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CHAPTER 1

Introduction

The increasing embrace of situative, student-centered perspectives on learning in the context of today’s
technology-enhanced, K-12 science classrooms, has magnified the need to more deeply understand how
students construct knowledge and develop problem-solving skills. As educators and researchers, we face
new opportunities as well as new challenges on how we can support students’ learning and problem-solving
processes in these technology-enhanced environments. Science, Technology, Engineering, and Mathematics
(STEM) curricula and accompanying technologies, often developed as part of the wider-spread adoption of
the Next Generation Science Standards (NGSS), must support the capture, evaluation, and presentation of
student learning and performance from multiple perspectives (e.g., conceptual knowledge growth, applica-
tions of practice, and communication skills) and in ways that support actionable facilitation by teachers in
line with the intended constructivist curriculum design (Baker et al., 2020; Gomoll et al., 2022).

The field of learning analytics has made significant progress in developing and applying cutting edge
technologies that support our understanding of student learning behaviors (e.g., machine learning-based pre-
dictive analytics; Gasevi¢ et al., 2015), provide personalized feedback to students (e.g., intelligent tutoring
systems; Graesser et al., 2012), and visualize performance metrics for key stakeholders (e.g., dashboards;
Tissenbaum and Slotta, 2012). However, as these artificial intelligence and machine learning models often
operate from a purely behavioral perspective, an intuition is that applications of these models represent a
return to teacher-centered learning design. Applying these analytics to support constructivist methodologies,
such as problem-based learning (PBL; Hmelo-Silver, 2004), in which students learn through the understand-
ing, knowledge construction and problem solving, evaluation, and communicating solutions of real world
problems, can create situations in which the feedback generated may (1) provoke “lethal mutations” (Brown
and Campione, 1996) in the intended learning design (e.g., by directing students toward single problem-
solving pathway) or (2) inadvertently add labor for teachers by inserting new and unfamiliar workflows (e.g.,
determining how to translate identification of a conceptual knowledge gap into guidance that gives students
agency in identifying and understanding the needed concept without directly “filling a gap”). As such, in
order to support PBL approaches such as computational modeling and engineering design in K-12 science
classrooms, a research priority is to develop methodologies that balance our overriding student-centered ori-
entations in education with the behaviorally-driven response systems that Al methodologies are designed to
support, simultaneously preparing teachers for the integration of these learning approaches in their science

classrooms. As much as teachers need support from Al technologies, it is very important to remember that



teachers need to be an integral part of the iterative instruction and learning loop.

It is within this context that the present dissertation is situated. In particular, this work leverages a partici-
patory design research approach for the co-design of explainable, actionable insights into student learning and
problem solving in computational modeling and engineering design environments, such that there is support
for evidence-based pedagogical responses supported by an accompanying teacher dashboard, built around a

novel methodology for preparing teachers to integrate PBL in their science classrooms.

1.1 Technology-enhanced, Problem-based Learning in K-12 Science Classrooms

The K-12 science classroom is evolving. Coinciding with rapidly-changing technological advancements,
state and national standards have made prominent the need to integrate computing and engineering problem
solving into science classrooms to better prepare our students for future success (NRC, 2014; NGSS, 2013).
Engaging students in these integrated learning experiences promotes interdisciplinary critical thinking and
computer-related skill development (Wing, 2006; Grover and Pea, 2013; Weintrop et al., 2016) and immerses
students in problem-based, socially-relevant inquiry that can promote interest in relevant STEM domains
(NRC, 2012; Hutchins et al., 2020a). This dissertation centers its integrated PBL curriculum on this target
educational need.

Initial work on building technology-enhanced learning environments to support this initiative has been
successful in engaging students with scientific inquiry and engineering problem-solving opportunities, in
addition to integrated learning across multiple domains (Weintrop et al., 2016; McElhaney et al., 2020).
In our work, we have not only seen promise in integrating computational and critical thinking strategies
across science, computing, and engineering (e.g., Zhang et al., 2017; Hutchins et al., 2019a), we have also
demonstrated that students can transfer problem-solving skills to new domains following a computational
modeling curriculum (Hutchins et al., 2020a,c).

