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Abstract

Teachers play a crucial role in supporting students’ learning. It is crucial to also support
teachers in their teaching. Traditional means to support teachers are highly effective but also
repetitive, not personalized or not scalable, and infrequent. As classrooms become instrumented
with educational technologies, opportunities emerge to provide teachers with feedback through
data from these technologies. A small body of work has started to look at supporting teachers
with data and feedback outside of class to promote reflection. However this work does not
investigate the multiple dimensions of teachers’ data needs and does not explore how data
affects or can support teachers’ goal-setting and behavior change. In this dissertation, I
investigate how technologies can support teachers’ reflection-for-action outside of class, with
data from educational technologies. My aim is to help improve teachers’ practices and support
their long-term behavior change. I initially explore and better understand teachers’ data needs
and design dashboard prototypes based on those needs. I then investigate how those dashboards
affect teachers’ practices and how to best support their reflection-for-action through data and
technology as a first step towards improved practices and behavior change.

In Part 1, I explore teacher data needs in relation to student data. Findings show that teachers
manually generate student data and use it to drive instruction. Based on these findings, I
designed a dashboard and investigated how it affected teachers. The dashboard influenced what
teachers knew about their students, which affected their lesson plan, and in turn guided what
they covered in the class session. I demonstrated that data can affect teacher knowledge, decision
making, and actions in the classroom, thus leading to behavior change.

In Part 2, I explore teacher data needs in relation to their data, design a dashboard that
shares with teachers their own data, and investigate how to support their reflection-for-action
with motivational feedback. Findings showed that teachers are interested in their data and in
how their behaviors affect their students. They reflected on their performance and set goals to
improve. Through proxies for behavior change, they showed their willingness, readiness, and
intentionality for behavior change, an important first step towards improving their practices.
Finally, teachers who received social comparison motivational feedback scored higher in behavior
change proxies compared to teachers who received such feedback through verbal persuasion.

In Part 3, I explore behavior patterns and relationships in teacher and student data. Findings
showed potential for improvement in teacher behaviors and weak to moderate correlations in
teacher and student data, hinting at the value of nonverbal immediacy. In co-design studies with
teachers, I then investigate how to integrate teacher and student data while supporting reflection-
for-action. Findings showed instructors value relationships between teacher and student data,
want to see data in a spatial and temporal form, and are interested in activity information
combined with student engagement. Support for self-efficacy and value helped them assess
performance, set concrete goals and provide actionable suggestions on behaviors to change.

This thesis contributes to research at the intersection of the Learning Sciences and Technologies
and Human-Computer Interaction. I create a better and deeper understanding of teachers’
data needs, their behavior patterns, and of how to support and influence their reflection-for-
action. I create dashboard prototypes based on those needs and provide evidence on how
these dashboards affect teachers’ reflection, goal setting and behavior change. I also provide a
theoretical framework and design guidelines for designers of technologies that share data with
teachers to support reflection-for-action and long term behavior change. Finally, I present a
concrete example of how data can support professionals in their workplace.
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Chapter 1

Introduction

Learning results from what the student does and thinks and only from what the
student does and thinks. The teacher can advance learning only by in�uencing what
the student does to learn.Herbert A. Simon

Teachers play a crucial role in supporting their students' learning and education in everyday
activities in the classroom and outside of it. It is crucial therefore to also support teachers
in their day-to-day practices as well as help them work and improve on their teaching, short
term and long term. Traditionally, professional development has been used to provide training
and feedback to teachers, as a way to support and help them improve on their practices. Such
PD has been shown to help improve practices, change behaviors resulting in improved student
learning and achievement in class. While very common and highly e�ective (i.e., [30, 60, 84, 94,
147, 178, 216, 229, 240], etc.), especially at the K12 level, PD tends to be repetitive and not
personalized (i.e., seminars or workshops) or not scalable and infrequent (i.e., expert classroom
observations) [120, 129]. In addition, at the university level there exists a lack of training and
practice opportunities, altogether leading to instructors learning how to teach on their own and
feeling isolated [68, 112, 113]. There is a gap, a practical need, and an opportunity to make
PD and feedback to instructors more personalized, less repetitive, with opportunities to support
re�ection and feedback [30, 118, 194]. In particular, prior work emphasizes that in order to be
able to produce changes in practice and behavior, PD and training must include opportunities
for re�ection as well as feedback to instructors [30, 118, 194].

As classrooms become increasingly instrumented with various educational technologies (i.e.,
[26, 235, 255]) and sensors (i.e., [11, 186]), new opportunities emerge to provide teachers with
personalized, scalable and frequent support and feedback. Such technologies could collect and
generate data from the classroom, both on teachers and students. This data can then be shared
to instructors as feedback on their performance as well as their students' performance and
progress in class. Ultimately, this data feedback has the potential to support teacher re�ection-
for-action outside of class (re�ection and goal-setting or planning) [106, 140, 194]. Re�ection
more in general, and re�ection-for-action in particular, are considered an important aspect of
learning and personal growth in the workplace and a �rst step towards improving practices and
changing long-term behaviors.

Most of the prior work in this domain has mainly focused on technologies that support teachers'
re�ection and action in real-time, in the classroom, as they are conducting a class session (i.e.,
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[20, 21, 123]). Also called teaching augmentation tools or orchestration tools, such technologies
aims to extend and complement teachers' practices during ongoing class activities through data
and feedback. For example, a tool that shared with teachers student learning data helped
teachers better and more proportionally split their time and attention among their students,
resulting in higher student learning gains [21, 122, 123]. While extremely helpful to instructors
to manage their limited time and attention during class time, these real-time tools lead to
temporary, short-term behavior changes. A deeper re�ection with a more focused goal setting,
that can lead to improved practices and long term behavior change, needs more time, head
space, bandwidth and less cognitive load on the teachers' side. Prior literature in professional
development suggests that behavior changes result from continued e�orts over time and are part
of a long lasting change in the classroom, which requires small incremental changes over time
(i.e., [55, 195, 211]).

