comes in and asks a question, and that
students are willing to continue to engage once they know they will have to do more than just
copy down an answer. These three metrics together—interchange interval, duration, and turns
of talk—can help provide a comprehensive picture of how students and helpers engage with one

another on the platform.

3.5.1.2.3 Turns of talk The histogram in Figure 3.8 showcases a distribution where most
conversations involve a moderate number of exchanges. By measuring the number of times
the sender changes within each conversation, the histogram reveals an average of 9.35 turns
per conversation, with a median of 6 exchanges, suggesting that while there is a tendency for
conversations to be relatively concise, there is still substantial room for extended dialogue when
necessary. This indicates an environment where, typically, questions are not only answered but
also discussed to a certain extent, pointing towards an engaged community that values thorough

understanding over quick fixes.

What was found by the interchange interval and duration of conversations measures matches
what is presented here in turns of talk. A lower median relative to the mean indicates that while most
conversations might only require a few exchanges to resolve simpler questions, there are instances of
longer exchanges, where more elaborate, iterative discussions are happening. These findings inspire
the research question of what types of questions are being asked, which comes up in the next section
as I describe the work of using pre-trained machine learning models to help classify questions by
type. Doing this work can help better understand why students come and ask questions in the help
channels of the MDS, and whether they come to ask simple clarifying questions that require brief

clarifications or ask more complex problems that require more extensive back-and-forth discussion.

3.5.1.2.4 Final synthesis In Table 3.2, I present the summary statistics for the three analyses. In
addressing RQ 1b, the findings from this analysis reveals participant engagement that aligns neatly
with elements from theories of connectivism and CoP. The MDS serves as a prototype for how
some learners have gravitated towards online spaces for help on homework problems, and of a type
of space where the rapid interchange of ideas and information mirrors the connectivist principle of
learning as a network-forming process. The empirical data, drawn from a meticulous analysis of

interchange intervals, the length of conversations, and turns of talk, aligns with Siemens’ (2005)

54



Histogram of Turns of Talk (n=160,796 conversations)
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Figure 3.8: Histogram with number of turns of talk for the n = 160, 796 conversations in the analytic
sample

characterization of knowledge as the construction of connections across a diverse informational
network. This environment, as reflected in the duration of conversations metric, accommodates
a wide array of engagement from rapid, transactional interactions to more sustained and engaged
discussions. With conversations ranging from a few seconds to several hours, the MDS embodies
the connectivist principle that learning flourishes on a diversity of opinions, approaches, and time
commitments. This adaptability is required for online learning communities to thrive, as it aligns
with learners’ needs to have the capacity to navigate and adapt in an ever-evolving landscape
of knowledge. By integrating the conceptual underpinnings of connectivism with some of the
community-based principles of CoPs, the findings in this section help highlight the MDS as a
type of online space that provides a new mode of learning—one that is networked, communal, yet

individually tailored.
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Table 3.2: Revised Summary Statistics for Communication Dynamics and Turns of Talk

Statistic Interchange Intervall Duration of Conversations Turns of Talk (Messages)

Count 2,124,603 messages 138,794 conversations 160,796 conversations
Mean 1 min 48 secs 23 min 56 secs 9.35
Std Dev 10 min 35 secs 42 min 59 secs 10.24
Min 2 secs 2 secs 1
25% 7 secs 4 min 10 secs 2
50% 18 secs 11 min 17 secs 6
75% 49 secs 26 min 8 secs 13
Max 7 hr 19 min 59 secs 9 hr 53 min 2 secs 50

! “Interchange Interval” refers to the interval between consecutive messages sent by different participants
(student to helper or vice versa), aiming to capture genuine interactive exchanges.
Note: Summary statistics are presented with outliers, zero-duration conversations, and conversations
with important missing data excluded.

3.5.2 RQ 2: What do students and helpers discuss in the MDS?

3.5.2.1 Question types

In order to understand what types of questions are being asked in the MathConverse dataset, the first
step is to distinguish between messages that pose questions and those that do not. This analysis serves
a dual purpose: it refines the dataset for further in-depth examination of question-based messages
(RQ 2a) and provides a quantitative measure of the proportion of questions versus statements within
the dataset.

3.5.2.1.1 Statement vs. Question Classifier Results As presented in Figure 3.9, the application
of the “Keyword Statement vs. Question Classifier” shows that approximately 20% of the messages,
amounting to nearly 1 million, are classified as questions. This ratio is significant as it shows that
within the conversations, there are many follow-up questions. The presence of such a large number
of questions helps validate the notion that students feel empowered to ask questions in the MDS,
aligning with the findings of Graesser and Person (1994) who found in their study that student

questions were approximately 240 times as frequent in tutoring settings than in classroom settings.

The next set of findings aims to bridge the quantitative metrics of engagement with the qualitative
content of the discourse. By using the framework outlined in Table 3.4.4.2, I aim to address RQ 2a

by classifying the types of questions addressed in the conversations.
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Classification Results: Questions vs Statements

Questions (True) | 995,477
Statements (False) | 4,457,470
0.000M 1.000M 2.000M 3.000M 4.000M

Number of Texts (in millions)

Figure 3.9: Results from the question vs. statement classifier model, highlighting the proportion of
queries among the discourse in the MDS.

3.5.2.1.2 Initial findings on random sample In order to assess how well the model performs on
this task, I first needed to hand label a set of questions myself. I took a random sample of 1000
questions from the prior work done classifying questions from statements, and used Label Studio,
an open-source data labeling platform to label the data. To my delight, the prior classifier had done
a very good job deciphering questions from statements, and it was rare that I had to skip a data point
and move on to the next one, as nearly every message I ran into was a question. In Figure 3.10, I
provide a bar chart of counts of the questions types of the random sample that became the validation

set to compare the model results to.

As shown in the bar chart, the most common questions were ‘Basic Inquiry’ (% = 40.0%) and
‘Procedural Reasoning’ (% = 32.4%). Basic Inquiry being the most common result aligns with my
observations and what educators might expect, as many of the questions in the conversations started
off with a question that can be answered quickly (e.g., ‘Is sin(x) + cos(x) defined for the entire
domain?’ or ‘Does this reasoning look right?”), or finished off with some sort of clarifying question
(e.g., ‘Is that it?’, “What answer did you get?’, or ‘Would I use spherical coordinates here too?’),
whether or not the question came from the student or the helper. The result that was surprising
for me was what the model was helpful for. Typically, qualitative coding is done by two or more

researchers, as it is important to be able to check the work by establishing inter-rater reliability.
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Counts of Question Types (My Labeled Data), n=503 questions
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Figure 3.10: Counts of each question type on random sample of n = 503 questions, hand-labeled
examples.
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After labeling the examples and running the messages through the model, I assessed each predicted
label against mine and found that I needed to change many of labels in order to be consistent with the
definitions I had in my framework. Specifically, the model was doing a much better job at identifying
instances of procedural reasoning where I was erroneously identifying the messages as exploratory
inquiry. What I present above are the hand-labeled counts, after doing some calibration, drawing
another random sample, re-labeling, and running the model again, which is typical of the cyclical
process necessary in this type of work.

In Figure 3.11, I present a 5 X 5 confusion matrix, a specific type of visualization used in machine
learning and statistics to evaluate the performance of classification models. The matrix is helpful in
helping assess the performance of classification algorithms, as we can see how well it performed
on individual categories. In this case, the matrix is structured as a 5 X 5 grid, where both the
rows and columns represent the five classes predicted by the myself (labeled as ‘true’ labels) and
the model, respectively. Each cell in the matrix shows the number of observations known to be
in a given class and predicted by the model to be in a certain class. The diagonal cells from the
top-left to the bottom-right represent correct predictions (true positives for each class), whereas
the off-diagonal cells indicate incorrect predictions (false positives and false negatives). When
evaluating performance with a multi-class (more than two category) classification problem, it is
typical to compute statistics for each class, such as precision (the proportion of positive identifications
that were actually correct), recall (the proportion of actual positives that were identified correctly),

and accuracy.
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Confusion Matrix
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Figure 3.11: Confusion matrix representing the alignment between my labeling of the question
types and the model’s (GPT-3.5 Turbo)
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3.5.2.1.3 Evaluation In establishing a foundational baseline for comparison, I utilized the ZeroR
(Zero Rate) Classifier. This simple model operates on a straightforward principle: it predicts the
outcome belonging to the most frequently occurring class in the dataset. When dealing with a binary
classification task, the ZeroR approach could theoretically exceed a 50% accuracy rate simply by
aligning its predictions with the most common outcome. For example, suppose we had a dataset of
photographs of dogs and cats where 80% of the photos are of dogs. The ZeroR classifier would
predict ‘dog’ every time, and be correct 80% of the time. In the case of this example, where we have
5 question type categories with unbalanced classes, in order for the model to be considered effective,
it must surpass the performance benchmark set by the ZeroR Classifier. This comparison is critical,
as it ensures that any observed predictive accuracy is not due to chance, but rather is indicative of

the model’s capability to distinguish between the different types of questions in the data.

Precision and recall are two valuable metrics used in the evaluation of classification models,
offering detailed insights into the accuracy and completeness of a model’s predictions for each
category. Precision measures the proportion of correct positive identifications made by the model,
reflecting its exactness. High precision indicates that the model reliably discerns the category in
question with minimal false positives. This statistic matters most when the cost of a false positive is
high, where a higher precision score indicates that the model is returning more relevant results than

irrelevant ones. The formula for precision is as follows:

True Positives

Precision = — ™
True Positives + False Positives

Recall, on the other hand, measures the model’s ability to correctly identify all of the actual
positives in the data. Also known as sensitivity, it is defined as the number of true positives divided
by the sum of true positives and false negatives. Recall is a measure of a classifier’s completeness.

A higher recall score indicates that the model returns most of the relevant results.

True Positives
Recall =

True Positives + False Negatives

While precision and recall provide insight into the performance of a classification model,
evaluating a model in a multi-class classification scenario necessitates a more holistic approach.
This is where the F1 score, and more specifically, the Macro Average F1 Score, become pertinent.
The F1 score is the harmonic mean of precision and recall, offering a balance between the two by

accounting for both false positives and false negatives. It is defined as:
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Fl score = 2. pre.:c'ision - recall 3.1)
precision + recall

In the case of a multi-class classification problem like the one in this study, where the classes are
unbalanced, and the model’s ability to correctly predict each class is equally important, I utilize the
Macro Average F1 Score. It computes the F1 Score for each class independently and then takes the
average of these scores. This averaging method does not take the class frequencies into account,
which is particularly useful in our context, where some question types are more infrequent than

others. Thus, the Macro Average F1 Score is calculated as follows:

K
1
Macro Average F1 Score = X F1 score for class k (3.2)
k=1

The Macro Average F1 Score is important in this analysis as it provides a singular measure to
assess the overall performance of our classification model across all question types. It is especially
indicative of the model’s efficacy in distinguishing between different types of questions, ensuring

that performance is not biased towards the more prevalent classes.

Table 3.3: Category-wise Evaluation Metrics

ZeroR GPT-3.5 Turbo
Category Precision Recall Precision Recall
Basic Inquiry .395 1.0 945 .869
Procedural Reasoning 0 0 .804 933
Context Inquiry 0 0 813 .881
Exploratory Inquiry 0 0 1.0 375
Assertive Communication 0 0 .643 706

For each category in the dataset, precision and recall have been calculated based on the model’s
predictions. Table 4.2 outlines these metrics for the five question types coded for in the data.
In interpreting the classification efficacy of the GPT-3.5 Turbo model compared to the ZeroR
baseline, a distinct improvement in the precision and recall metrics across all question categories is
evident. The baseline model, adhering to the principle of majority class prediction, demonstrates
a precision of 0.395 in the category of Basic Inquiry, coupled with a recall of 1.0. While this
indicates a detection of all Basic Inquiries, it does so at the expense of a high false positive rate, as
reflected by its lower precision. This inherent limitation of the ZeroR classifier shows its utility as

a benchmark rather than a practical solution. Meanwhile, the GPT-3.5 Turbo model shows high
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precision of 0.945 in the Basic Inquiry category, suggesting that the vast majority of its predictions
are accurate, while a recall of 0.869 points to a high rate of true positive identifications. This balance
between precision and recall is indicative of the model’s nuanced understanding of this question
type. For Procedural Reasoning and Context Inquiry, the GPT-3.5 Turbo model again outperforms
the baseline with impressive recall scores of 0.933 and 0.881, respectively. These figures suggest an
astute recognition of relevant queries, albeit with a slight compromise in precision for Procedural
Reasoning, potentially indicative of occasional misclassifications among similar question types.
The Exploratory Inquiry category presents an interesting anomaly; the model achieves a perfect
precision score, thus every instance classified as Exploratory Inquiry is correct. However, the recall
of 0.375 reveals a shortfall in the model’s sensitivity to this question type, possibly hinting at a more
complex or less well-defined set of characteristics that govern this category, which the model has yet
to fully learn. Assertive Communication sees a moderate performance from the GPT-3.5 Turbo
model with a precision of 0.643 and recall of 0.706. These metrics suggest that while the model is
reasonably adept at identifying Assertive Communications, there exists an avenue for refinement,

particularly in reducing the false positive rate.