However, students and their teachers often face significant difficulties with such integrated curricula,
which warrants further investigation and development to facilitate instruction and learning. From the student
perspective, research has demonstrated students have issues with (1) translating their developing scientific
knowledge into computational forms (Sengupta et al., 2013), (2) understanding the mathematical and causal
relations between variables (Sengupta and Farris, 2012; Bolger et al., 2012), and (3) applying key computa-
tional practices (Basu et al., 2016b). More work is needed to improve instruction and support students as they
integrate their developing scientific ideas during computational modeling and engineering design.

From the teacher perspective, little guidance is provided on how teachers may support students in meet-
ing the expectations of integrating across disciplines (e.g., NRC, 2014; NGSS, 2013), especially considering

many science teachers do not have computing, pedagogical, and content knowledge for technology-enhanced



computational modeling of scientific phenomena and linking science models to engineering problem solv-
ing (Bocconi et al., 2016; Cunningham and Carlsen, 2014). There is also limited research that examines
how students’ STEM knowledge evolves and the difficulties they face in integrating science, computing, and
engineering concepts and practices through multiple linked representations (Hutchins et al., 2021a). Fur-
thermore, there is a dearth of evidence-based, formative assessment approaches to comprehensively evaluate
student learning in these combined domains (Basu et al., 2018). To overcome this, we need to improve
methodologies that link learning performance with scientific idea development, model construction, and
problem-solving processes (Zhang et al., 2021). Representing and providing teachers with such evidence-
based feedback, in ways that they can easily interpret and act on, is critical as research has demonstrated
the importance of teacher engagement in students’ developing ideas and strategies in supporting integrated

STEM learning (e.g., Robertson et al., 2016; Crismond and Adams, 2012).

1.2 Pedagogically-Supportive Learning Analytics

Learning analytics is defined as “the measurement, collection, analysis and reporting of data about learners
and their contexts, for purposes of understanding and optimising learning and the environment in which it
occurs” (Siemens and Baker, 2012, p.2, emphasis added). This framework situates learning analytics as a
promising approach to support teachers in their classroom instructional and assessment activities.

Advancements in technology-enhanced learning environments have provided a plethora of student log
data from a variety of contexts, including programming (Grover et al., 2017), inquiry (Késer and Schwartz,
2020), scientific model building (Leelawong and Biswas, 2008; Basu et al., 2013; Hutchins et al., 2020a), and
design (Xing et al., 2021; Vieira et al., 2016) tasks. Learning analytics methods applied to this log data have
supported increased understanding of how learning occurs through the evaluation of student problem-solving
processes, metacognitive strategies, and inquiry or design strategies (Fischer et al., 2020).

Simultaneously, advancements in technology-enhanced learning environments have also spurred the de-
velopment of student and teacher dashboards to present the resulting learning analysis (e.g., Holstein et al.,
2019; Martinez-Maldonado et al., 2016; Prieto et al., 2019; Diana et al., 2017), thereby targeting the opti-
mization of learning in these environments. However, there is a dearth of evidence on the impact of these
dashboards on pedagogical augmentation and the subsequent impact on optimizing student learning (Wiley
et al., 2020). The development of such pedagogically-supportive analytics that improve student learning
remains a research priority.

In terms of supporting teachers’ understanding of learning occurring through technology-enhanced envi-
ronments, limitations exist in the development of learning analytics measures and the subsequent connecting

of these measures to the complex task of providing teachers with actionable insight into the disciplinary-



substance of their students’ ideas, critical-thinking processes, and knowledge development as they work on

their learning and problem-solving tasks (Baker et al., 2020; Wiley et al., 2020). These include:

1. lack of sufficient analytics measures that leverage students’ activity logs to characterize their learning
of domain-specific concepts and practices, and present them to teachers in a way that they can develop

actionable interventions to support students (Bakharia et al., 2016; Hernandez-Leo et al., 2019); and

2. lack of teacher involvement in the design and development of learning analytics; complexities of data-
driven analytics can make it challenging for teachers to meaningfully contribute to the design and

development process (e.g., Martinez-Maldonado et al., 2016).