A small but growing body of work has started to look at sharing with teachers data and feedback
outside of the classroom to promote re�ection. This practice would allow for more time and
head space for teachers to engage in a deeper re�ection, focused goal-setting and planning, with
the ultimate goal of improving practices and long term behavior change (i.e., [55]). For example,
work from Prieto et al. (i.e., [195]) focuses on designing a technology to support data gathering
from the classroom with the aim to support teacher re�ection based on everyday evidence. This
work explores what aspects of data from existing classroom technologies would be helpful to
instructors and how to best gather such data and evidence from the classroom while being
unobtrusive and not disruptive to the class session. Similarly, more recent work from Martinez-
Maldonado et al. (i.e., [164]) focuses on collecting data from the classroom and understanding
how this data can be presented in a meaningful form that would be helpful or make sense
to instructors. The work focuses exclusively on collaborative learning environments with the
aim to design interfaces that are most helpful to instructors to support their re�ection and to
help them gain insights into their classrooms. Overall, even though this prior work focuses on
designing for supporting teacher re�ection, it investigates in a limited context whether teachers
even want or need this data and what data they need. For example, this work tends to focus on a
small number of instructors, often in an arti�cal or laboratory like setting (i.e., not in the wild).
Further, the work focuses only on student data or only on teacher data. Moreover, even though
this work focuses on supporting re�ection, there is a gap on supporting and designing for other
aspects of re�ection-for-action outside of class such as how data and technology can a�ect goal
setting and planning, interest and intentionality in behavior change and further, actual behavior
change in the classroom. This would be the �rst step to support long term behavior change
in teacher practices. Work from Gerritsen et al. [98, 99] gets closer to this goal by building a
system that provides instructors feedback on measures such as student and instructor talking
times. However, this work focuses exclusively on TAs (Teaching assistants) a population very
di�erent from teachers, with low to no prior experience in teaching or pedagogical training. TAs
potentially are teaching for the �rst time in their lives and generally have less responsibilities
in a course than an actual instructor. Gerritsen frames TAs as learners and focuses on training
them in teaching through technology that shares with them data and feedback. Even though
this work shows that data a�ects TAs' awareness and planning, it does not focus on actual
behavior change or on investigating ways to a�ect and better support teacher motivation for
re�ection-for-action and behavior change, as I do in this dissertation. This work also creates
another gap and an opportunity to investigate instructors, a very di�erent population than TAs
in terms of their experience, motivations and interest in behavior change, for who teaching is
part of their profession and day-to-day activities.
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Ultimately, this prior work creates a gap and an opportunity for research to better understand
and design for teachers' data needs and to better support and in�uence teachers' re�ection-
for-action (re�ection and goal-setting) and behavior change outside of class, as a �rst step
towards practice improvement and long term behavior change. My work in this thesis builds
and extends on this growing body of work and aims to �ll this gap in the literature. My goal
is to investigate how to support teachers in their re�ection-for-action outside of
class, with data from classroom technologies, and help them improve their everyday
teaching practices, as a �rst step towards long term behavior change. I approach this
work from various perspectives. I initially focus on exploring and understanding teachers' data
needs in relation to their students' data, their own data, and a combination of teacher and
student data. I then design dashboard prototypes that meet each of these teachers' needs.
Finally, I investigate how these data dashboards support and a�ect teachers' teaching practices
in the classroom (re�ection and awareness, goal-setting and planning, and behavior change and
actions they decide to take in the classroom) and how to best support-re�ection for action
through such technologies. I work with a variety of data including student learning and teacher
and student nonverbal immediacy data. Such data is collected and generated by educational
technologies such as Intelligent Tutoring Systems and Instrumented Classrooms. I also focus
the data and dashboard designs on supporting constructs, and investigating which constructs,
that impact teacher motivation for goal-setting and behavior change in the classroom.

This thesis is organized in the following three parts. Below, I present my aims and contributions
for each part of this thesis.

Part 1: Designing a teacher dashboard with student data and exploring how it
a�ects teaching practices

For this part of the thesis, I had three aims. First, I aimed to explore and better understand
teacher data needs in relation to their student data in the classroom. Second, I aimed to design
a dashboard that meets those needs and shares with teachers their students' data. Lastly,
my goal was to evaluate this dashboard in a real classroom environment, to investigate how
teachers would use it in their teaching as well as whether and how it would support and a�ect
their teaching practice. To accomplish those goals I conducted the following three studies.

ˆ Study 1: I followed a user-centered design process (through Contextual Inquiry and
A�nity Diagramming) to investigate what student data is most helpful to teachers and
how teachers use data to adjust and individualize instruction. Findings showed that
teachers generated data, on their own or with the help of a technology, on students'
concept mastery, as well as their misconceptions and errors. Teachers used this data
to drive instruction and remediate issues on an individual and class level. The study
uncovered how data can support teachers in helping students learn and provides a solid
foundation and recommendations for designing a teacher's dashboard.

ˆ Study 2: Based on the �ndings from Study 1, I followed a user-centered design process
(through methods such as speed-dating, story boarding and prototyping) to validate and
test ideas and designs to address teachers' data needs and support their teaching in the
classroom. The �nal contribution resulted in a high-�delity dashboard prototype that
shares with teachers data about their students' performance and progress in an Intelligent
Tutoring System (ITS). The main goal of this dashboard is to support teacher decision-
making and re�ection as the teacher prepares for the next lecture, outside of class.

ˆ Study 3: Lastly, I conducted a classroom study with 5 middle school teachers and 17
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classes to investigate how the dashboard a�ected teachers and students in the classroom.
Findings show that even though teachers generally know their classes well, a dashboard
with analytics can still enhance their knowledge about their students and support their
teaching practices. In addition, results showed that the dashboard in�uenced what teach-
ers knew about their students' learning in the ITS and that the teachers' updated knowl-
edge a�ected the lesson plan they prepared, which in turn guided what they covered in the
classroom. To the best of my knowledge, this was the �rst study that demonstrated that
a dashboard can a�ect teacher knowledge, decision making, and actions in the classroom,
namely, teacher behavior change in the classroom.