3.5.2.1.4 Overall Model Performance In the evaluation of classification models, it is beneficial
to synthesize the performance metrics into a single, comprehensive measure that can be used
to compare models. To this end, the Macro Average F1 Score is particularly advantageous in
the context of multiclass classification problems with imbalanced classes. Table 3.4 presents the
Macro-Precision, Macro-Recall, Accuracy, and Macro F1 for both the baseline ZeroR model and
the more advanced GPT-3.5 Turbo model. The Macro Average F1 Score for the ZeroR model
is approximately 0.113, which, given its methodology of predicting only the most frequent class,
underscores the model’s limited applicability in a multiclass setting. Conversely, the GPT-3.5
Turbo model achieves a Macro Average F1 Score of approximately 0.767, indicating a substantial
improvement in overall classification performance. These scores are calculated by averaging the
individual F1 scores for each category, which themselves are the harmonic mean of precision and
recall. The Macro F1 thus provides an aggregate measure of each model’s ability to correctly and

consistently predict across all categories, offering a holistic indicator of performance.

Overall, the main takeaway from these these metrics is that the GPT-3.5 Turbo model not only
outperformed the baseline on the predominant class but also was effectively able to distinguish
between the less common categories (Table 3.4). The performance on this task was great, and in
line with an expert human labeler, affirming its use as valuable analytical tool for being able to

distinguish between question types.
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Table 3.4: Model-level Evaluation Metrics

Model Macro-Precision Macro-Recall Accuracy Macro F1
ZeroR .079 .200 395 113
GPT-3.5 Turbo 841 153 .843 167

3.5.2.1.5 Classification results on a large sample of questions Given the reliability of GPT-3.5
Turbo to predict the types of questions being asked in the MathConverse dataset, in this section, |
leverage the prompt to classify the question types on a much larger sample of the data. Shown below
in Figure 3.12 are the results of the model prediction, which as we can compare with Figure 3.10,
provides a very similar distribution when applied to the larger dataset. This provides some evidence
of the ability for the model to perform well on this fairly low-inference task that can serve well in
answering the next set of research questions, looking at patterns of how question types change over

time (and by time of day) by using the large amounts of data I have been able to gather here.

Counts of Question Types, n=120362 questions
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Figure 3.12: Model predicted question types on a large random sample of n = 120, 362 questions

3.5.2.2 Topics and problem types addressed

In this section, I present the findings of the topic model produced by MALLET by identifying the
labels I associated with each of the topics, the proportions of the documents with the associated
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labels, as well as the words with the highest weights for each topic. The topic model is a 30-topic
model, so I show the top 15 topics here, and post the full 30-topic model results in the appendix.

I ran a number of topic models, and for this analysis, I show a topic model that I ran on only the
language of the students (the one’s asking the questions). Figure 3.13 shows the steps of this work,
the main detail being that in each conversation, it is the student that initially starts the conversation,
so the algorithm is able to pick out that the person with this ID is the ‘student’, while the other

people in the conversation serve as helpers.

Stude_n‘t-helpe_r [abeling algori‘thm

. W# author is.
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Figure 3.13: A schematic showing an overview of how I labeled the students and helpers in the
dataset
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3.5.2.3 Common topics

Topic Label

Proportion

Top Characteristic Words

General Inquiry

0.29455

help, close, helpers, someone, need,
please, question, anyone, thanks, ex-

plain

Problem Clarification

0.28811

like, would, yeah, think, see, sense,

right, makes, one, something

Answer Checking

0.22963

answer, wrong, got, close, correct,

question, right, get, thanks, sure

Help and Formality

0.21241

thank, close, yes, okay, thanks, sorry,

much, understand, get, help

Academic Assistance

0.19026

dont, know, like, get, understand,
yes, thats, cant, idk, think

School Terms

0.13771

math, like, know, help, need, time,

teacher, questions, school, good

Calculating

0.13564

get, right, multiply, would, like, side,

denominator, first, factor, left

Algebraic

0.1114

equation, solve, find, solution, equa-
tions, value, quadratic, close, form,

solutions

Casual Conversation

0.11079

wait, yes, lol, like, idk, bro, yea,

right, got, lemme

Graph Analysis

0.08483

line, point, graph, points, find, equa-

tion, axis, slope, function, would

Function Behavior

0.08095

function, value, limit, infinity, do-
main, range, negative, find, positive,

inf

Integrals and Derivatives

0.07118

integral, derivative, rule, function,
use, integrate, chain, close, integra-

tion

Table 3.5: Summary of Top 12 Topics with Proportions from Topic Modeling

Table 3.5 shows that the 12 topics with the highest proportions relate to language that is agnostic

of the mathematics content. This makes sense as when we look at a topics like ‘General Inquiry’,
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‘Answer Checking’, ‘Help and Formality’ as we know that students will have a lot of language in
their dialogue relating to asking questions (e.g., ‘can someone help me’), checking answers (‘does

this seem right?’) and thanking the helper (e.g., ‘thanks for the help’, ‘.close’).

Looking to the subject-specific results, we see that the most common topics that emerge seem to
be calculus-related. While I labeled the top two math topics as ‘Calculating” and ‘Algebraic’, these
are topics that I am not surprised show up as the top topics, as these techniques show up across
mathematics domains. Students are expected to find slopes, work with denominators and equations
from Algebra up through senior-level mathematics courses. The next two topics, which I label as
‘Function Behavior’ and ‘Integral and Derivatives’, have terms that show up more specifically in
the Calculus I and Calculus II course (e.g., derivative, integrate, chain, chain (rule), infinity). The
results from these can help filter out the conversations that pertain to the derivative, which can
be useful for analysis in Chapter 4 in which I aim to look at the types of conceptions about the

derivative that emerge when asking about derivative problems.

3.6 Discussion

In this chapter, I provided the first of two case studies using the MathConverse dataset constructed
in Chapter 2 to characterize how participants engage on the MDS platform by looking into the
nature of participant activity, the content of their interactions, and the connection between these
two. The first set of findings reveal the platform to be very active and growing each month, with
tens of thousands of messages being exchanged in the help channels each day as well as a noticable
cyclical pattern that aligns with academic schedules and seasons, which suggest its connection as
a supplementary educational resource for students. When looking at the findings related to how
participants interact with one another, the wide-ranging interchange intervals, conversation lengths,
and turns of talk further illustrate the MDS as a dynamic community of interest (Henri and Pudelko,
2003) that caters to a wide range of learner needs, from quick clarifications to deep, exploratory
discussions. The observed patterns of engagement resonate elements of with Siemens’ (2005) of
connectivism and Wenger-Trayner and Wenger-Trayner’s (2015) CoP frameworks, which show signs
that the communities such as these can acts as spaces where learners can come in as they need
to, connect with resources and learn how to work on problems regularly. This kind of learning
ecosystem can help foster an adaptive kind of learning, important in this modern, digital age where

knowledge is fluid and access to diverse perspectives enriches the learning experience.
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CHAPTER 4

Studying Concceptions of the Derivative in

MathConverse Using Large Language Models

In this chapter, I continue my work with the MathConverse dataset; however, I choose to zoom in on
a specific mathematical concept that is discussed within the student-tutor dialogues. By focusing on
the subset of conversations where the concept of the derivative comes up, I provide an illustration
of how large language models and other various techniques from machine learning can be used
to analyze conversations between students and tutors where the researcher chooses a concept of
interest. The MathConverse dataset and the methodologies I use in this study represent a significant
departure from the traditional approaches that educational researchers use to collect and analyze data
to understand students’ mathematical conceptions. Unlike research on traditional classroom data,
which oftentimes grapples with challenges related to size, cost, and validity, MathConverse presents
itself as a scalable, adaptable, and practical alternative. The work I describe here circumvents many
of the limitations that typically hinder education research, thereby providing new ways to study

student knowledge at scale.

Historically, mathematics education research has heavily relied on data from classroom recordings
and transcripts. While these methods are valuable for extracting rich insights for how our students
and educators think about mathematics, these sources of data often come with their challenges
when it comes to examining them for research purposes; in terms of labor-intensiveness and privacy
concerns, which in turn restrict their availability and the ability to share insights broadly. As a result,
the progression and replication of research in mathematics education with respect to what we can
do with conversational data has been notably constrained. The progression of research in machine
learning, markedly, the ability to run and apply large language models on consumer hardware, marks
a turning point in educational research. Methods from natural language processing, a subfield of
machine learning concerned with giving computers the ability to ‘understand’ and analyze text
(Hirschberg and Manning, 2015; Jurafsky, 2009) have enabled researchers across many academic

disciplines to analyze the texts pertinent to their fields. in of student-tutor interactions, shedding light
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on how mathematical concepts, like derivatives, are comprehended and communicated in an online
educational setting. The combination of using these ‘text as data’ methods alongside the dataset I
have constructed from the MDS, MathConverse, offers a solution by harnessing the power of the
innovations in the fields of machine learning and natural language processing intersecting with the
transition to how students are learning mathematics in the current era to provide a more accessible
and adaptable way to research the teaching and learning of mathematics. This study aims to leverage
these methodological tools to uncover the nuances of learning and teaching derivatives, offering
valuable insights that could significantly enhance educational strategies and student understanding

in mathematics.

This chapter is structured to first provide a comprehensive literature review of how researchers in
mathematics education have examined what students know about various concepts in mathematics,
laying the groundwork for understanding the current state of research in both mathematics education
and machine learning applications. Following this, the methodological framework employed in
this study will be elaborately presented. The chapter will then dive deeper into the specific facets
of derivative concepts that this research aims to explore, employing the use of large language
models to analyze the conversational data from MathConverse. With this approach, the study aims
to contribute significantly to the field of mathematics education, offering new perspectives and

methodologies for understanding how students engage with mathematical concepts.

4.0.1 Research question
Given a set of conversations where students bring homework questions about derivative problems:

1. How do conversations about derivatives on MathConverse reflect or differ from Zandieh’s

(2000) theory of student conceptions of the derivative?

4.1 Background

4.1.1 A historical review of examining students’ knowledge of mathematical

concepts

In this historical overview, I first identify and differentiate theories addressing what students know
from those that address how students know. Second, I highlight the various methodologies that
mathematics educators have used to study conceptions and how these methods have contributed to
the research on mathematical conceptions. The term “conception” will be defined more formally

later in the paper, however, in this section, it is useful to think about a conception as a dynamic
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understanding of a mathematical concept that a learner forms through interaction with their learning
environment. This understanding, which is shaped by the learner’s actions and feedback, can vary
in different contexts and tasks, reflecting the multifaceted nature of mathematical knowledge. I
conclude this section by explaining how my proposed study fits and contributes to this area of

research methodologically.

There have been two main perspectives used by mathematics education researchers in studying
students’ knowledge of mathematical concepts. Some researchers have chosen to focus on the
meanings that can be ascribed to actions or behaviors that students engage in while completing
mathematical tasks, such as examining responses to word problems, to investigate students’
understanding of specific mathematical concepts (e.g., White and Mitchelmore, 1996). These
studies possess an epistemological nature, as they implore into what students know. However, some
researchers, inspired by the cognitive revolution in psychology during the early 1950s, have shifted
their focused their focus to mental processes such as thinking, problem-solving, decision-making,
and memory (e.g., Schoenfeld, 1983). Despite this, since direct access to one’s mind is unattainable,
these researchers also monitor students’ actions and behaviors, albeit with a different objective.
Adopting a more psychological perspective, these studies aim to understand how students come to
know what they know, rather than what students know. To rephrase this distinction, epistemological
research aims to understand the meanings (the ‘what’) attributed to students’ processes (behavioral
or mental), while cognitive research attempts to explain the processes a subject engages to construct
meaning (the ‘how’). These perspectives are not contradictory; instead, they represent two facets
of the same coin, enabling a more holistic understanding of student conceptions. In this study,
my objective is to explore ‘what aspects of derivatives can one learn?’ rather than ‘how does one

acquire this knowledge?’