In order for a teacher to understand and optimize learning, the teacher must be able to interpret the learning
analytics presented, and the learning analytics must provide information to support and justify actionable
responses by the teacher (Wiley et al., 2020). Recent efforts have leveraged participatory design approaches
to integrate teacher feedback in the design and development of the learning analytics (e.g., Holstein et al.,
2019; Prieto et al., 2019) and to support improvements in the interpretation and presentation of the learning

analytics to enable actionable responses. These participatory design efforts have:
1. demonstrated improved teacher response to students’ developing ideas (Bywater et al., 2019),

2. supported effective pedagogical adjustments that better engage teachers in students’ developing ideas

(Wiley et al., 2020), and

3. increased teacher agency in the choice of data visualization methods that improve sensemaking and

interpretation of student data (Ahn et al., 2021).

Thus far, these participatory efforts have not targeted the development of learning analytics and associated
dashboards during open-ended and problem-based learning (Bywater et al., 2021), such as computational
modeling in science. As such, more work is needed to understand how to best design and deploy learning
analytics to support teachers in interpreting and understanding the learning and knowledge development
processes that occur in these contexts.

Finally, given that the majority of science teachers do not have experience in the integration of computing
and engineering (see Section 1.1), consideration must be made regarding (1) the application of participatory
design methods that engage in the experiences, preferences, and concerns of teachers, and (2) the design,
implementation, and visualization of learning analytics that are interpretable and actionable for teachers

with limited computation and engineering design experience.



The empowerment of teachers as drivers of active learning and knowledge construction among their stu-
dents using advanced technology-enhanced, problem-based STEM+C learning environments is critical. This

situation calls for the co-design and development of pedagogical supports that:
1. align with current educational reform efforts (e.g., NGSS, 2013),

2. leverage the unique perspectives and practices of teachers and students (Holstein et al., 2019; Prieto

et al., 2019), and

3. visualize student learning and problem-solving processes in a manner that is interpretable and action-

able to the teacher (Wiley et al., 2020).
To address these points, this thesis establishes three primary goals:

1. the principled, evidence-centered design of the technology-enhanced, problem-based learning envi-
ronment and accompanying curriculum and assessments to ensure alignment with national and state

standards,

2. applications of novel participatory design techniques to integrate teachers’ backgrounds and feedback

into the design and development process, and

3. the development of learning analytics and an associated teacher dashboard that help teachers follow
students’ progress in their model-building and problem-solving tasks and support effective pedagogical
decision-making and responses that leverage students’ developing scientific ideas and help students’

advance in their tasks.

1.3 Scope and Contributions of this Dissertation Research
This dissertation leverages a participatory design research approach for the co-design of a teacher dashboard
to support evidence-based pedagogical responses during problem-based computational modeling and engi-
neering design in middle school science. This dissertation research hypothesizes that systematic co-design
and visualization of learning analytics targeting student learning and problem solving when building com-
putational models in science and solving engineering problems while using technology-enhanced, problem-
based learning environments will lead to instructional and learning benefits for the teachers and their students.
The research presented in this dissertation has evolved in two primary phases of work, each of which has
produced a number of research contributions.
Phase 1: Understanding Student Learning and Problem Solving in C2STEM and SPICE. The first

phase of research addressed the lack of sufficient assessments and analytics measures to characterize students’



learning and problem-solving behaviors in technology-enhanced STEM environments. This phase began
with the co-design, development, and evaluation of the Collaborative, Computational STEM (C2STEM)
learning environment and accompanying integrated curriculum and assessments (Hutchins et al., 2020a).
The initial design and implementation of C2STEM, including the development of a novel domain-specific
modeling language (DSML) approach for learning through computational modeling in science (Hutchins
et al., 2020b), and the design and execution of fourteen research studies (n > 1200 student participants,
Vanderbilt IRB approved processes conducted; see Appendix B) were performed collaboratively by a research
team that included Vanderbilt University, Stanford University, Salem State University, SRI International, and
ETS researchers. Students used C2STEM to learn by building, testing, debugging, and using computational
models of science processes in Physics, Marine Biology, and Genetics. Analysis of student work, including
computational modeling tasks, log data, summative and formative assessments, and video and discourse data
allowed us to deepen our understanding of how students construct their integrated science and computing
knowledge (Hutchins et al., 2020a, 2019b), communicate their knowledge and processes to collaboratively
problem solve (Emara et al., 2021; Hutchins et al., 2018; Hutchins et al., 2021b; Snyder et al., 2019a, 2022),
apply problem-solving strategies to construct and debug their computational models (Hutchins et al., 2019a,
2021b), and transfer problem-solving processes to solve problems in new domains (Hutchins et al., 2020c).
Additional findings can be found in the List of Publications in Appendix A.