Part2: Designing a teacher dashboard with teacher's own data and exploring how
to support re�ection-for-action

Motivated from the �ndings and what I learned from Part 1, in this part I aimed to explore and
design for teacher data needs in relation to their own data. Much prior work in the literature
focuses on student data. However, to help improve teacher practice it is crucial to support
teachers through their own data as well. In terms of teachers own data, I focused on nonver-
bal behavior data collected by an instrumented classroom to support teachers' immediacy. In
addition, I wanted to investigate and better understand how to support teachers' re�ection-for-
action outside of class, as a �rst step towards behavior change. To accomplish these goals, I
conducted the following two studies.

ˆ Study 1: I ran an exploratory and design study with 9 instructors. The study aims to
understand teachers' values, e�cacy, motivations, and interest around teacher immediacy
and nonverbal behavior data. In addition, the study explores how these constructs change
after the teachers see their own nonverbal data and what goals, if any, they set to change
their behaviors in the classroom. Findings show that teachers score quite high but with
room for improvement in relation to various measures of value, e�cacy, and motivation.
Teachers showed interest in location and eye contact data about themselves and their
students. They set goals for behaviors they wanted to change and mentioned challenges
they face in using such behaviors in the classroom. The study uncovers how immediacy and
nonverbal data can help teachers in their practices and provides solid recommendations
for designing technologies that support such practices

ˆ Study 2: Based on the �ndings from Study 1, I created ClassInSight, a high �delity profes-
sional development training and dashboard prototype that shares with teachers their own
data. I ran a study with 16 instructors aimed at investigating how sharing with teachers
their data a�ects their re�ection-for-action and behavior change intentionality. Further, I
investigated how motivational feedback aimed at increasing self-e�cacy a�ects teachers'
values, e�cacies, motivations, goal-setting and their intentionality for behavior change.
Lastly, I aimed to test for consistency, generalizability, and statistical signi�cance of the
�ndings, compared to Study 1. Findings showed that ClassInSight a�ected teachers'goal-
setting and intentionality for behavior change. Further, teachers who received motivational
feedback through social comparison score higher in proxies for behavior change compared
to teachers who receive such feedback through verbal persuasion. Finally, results in this
study were consistent with Study 1, and created the opportunity for generalizability and
testing for statistical signi�cance. I discuss the implications of these �ndings for designing
technologies that best support and motivate teachers' goal setting and behavior change.

Part3: Towards a teacher dashboard with teacher and student data to support
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teachers' refection-for-action and behavior change

The �ndings from the work in Part 1 and Part 2 opened up multiple interesting paths for
investigation in Part 3 of my dissertation work. I decided to focus on the most interesting
directions that also seemed to be the most important to investigate �rst, based on the knew
knowledge I gained from Part 1 and Part 2. More speci�cally, in Part 3, I aimed to explore
patterns of behaviors and relationships in teacher and student data as well as investigate how to
integrate teacher and student data while supporting re�ection for action. To accomplish these
goals, I conducted the following investigations.

ˆ Investigation 1 : I explored and analyzed data collected from 45 courses with an in-
strumented classroom, and generated through human coding or machine learning models.
The aim of this work is to explore patterns of behaviors, in particular with potential for
improvement and relationships among teacher and student data. Findings showed very
interesting patterns in teacher behaviors such as teachers being immobile and spending
the majority of class time in one location, or on average, looking at their students less
than half of class time. Further, I found weak to moderate correlations among teacher and
student behaviors, which hint towards the value and importance of nonverbal immediacy
in the classroom. I discuss the contribution of this work and provide design guidelines for
technologies that share with teachers data from the classroom

ˆ Study 1 : Findings from Part 1 and in particular from Part 2 showed that instructors
were interested in both teacher and student data. Based on these �ndings, I designed for
and investigated multiple dimensions on how to integrate teacher and student data and
how to support teachers' re�ection-for-action. I then conducted co-design studies with
22 instructors which showed that they value relationships between teacher and student
data, in particular causal relationships. Further, they want to see these data integrated
in a spatial and temporal form, and are interested in activity information, in particular
combined with student engagement. In relation to re�ection-for-action, support for self-
e�cacy such as mastery experience and social comparison, together with support for
value helped instructors assess performance, set concrete goals and provide actionable
suggestions on what behaviors to change in the classroom. These �ndings provide a solid
foundation and recommendations for researchers and designers who create technologies for
teachers.

Contributions

This thesiscontributes to research at the intersection of the Learning Sciences and Technologies
and Human-Computer Interaction. I create a better understanding of teachers' data needs, both
in relation to their students' data, their own data, and further in relation to combined teacher
and student data. I also create a deeper understanding of teachers' and their students' patterns
of behavior in the classroom and of how to support and in�uence their re�ection-for-action.
Based on this knowledge and teachers' needs, I design and create dashboard prototypes that
share with teachers student data, teacher data or both types of data combined. I evaluate
these dashboards and provide evidence on how data a�ects teachers' re�ection, planning, goal
setting and behavior change in the classroom. I also provide a theoretical framework and design
guidelines for designers of technologies that share data with teachers to support re�ection-for-
action and long term behavior change. Finally, I present a concrete example, instructors in the
classroom, of how data can support professional training, learning and practice improvement
and behavior change in their workplace.
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1.1 Structure of the document

This thesis is organized in three parts, Part 1, Part 2 and Part 3. In Part 1, Chapters 3, 4
and 5 describe the three studies that I ran to accomplish the three aims discussed above. In
Part 2, Chapter 6 represents the motivation for conducting the work in Part 2. In addition,
Chapters 7 and 8 represent the two studies that I conducted to accomplish the aims for Part
2, as discussed above. In Part 3, Chapter 9 discusses the motivation for conducting the work
in Part 3. Chapters 10 and 11 represent the two studies aimed at accomplishing the goals for
Part 3. Further, In Chapter 2 I share the related work and literature review and at the end
of the document I have included Appendices with materials from the various studies. Finally,
Chapter 12 provides a summary of the conclusions and contributions of this work, together with
a discussion of future avenues for research and design.
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Chapter 2

Background

2.1 Professional Development for Improving Practice and for Be-
havior Change

2.1.1 Professional Development in General

In 2019, 83 billion U.S. dollars were spent on professional development (PD) and workplace
training in the United States [166]. K-12 teacher professional development alone is reported
to account for 18 billion U.S. dollars annually [202]. Professional Development (PD) involves
ongoing training of a worker in order to improve skills, knowledge, expertise, and competences
[58, 72, 104, 109, 175, 188]. PD may involve courses, programs, or activities that occur in
professional education or in the workplace [72]. PD is required by many professions such as law
enforcement [14], health care [52], pharmacology [205], physiotherapy [188], and coaching [71].
Other �elds might not use the term PD while still having a rich literature on their own best
practices (e.g. software engineering).