Mathematics education researchers have primarily used four methods to inspect what students
know about mathematical concepts: interviews, classroom observation studies, analysis of student
work on problems, and textbook analysis, with interviews being the primary method of inquiry
(Bingolbali and Monaghan, 2008; Clement et al., 1981). A notable example is Lamon’s (1993)
study of 24 sixth graders’ conceptions of proportion and ratio. In this study, students were asked
to think aloud while working on problems designed to help the researchers understand what the
students know about proportion and ratio prior to instruction in these topics. The interview questions
were developed using a framework comprising problems of four distinct semantic types. Students’
strategies were then classified into two overarching categories: non-constructive and constructive.
Each of these categories encompassed subcategories describing students’ chosen approaches to the
given problems (e.g., problem avoidance, pattern building, quantitative proportional reasoning). By

identifying the strategies employed by students in each semantic type, the study provided insights into
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the various conceptions of ratio and proportion students may engage with while solving problems.
For example, when comparing the cost of two items, the conception of unit rates (i.e., a ratio in
which the denominator is 1) may emerge to help students in determining which item offers better
value. Conversely, in problems with similar figures, setting up proportional expressions is key for
identifying missing lengths or angles. Although interview studies like Lamon’s yield rich data for
understanding the different ways students can understand a mathematical concept, they are often

resource-intensive and challenging to implement on a large scale.

Researchers have also studied conceptions by analyzing students’ collaborative work through
observations of classroom settings via collecting fieldnotes, video, or audio recordings with the
goal of these studies is to understand how students develop conceptions as a collective. In one
such study, Noble et al. (2006) recorded a teaching experiment involving a bilingual 11th and 12th
grade algebra class. Their aim was to investigate how students used graphical tools during problem
solving. The lesson specifically involved the use of drawing machines, designed to enable groups
of students to generate shapes by controlling two parametric functions. Noble and colleague’s
analysis of classroom video revealed that the students’ actions demonstrated a conception of circle
as a set of parametric equations. This study exemplifies how conceptions (e.g., a conception of
circle) can be discerned by outside observers in a collaborative activity between students, even when
the students themselves might not be consciously aware of any conception of a circle beyond the
shape they use to control their individual action. By examining conversations and collaborative
work, classroom observation studies such as Noble et al.’s demonstrate that student conceptions
can be identified in environments where students actively and collectively problem-solve. However,
similar to interviews, these types of studies are labor intensive and challenging to execute on a large
scale. This limits the extent to which the findings can be generalized or the range of situations one
could observe the development of mathematical understandings in larger groups. The need for such
large-scale observations arises from the desire to understand how mathematical conceptions develop

not just at the individual level but also within larger social contexts.

Mathematics education researchers have also explored conceptions through analysis of students’
written work to carefully crafted mathematics problems. This approach offers an efficient and
cost-effective method for gathering students’ responses to both open-ended and multiple-choice
mathematical tasks. For instance, Ketterlin-Geller and Yovanoff (2009) used cognitive diagnostic
assessments to explore students’ conceptions of and operations on fractions. They suggested that
well-validated cognitive diagnostic items can offer significant insights into which conceptions
students have fully grasped or have yet to master. In another study that employed open-ended tasks,
Davis and Vinner (1986) investigated students’ conceptions of limits. Students who had completed

an introductory calculus course were asked to write everything they knew about the limit of a
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sequence. The study identified nine distinct misconceptions of limit, each of which the researchers
believed had a rational basis. Studies that analyze student work, such as these, have the advantage of
being more scalable than interview-based and classroom observation methods. To ensure validity,
researchers can replicate the administration of these assessments in different settings to confirm the
results. However, this approach lacks the in-depth insights provided by methods like interviews and
classroom observations, which allow for direct follow-up with students and more insight into what

they are thinking about.

Although less direct than interviewing, observing, or testing students, textbook analysis offers
another avenue for understanding student conceptions, as textbooks serve as “environment|[s] for
construction of knowledge” (Herbst, 1995, p.3) for students. Textbook analysis studies aim to
understand what conceptions of a given concept (or set of concepts) are represented by certain
elements of the textbook (e.g., solutions, exercises). This is often accomplished by collecting a
sample of textbooks that meet specific criteria (i.e., country or region of interest, grade level, or
subject of interest), compiling sets of textbook tasks (problems or examples) and their associated
solutions, and coding them based on a concept framework. One such example is Mesa’s (2004)
examination of 35 secondary mathematics textbooks from 18 countries, which were chosen from
the Third International Mathematics and Science Study (TIMSS) database. This analysis revealed
the practices and contexts related to the concept of functions in these textbooks. Textbook analysis
studies like Mesa’s have provided a valuable framework for studying conceptions, as they are
they can reveal student access to conceptions by providing insight into the curriculum and how
conceptions are presented to students through their textbooks. Furthermore, large-scale analysis
is possible, given the computational capacity to detect patterns in text with automated methods.
However, textbook analysis is limited to what is available in the text and cannot provide a full picture

of the dynamic nature of conceptions as students reason through problems.

As this dissertation study focuses on a tutoring environment as a site to study conceptions, it is
important to compare this study to research done in these spaces. While there has been an ample
amount of research devoted to understanding what goes on in these environments (e.g., Bloom, 1984;
Fuchs et al., 1997), this line of research has historically been used in cognitive studies concentrated
on program design and investigating what interventions work (i.e., examining the effectiveness of
the learning intervention) rather than why they work (what are the conceptions that emerge in the
conversations; see the literature review by Roscoe and Chi, 2007). The proposed study aims to
contribute to the body of research on student conceptions (focusing on conceptions of the derivative)
by investigating conversations about mathematics problems that take place between students and
peer tutors in an online collaboration platform. While studies exist that examine the effectiveness

of peer-tutoring on student understanding of mathematical concepts (see Roscoe & Chi, 2016),
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no study of peer-tutoring has specifically aimed to distinguish and classify on the content of the
conversations between tutors and tutees. This study aims to fill a gap in the existing literature by

examining conceptions of the derivative in online tutoring contexts.

4.1.2 Where this study fits methodologically

Like traditional classroom settings where researchers record interactions among students, teachers,
mathematical tasks, and mathematical environments to uncover student conceptions at play, ample
opportunities exist to observe how such conceptions arise when students have conversations about
mathematical tasks within tutoring spaces with more-knowledgeable peers, who are closer in age
and status to the students than their teachers. In this chapter, I aim to meticulously examine a
particular mathematical concept, harnessing the potential of LL.Ms on a randomly selected collection
of dialogues from an online mathematics learning forum. The primary task includes identifying
and categorizing the interactions stemming from problem-solving situations within these dialogues.
Instead of following traditional analysis methods, this dissertation adopts an approach rooted in
‘one-shot prompting’. This strategy effectively uses a small set of examples (the ‘prompts’) to
guide the LLLM towards recognizing and identifying key concepts. By doing so, it greatly simplifies
the process of analyzing an extensively large dataset. Hence, the core intent of this dissertation
is to demonstrate the considerable potential of utilizing LLMs and carefully crafted prompts in
understanding and dissecting students’ comprehension of mathematical concepts, with an aim
to show that these models can provide structured, reliable output. Overall, this study makes a
unique contribution to the field by combining the study of student conceptions with large-scale data
analysis, offering valuable insights into the various ways that students can come to know a complex

mathematical concept.

I chose to focus on a concept from calculus (derivatives) for two main reasons. First, calculus
is often the first college mathematics course that university students are required to take, which
coincides with first year college students’ adjustments to other aspects of college life, including less
time spent in class and more time devoted to independent study (Moreno and Muller, 1999). In
the U.S., K-12 students typically have more daily contact hours with their teachers than they do
in college settings, leading to a shift in the student-teacher dynamic in college. First-year college
students may be less aware of the resources available to them, such as office hours or in-person
tutoring centers and may feel hesitant to talk to their instructors about the difficulties they are having
with the course material. Online mathematics learning communities can provide these students
virtual spaces to ask for help immediately after encountering a question and receive prompt feedback,
which has been shown to encourage revision and improve performance (Roth et al., 2008). Calculus

is often a course required by many first-year undergraduate students, and these online spaces are
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likely a place for these students to go to when they need help. My second reason for studying a
concept from calculus is because of the ease of access to an immense number of conversations about
calculus in online learning communities, as calculus is often the most active subject in them. In the
next section, I review the research on student understanding of the specific calculus topic my study

is concerned with—derivatives.

4.1.3 Research on student understanding of derivatives

Calculus is commonly viewed as the mathematics of change, measuring change via the two
important concepts: the derivative and the integral (Stewart, 2012). These concepts are so
fundamental to the study of calculus that the first two semesters of the university course are
commonly referred to as differential and integral calculus, respectively. The concepts preceding
differentiation—Ilimits, continuity, and finding slopes of tangent lines—serve as stepping-stones for
differentiation. Furthermore, the derivative concept has important implications in the real world;
whenever we study any type of relationship, we want to know: how can we describe the change in

one variable in reference to the change in another, related variable (Strogatz, 2019)?

This section analyzes the research on students’ comprehension of the derivative, dividing it
into two groups: investigations on the foundational concepts from prior coursework required for
understanding the derivative and examinations of the derivative comprehension across different

representations contexts.

4.1.3.1 Foundational concepts for derivative understanding

Early research in this area focused on identifying the difficulties students face when solving derivative
problems and understanding the reasons behind their errors. In an interview study, Orton (1983)
investigated the reactions of 110 students to problems involving differentiation and rate of change.
Alongside algebraic errors, he found that students also struggled with rate of change and limit ideas.
The main finding of the study is that the concept of ratio underlies the notion of rate of change,
and to gain an understanding of the derivative, one must develop an understanding of slope, which
is based on an understanding of ratio. Numerous studies that followed Orton’s found comparable
results; for instance, Ferrini-Mundy and Graham (1994) investigated student errors on differentiation
tasks and discovered that students performed well when computing derivatives using formulas but
struggled with understanding the core concepts of the derivative (i.e., ratio, limit, and function), as

well as the ability to move between representations of the derivative.
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4.1.3.2 Students’ understanding of derivative across representations

The derivative is typically taught through four interconnected representations: graphical, verbal,
symbolic, and physical. However, many students struggle to recognize or effectively utilize the
connections between these different representations (Asiala et al., 1997; Hershkowitz et al., 2001).
Among the four representations, mathematics education researchers have primarily concentrated
their investigations on students’ perceptions of the derivative as a slope. Research in this area has
examined the factors that contribute to students having a stronger understanding of the derivative
through graphical representations and has sought to establish theoretical frameworks that explain
how students’ understanding of the derivative develops through graphical representations. Asiala
et al. (1997) investigated calculus students’ understandings of a function and its derivative through
a graphical perspective. The authors provide a theoretical account of the cognitive constructions
necessary to develop graphical understanding of the derivative in terms of actions, processes, objects,
and schemas (APOS), and designed a treatment with calculus students to elicit the formation of
the mental constructions. Other studies that examined students’ graphical understandings of the
derivative include Baker et al. (2000) who also used elements of APOS theory to analyze students’
comprehension of a challenging calculus graphing problem, Aspinwall et al. (1997) who conducted
a case of a student to demonstrate how vivid and dynamic imagery invoked by calculus graphs can
create unexpected obstacles to students’ understandings, and most recently Vincent et al. (2015)’s
interview study asking students to verbally describe a tangent line, sketch tangent lines for multiple

curves, and apply tangent lines to multiple curves.

Other forms of representation and the connections between them have also been areas of research.
Héhkioniemi (2006) examined the types of representation students acquire when learning the
derivative concept for the first time and found that students initially form perceptual representations,
which allow them to understand the derivative as an object and apply differentiation rules to it.
The study revealed that students experience difficulties in understanding the derivative in graphical

representation and linking the limit of the difference quotient to other forms of representation.

4.1.3.3 Zandieh’s framework of conceptions of derivative

Zandieh (2000) theoretical framework for examining students’ understandings of the derivative
has been frequently used by mathematics education researchers to structure studies pertaining to
the derivative concept (e.g., Carlson et al., 2002; Feudel and Biehler, 2021; Hahkioniemi, 2006;
Likwambe and Christiansen, 2008; Roundy et al., 2015; Zandieh and Knapp, 2006). This model
seeks to describe the mathematical community’s concept image of the derivative. Zandieh developed
the framework by considering how the derivative is used by various stakeholders in the mathematical

community: mathematics textbooks, mathematicians, and mathematics graduate students.
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Contexts

Graphical Verbal  Paradigmatic = Symbolic  Other
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Process-object layer Slope Rate Velocity Difference
Quotient
Ratio
Limit
Function

Figure 4.1: Outline of the framework for the concept of derivative from Zandieh (2000)

The framework (Figure 4.1) is a matrix with columns representing contexts (i.e., representations)
in which one may think about the concept of the derivative: (1) graphically, as a slope of a
tangent line; (2) verbally, as rate of change; (3) physically, as a velocity in kinematic situations; (4)
symbolically, as the limit of the difference quotient; and (5) other, as less commonly used contexts,

such as numerical or other physical measurements than velocity.