Continuing this approach, the Science Projects Integrating Computing and Engineering (SPICE) curricu-
lum was developed and implemented as a collaboration with researchers from Vanderbilt, SRI, University
of Virginia, Digital Promise, and Washington State University. The research team collaborated with four
participating teachers in the design and development of the integrated science, computing, and engineering
curriculum and in completing modifications to the C2STEM system. Initial findings have allowed us to
deepen our understanding of how computing can serve as a bridge for the integrated learning of science and
engineering (Zhang et al., 2022; Basu et al., 2022), the impact of multiple linked representations on student
learning (Hutchins et al., 2021a), and the roles problem-solving strategies have on learning in each domain
(Zhang et al., 2022). Moreover, results have allowed us to examine methods for automating embedded as-
sessment analysis to support formative feedback (Cochran et al., 2022). This work served as the basis for
identifying student learning and behaviors that may be leveraged and acted upon by teachers to engage in
their students’ learning and problem-solving processes.

Phase 2: Co-Designing a Teacher Dashboard to Support Teacher Noticing and Response During
Technology-Enhanced, Problem-Solving in STEM. Leveraging the curriculum, technology, and analysis
from Phase 1, Phase 2 targeted the co-design, development, and implementation of the Responsive Instruc-

tion for STEM Education (RISE) Dashboard to address the lack of methods for meaningfully integrating



teacher insights and preferences in the design and development of educational technology, and in particular,
learning analytics and teacher feedback tools (e.g., dashboards). This participatory design approach included
three core stages: Needs Analysis and Low-Fidelity Prototyping, High-Fidelity Prototype-Supported Teacher
Professional Development, and Planning Period Simulations with RISE. During this time, we partnered with
9 teachers, 3 with SPICE experience, 1 with C2STEM experience, and 5 with no SPICE or C2STEM experi-
ence. We adapted established human-computer interaction (HCI) techniques to meaningfully collect teacher
insight, needs, concerns, and preferences in the design and implementation of learning analytics and accom-
panying visualizations through the dashboard. This process allowed us to examine (1) visualization needs for
efficient interpretation and reflection, (2) co-construction processes needed for teacher-researcher partners to
be on the “same page” of what constitutes actionable insight to support students’ problem-based learning,
and (3) technology resources to transition from interpretation to pedagogical response construction. Finally,
we examined teacher noticing and response of student learning and problem-solving behaviors during this
problem-based, technology-enhanced curriculum by implementing a series of simulations that used prior
student and class data from previous SPICE implementations and co-designed visualizations and feedback
(Hutchins and Biswas, 2022).

In summary, this dissertation contributes to advancing research at the intersection of HCI, Al, and Learn-

ing Sciences in the following ways:

* The use of a system of assessments approach combining summative and embedded assessments to

track students domain-specific knowledge and skills across the curriculum.

* The application of quantitative analytical and machine learning techniques to analyze and understand
student learning and problem-solving process development from the log and otherwise captured data

from the technology-enhanced, PBL environment.

* Novel participatory design approaches adapted from established HCI techniques to elicit teacher feed-
back and preferences on feedback and visualizations needed to conduct evidence-based responses dur-

ing PBL throughout the design and development of the teacher dashboard.

* A theoretical understanding of different facets involved in designing actionable insight for teachers,
along with a novel framework for co-constructing actionable insight needed to support students as they

implement technology-enhanced, PBL,

* The use of a novel classroom simulation approach to support and prepare teachers in the implementa-

tion of problem-based, STEM+C learning in science.



While this proposed dissertation project primarily focuses on a middle school science classroom using a
problem-based computational modeling and engineering design approach, the resulting development strategy
and products have broad application across disciplinary domains, instructional contexts, and teacher and

student populations.

1.4 Organization of this Dissertation
This dissertation is organized as follows. Chapter 2 provides the literature review covering three related
areas of (1) technology-supported teacher noticing and response (Section 2.1), (2) integrated STEM and CT
learning in K-12 science classrooms (Section 2.2), and (3) learning analytics and pedagogy (Section 2.3).
The previous work conducted in these areas motivates the research presented and the contributions made in
this dissertation.

Chapters 3, 4, 5, consist of the three manuscripts resulting from the work completed during this disser-

tation. Background from Chapter 2 may be repeated in relevant background sections of each manuscript.