2.1.2 Professional Development for Teaching

Glatthorn (1995) de�nes teacher professional development as "the professional growth a teacher
achieves as a result of gaining increased experience and examining his or her teaching sys-
tematically" ([101], p.41). Professional development is considered a way for teachers to learn
and transform their knowledge into practice, with the ultimate goal of supporting and helping
their students' growth and learning in the classroom [30]. Teacher professional development
can include a range of experiences, mainly and primarily formal experiences such as attending
professional meetings, workshops, seminars, mentoring, expert and peer classroom observations,
teaching consultations by a trained learning professional, microteaching opportunities, etc., as
well as informal experiences such as reading educational and professional resources or publica-
tions, watching documentaries, etc. [16, 47, 51, 61, 97, 223, 240].

Research on teacher professional development has shown that those activities are important to
help improve teacher cognition, knowledge, beliefs as well as teaching practices and behaviors
(i.e., [30, 60, 84, 94, 147, 178, 216, 229, 240], etc.) In addition, teacher professional development
is considered as one of the main and most important activities for improving student learning
and achievement in the classroom (i.e., [91, 156, 194, 239, 240, 241], etc.) Despite this, prior
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work emphasizes that in order to be able to produce changes in practice and behavior, PD and
training must include opportunities for re�ection as well as feedback to instructors [30, 118, 194].

There exist major di�erences in opportunities and requirements for PD in the United States,
between the K12 and the university level. To begin with, K12 instructors are required to
complete training for teaching before joining the profession. In addition, it is required of them
to continue learning in the workplace by continuously taking part in training and professional
development. Every teacher in K12 participates in some form of training and learning every
year [120]. Many instructors however see this training and PD as repetitive, reinforcing practices
and knowledge they already use or know. Often they report these PD experiences do not have
a major or any e�ect at all on their instruction [120, 129]. As a result, there is an opportunity
and need in this space, to make PD and training better and more helpful to instructors, by
personalizing and adapting them to teachers' needs.

On the other hand, the state of PD at the university level is entirely di�erent. Before becoming
a faculty, instructors get little to no training or practice on teaching, with the exception of
any teaching or TAing (teaching assistant) they do as graduate students. Even then, they are
expected to learn about teaching and how to teach on their own [112, 113], often mirroring
models they have seen practiced by their prior instructors [53]. Faculty report they feel isolated
in this environment [68]. They also think that there is more need for training, and more frequent
training, and that they want to work on and improve their teaching [242]. Similar to the K12
level, there is a need and opportunity to provide more and frequent PD to university instructors.

Lastly, world-class universities, that work hard and put emphasis to teaching quality generally
rely on centers within the university to deliver professional development programs and training
to support teaching [132]. An example of such a center is the Eberly Center for Teaching
Excellence and Educational Innovation at CMU [57]. The mission of the Eberly Center is to
distill and translate research on education, teaching and learning into practice and practical
help to support and help improve instructors' teaching and students' learning. Such centers are
invaluable to helping and supporting teachers and their practices. However, with an increase
in demand for teaching help, they might be hard to scale to a larger number of instructors or
across multiple universities [132].

To summarize, professional development is an important part of learning in the workplace, and
it has been traditionally and largely used by many professions. In particular, for teachers, PD
has been shown to help improve practices and change behaviors as well as improve students'
learning and achievement in class. Despite that, literature suggests that there is an opportunity
to improve PD and make it more personalized, less repetitive, and in particular with a stronger
focus on re�ection and feedback.

2.2 Re�ection for Improving Practices and for Behavior Change

Re�ection is a practice that helps turn experience into learning [189] and involves analyzing
actions one takes, together with decisions that they make and the consecutive results [140]. In
relation to the teaching practice, when re�ecting, the teacher would take a step back, ponder
and think about the e�ects of their teaching and the implications of their practices in the class-
room. In many professions, re�ection is considered an important source of personal growth and
improvement of future performance, as well as a critical aspect of the success of the professional
at work [59, 181, 189]. In teaching, re�ection is considered an integral element of improving
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educational practice [194] as well as an essential component of a teacher's classroom success
[230, 260]. Research has shown that when teachers engage in re�ection, their teaching improves
[85, 105, 209, 230, 243, 260]. Other work has shown the bene�ts of re�ection on teaching, in-
cluding improved understanding and practice of pedagogy [105] and increase of performance
[76, 209].

In his book, "How We think", Dewey (1933) says that "Active, persistent, and careful consid-
eration of any belief or supposed form of knowledge in the light of the grounds that support it,
and the further conclusions to which it tends, constitutes re�ective thought" [76]. Developing
on this idea, Schön (1983), in his book "The re�ective practitioner", introduces two types of
re�ection; re�ection-in-action and re�ection-on-action [210]. Re�ection-in-action is de�ned as
the re�ection that takes place during an action, namely re�ecting and thinking in the midst of
action [210]. An example of this would be, as the teacher is conducting a discussion session,
they stop for a moment and ask themselves if they have been actively engaging all students in
class. Re�ection-on-action on the other hand, is de�ned as re�ection on practice that happens
after an action has occurred or an event is completed [210]. This type of re�ection is more
retrospective, and provides the teacher more bandwidth and head space to more deeply re�ect
on their behaviors. An example of re�ection-on-action, would be when preparing for the next
lecture, the teacher re�ects on how they have been spending their time or attention in class
overall. For both those types of re�ection, the focus is re�ection and sense making on its own,
without a focus or emphasis on behavior or practice change. The main di�erence between those
two types of re�ections is whether the re�ection is happening during class time or afterwards.