The framework utilizes Sfard (1992) work on process-object layers, where processes are actions
performed on pre-existing objects, and each process can be transformed, or reified into an object that
can be acted upon by other processes. In other words, each layer describes the duality in which ratio,
limit, and function play as either as dynamic process or as static objects. Although this framework
does not provide any predictions on which understandings will emerge in what order and how, it is
flexible enough to be used in a diverse number of settings and can organize a wide range of student
understandings of derivatives. The rows of the matrix represent three process-object layers—ratio,
limit, and function, which are viewed both as dynamic processes and as static objects, and “are
linked in a chain” (Zandieh, 2000, p.107). The columns utilize the method of introducing new

mathematical concepts by building one abstract object using one or multiple other abstract objects.

Within any of the contexts or columns, the ratio as a process takes two objects (e.g., distance and
time, two lengths) and acts on them with division. When the ratio is reified into an object, it gets used
in the next layer’s process—the limit, where the limiting process involves passing through an infinite
number of ratios to approach the value of the limit at one point. So if f is a function and x = a is a

value in the function’s domain, then we can define the derivative of f at a point x = a, denoted f”(a),

76



fla+h) - f(a)

is then also reified into an object as a quantity that gets used in the last layer’s process (function) that

by taking the limit of a ratio, f’(a) = limj,—

, provided the limit exists. The limit

involves going through (potentially) an infinite number of input values (x is in the domain of f),

and for each one, determining an output value that is given by the limit of the difference quotient

0f(96+h)—f(X)

f7) can be reified as an object like any other function. This definition of the derivative, (function

at that point. Finally, the derivative function itself (f/(x) = limj_, , for all x in
layer) is given in nearly every calculus textbook and involves a ratio, a limit, and a function, the

three object-layer processes in the framework.

In summary, research on students’ understandings of the derivative typically involve small-scale
studies that aim to examine how students connect their understanding of the derivative to concepts of
ratio, limit, and function as they perform derivative computations, as well as how students develop

different understandings across representational contexts.

4.2 Theoretical Framework

In this section, I provide details of Balacheff and Gaudin (2009) conception model framework. After
providing an account of how to define and model conceptions, I connect back to the derivative
framework by Zandieh (2000), presenting a preliminary working theory of a way to study student

conceptions of the derivative at scale.

4.2.1 Balacheff and Gaudin’s conception model

In their paper describing their conception model, Balacheff and Gaudin (2002) begin with the
epistemological problem of coherence in studying student knowledge. They note that Bourdieu
(1990)’s concept of a sphere of practice can be a way to explain the phenomenon of a student
holding a knowing of a mathematical concept that seems rational given their experiences and prior
practice, yet contradictory from an observer’s perspective. For Bourdieu (1990), individuals and
groups have different social positions within a field, determined by their access to different forms of
economic, social, and cultural capital. These positions in turn shape their experiences, perceptions,
and actions within the field, and define the limits of their spheres of practice. A sphere of practice,
in this sense, refers to the range of actions and opportunities that are available to an individual or
group, based on their position within a field. It also includes the set of rules and expectations that
govern their behavior within that field. Time is a vital component of spheres of practice, as the social
positions, opportunities, and situations available to individuals and groups may be different over
time. Additionally, the way that people understand and act within their sphere of practice can also

change over time. This means that something that may have been considered rational and acceptable
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behavior within a sphere of practice at one point in time, may not be considered as such at another
point in time. Given that the sphere of practice is shaped by the position of the individual or group
within a specific field, and that position and opportunities are in a constant state of flux, it is possible
for an observer to perceive something as contradictory that the actor or set of actors perceives as

rational.

As an example, two distinct conceptions of the area of a rectangle can be considered within the
context of students’ understanding while problem-solving: (1) computational conception: the area
as the product of the length (/) and the width (w), and (2) geometric conception: the area as the
quantity of one unit by one unit squares enclosed by the rectangle with a length of / units and a
width of w units. Note that specific problems are more effectively tackled using the first conception
(for instance, calculating the area of a rectangle with dimensions 35 by 50) whereas others are better
approached using the second conception (for example, determining the area of a blue region within
a 5 by 3 rectangular grid, in which each unit square is either red or blue, with 8 red squares and
the remaining squares as blue). This perspective highlights the importance of understanding and
characterizing the various conceptions of fundamental mathematical concepts that may emerge in

problem-solving situations across mathematics courses.

4.2.1.1 A definition of conception

According to Balacheff and Gaudin (2002), the term “conception” has been widely utilized as
a tool in mathematics education research, but its implicit definition has made it challenging for
researchers to effectively examine students’ conceptions as objects of study (Artigue, 1989; Vinner,
1983). Different mathematical tasks, such as defining a term, describing a function, or simplifying
an expression via symbolic manipulation, can reveal numerous ways of understanding a concept.
For example, a student may understand the concept of the derivative well enough to use it in a
problem-solving situation yet struggle to communicate it verbally or in writing. Similarly, a student
might know the derivative as an instantaneous rate of change, but this knowing may or may not be
sufficient to solve a problem requiring them to find the slope of a tangent line to a curve at a point.
Recognizing that learners may have different models-in-action to mobilize what an outside observer
might consider as the same piece of knowledge, Balacheff defined a conception as “the state of
dynamic equilibrium of an action/feedback loop between a subject and a milieu under proscriptive
constraints of viability” (Balacheff and Gaudin, 2009, p. 11). Considering Brousseau’s (1997)
theory of didactical situations, Balacheff and Gaudin opted for terms “subject” and “milieu” instead
of “student” and “environment” in their definition. The subject denotes an individual, group, or
entity in relation to a specific piece of knowledge, while the student encompasses both cognitive

and non-cognitive aspects. The milieu refers to the relevant subset of the environment for learning
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Figure 4.2: Subject-milieu system. Adapted from Balacheft and Gaudin (2003).

a particular concept, including both physical and symbolic interactions, while the environment

represents the student’s overall surroundings.

The subject-milieu system, adapted from Balacheff et al. (2003), illustrates the interaction between
the subject and the milieu during problem-solving tasks. The subject’s understanding of a concept is
revealed through their actions (operators) and the feedback from the milieu (controls). This system
emphasizes the need to consider the specific states of equilibrium achieved under proscriptive
constraints of viability. Proscriptive constraints outline the necessary conditions for maintaining
the system’s viability by defining its boundaries. These limitations or restrictions don’t provide

direct instructions on maintaining equilibrium. Although the constraints are not exhaustively known,
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Balacheff and Gaudin identified two that are specific to didactical situations: time (e.g., school
year organization, lesson planning) and epistemological constraints (i.e., existence of underlying
reference knowledge for the content being taught). To effectively investigate conceptions as objects
of inquiry, a conception should be regarded as a subject’s local understanding of a concept within a
specific situation. This understanding is in a state of continuous change, influenced by the subject’s
actions and the feedback obtained from the milieu. By examining conceptions, we can perceive
problems as disruptions to the subject-milieu system’s equilibrium and recognize the presence of
a knowing through its manifestation as a problem-solving tool. Consequently, a knowing is not
exclusively attributed to the subject or to the milieu but emerges as result from the interaction
between the two. Learning can be understood as the process of restoring balance to the subject-milieu
system’s equilibrium following a perturbation that interrupts, changes, or disrupts this balance. A
key indicator of this process is the discrepancy between a person’s expectations and what an observer
might view in the environment. An error exemplifies this phenomenon, when the subject fails to
recognize the gap, but an external observer can identify it. The primary goal of studying conceptions
is not to understand the thought processes of individual subject but to provide an account of the

subject-milieu system.

4.2.2 From a definition to a model

To operationalize the conception definition in my study, I use Balacheft’s conception quadruplet
(P, R, L, %) of concept features (problems, operators, representations, and controls) as inspiration to
help discern distinct derivative conceptions in dialogues between students and peer tutors addressing
derivative problems (Balacheff and Gaudin, 2009; Balacheft, 2013). These features alongside
Zandieh’s (2000) can help understand how conceptions of a derivative are enacted in practice:

* P refers to a set of problems (or sphere of practice), with each problem p € P requires the use
of a concept. Two solutions have been proposed to characterize P: (1) include all problems for
which the conception provides efficient tools (Vergnaud, 1981, p.145) and (2) consider a finite
set of problems from which other problems will derive (Brousseau, 1997). For the derivative
concept, the first option to write out the set of all problems for which the derivative conception
provides efficient tools is unfeasible, as there are potentially innumerable problems from every
conception type which could meet the criteria. The second solution, coming up with a finite
set of solutions, is more reasonable, yet comes with a flaw of not knowing rigorously if that
set of problems can serve as a basis to generate all problems for that conception. A more
pragmatic solution is to define a description of the set P to define the set of problems, refining

this description as needed through the analytic process.

* R refers to a set of operators that students use to solve problems in P. Operators, as tools
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of action, are the means to change the relationship between the subject and the milieu. In
practice, the operators will be evident in the steps of the students’ work. Pragmatically,
identifying distinct conceptions of the derivative at scale involves deriving a description of
the set of operators unique to solving p € P, contingent on the duality of the representational
context and the role one of ratio, limit, or function plays as a dynamic process (operator) on a

pre-existing static object (control).

L refers to the linguistic, graphical, or symbolic means (a.k.a., representations) that support
the interaction between the subject and the milieu through actions, feedback, and the final
answer or outcome. In this context, the representational nature of the problems (i.e., whether
the problem elicits students to talk about the derivative in graphical, verbal, physical, or
symbolic means) will act in duality with the problems to distinguish between the models of

the conceptions.

» ¥ is a control (or regulatory) structure, consisting of all the means required for the subject
to use operators and the milieu to receive them, determine their adequacy and validity of
the used operator, and select and provide feedback to the subject, which would determine
whether the problem has been solved. The control also ensures that the conception C is
not contradicted. This process is catalyzed by problems as tools to diagnose, reinforce a
previously identified diagnosis of, question, destabilize, or reinforce conceptions. As the
goal of the study is to model the conceptions of the derivative in a way that can: (1) be
distinguishable across levels of knowing (as marked by the process-object layers), and (2)
be concise enough to build a machine learning model that can distinguish conceptions via
differences in the way students talk about problems solving p € P that is contingent on the
duality of the representational context, I establish a pragmatic description of the set of controls
that satisfies the following conditions. Finding distinct conceptions of the derivative at scale
involves deriving a description of the set of controls unique to solving p € P that is contingent
on the duality of the representational context, (1) if the operators are in the form of limit
or function, then these controls are in the form of ratio and limit, respectively and serve to
validate the operators as described above; (2) if the operator is in the form of ratio, then the
controls are in the form of using one of: (a) the rise and run of a slope (graphical context;
derivative as a slope); (b) the rate and time interval (verbal context; derivative as a rate of
change); (c) the velocity and time interval (the physical context; derivative as a velocity), or

(d) the change in y and the change in x (symbolic context; derivative as a difference quotient).

One conception falls outside Zandieh’s framework (using rules to take a derivative), in which
tables of derivative rules serve as a control here. In this study, I use these two frameworks alongside

LLM prompting to identify distinct conceptions of the derivative as they arise in conversations
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collected between students and peer tutors discussing derivative problems. The goal is to initially
identify the representations (the columns), and then prompt again for the process-object layer. In the
next section, I show how I use this framework in combination with an adaptation of Zandieh’s (2000)
to model distinct conceptions the derivative based on whether students instantiate their knowings of
these concepts of ratio, limit, and function as operators (i.e., what they appear to do in the steps of

their work) or controls (i.e., what they take to be true while they do their work).

4.2.3 Conception models of the derivative

Table 2 presents the model for conception of derivative as instantaneous rate of change, describing
each element in the quadruple. Next, I present the models of conceptions of derivative with ratio
as operator, limit as operator and ratio as control, and function as operator and limit as control, in
Figure 4.3, Figure 4.4, and Figure 4.5 respectively. In each table, a column represents a model of
a conception of derivative. For example, in Figure 4.4, the second column represents the IRoC
conception. This conception arises when limit is used as an operator and the problems are in the

verbal representational context (i.e., the derivative is conceptualized verbally as a rate of change).