1.4.1 Manuscript One Summary
Title: Temporal Evolution of Student Learning and Problem-Solving Behaviors During an NGSS-aligned
Integrated Science, Computing, and Engineering Curriculum.

Abstract: Computational modeling offers opportunities for students to explore and develop complex
science and engineering concepts that may be difficult to replicate in traditional K-12 classroom environ-
ments. However, limited research has studied how students construct their knowledge and develop their
problem-solving processes when working with curricula that integrate science and engineering concepts and
practices supported by a Computational Thinking (CT) framework. We hypothesize that computation can
serve as a bridge, leverage the connections between science and engineering and promote synergistic knowl-
edge construction and learning across domains. This paper examines the knowledge construction processes
and associated learning behaviors and strategies that students employed during a three-week, NGSS-aligned
integrated middle school curriculum that introduced students to earth science concepts of absorption and
runoff, and scientific modeling practices using multiple linked representations. The students then used their
constructed computational models to solve a design problem (designing a school yard that minimizes runoff
after heavy rainfall while meeting cost and accessibility constraints). Formative assessments are interspersed
in the curriculum to support student learning. We apply correlation and Path Analysis to evaluate students’
learning trajectories across science, engineering, and computation, and conduct exploratory cluster analysis
to explore the interactions between domain-specific learning and problem-solving. We demonstrate the im-

pact of our novel, technology-enhanced curriculum that supports students’ progress in synergistic learning of



science, computation, and engineering as they progress through the different curricular units.

Status: To be submitted to the Journal of the Learning Sciences.

1.4.2 Manuscript Two Summary
Title: Co-Designing a Teacher Dashboard to Support Evidence-Based Instruction During Problem-Based
Learning in Middle School Science

Abstract: Keeping the teacher engaged during students’ learning and problem solving in technology-
enhanced, integrated problem-based learning (PBL) has been shown to support deeper student involvement,
and, therefore, better success learning difficult science, computing, and engineering concepts and practices.
However, there are identification and scaling challenges in understanding the impact of PBL on students’
learning processes, as these processes are captured through mouse clicks, drag and drop actions, and other
low-level activities in the computer-based environments. Therefore, students’ learning processes and cor-
responding difficulties are not easily noticed by teachers as students learn from these environments. As a
result, teachers find it difficult to set up meaningful interactions with students while also maintaining the
focus on student-centered learning. In this paper, we investigate how the creation of classroom instructional-
support technology can provide insights to teachers that are actionable and meaningful in PBL classroom
contexts. However, open-ended and exploratory approaches that form the basis of PBL, and the accompany-
ing complexities of the technologies we develop to support PBL, make it difficult for teachers to meaningfully
contribute to the design and development processes that would be needed to generate the support tools that
would help them interpret student learning and generate meaningful support to enhance learning.

This article presents a detailed case study on a multi-step approach to the co-design and development
of a teacher dashboard to support and prepare teachers for implementing a technology-enhanced, PBL cur-
riculum in their middle school science classrooms. This work presents a novel, end-to-end demonstration
of how to engage teachers in the developing and interpreting of learning analytics and visualization systems
that support tracking student performance and learning behaviors in a middle school PBL curriculum, and
a co-design approach to developing the tools that support teacher noticing and the co-construction of ac-
tionable insight into students’ learning and problem solving during PBL. Our approach adapts established
participatory design techniques and demonstrates new kinds of prototyping methods to address the unique
challenges of co-designing interpretable learning analytics for PBL curriculum applications. We leverage
conjecture mapping for the design of our teacher dashboard. Our contributions include the teacher dashboard
and descriptions of the co-designed features that teachers found useful for teaching PBL in middle school sci-
ence, prototyping methods that leverage teachers-researcher partnerships in instructional-support technology

design, and a reflection of how these approaches help inform technology refinements and innovation.



Status: Following feedback from my PhD thesis committee, I will submit Manuscript 2 to the Journal of

Learning Analytics.