To address this lack of focus on changing behaviors and working on improving practices, a new
concept, re�ection-for-action was introduced in the literature, which was based and developed on
Schön's work [106, 140, 194]. Re�ection-for-action is a type of re�ection that is focused not only
on evaluating, making sense, and becoming aware of what happened, but also on thinking and
planning about actions to take in the future, on how to guide future behaviors, with the ultimate
goal of changing and improving practice (re�ection for change [185]). Other literature discussses
the same concept of re�ection-for-action, namely reevaluating and exploring experiences, with
the goal of changing understanding and guiding behaviors in the future, without speci�cally
using the term re�ection-for-action [48, 49, 74, 197]. Re�ection-for-action can overlap with
either re�ection-in-action or re�ection-on-action depending on whether the re�ection-for-action
is happening as the action is taking place (i.e., as the teacher is teaching in class) or if it is
happening after the event or actions are complete. An example of the latter would be when, as
the teacher is preparing for the next class, they re�ect on what happened in the previous class
and plan what to do during the next lesson [86].

To summarize, re�ection is considered as an important aspect of learning and personal growth
in the workplace. In particular, re�ection-for-action focuses speci�cally on supporting behavior
change and improving practices, both for teachers and for professionals more in general. For
teachers speci�cally, there is an opportunity to employ re�ection-for-action outside of class, as
the teacher is preparing for the new lecture, as a way to promote a deeper re�ection and focused
goal-setting, with the ultimate goal of improving practices and changing behaviors in the long
term.
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2.3 Feedback for Behavior Change

2.3.1 Importance of Feedback

Feedback is considered essential to learning and to behavior change in various contexts and
professions (for example, in the medical professions [65, 93, 133]. Feedback in�uences behaviors,
and is critical for learning and motivation [130].

In the domain of learning and education, there are hundreds of research studies and metareviews
on the topic of feedback and learning, in particular on feedback for students. Feedback is
considered crucial to improving knowledge, skill acquisition, learning, and performance (some
of the many examples of this literature include [19, 31, 41, 42, 43, 66, 83, 87, 130, 141, 142, 145,
179, 193], etc.). Feedback is also considered as a signi�cant factor in helping and supporting
motivation for learning (i.e., [146, 182], etc.). Moreover, literature suggests that there are
many elements that need to be considered when creating feedback, in order to assure that this
feedback is good and will help improve learning and behavior change. This includes the timing
and frequency of the feedback, the source or agent giving feedback, the content of the feedback
(i.e., where the learner is currently and what they need to do to improve) and the clarity and
speci�city of feedback [19, 103, 218].

Similar to other professions and contexts, for instructors, feedback is considered essential to
changing their knowledge and attitudes and to monitoring and improving their performance
and practice in the classroom [67, 90, 103, 115]. Literature shows that when teachers are pro-
vided with feedback, they change their behaviors and make signi�cant changes in their teaching
practices [118, 171, 224]. In particular, faculty at the university level report they need more
meaningful instructional feedback [103, 207]. Currently, most of the feedback instructors get
comes either from data of student evaluations [103, 137, 153], or from occasional expert or peer
teaching observations [103, 215]. Both those methods for providing feedback have limitations,
including lack of clarity and speci�c ways to improve (for student evaluations) or infrequency
and challenges with scalability (classroom observations).

To summarize, literature strongly supports feedback as a way to help improve practice and
change behaviors, for various professions and domains, including teaching and instructors. How-
ever, there seems to be a gap in the type and frequency of feedback instructors currently get.
This creates an opportunity to provide instructors with more meaningful, personalized, and
more frequent feedback, in particular through data collected in the classroom.

2.3.2 Data as Feedback: Personal Informatics for Lifestyle Behavior Change

Data has been used to support behavior change in various aspects of lifestyle. Speci�cally, the
�eld of PI (Personal Informatics) investigates and advances sociotechnical systems that help
people build an awareness of their own invisible behaviors in support of lifestyle and behavior
change [148]. Research on PI has investigated a number of lifestyle behaviors including health
and wellness [149], sustainability [96], spending and �nances [82], and productivity [62]. Re-
searchers generated a �ve-stage model to explain how PI works [148]: Preparation, Collection,
Integration, Re�ection, and Action. Research shows that showing people visualizations of their
own actions is not enough to produce behavior change. For PI to work, users must engage in
all stages including the last two: re�ecting on the pattern of behaviors they want to impact and
then taking action to e�ectively change those behaviors.
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This prior work emphasizes both the importance of data as feedback for behavior change as well
as the importance of re�ection, goal-setting and action taking as a �rst step towards changing
behaviors.

2.3.3 Data as Feedback: Professional Informatics for Workplace Behavior
Change

Building on the PI research and work, there is an opportunity for data to be used as feedback for
professionals, with the purpose to support and improve their practices, and ultimately lead to
behavior change. Some recent work shows one-o� examples of this idea of PI for professionals.
Researchers noted that therapists rarely receive detailed feedback once they leave school, and
neither the therapist nor the patient can tell what's working. They developed a system that
monitors and classi�es therapists' behaviors and provides them feedback on their actions [121].
Similarly, medical students do not receive enough training on clinical communication skills,
which impacts the health outcomes of their patients. Researchers developed a system that
allows medical students to practice communicating with patients. It then provides them with
feedback to improve their communication skills [150]. Speci�cally to the teaching domain, other
work investigated how PI in combination with an instrumented classroom and a training system
on discursive teaching techniques can help teaching assistants (TAs) at universities [99]. The
system provides feedback on student and TA talking times and it provides measures showing if
student talk and participation increase.

The work on PI discussed above, as well as this recent literature on PI for professionals opens up
a new space and creates an opportunity for data to be used as feedback, or as part of feedback,
to improve practices and help behavior change.