Table 4.1: Model of the Instantaneous Rate of Change (IRoC) Conception: limit as operator and
verbal representation

Elements (notation) Description

Problems (Prroc) Find the instantaneous rate of change of a function f at a
point x = a.

Operators (Riroc) Determine the instantaneous rate of change of the function

f atx = a by considering the limit of the average rates of
change as the interval [a, b] shrinks to a single point.
Representation (Liroc) Verbal
Control Structure (Ziroc) Use the average rate of change (computed using the ratio of
the change in y-values to the change in x-values) to estimate

the instantaneous rate of change at x = a.

4.3 Methodological Framework

In this chapter, my goal is to analyze a subset of the conversations where the students are asking

questions about the derivative. To begin, I use the topic-modeling work done in chapter 3 to extract
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Figure 4.4: Four conceptions of the derivative when limit acts as operator and ratio acts as control:

Layer 2

Reps Graphical Verbal Physical Symbolical
(as a slope) (as a rate of change) (as a velocity) (as a difference quotient)
Concept
features
Given the graph of a Find the average rate of Given a position function | Given a function £, find
function f, find the slope | change of a function f 5(f) describing the the difference quotient
of the secant line over the interval [a, b]. movement of an object, (fib)-Ra))/ (b - a) to
Problems between the points find the average velocity | determine the average
corresponding to the of the object over the rate of change of the
interval [a, b] time interval [a, b]. function over the interval
[a, &].
Compute the slope of the | Calculate the average Determine the average Calculate the difference
secant line by dividing rate of change of the velocity of the object quotient (f{b) - fla)) / (b -
the change in the y- function f over the over the time interval a) to find the average
" values by the change in interval [a, b] by finding | [a. 4] by computing the rate of change of the
RIS the x-values, using the the difference quotient change in position function fover the
points on the graph that (fib) - fla)) / (b - a). divided by the change in | interval [a, b].
correspond to the interval time using the position
[a, b]. function s(r).
The coordinates of the Use the values of fla) The change in position The function fand the
points on the graph that and f{b) to compute the (As = s(b) - s(a)) and the | interval [a, b] are used to
correspond to the interval | change in y-values (Ay= | change in time (Ar=5b - compute the change in y-
Controls [a, b] are used to fib) - fla)) and the a) are used to find the values (Ay = fib) - fla))
compute the change in y- | change in x-values position function s(t) and | and the change in x-
values (Ay) and the (Ax=b-a). the given time interval values (Ax=b- a).
change in x-values (Ax). [a, B].

Figure 4.3: Four conceptions of the derivative when ratio acts as operator: Layer 1

Reps Graphically Verbally Physically Symbolically
(as a slope) (as a rate of change) (as a velocity) (as a difference quotient)
Concept
features
Find the instantaneous Find the instantaneous Given a position function | Given a function f; find
rate of change of a rate of change of a s(t), find the the derivative f'(x) at
Problems function £, at a point x=a, | function fat a point x=a. instantaneous velocity of | x=a using the limit
given the graph of the the object at time =a. definition of the
function. derivative.
Estimate the slope of the | Determine the Compute the Calculate the derivative
tangent line at the point instantaneous rate of instantaneous velocity of | f(x) at x=a using the
x=a on the graph of the change of the function f° the object at time t=a by | limit definition of the
Operators function /by considering | atx=a by considering the | considering the limit of derivative:
the limit of the slopes of | limit of the average rates | the average velocities as lim LETH=1(E)
the secant lines as the of change as the interval the time interval [a, b] h=0 h
interval [a, b] shrinks to [a, b] shrinks to a single shrinks to a single point.
a single point. point.
Slopes of the secant lines | Average rate of change Average velocities The difference quotient
(computed as the ratio of | (computed using the ratio | (computed using the ratio | (fla+h) - fla))/h,
the change in y-values to | of the change in y-values | of the change in position | computed as the ratio of
Controls the change in x-values) is | to the change in x- to the change in time) is the change in y-values to
used to estimate the values) is used to used to estimate the the change in x-values is
slope of the tangent line. | estimate the instantaneous velocity of | used to evaluate the limit
instantaneous rate of the object at time 7=a. definition of the
change at x=a. derivative at x=a.
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Reps Graphically Verbally Physically Symbolically
(as a slope) (as a rate of change) (as a velocity) (as a difference quotient)
Concept
features
Given the graph of a Describe the behavior of | Given a position function | Using the limit
function f'and its a function fbased on its (1), find the velocity definition, find the
Problems derivativel_ L), a_nalyze insmmanelous ljate of ﬁm‘clion v(?) by finding derivative of a function f°
the behavior of fin terms | change, given its its instantaneous rate of
of its instantaneous rate derivative f(x). change using the
of change. derivative s '(¢).
Use the graph of the Interpret the derivative Analyze the velocity Extend limit definition at
derivative f”(x) to identify | f’(x) in terms of function v(¢)=s’({), to a point to any arbitrary
the behavior of the instantaneous rate of describe the movement of | pointx.
function f; such as change and describe the the object in terms of its _ i AR —F ()
Operators 5 ; ] b n q A ; f &) =lim s
increasing or decreasing behavior of f, including instantaneous velocity, ) h=0 R
intervals, critical points, increasing/decreasing including changes in given the limit exists.
and inflection points. intervals and critical direction or acceleration.
points.
The limit of the slopes of | The instantaneous rate of | The instantaneous The derivative of a
the secant lines change at a point x=a is velocity at a point x=a is | function f'at a point a can
approaching x=a is the computed as f’(a). computed as §’(a). be found by taking the
Controls slope of the tangent line limit as / approaches 0 of
at a, which can be the difference quotient
computed as f°(a) £@ = lim fla+th)—f(a)
h-0 o

Figure 4.5: Four conceptions of the derivative when function acts as operator and limit acts as
control: Layer 3

these conversations (N = 2088). Figure 4.6 provides a schematic of this work. Once this is done,
the next step is to see whether the conceptions described by Zandieh’s (2000) derivative framework

show up in the conversations.

4.3.1 Classification schema

To answer RQ 1, which asks whether the conversations about derivatives on MathConverse reflect
or differ from Zandieh’s (2000) theory of student conceptions of the derivative, I use the Figure 4.3,
Figure 4.4, and Figure 4.5 as a guide so that for each conversation, I will first do some pre-processing
of the conversations that will do some ‘feature extraction’, where I will use the language written in
these figures to extract key phrases from the conversations and put them in a separate column if they
exist. If they do, these key phrases get added onto the conversation with an indicator in the prompt.
To do this, I use regular expressions, (typically shortened as regex), a tool used to specify a match

pattern in text.

This coding process follows a very similar technique to Table 3.1. The difference here is that
instead of classifying messages, I am instead classifying conversations, by concatenating all of
the messages in a conversation by their conversation ids, as created by the algorithm in Chapter 2.
Before running the messages through the model, I label a random sample of 500 of the conversations

for the presence of the 12 derivative conceptions found in the columns of Figure 4.3, Figure 4.4, and
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Figure 4.6: Identifying derivative-based conversations

Figure 4.5, with the addition of the 13th conception below:

Applying Rules to take a Derivative
The process of finding the derivative of a function by applying standard rules and formulas.
Using a table of derivative rules to find the derivative of a given function f without resorting to

the limit definition.

The Applying Rules to take a Derivative (ARttaD) conception was also noted by Zandieh (2000)
in her interview study as the most common student conception with her students, but said that it did
not fit into the object-process framework, and that this form of instrumental thinking, while very
prevalent, is not at the root of the type of conceptual thinking we are trying to get our students to
understand about the derivative from our courses. As procedural questions was a question type in
Chapter 3, and through my experiences in the platform and as a calculus educator is the type of
calculus knowledge students tend to walk away with, my goal with this work is to try to see if in the

conversations we see any of the other 12 derivative conceptions emerging.

After hand-labeling the conceptions the derivative conversations are processed through the
OpenAl API using gpt-3.5-turbo. In the work by Wang et al. (2023), their team used a number
of LLMs to benchmark three step-by-step mathematics tasks. Given a piece of student work with
an error, their goal was to use the models to: (1) infer the type of student error, (2) determine the
strategy to address the error, and (3) generate a response that incorporates that information. Using

the benchmarks, they found that the OpenAl gpt-3.5 and gpt-4 models were far superior to the
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Figure 4.7: Hand-labeled categorizations of presence of conceptions in student messages in the
conversations. n = 238 conversations

fine-tuned open source models, so I use these findings in their similar research and follow their lead
to use the state of the art models. I choose to use gpt-3.5 as it is much more cost-effective (at the
time of writing, more than 10x cheaper to run the models). As I am using a pre-trained model, the
goal is to write a prompt that can ‘teach’ the model what it needs to do to perform well on the task
each time it sees an input, and attach this prompt to the relevant information from the conversation
(Figure 3.2). The model is hosted on an API, so in this case, I am not doing any training of a
machine learning model, rather, I am using a very powerful model for model inference. For the
conversation data, I am using the student-extracted data from the conversation (see Figure 3.13 in

the previous chapter for more details) for this task.

4.4 Findings

4.4.1 RQ 1: What are the conceptions of the derivative that emerge, and how
do they compare to Zandieh’s (2000) framework?

4.4.1.0.1 Hand-labeled results Similar to the work of Chapter 3, in order to assess how well

the model performs on this task, I first needed to hand label a random sample of 250 conversations

having to do with the derivative by the topic modeling analysis done in subsubsection 3.5.2.2

filtered by the messages sent by students used Label Studio to label these for the presence of the
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conceptions. Unlike the work of the fine-tuned question classifier, I am not sure how representative
these conversations are of how students talk about the derivative as a whole in the server. This
was the label that I assigned to this topic, having to do with the fact that words like ‘chain rule’,
‘derivative’, and ‘derive’ were more likely to come up in these conversation than others, but as I
was reading through these messages, I became more aware of the fact that I might be looking at a
somewhat biased sample based on that technique of filtering that I did. With that in mind, in 2?2, 1
provide a bar chart of counts of the questions types of the random sample that became the validation

set to compare the model results to.

As shown in this chart, using the coding framework I described in subsection 4.2.3, I found that a
substantial proportion of the students’ messages in these conversations had language describing the
conception that I describe as applying rules to take a derivative. While this result is not entirely
surprising, as it is common in the literature and in our coursework that a substantial portion of
our calculus coursework details students working through derivative calculations, it was a little
surprising to see just how many of the conversations were so similar in this way. The second most
common problem type (and conception) was the slope of the tangent line, which aligns with a
graphical representation of thinking about slope. In these problems, students typically were asked to
find a tangent line or would even bring up specifically that they thought about the derivative as a

tangent line.

Recall from Chapter 3, a confusion matrix provides a visual representation of the performance of
a classification model, where each row represents the categories I have assigned, while the columns
represent the categories assigned by the model, in this case, GPT-3.5-Turbo. Looking at Figure 4.8,
there is fairly strong agreement on the derivative rules category, where out of the 93 times the
model labeled an input text as ‘derivative rules’, 82 of those I agreed with, and 11 I marked ‘none’,
meaning I did not see any evidence of conceptions of the derivative showing up in the message.
While the slope of the tangent line was the second most prevalent category it was also the one with
the most disagreement between myself and the model, where the model labeled 17 examples that I
saw as ‘derivative rules’ as ‘slope of tangent line’. I looked more carefully at all of these and saw no
language of slope of tangent line anywhere in any of these examples, so it is hard to know why the

model made these predictions. In the next section, I go over some evaluation metrics.

4.4.1.0.2 Evaluation In order to set a benchmark for comparison, 1 again used the ZeroR
(Zero Rate) Classifier, and precision and recall to establish the accuracy of the model against my
manually-labeled results (see paragraph 3.5.2.1.3 for expanded discussion on the ZeroR model, as

well as precision and recall definitions).