1.4.3 Manuscript Three Summary
Title: Using Teacher Dashboards to Customize Lesson Plans for a Middle School STEM Curriculum

Abstract: Prior research has demonstrated the importance of teacher engagement in students’ developing
ideas and strategies to support their STEM learning. In applications of student-centered learning approaches,
such as problem-based learning (PBL), this engagement poses challenges as teachers must interpret and re-
spond to student progress in ways that target learning and problem-solving needs while also maintaining the
intent of the learning design (e.g., not always address a specific knowledge gap through direct instruction).
Technology-enhanced approaches can mitigate these challenges by visualizing student learning and problem-
solving behaviors to support teachers using orchestration technologies such as teacher dashboards. However,
little research has targeted (1) dashboard-supported responsive teaching and (2) what features of the dash-
board teachers find useful for teaching PBL, especially at the middle school level. This study examined 8
teachers’ use of a co-designed teacher dashboard to assess and respond to students’ learning and strategies
during an integrated, PBL. STEM curriculum. Teachers completed a series of 5 “planning period simula-
tions” leveraging the dashboard and think-aloud protocols were implemented, supported by semi-structured
interview questions, to enable the teachers to verbalize their thought and evaluation processes. Content
analysis was conducted to analyze the transcripts. This study found that expert teachers made consistent
links between the integrated domains, including leveraging cross-cutting concepts and linking science and
computing practices, and leveraged collaborative pedagogical responses (e.g., pairing students with different
problem-solving approaches) at earlier stages in the simulation process. All teachers focused on responses
that demonstrated productive practices instead of solely targeting content knowledge deficiencies. Key dash-
board features leveraged by teachers included (1) visualizations that grouped students and showed member
transitions, (2) reflection tools that supported interpretation and negotiation of potential responses, and (3)
highlighting student and class successes. Understanding how teachers use dashboards to support evidence-
based teaching practices during technology-enhanced curricula is critical for improving teacher support and
preparation.

Status: Following feedback from my PhD committee, I will submit Manuscript 3 to a journal that focuses

on teaching and teacher education.

Finally, Chapter 7 discusses the contributions, limitations, and directions for future work to advance the

present research.
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CHAPTER 2

Literature Review

Engaging in students’ developing ideas in a modeling and engineering design curriculum requires that a
teacher notice students’ developing scientific ideas and problem-solving processes during technology-enhanced
learning and respond accordingly. To do so, a teacher must be able to match the necessary information about
the learning objectives, including target concepts, practices, and potential misapplications, with student per-
formance, system behaviors, and learning progressions. The goal of this research is to facilitate these teacher
moves by providing pedagogically supportive learning analytics that are interpretable and actionable.

In this literature review, we cover three key areas of research: Responsive Teaching, Integrated STEM+CT
Learning, and Learning Analytics. Figure 2.1 highlights the key successes and gaps in the literature that will

be discussed throughout this chapter.

' ™
% | Supporting student learning in STEM domains
E * Supporting student development of critical thinking and decision-making skills
= |® Co-design of curriculum supportive of teacher engagement during classroom implementations
o Limited use of technology-enhanced environments, specifically modeling/simulation tools
= | Limited examples of how teachers can support integrated STEM+CT learning
2 | ® Significant programming instruction needed
L e Dearth of approaches using multiple, linked representations to support STEM+CT learning y
s N
3 ; How can we provide INTEGRATED STEM+CT
RESPONSIVE TEACHING actionable inl.:ight to LEARNING
: support teachers as B
e Co-design supports agency and\\ they facilitated 7 ® Deeper understanding of N
confidence in analytics and data problem-based, STEM+CT knowledge
] visualizations STEMA+CT curricula? = construction processes
t o (Co-design supports teacher ﬁ e Deeper understanding of
é professional development and ; students” cognitive and
training for the integration of LEARNING metacognitive processes during
technology-enhanced, PBL ANALYTICS 1 technology-enhanced learning
o  Dearth of co-design efforts with o Limited understanding of how
K-12 teachers, especially students learn through multiple,
" novice teachers . linked representations
_g ® Dearth co-design efforts to g e Dearth of tools to visualize
develop tools to support PBL, STEM-CT learning analytics
such as computational for K-12 teachers that are
. modeling J/ \_ interpretable and actionable i

Figure 2.1: Overview of literature review chapter.

Based on this roadmap, we will first provide research on teacher noticing and support in STEM using
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technology-enhanced learning environments. This is followed by a review of the current state of computa-
tional modeling (learning-by-modeling) and engineering design (learning-by-design) in K-12 science educa-
tion, including recent assessment and learning analytics techniques. We will then provide background on how
learning analytics has progressed in supporting teachers in the classroom. The literature review will conclude
with a discussion tying together the needs for teacher noticing, 21st century STEM learning, and learning

analytics dashboards.