2.3.4 Data as Feedback for Instructors

Real-time Feedback During Class

A large body of work has focused on providing teachers data and feedback in real-time, during
ongoing classroom activities, as the teacher is teaching a class session (i.e., [20, 21, 73, 123, 139,
177]). Often those tools that provide data and feedback to teachers are also called real-time
teacher awareness tools or classroom orchestration tools (i.e., [12, 18, 77, 78, 122, 159, 165,
225, 234, 237]). The main focus of such tools has been to support teachers' re�ection-in-action
by augmenting teachers' awareness and re�ection during class or supporting their monitoring of
various classroom activities, by presenting them data and analytics on their students' knowledge
and performance during class (i.e., [135, 203, 203, 225]). Some work has focused on supporting
teachers' re�ection-for-action during class, including planning and decision-making to better
help them allocate time and attention across students, in the face of limited time and resources
(i.e., [18, 21, 73, 78, 124, 159, 183, 187, 225, 237, 245]). Lastly, real-time tools have also been
designed to support teachers in their PD and real-time coaching [127, 208, 232].

Prior work has shown that using real-time awareness tools can a�ect teacher practices as they
are conducting a class session or learning activity. For example, a tool that shows teachers
data about student learning helped teachers to better and more proportionally split their time
and attention among their students, resulting in higher student learning gains [21, 122, 123].
Similarly, other work has shown to enhance teachers' re�ection-in-action, by planning whom
to help next during class or how much time to spend with each student [20]. While extremely
useful to instructors to manage their cognitive load and limited resources during class time,
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these real-time tools lead to temporary, short-term behavior changes. A deeper re�ection, that
can lead to improved practices and long term behavior change, needs more time, head space
and bandwidth on the teachers' side.

Outside of Class Feedback

A small but growing body of work has started to look at sharing with teachers data and feedback
outside of the classroom to promote re�ection. This practice would allow for more time and
head space for teachers to engage in a deeper re�ection, focused goal-setting and planning, with
the ultimate goal of improving practices and long term behavior change (i.e., [55]). Prieto et
al. (i.e., [195]) focuses on designing a technology to support data gathering from the classroom
with the aim to support teacher re�ection based on everyday evidence. This work explores
what aspects of data from existing classroom technologies would be helpful to instructors and
how to best gather such data and evidence from the classroom while being unobtrusive and
not disruptive to the class session. Similarly, more recent work from Martinez-Maldonado et
al. (i.e., [162, 164]) focuses on collecting data from the classroom and understanding how this
data can be presented in a meaningful form that would be helpful or make sense to instructors.
The work focuses exclusively on collaborative learning environments with the aim to design
interfaces that are most helpful to instructors to support their re�ection and to help them gain
insights into their classrooms. Finally, work from Gerritsen et al. [98, 99] builds a system that
provides instructors feedback on measures such as student and instructor talking times. This
work focuses exclusively on TAs (Teaching assistants) a population very di�erent from teachers,
with low to no prior experience in teaching or pedagogical training. TAs potentially are teaching
for the �rst time in their lives and generally have less responsibilities in a course than an actual
instructors. Gerritsen frames TAs as learners and focuses on training them in teaching through
technology that shares with them data and feedback.

While this prior work takes a step forward designing for and supporting teacher re�ection with
data outside of class, the limitations in the dimensions and context of their exploration (i.e.,
not considering all the potential dimensions of design, only focusing on a handful of instructors,
studying classrooms in speci�c contexts, not in the wild, focusing only on TAs, a very di�erent
population than instructors in terms of experience, motivations and interest in improving prac-
tice, etc.) A better and deeper understanding of teachers' data wants and needs is necessary,
outside of the restricted context of what data technology can currently provide. Further, with
the exception of the work from Gerritsen et al., none of this prior work studies goal-setting.
Finally, more research is needed to better investigate how data supports interest in behavior
change or actual behavior change in the classroom as well as how to a�ect or in�uence teachers'
motivation for re�ection-for-action and behavior change, as I do in this dissertation.

2.4 Technology in the classroom

2.4.1 Intelligent Tutoring Systems

ITSs are an advanced learning technology that provides detailed, step-by-step guidance to stu-
dents during complex problem-solving practice, while being adaptive to student di�erences
[26, 235, 255]. A number of meta-reviews show that ITS can enhance student learning in
actual classrooms, compared to other forms of learning technologies or classroom instruction
[144, 157, 220, 221, 236].

ITSs typically generate and collect a wealth of data about student learning, such as the skills a
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student has mastered and not mastered, any misconceptions and common errors they have, the
time it took the student to complete certain activities, the progress through the activities and
curriculum, etc. In addition, ITSs typically generate and maintain a student model [46].

However, relatively little e�ort has been expended to investigate how this data can best be
leveraged to help and support teachers in the classroom [256, 257, 258]. In particular, ITSs are
rarely designed to support teachers, who might greatly in�uence student learning with an ITS.
For instance, when many students in a class are learning a particular skill as they are working
with the ITS, a dashboard could let the teacher know about this situation, and the teacher
could include in their lesson plan and actual lesson, speci�c steps to address the challenge.
More generally, by showing teachers data on their students' progress and performance, it could
help make �the invisible visible� for teachers by displaying aggregated, up-to-date information
about their students. Based on this information, teachers could provide help to their students
beyond what the ITS can provide.

2.4.2 Classroom Sensing Systems

Instrumented or smart classrooms are classrooms that have been enhanced with various sensors
(i.e., [11, 186, 195, 217, 226]. These sensors may be embedded in the physical classroom and
the furniture in class, allowing for collection and generation of data both from teachers and
students. Examples of such sensors include adding buttons or touchscreens to student desks
or using systems like "clickers" [10, 80, 89], equipping chairs with pressure sensors to detect
various levels of student engagement in class [27, 180] as well as introducing technologies such
as QR Codes [70] or ARTags [174] to allow for audience polling. Other work has focused on
instrumenting the teachers and students themselves with various wearable technologies and
devices. Examples include eye trackers [195], wrist-based sensors [192], electroencephalography
headsets [114], microphones [79], accelerometers [195], etc.