Table 4.2 presents the precision and recall figures for each category coded within this sample of
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Figure 4.8: Confusion matrix representing the alignment between my labeling of the conceptions
and the model’s (GPT-3.5 Turbo)

Table 4.2: Category-wise Evaluation Metrics

Category Count ZeroR GPT-3.5 Turbo
Precision Recall Precision Recall
Derivative Rules 123 0.519 1.000 0.882 0.667
Derivative As A Function 3 0.000 0.000 0.333 0.667
Limit Of The Difference Quotient 28 0.000 0.000 0.650 0.929
None 27 0.000 0.000 0.714 0.185
Slope Of The Tangent Line 33 0.000 0.000 0.579 1.000
Graph Of Derivative Function 1 0.000 0.000 0.000 0.000
Slope Of Secant Line 3 0.000 0.000 0.400 0.667
Difference Quotient 19 0.000 0.000 0.643 0.947
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the dataset. When comparing the GPT-3.5 Turbo model’s performance to the ZeroR baseline, it
is important to consider the trade-offs between precision and recall. The ZeroR classifier, which
predicts based on the majority class, in this case, Derivative Rules, shows a precision of 0.519 with
a recall of 1.0, which denotes being able to capture all instances within this category at the cost of a
large number of false positives, a byproduct of its design. In contrast, the GPT-3.5 Turbo model
shows high precision of 0.882 in the Derivative Rules and a recall of 0.667 which reflects that it can
accuratly classify a majority of the instances of this case, but also capture of substantial proportion
of the true positives. In cases where there are very low counts, it is hard to provide any conclusions
about performance here, although as I'll discuss in the discussion, I would want to change the input

and run more examples to see how well it performs on these categories.

Categories such as Limit of the Difference Quotient and Difference Quotient have high recall
values of 0.929 and 0.947 respectively, demontrating the models ability in identifying relevant
instances. However, the precision scores of 0.650 and 0.643 suggest that there are some mis-
classifications happening that might be caused by some similarity in question types or not being
able to distinguish between some of the defining features of the conceptions. Further, the ‘none’
category is one that stands out with a very low recall of 0.185, indicative of the model struggling to
correctly identify the instances that do not fall into any of the predefined categories. My hypothesis
here is that my prompt might not have been clear enough that ‘none’ was an option, as looking at the
results of Figure 4.8 show that it only chose this option 2.9% of the time which is not representative

from what I saw in this sample.

4.5 Discussion

Building upon the analysis presented in Chapter 3, this chapter presented another case study of
analysis using the MathConverse dataset, with a specific focus on the mathematical concept of the
derivative within student-tutor dialogues. I presented a novel exploration on the use of LLMs for
investigating mathematical conversations, highlighting the benefits of using text-as-data methods
to understand mathematical dialogues. This chapter pivoted in its approach, moving from a more
general look at patterns of engagement and question-asking, to a concept-specific task, looking at how
students are engaging with the derivative in the help channels. Through the use of state-of-the-art
language models such as OpenAI’s GPT-3.5 Turbo, I provided an example of a data analysis effort
that side-stepped sample-size, cost, and replicability issues that often challenge more traditional

classroom data analysis.

My findings show the prevalence of procedural knowledge in the form of applying rules to take

derivatives, which from my experiences as a calculus educator, resonates with the experiences many
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students have with the course. However, about one-third of the random sample of 238 responses
were jointly labeled by myself and the model with three of the conceptions found in Zandieh’s
(2000) model: Limit of the Difference Quotient (26), Slope of the Tangent Line (33), and Difference
Quotient (18). This provides some evidence that: (1) there are these other conceptions of the
derivative emerging in the conversations, and (2) the LLM is able to pick up on these somewhat
reliably. However, if the choice is to use an off-the-shelf encoder-based generative LLM like
GPT-3.5, there is much work to be done on what data should be fed in, and what prompt should be

used in order to make sure the model chooses the right category.

The use of LLMs in this study can help start conversations about their future role in educational
research, and where we as education researchers fit in the picture of how they are being used in
mathematics classrooms and to build intelligent tutoring systems. Much of this work is being done
in rooms without those with training in education, and I believe it is important for those who study
the teaching and learning of mathematics to be involved with this work, and understand the strengths

and limitations when it comes to what these models can do.
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CHAPTER 5

Conclusion

5.1 Introduction

The aim of my dissertation work is to provide the research community insights into the kinds of
activity that takes places in online communities dedicated to the subjects that engage us as academics
and educators, whether through our research or our teaching. Moreover, I argue that in order to better
understand the phenomena at the heart of our studies as social science researchers, methods from
machine learning and NLP can effectively unite the most valuable elements from the quantitative
and qualitative research methodologies that often are used in isolation in our field (Grimmer et al.,
2022; Shafter, 2017). In this chapter, I revisit the overarching research questions introduced in
Chapter 1, reflecting on the key findings and lessons gleaned throughout the course of the study. To

conclude, I discuss the limitations and offer recommendations for future research.

5.2 Revisiting the Research Questions

When writing the three overarching research questions presented in Chapter 1, my goal was to
designate one to correspond to the focus of the respective chapters, while also allowing for more
deeper, focused research questions to evolve in each chapter. Chapter 2 serves more as a foundation
for the work done in chapters three and four and is less of an empirical study, so the question I
pose for this chapter is broad and exploratory. In contrast, the other two questions link closer to the

empirical findings sections found in their respective chapters.

5.2.1 Transforming conversations into data

1. What processes are involved in converting large amounts of mathematical conversations into

a structured dataset for analysis using text-as-data methods?

In Chapter 1, I posed this question as I way to encompass the efforts implemented across chapters
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two through four. While the writing in these chapters was able to provide some of these processes
generally involved in this work, and how they were implemented in my particular use case with
the conversations from MDS, I would also like to provide some more takeaways that can extend to

studies beyond this project.

5.2.1.0.1 Data collection and initial processing The initial step in my project involved using the
Discord Chat Exporter (Holub, 2023) to gather conversations from the MDS. This extraction process
happened over multiple iterations, with a final download in January 2023. These messages were
exported in JSON format, which offer a hierarchically-structured representation of the conversations.
This format provides easy access to the metadata for each message, including message IDs,
timestamps, message content, attachments, amongst other relevant information. In building research
studies like this one, it is useful to assess the availability of APIs to access data at scale. Additionally,
it is important to note how the data is formatted when you download it, formats available for
download, and ease of access for cleaning and analysis, as well as finding ways to store the data that
can collaborative access and version control can help ensure data integrity, reproducibility, and save

on time and resources.

5.2.1.0.2 Building datasets for public use is an active field of research Before getting involved
in the fields of computational social science, machine learning, and NLP, I was largely unaware of
the extensive effort, time, and resources dedicated to the creation, development, and dissemination of
datasets for public use. As described in subsection 2.2.3, the process of putting together high-quality
datasets is critical not only for advancing research and practice in mathematics education but also

for driving progress and innovation across a wide array of domains beyond education.

In some ways, these datasets can help augment the work we do in our more traditional forms
of doing research on teaching and learning; that is, via video, audio, and transcript recordings
of classroom activities. However, as noted by Major and Watson (2018) and Kim et al. (2023),
these sources of data come with some limitations regarding replicability, privacy concerns, and
practicality of data sharing. In response to some of these challenges, projects like the “Million Tutor
Moves Observatories Project” (Reich et al., 2023), the work of Demszky et al. (2021) on measuring
teachers’ conversational uptake, and Suresh et al.’s (2022) work on building the TalkMoves dataset
have shown promise in this area in their efforts to collect large-scale machine-readable datasets that

could in turn be used to train intelligent tutoring systems.

The transformation of the large number of exchanges from the help channels from the MDS into
the MathConverse dataset, as detailed in Chapter 2, represents a significant contribution in our field.

It provides a ready to use dataset for a number of questions related to engagement patterns, the
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dynamics of peer and mentor-student interactions, and the development of how students are seeking

guidance in this non-traditional online context.

5.2.2 Understanding engagement in an online learning community

2. What are the characteristics of participant engagement and conversational dynamics within
the MDS?

5.2.2.0.1 Defining what it means to engage Before getting into the key findings of this chapter,
I would like to discuss a few analyses that, while not directly included in this study, were important
to the ways in which I thought about the community and aided in my development of key definitions.
Over the past few years, a typical day of research for me would begin with visiting the MDS
and observing tutoring sessions as they happened live. One aspect I noted from the onset of my
research was the presence of a group of community members who were consistently active, almost
round-the-clock, in various server discussions, and these individuals had been granted ‘helper’
roles—a badge of recognition within the community. The array of helper roles ranged from ’very
helpful’ to ’extremely helpful’, with the most active participants bearing titles that reflected their
frequent and substantial contributions to the help channels. These roles were not only symbolic but

served as a motivating factor for engagement within the community.
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Figure 5.1: Top 5 most active participants in the help channels from November 2021 to January
2023, measured by number of conversations

The data from Figure 5.1, which compares the participation of the top five active users in the
MDS against the overall average, reveal a significant concentration among these leading contributors.
Their level of engagement, as measured by the number of conversations they have participated
in, substantially exceed the community average of 18.96, indicating that these few individuals
are central to the support received within the platform. This observation led me to question the
nature of engagement within the community and to ponder the underlying factors that drive such
sustained and prolific participation. It also influenced the development of criteria to define what
constitutes meaningful engagement in the context of the MDS, going beyond mere message counts
to understanding the quality, responsiveness, and impact of these interactions on the learners they

support. Specifically, in subsubsection 3.5.1.2 where I talk about how students engage, I had to
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redefine what it meant to have an exchange (or turn of talk) by making sure that it was defined as the

author switching and not just a new message occurring.

This particular finding in connection to my observations watching the most active helpers interact
with learners everyday has me interested in a few questions related to their engagement: (1) What are
the effects of someone getting help from a ‘very active’ tutor compared to one with less experience
(measured by number of conversations) on the platform?; (2) What gravitates people to volunteer

several hours of their time on platforms such as these?

5.2.3 Conceptions of the derivative in MathConverse

What conceptions of the derivative emerge in the MDS, and how do these discussions reflect

broader trends in students’ understanding of calculus concepts?

In this chapter, I used the conversations labeled by the topic model from Chapter 3 as pertaining
the derivative to build a random sample to label for the conceptions of the derivative using a
theoretical framework that combines Zandieh’s (2000) derivative conceptions with Balacheft’s
(2013) theory of conception models. I then wrote a prompt that described each of these models
and wrote a script that would concatenate this prompt with the students’ contributions from each
conversation, and one-by-one, these would get sent to an LLM (GPT-3.5-Turbo) hosted by OpenAl,
and the output would come back as one of the categories that I requested. Additionally in this script,
I wrote some code that verifies that the model doesn’t say anything else, try to teach me as the user
what to do, just explicitly ‘categorize’, something of a workaround for this type of model that was

originally trained for text-generation (or to predict the next word).

The findings in Chapter 4 revealed a significant proportion of the conversations labeled as
containing the derivative by the topic model to show notions of procedural knowledge in the form of
students asking for help in applying rules for finding derivatives. This observation is consistent
experiences found by many in their calculus coursework; nevertheless, three conceptions from
Zandieh’s (2000) emerged with some prevalence in the sample: Limit of the Difference Quotient,
Slope of the Tangent Line, and Difference Quotient. These findings show promise that there are
these multifaceted conceptions showing up in the conversations, and that it is possible to prompt

pre-trained models to find these conceptions in conversations.
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5.3 Limitations

5.3.1 Conversation disentanglement is a challenging, well-studied problem

Conversation disentanglement (covered in subsection 2.2.4), the task of identifying separate threads
in conversations, can be an important part of the data cleaning process for researchers working with
chat data where the unit of analysis is the conversation rather than the message (Chatterjee et al.,
2020; Elsner and Charniak, 2010; Yu and Joty, 2020; Zhu et al., 2021). Initially, my focus on this
project was analyzing a different portion of the MDS data—specifically, the channel devoted to
calculus learning. In this channel, there were no indicators is no of where conversations started and
stopped, so a major part of my work involved training custom machine learning models that could
decipher these boundaries. While I was able to make some progress, the model accuracy did not get
to a satisfactory level to be able to apply the model at scale and use the results the analyses for the
rest of my study. It was in late 2021 when the moderators of the MDS implemented an automated
bot system in the help channels that made the conversation disentanglement task more feasible. The
policy change changed the norms on how students and helpers interacted with one another with
giving and receiving help, so that only one person would ask for help on a problem at a time, which

naturally structured the chat logs with clear beginning and and end-points for the conversations.

I share these insights to highlight how important it has been as a researcher who studies text
interactions at scale to know the difficulties of this problem of conversation disentanglement, as
well as how important being able to identify threads in chat data. I argue that for those who starting
research projects involving learners collaboratively engaging with text, choosing a system that
balances between the user-friendliness and synchronicity chat platforms with the capability to collect
structured data effectively. This balance can ensure the platform is accessible and engaging for
the learners while at the same time allow researchers to extract and analyze meaningful datasets
from it. As an example, in one learning community I participate in (Uplimit) which utilize Large
Language Models (LLMs) to study learner interactions that take place on Slack, there is an emphasis
on encouraging participants to use threaded replies in the chat platform. This approach not only
facilitates smoother communication among users but also significantly simplifies the research

process by organizing conversations more coherently.

5.3.2 Costs and privacy concerns associated with using closed-sourced models

In this project, I opted to use OpenAl’s GPT models for many of my analyses, because as of the time
of my writing, they currently provide models that are state-of-the-art on a number of foundational

tasks, provide an API that makes it easy to run queries from any machine, and several software
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developers have written libraries that integrate well with the models.

However, using these models does require sending data to this company and signing their user
agreement that this data can be used in training their models in the future. Furthermore, it costs
money to use these models, and the $1.50/million tokens for the GPT-3.5 Turbo model can add up
quickly. In Table 5.1, I provide some statistics for one of my (successful) model runs and the costs

associated with it.

Run Count | Total Tokens | Cost (USD)
120,687 8,325,116 $12.49

Table 5.1: Number of runs, total tokens, and associated cost for the question classification task on
n = 120, 687 questions

Therefore, if possible, it can be useful to leverage open-sourced models (e.g., Meta’s LLAMA
models, Mixtral AI’s Mixtral models, or Google’s Gemma models). Ollama provides an easy-to-use
interface for getting open-source models up-and-running on consumer hardware or one can rent a

machine from a cloud service (e.g., Paperspace or Hugging Face). I chose to use GPT

5.4 Future Research Directions

To finish the dissertation, I highlight two findings that inspire several branching studies I see coming
off of this work.

5.4.1 Looking at the dual roles participants play as students and helpers

In Figure 5.2, the histogram shows the role distribution of 16,045 participants who acted as a ’student’
and as a "helper’ within the help channels at least once. The x-axis represents the percentage of
conversations in which participants were students, and the y-axis counts the number of participants
corresponding to those percentages. Note a higher concentration of participants on the right side of
the plot, which shows that of these participants that have taken on both roles, a majority of them are

those who ask questions in the help channels.

Taking into consideration that many participants likely might have acted as a ‘helper’ and
‘student’ one time, this histogram depicts the distribution of participant involvement in the student
conversations from the MathConverse dataset, encompassing 16,045 participants and a total of
463,092 messages. The x-axis represents the percentage of messages that participants contributed as

students within conversations, while the y-axis shows the total number of messages corresponding
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Figure 5.2: Role distribution of participants as students and helpers
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Figure 5.3: Distribution of message participation ratios in conversations

to those percentages. A noteworthy observation from the data is the prominent peak at the lower end

of the spectrum, indicating a large number of participants who predominantly contribute as students.

From these visualizations, it shows that a good proportion of the community that use these help
channels, 37.1% of the 43,249 total participants, assume dual roles throughout their engagement
in the platform. This inspires future research questions on the relationship between the quantity,
quality, and types of help students receive in the MDS and the effect these have on helping others

with problems (or other forms of being active in the community).

5.4.2 Study of what makes good online tutoring

Having observed the growth and evolution of the MDS for over five years, I have had the privilege
to witness some of the most expert helpers guide countless students and watch the ways in which
they navigate getting them to work out the concept on their own, even if the student initially was
trying to just get someone to answer the problem for them. Although for my dissertation there was
considerable value in analyzing the dataset as a whole or through or through the subsets I created,
I am drawn towards exploring these segments of the dataset that I believe offer valuable insights

into the valuable knowledge gained by these helpers. This includes them trying to assess where the
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student is at in their mathematical trajectory, asking what they have done so far on the problem, and
providing just the right amount of scaffolding to get them started. The knowledge and skill required
to facilitate this work that’s done over the internet, with anonymous students from around the world
is remarkable. I also believe that this work fits outside what text-as-data methods would be able to
capture effectively, and would require more careful attention that traditional qualitative methods

offer to truly appreciate the subtleties from the exchanges.
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APPENDIX A

Selected Python Scripts

A.0.1 Disentanglement Model

| |import json

> |import os

from datetime import datetime

+ | from pytz import timezone

s | from dateutil.parser import parse as parse_date
6 | import csv

7 |import re

v |eastern = timezone('US/Eastern')

i1 |def replace_mentions_with_pseudonyms(text,
author_name_to_pseudonym) :

2 def replace_mention(match):

13 mention = match.group(0)

14 author_name = mention[1l:] # Remove "@" symbol

15 pseudonym = author_name_to_pseudonym.get(author_name,
author_name)

16 return "@" + pseudonym

18 # Replace mentions with pseudonyms

19 text = re.sub(r"@\w+", replace_mention, text)
20 # Remove newline characters

2 text = text.replace('\n\n', ' ')

2 return text

2 |def process_file(file, pseudonyms, output_directory):

A} )

with open(file, 'r', encoding='utf-8') as f:
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41

54

55

56

data = json.load(f)

conversation_id =1

conversations = {}

help_number = data['channel']['name'].split("-")[-1]

author_pseudonyms_mapping = {}

author_name_to_pseudonym = {} # Create a mapping between
author names and pseudonyms

pseudonym_index = 0

# Make sure the output directory exists
if not os.path.exists(output_directory):

os.makedirs (output_directory)

for message in data['messages']:
timestamp = parse_date(message['timestamp']).astimezone(
eastern)
message['timestamp'] = timestamp.strftime('%m/%d/%Y %H:%M
1%S ")

if timestamp >= datetime (2021, 10, 29, tzinfo=eastern):
# Extract author name and check if it's "Mathematics
Bot"
author_name = message['author'][ 'name']
author_id = message['author']['id']
if author_name == 'Mathematics Bot':
author_pseudonym = author_name
author_name_to_pseudonym[author_name] =
author_pseudonym
else:
if author_id not in author_pseudonyms_mapping:
author_pseudonym = pseudonyms[pseudonym_index]
author_pseudonyms_mapping[author_id] =
author_pseudonym
pseudonym_index += 1
# Update author_name_to_pseudonym mapping

author_name = message['author'][ 'name']
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57 author_name_to_pseudonym[author_name] =
author_pseudonym

58 else:

59 author_pseudonym = author_pseudonyms_mapping[
author_id]

60
61 conversation_key = f"help-{help_number}-{
conversation_id}"

62 if conversation_key not in conversations:

63 conversations[conversation_key] = []

64

65 text = message['content']

66

67

68 attachments = message.get('attachments', [])

69 attachment_url = attachments[®]['url'] if attachments

else None

71 if author_name == 'Mathematics Bot' and not text:
7 if message[ 'embeds']:
73 if "author' in message['embeds'][0] and 'name'

in message['embeds'][0][ 'author']:

74 text = message[ 'embeds'][0]['author']['
name ']

75 elif 'description' in message['embeds'][0]:

76 text = message['embeds'][0®][ ' 'description']

71

78 # Replace mentions with pseudonyms in the text

79 text = replace_mentions_with_pseudonyms(text,

author_name_to_pseudonym)

82 conversation = {

83 "author": f"{author_pseudonym}:",
84 "text": text,

85 "timestamp": message['timestamp'],
86 "url": attachment_url

87 }
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conversation = {key: value for key, value in conversation.

items() if value is not None}

conversations[conversation_key].append(conversation)

if len(message['embeds']) > 0 and message['embeds'][O]["
title'] == 'Channel closed':

conversation_id += 1

for conversation_key in conversations:

# Construct the absolute path for the output file
output_file = os.path.join(output_directory, f'{
help_number}-{conversation_id}. json')
with open(output_file, 'w', encoding='utf-8') as f£:
formatted_data = {"dialogue": conversations[
conversation_key]}
json.dump (formatted_data, f, ensure_ascii=False,

indent=2)

def generate_pseudonyms():
# Get the psuedonyms from ./disentangle-help-channels/scripts/
pseudonyms.csv using os.path.join
pseudonyms = []
# Need to use encoding='utf-8' to read the csv file.

with open(os.path.join(os.path.dirname(__file__), 'pseudonyms.

csv'), 'r', encoding="utf-8') as f:

reader = csv.reader(f)

for row in reader:
pseudonyms . append (row[0])

return pseudonyms

def extract_help_number(file_name):

# Define a regex pattern to match "help-" followed by one or
more digits

pattern = r"help-\d+"
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if

# Search for the pattern in the file_name and extract the
match

match = re.search(pattern, file_name)

# Return the matched value if found, otherwise return None

return match.group(0) if match else None

__name__ == '__main__":

user_input = input('Enter the file name or directory: ')

help_number = extract_help_number (user_input)

print (f'help_number: {help_number}')

# Get the directory path of the user_input file

file_directory = os.path.dirname(user_input)

# Create an output directory in the same directory as the
input JSON file

output_directory = os.path.join(os.path.dirname(os.path.
abspath(user_input)), f'output_{help_number}')

if not os.path.exists(output_directory):

os.makedirs (output_directory)

pseudonyms = generate_pseudonyms ()

if os.path.isfile(user_input):
process_file(user_input, pseudonyms, output_directory)
elif os.path.isdir(user_input):
for file in os.listdir(user_input):
if file.endswith('.json'):
process_file(os.path.join(user_input, file),
pseudonyms, output_directory)

else:
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print('Invalid input. Please enter a valid file or

directory."')

Listing A.1: Disentanglement Model
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A.0.2 Classification Models

S}

26

from enum import Enum

from openai import AsyncOpenAl
import instructor

from openai import OpenAl
import json

import asyncio

import time

client = instructor.patch(AsyncOpenAI (), mode=instructor.Mode.
TOOLS)

sem = asyncio.Semaphore (5)

\begin{lstlisting}[language=Python, caption=Question
Classification Prompt, label={lst:
question_classification_prompt}]

from enum import Enum

from pydantic import BaseModel, Field

class QuestionType (Enum) :
BASIC_INQUIRY = "Basic Inquiry"
PROCEDURAL_REASONING = "Procedural Reasoning"
CONTEXTUAL_INQUIRY = "Context Inquiry"
EXPLORATORY_INQUIRY = "Exploratory Inquiry"
ASSERTIVE_COMMUNICATION = "Assertive Communication"”

QUESTION_TYPE_DESCRIPTIONS = {

QuestionType.BASIC_INQUIRY: "Seeks a simple, factual response
or clarification of basic information.",

QuestionType.PROCEDURAL_REASONING: "Concerns the steps or
procedures taken to achieve a certain goal or solve a
problem.",

QuestionType.CONTEXTUAL_INQUIRY: "Questions that require
understanding and applying context or scenarios.",

QuestionType.EXPLORATORY_INQUIRY: "Aims to explore concepts or

definitions, often asking for elaboration or examples.",
QuestionType.ASSERTIVE_COMMUNICATION: "Involves making a

statement or claim, often with confidence or certainty,

107




29

30

34

36

37

39

40

41

43

44

46

47

48

49

50

51

sometimes to persuade."”

QUESTION_TYPE_EXAMPLES = {
QuestionType.BASIC_INQUIRY: "What is the first step in solving
a quadratic equation?",
QuestionType.PROCEDURAL_REASONING: "What are the steps
involved in isolating a variable in an algebraic expression
7",
QuestionType.CONTEXTUAL_INQUIRY: "How does the concept of
elasticity apply to the demand for a product in a
competitive market?",
QuestionType.EXPLORATORY_INQUIRY: "Can you explain the concept
of a derivative in calculus?",
QuestionType.ASSERTIVE_COMMUNICATION: "The theorem can be

proved by applying the principle of mathematical induction.

def create_prompt(question: str) -> str:
categories = ', '.join([qt.value for gt in QuestionType])
return (£f"Given the question: '{question}', classify it into
one of the following categories based on its content and

intent:

f"{categories}.")

class QuestionClassification(BaseModel):
classification: QuestionType = Field(
description="A list of classifications for a question,
indicating the types or categories the question belongs
to based on predefined criteria. Each classification

must be one of the enumerated types defined in

QuestionType ™ ."