A more recent and cutting edge, unobtrusive and non-invasive technology involves instrumenting
the classroom with sensors such as microphones and cameras that are remotely controlled.
This allows for the collection of audio and video data from class, which then get processed
using Machine Learning and various algorithms to detect speech patterns and various behaviors
and movements, both on students and teachers, during class [11]. This kind of instrumented
classroom allows for automated collection and more frequent generation of various data and
analytics, that can then easily be presented back to the teachers.

To summarize, these ongoing advances in instrumented classrooms imply that in the near future,
many classrooms might be instrumented allowing for e�ective and automated data collection.
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Part 1: Designing a teacher dashboard with
student data and exploring how it a�ects teach-
ing practices
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Chapter 3

How teachers use data to help students
learn

This chapter is based in part on the following publications:

ˆ [256] Xhakaj, F., Aleven, V., McLaren, B.M. (2016). How teachers use data to help
students learn: Contextual Inquiry for the design of a dashboard. In K. Verbert, M.
Sharples, T. Klobu£ar (Eds.), Proceedings of the 11th European Conference on Technology
Enhanced Learning, EC-TEL 2016, (pp. 340-354). Springer International Publishing
Switzerland.

Abstract: Little research has investigated what role teachers can play in their students' learn-
ing, if empowered with data and how this data can support teachers' teaching and help improve
their teaching practices. Many educational technologies, such as ITSs, provide such data to
teachers in the form of student performance reports. However, these reports may not be de-
signed to serve teachers' needs well. In this study, I investigated what student data is most
helpful to teachers and how teachers use data to adjust and individualize instruction. Speci�-
cally, I follow a user-centered design practice; I conducted Contextual Inquiry interviews with
teachers and used Interpretation Sessions and A�nity Diagramming to analyze the interviews.
I found that, when technology is not there, teachers generate data on students' concept mas-
tery, misconceptions and errors. When educational technologies or other software is available,
teachers make use of the data and reports provided by such technologies. In either case, teach-
ers use data to drive instruction and remediate issues on an individual and class level. In this
chapter I investigate how data can support teachers in helping students learn and in helping
them improve their teaching practices. I provide a solid foundation and recommendations for
designing a teacher's dashboard that provides teachers with data on their students' performance
and learning.

3.1 Introduction

It is reasonable to assume that the large amount of student interaction data that is routinely
collected by educational technologies in the classroom can be helpful to teachers, when presented
in a concise and actionable format such as in a dashboard form. It might inform various teaching
practices and key decisions that teachers make, such as deciding the focus of discussion for a
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class lecture or identifying students who need one-on-one attention, with potentially a positive
e�ect on student learning. Dashboards that present student data have been designed for a large
variety of educational technologies such as multi-tabletop learning [158], collaborative learning
in digital learning environments [170, 233], web-based distance courses [167], online courses
[155], Intelligent Tutoring Systems [117], etc. The use of student data for instructional decision-
making is not restricted to educational technologies only. For example, mastery learning, a
highly e�ective data-driven instructional method, can be implemented without technology [143].
In 2009, the Institute for Education Sciences (IES, part of the U.S. Department of Education)
published a practice guide with recommendations for teachers on how to use data to inform
instruction [111]. The IES Practice Guide points out, however, that there is limited scienti�c
evidence that data-driven classroom practices actually improve educational outcomes, indicating
a need for more research.

A very small number of studies suggest that a teacher dashboard that presents teachers with
student data can lead to improvements in students' learning outcomes. In one such study, the
data-driven redesign of a statistics course yielded improved student learning in half the time
[155]. A dashboard was one novel component of the redesigned course, but there were other
changes as well, so the improvement cannot be attributed solely to the dashboard. In another
study, Kelly et al. (2013) found positive e�ects of teacher reports in a web-based tutoring system
for middle school mathematics [138].

My aim in Part 1 of this thesis was to investigate teacher data needs and create tools that
would share with teachers data on their students' performance and learning in class and study
how data presented in such tools a�ects teaching practices. Speci�cally, I aimed to create a
dashboard for middle and high school teachers. The dashboard would share with teachers data
on their students' performance in an Intelligent Tutoring System (ITS). ITSs are an advanced
learning technology that provides detailed guidance to students during complex problem-solving
practice, while being adaptive to student di�erences [26, 235, 255]. A number of meta-reviews
indicate that ITS can enhance student learning in actual classrooms, compared to other forms
of instruction [144, 157, 220, 221, 236]. Although ITSs typically produce a wealth of data about
student learning, relatively little e�ort has been expended to investigate how this data can best
be leveraged to help teachers help their students. Much more research has focused on how this
information can be presented to students (e.g., in the form of an open learner model [54]).

A central assumption in my work is that in order to design an e�ective dashboard, it helps
to understand how teachers use data about students' performance and learning in their day-
to-day practices and pedagogical decision-making. Therefore, I started o� studying teachers'
use of data using Contextual Inquiry (CI), a method often used in user-centered design [126].
CI is a technique that allows for data collection in the users' normal work environment to
capture in-context detailed information about their practice. Compared to other methods such
as participatory design, CI has the advantage that it allows for discovering tacit knowledge
from users, which is knowledge that the users are not consciously aware of themselves but use
in their day-to-day practice. Although the use of user-centered design methods for dashboard
design is quite common, to the best of my knowledge, I am unaware of prior studies that
investigate teacher data needs through Contextual Inquiry, as I do in the current work. Some
prior studies involved teachers as part of a user-driven design process that included interviews,
prototypes and empirical evaluations of dashboard designs [158], surveys conducted to determine
the information instructors may need [167], questionnaires used to evaluate and iterate on
the features of a learning analytics tool for a web-based learning environment [15], or semi-
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structured interviews as part of the developing process of a web-based learning analytics tool
with a dashboard component [33]. Another study applied participatory design and other design
methods to create a dashboard for an educational game app [9]. Other studies do not mention
teachers as part of the dashboard design, do not report on the methods used to interpret and
select the data, or use theoretical work and previous literature to determine the appropriate
design [136, 231, 233].