# Example usage:
question = "What is the derivative of x"27"

prompt = create_prompt(question)
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print (prompt)

# If you want only one classification, just change it to
# “classification: QuestionType ™ rather than °
classifications: List[QuestionType] "
classification: List[QuestionType] = Field(
description=f"An accuracy and correct prediction predicted
class of question. Only allowed types: {ALLOWED_TYPES

}, should be used",

@field_validator("classification", mode="before")
def validate_classification(cls, v):
# sometimes the API returns a single value, just make sure
it's a list
if not isinstance(v, list):
v = [v]

return v

async def main(
questions: List[str], *, path_to_jsonl: str = None
) -> List[QuestionClassification]:
tasks = [classify(question) for question in questions]
for task in asyncio.as_completed(tasks):
question, label = await task
resp = {
"question": question,
"classification": [c.value for c in label.
classification],
3
print (resp)
if path_to_jsonl:
with open(path_to_jsonl, "a") as f:
json_dump = json.dumps(resp)

f.write(json_dump + "\n")
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# Modify the classify function
async def classify(data: str) -> QuestionClassification:
async with sem: # some simple rate limiting
sleep_time = calculate_sleep_time_based_on_rate_limit()
await asyncio.sleep(sleep_time)
return data, await client.chat.completions.create(
model="gpt-3.5-turbo-1106",
response_model=QuestionClassification,
max_retries=2,

messages=[

{
"role": "user",
"content": f"Classify the following question:
{datal",
3,

def calculate_sleep_time_based_on_rate_limit():
# Updated to 250,000 tokens per minute limit
tokens_per_minute = 250000
# Calculate requests per second for the average request size
requests_per_second = tokens_per_minute / (1000 * 60)
# Calculate sleep time in seconds to stay within the limit
sleep_time = 1 / requests_per_second

return sleep_time

import nest_asyncio

nest_asyncio.apply ()

path = "./student_derivative_final. jsonl"

await main(student_docs, path_to_jsonl=path)

Listing A.2: Classification Model
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()

from enum import Enum
from pydantic import BaseModel, Field, ValidationError, validator

from langsmith.wrappers import wrap_openai

class DerivativeType (Enum) :
DERIVATIVE_RULES = "derivative_rules"
SLOPE_OF_SECANT_LINE = "slope_of_secant_line"
AVERAGE_RATE_OF_CHANGE = "average_rate_of_change"
AVERAGE_VELOCITY = "average_velocity"
DIFFERENCE_QUOTIENT = "difference_quotient"
SLOPE_OF_THE_TANGENT_LINE = "slope_of_the_tangent_line"
INSTANTANEOUS_RATE_OF_CHANGE = "instantaneous_rate_of_change"
INSTANTANEOUS_VELOCITY = "instantaneous_velocity"
LIMIT_OF_THE_DIFFERENCE_QUOTIENT = "

limit_of_the_difference_quotient"”

GRAPH_OF_DERIVATIVE_FUNCTION = "graph_of_derivative_function"
RATE_OF _CHANGE_OF_FUNCTION = "rate_of_change_of_function"
VELOCITY_AS_FUNCTION_OF_TIME = "velocity_as_function_of_time"
DERIVATIVE_AS_A_FUNCTION = "derivative_as_a_function"

NONE = "None"

DERIVATIVE_DESCRIPTIONS = {

# LAYER 0

DerivativeType.DERIVATIVE_RULES : "The focus is on identifying the
use of standard rules and formulas without resorting to the
limit definition to find the derivative of a function. It
includes the use of power rule, product rule, quotient rule,
and chain rule.",

# LAYER 1

DerivativeType.SLOPE_OF_SECANT_LINE : "The focus is on finding the
slope of a secant line on a graph and how it represents an
average rate of change, offering a graphical understanding of
the concept”,

DerivativeType.AVERAGE_RATE_OF_CHANGE : "The focus is on
calculating the average rate of change over an interval,

verbally discussing the change in function values over the
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interval and what this indicates about the function's behavior.

DerivativeType.AVERAGE_VELOCITY : "The focus is on how to
determine the average velocity of an object over time,

physically interpreting the derivative as a measure of velocity

DerivativeType .DIFFERENCE_QUOTIENT : "The focus is on using the
difference quotient to find the slope of a secant line,
emphasizing the concept of the derivative as the limit of the
difference quotient.",

# LAYER 2

DerivativeType.SLOPE_OF_THE_TANGENT_LINE : "The focus is on
estimating the slope of the tangent line at a specific point on

a function's graph, utilizing the limit of slopes of secant
lines as they approach the point of interest.",

DerivativeType.INSTANTANEOUS_RATE_OF_CHANGE : "The focus is on the

derivative as an instantaneous rate of change of a function at
a point, verbalizing the concept by examining the limit of the
average rates of change as the interval shrinks to a point.",

DerivativeType.INSTANTANEOUS_VELOCITY : "The focus is on using a
position function to find the instantaneous velocity of an
object at a specific time, emphasizing the concept of the
derivative as the limit of the average velocity over an
interval.",

DerivativeType.LIMIT_OF_THE_DIFFERENCE_QUOTIENT : "The focus is on

using the limit definition to find the derivative of a
function at a specific point, emphasizing the concept of the
derivative as the limit of the difference quotient.",

# LAYER 3

DerivativeType.GRAPH_OF_DERIVATIVE_FUNCTION : "The focus is on
analyzing the graph of a function to understand the behavior of

its derivative in terms of the instantaneous rate of change,
specifically how the graph illustrates increasing or decreasing
behavior, critical points, and inflection points.",

DerivativeType.RATE_OF_CHANGE_OF_FUNCTION : "The focus is on
describing the behavior of a function based on its
instantaneous rate of change. It explores how the derivative

explains the function's increasing or decreasing trends and
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critical intervals.",

DerivativeType.VELOCITY_AS_FUNCTION_OF_TIME : "The focus is on
using a position function to find the velocity function,
emphasizing how the derivative is used to describe the object's

movement over time, including changes in direction or
acceleration.",

DerivativeType.DERIVATIVE_AS_A_FUNCTION : "The focus is on using
the limit definition to find the derivative of a function at
any point, extending beyond just the slope at a point. It
explores how the derivative is a function that describes the

rate of change of the original function."

ALLOWED_CONCEPTS = [e.value for e in DerivativeType]

class DerivativeConception(BaselModel):

concept: DerivativeType = Field(
description=£f"A list of classifications for a conversation
, indicating the categories of derivative that emerged
in the conversation. Each classification must be one of
the enumerated types defined in ~QuestionType', which
includes: {ALLOWED_CONCEPTS}",

def create_prompt(conversation: str) -> str:

categories = ', '.join([qt.value for gt in DerivativeType])

return (f" Here are descriptions of each of the derivative
types: {DERIVATIVE_DESCRIPTIONS}. Here is a conversation
that takes place between a student and a helper: {
conversation}. Using these descriptions to inform your
decision making, classify the conversation as pertaining to
one of the following derivative conceptions: {categories},
only output the classification that best describes the
conversation. If none of the classifications are

appropriate, output 'None'.")
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def validate_classification(classification_str: str) -> str:
try:
# Convert the classification string to an enum and
validate it
classification_enum = DerivativeType(classification_str)
# Convert string to enum
classification = DerivativeConception(classification=
classification_enum)
return classification.classification.value
except ValidationError as e:
print(f"Validation error: {e}")

return None # Handle invalid classifications as needed

client = wrap_openai(openai.Client())

def classify_conversation_with_gpt35instruct(conversation: str)
(str, int, int):
prompt = create_prompt(conversation)
try:
response = client.completions.create(
model="gpt-3.5-turbo-instruct",
prompt=prompt,
temperature=0,
max_tokens=20,
)
classification_str = response.choices[0].text.strip(Q)
print(classification_str)
# Validate the classification using Pydantic
classification = validate_classification(

classification_str)
input_tokens = len(prompt.split())
total_tokens = response.usage.total_tokens if response.

usage else 0

output_tokens = max(®, total_tokens - input_tokens)
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88 return classification, input_tokens, output_tokens
89 except Exception as e:
9 print (f"Error: {e}")

91 return None, 0, 0

o3 |def process_conversations_gpt3(df_conversations: pd.DataFrame) ->
pd.DataFrame:

94
95 # Classify each conversation

9% classifications = []

97 for conversation in df_conversations['content']:

98 classification = classify_conversation_with_gpt35instruct(
conversation)

99 classifications.append(classification)

100 # Update DataFrame with classifications

101 df_conversations['predicted_category'] = classifications

103 return df_conversations

Listing A.3: Derivative conception classification using GPT-3.5 Turbo into structured JSONL file
with Langsmith logging
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A.0.3 Parsing derivative conversations

I # Define the threshold for topic significance
threshold = 0.20

)

4 |# This will hold the document numbers where topic 18 is above the
threshold

5 |significant_docs = []

7 |# Open the file with topic distributions

s |lwith open('./student_mallet_output/mallet.topic_distributions.30",
'r') as file:

9 for line in file:

10 # Split the line into a list of floats

1 values = line.split(Q)

13 # The first value is the document number, so it's
converted to an integer

14 doc_number = int(values[0])

16 # The rest are the topic distribution probabilities,
converted to floats

17 topic_distributions = [float(value) for value in values

[1:]]

19 # Check if the value for topic 18 (at index 18) is above
the threshold

20 if topic_distributions[19] >= threshold:
21 # If so, add the document number to the list
2 significant_docs.append(doc_number)

2« |# Print out the document numbers

»5 |print ("Documents significantly related to topic 18:",

significant_docs)

Listing A.4: Parsing derivative conversations
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A.0.4 Plotting

| [import pandas as pd

import matplotlib.pyplot as plt

)

; [import matplotlib.dates as mdates
4 [import numpy as np

5 [import os

s | figures_dir = './figures'

o |los.makedirs(figures_dir, exist_ok=True)

n |# Load DataFrame
2 |# dfl10 = pd.read_csv('your_data.csv') # Uncomment and modify if

your data is in a CSV file

5 |df10["timestamp'] = pd.to_datetime(dfl10['timestamp'])

7 |# Extracting date for daily analysis
s |df10['date'] = df10['timestamp'].dt.date

0 |# Daily Analysis
2 |# Count messages per day
» |daily_messages = dfl10.groupby('date').size()

u |# Calculate the average messages per day, rounded to the nearest
integer

»5 |average_messages = round(daily_messages.mean())

v |# Fit a non-linear polynomial for the trend line

% |z = np.polyfit(mdates.date2num(daily_messages.index),
daily_messages, 2)

» |p = np.polyld(z)

2 |# Plotting the daily messages
» |plt.figure(figsize=(12, 6))
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2 |plt.plot(daily_messages.index, daily_messages, color='skyblue',
label="'Daily Messages')

55 |plt.axhline(y=average_messages, color='r', linestyle='--', label=f
'"Average Daily Messages: {average_messages}')

36
7 |# Non-linear trend line

s |plt.plot(daily_messages.index, p(mdates.date2num(daily_messages.
index)), "g--", label='Trend Line"')

39
40 |# Highlight weekends

s |for i in range(len(daily_messages.index)):

0 if daily_messages.index[i].weekday() >= 5: # 5 = Saturday, 6
= Sunday
4 plt.axvspan(daily_messages.index[i], daily_messages.index[

i] + pd.Timedelta(days=1), facecolor='gray', alpha=0.2)
44
4s |# Month separators and format x-axis labels

6 |plt.gca().xaxis.set_major_formatter (mdates.DateFormatter('%b. %Y')
)

7 |plt.gca().xaxis.set_major_locator (mdates.MonthLocator())

48
49 |# Rotate x-axis labels for better visibility

so [ plt.xticks(rotation=45)

2 |plt.title('Daily Messages in Mathematics Discord Server Help
Channels"')

55 |[plt.xlabel('Date’)

s1+ |plt.ylabel ('Number of Messages')

s |plt.legend ()

o |[plt.grid(True)

57
ss |# Save the plot

s |plt.tight_layout() # Adjust layout to fit x-axis labels
o |plt.savefig(os.path.join(figures_dir, '
daily_messages_enhanced_nonlinear.png'))

o0 |[plt.close() # Close the plot to free memory

Listing A.5: Plot for daily messages
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A.0.5 Parse students and helpers

# Sort the DataFrame by conversation_id and then by timestamp, in

)

place
; |cleaned_df.sort_values(by=['conversation_id', 'timestamp'],

inplace=True)

s |# Function to apply to each group to determine student and helper
¢ |def label_student_helper (group):

7 # Identify the student as the first author in the conversation
8 student = group['author_name'].iloc[0]

9 # Create 'student' and 'helper' columns

10 group[ 'student'] = (group['author_name'] == student).astype(
int)

1 group[ 'helper'] = (group['author_name'] != student).astype(int
)

12 return group

4 |# Apply the function to each conversation group directly on
cleaned_df now

5 |df_sorted = cleaned_df.groupby('conversation_id').apply(
label_student_helper)

17 |# Reset index

s |df_sorted.reset_index (drop=True, inplace=True)

Listing A.6: Parsing students and helpers from conversations
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