In this chapter, I describe how I used Contextual Inquiry to better understand (1) what student
data teachers need to be e�ective and (2) how teachers use data to inform and adjust their
instruction. The �ndings and results of this study will inform the design of a teacher's dashboard
in an ITS environment that will support and help improve teachers' teaching in the classroom.

3.2 Methodology

3.2.1 Contextual Inquiry on Teacher Practices

I conducted Contextual Inquiry interviews to study teacher practices in using student data
to adjust or individualize instruction. Contextual Inquiry is a user-centered design process,
part of the Contextual Design method [126]. Contextual Inquiry is widely used to gather
�eld data from users with the aim of understanding who the users are and how they work in
their day-to-day basis. During a Contextual Inquiry interview, the researcher meets one-on-
one with the participant and observes the participant conduct one of their daily activities in
the participant's workplace. In this process, the researcher is considered to take up the role
of an �apprentice� and the participant takes on the role of the �master.� The researcher does
not actively interview the participant with a set of pre-determined questions; rather, she or he
observes the participant conduct one of the daily activities or normal tasks. The researcher
asks questions occasionally to clarify and understand what and why the participant is doing
something. Contextual Inquiry allows gathering of detailed and highly reliable information. It
can reveal knowledge and information about the user's work that they themselves are unaware
of.

I recruited teachers from various schools that had previously participated in studies with Carnegie
Mellon University. I also requested assistance from Carnegie Learning to recruit teachers who
currently use the Carnegie Learning (CL) tutor [1], a mathematics Cognitive Tutor � Cognitive
Tutors are a type of ITS grounded in cognitive theory [26] � for grades 6�12 (Figure 3-1). I
ran Contextual Inquiry interviews with 6 teachers from 3 di�erent schools in the area, namely,
4 middle-school teachers from a suburban, medium-achieving school (2 male and 2 female), 1
female high-school teacher from an urban, low-achieving school, and 1 female middle-school
teacher from a suburban, medium-achieving school. Out of the teachers I interviewed, 2 teach-
ers had used the CL tutor before in their classrooms and 1 teacher was using it currently.
In addition, 2 other teachers had used in previous years other ITSs as part of various short-
term studies from Carnegie Mellon University. Lastly, all teachers used digital grade books or
other technology in their classrooms. Thus, the teachers who participated in the study exhibit
substantial variability regarding important variables such as whether they work in high versus
low-performing districts, whether they have experience with an ITS versus not, as well as the
methods they devised themselves for using student data to guide their teaching, and their use
of technology in their classrooms.

The focus of the Contextual Inquiry interviews was to observe the teacher in how and what
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Figure 3-1: Teacher during a Contextual Inquiry interview working on her laptop and smart
screen with an ITS report.

data they generated on their students' performance (from materials such as exams, quizzes,
assignments, etc.), and how they used this data to drive instruction and prepare for a class.
After the Contextual Inquiry interview, I observed the teacher conduct the class they prepared
for. During this process I silently observed in the classroom and followed up with an interview
with the teacher with questions regarding the classroom observation. Due to constraints in the
teachers' schedules, with some of the teachers I conducted the Contextual Inquiry interviews
after doing a classroom observation, and then followed with an interview with the teacher with
follow-up questions. With two of the teachers who participated in this study, I conducted
Contextual Inquiry interviews on one teacher's previous use and another's current use of the
reports generated by the CL tutor. These teachers reported that they used the CL tutor 2 days
during the week, while the other 3 days they would have lectures in the classroom, outside the
tutor environment. Lastly, I observed teachers' use of reports and other technology or software
in the classroom. The Contextual Inquiry interviews were video recorded and resulted in a total
of approximately 11.5 h of recording.

3.2.2 Analysis with Interpretation Sessions and A�nity Diagramming

The video recordings of the Contextual Inquiry interviews were transcribed to text. I, together
with a Master's student, worked through the transcriptions to analyze and synthesize the data
from the transcribed interviews. Two standard techniques from Contextual Design were used:
Interpretation Sessions and A�nity Diagramming. Interpretation Sessions are team-based tasks
aimed to create a shared understanding of the collected data by recording on post-it notes,
simple observations and key issues and insights from the interviews of each participant. A�nity
Diagramming is a widely-used method that aims to discover patterns that de�ne the whole
population by grouping and organizing the post-it notes based on content similarity into a
hierarchy that reveals common issues and themes [126].

From 11.5 h of transcribed video interviews, I conducted several Interpretation Sessions, during
which I walked through the transcribed video interviews for each participant and created post-
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Figure 3-2: Partial view of the �nal A�nity Diagram.

it notes. I gathered approximately 2000 yellow notes, as illustrated in Figure 3-2 (the two
rows from the bottom). I initially followed the traditional Interpretation Session approach and
recorded the observations in physical post-it notes (Figure 3-3). Given the large amount of
interview data I had collected, I decided to instead store the notes electronically in a Google
Spreadsheet. I also approached the A�nity Diagramming in a traditional way �rst, namely, by
using printed copies of the digital notes and organizing them on large sheets of paper (Figure
3-4). However, given the large number of notes, I resorted to creating and keeping the A�nity
Diagram in a Google Spreadsheet as well, as shown in Figure 3-2.

I organized the yellow notes into categories based on patterns I identi�ed and similarities in
their content. Following the A�nity Diagramming technique, for each category, I recorded the
synthesized content of all the yellow notes within the blue categories (third row from the top in
Figure 3-2). I then grouped together blue categories based on similarity of content and recorded
the information they conveyed within the pink categories (second row from the top in Figure
3-2). Lastly, I grouped pink categories and synthesized their content within the green categories
(�rst row from the top in Figure 3-2). The �nal A�nity Diagram had 335 blue level categories
(with 1�2 up to 12�14 yellow notes per category), 81 pink and 33 green level ones.

Based on the initial focus of the Contextual Inquiry interviews, namely how and what data
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