2.1 Supporting Teacher Noticing and Response in Technology-enhanced Classrooms

Science and math education reform has led to the promotion of fluid classroom environments that allow for
pedagogical adjustments during instruction (van Es and Sherin, 2002). This pedagogical decision-making
paradigm leverages responsive teaching in which the teacher makes in-the-moment pedagogical decisions
based on what and how students are thinking, assessed through what students are saying or doing (Bywater
et al., 2019; Wendell, 2016; Hammer et al., 2012).

This responsive approach is in contrast to traditional methods, in which lesson plans are predetermined
and direct students’ “flow of thought” (Hammer et al., 2012, p.54). This predetermined, traditional approach
limits student opportunities to develop and assess their own ideas, which is needed for inquiry learning
(Jiménez-Aleixandre et al., 2000) and open-ended learning approaches that include learning-by-modeling
(Wilkerson-Jerde et al., 2015) and learning-by-design (Bywater et al., 2021; Watkins et al., 2018), such as
that targeted in this proposed research.

Attending and responding to the disciplinary substance of student ideas is considered a core teaching
practice in science, math, and engineering (NRC, 2007; Levin et al., 2009; Lampert et al., 2013; Coffey et al.,

2011; Johnson et al., 2017). Responding to student ideas as they unfold in class has proven to:

1. help students engage in science practices (Schwarz et al., 2017),

2. focus student attention on the disciplinary substance of their thought (Robertson et al., 2016; Warren

and Rosebery, 1995), and

3. improve students’ conceptual understandings (e.g., Pierson, 2008; Empson and Jacobs, 2008).

This process is akin to formative feedback, providing students information to support adjustments in their
thinking, guide them towards the desired learning goals, and improve knowledge development (Shute, 2008;
Bransford et al., 2000).

However, Van Es and Sherin note that successful applications of responsive teaching requires teachers

to develop new ways to engage in and interpret classroom interactions (2002). The complex, challenging
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practice of responding to student ideas requires that teachers consider and evaluate copious amounts of class-
room information (e.g., student discourse, performance) as well as the intrinsic and extrinsic constraints of
the classroom environment (e.g., learning standards and objectives, time, assessment needs), and make in-
the-moment decisions on what and how to engage in their students’ ideas (Bywater et al., 2019; Sherin, 2002;
van Es and Sherin, 2002).

The complexity of this practice can be exacerbated during problem-based computational modeling and
engineering design, as student actions are difficult to view and reason about. In our research, teachers have
discussed that a main concern about such integration is that they are no longer able to view and evaluate
student problem-solving actions as they can during a physical lab. These experiences motivate a deeper
understanding of what it means to notice student thinking during technology-enhanced learning and how to
systematically design systems and feedback to support teachers in this process.

In this section, we will discuss what it means to notice and interpret students’ developing ideas as they
unfold in class and considerations that should be made to support teacher noticing and response in technology-

enhanced learning environments.

2.1.1 Teacher Noticing
The promotion of responsive teaching has invigorated a growing amount of literature to better understand
teachers’ noticing and responses to the disciplinary substance of student thinking (Walkoe et al., 2017; Sherin
etal., 2011), and how to adequately support teachers in this process (Baker et al., 2020; Bywater et al., 2019).
Noticing, or identifying and interpreting the substance of students’ developing ideas, is a critical, initial
component of responsive teaching (Jacobs et al., 2010; Hammer et al., 2012). This includes “what teachers
identify as important during classroom learning; what connections teachers make between specific classroom
events and broader pedagogical ideas; and what contextual information can be used to reason about the
specific classroom events” (Bywater et al., 2019, p. 17). Effective application of this process allows for
teachers to decide how to best respond to their students’ ideas (Jacobs et al., 2010). Moreover, the continuing
attention to and evaluation of student thinking during class has been shown to positively impact student
learning and the teacher’s pedagogical decision making (Cowie and Bell, 1999; Hammer, 1997).

Van Es and Sherin discussed three key elements of teacher noticing:

1. identifying what is important about the classroom interaction (i.e., determining what information de-

serves further attention),

2. leveraging one’s understanding of the context and classroom environment to reason about the interac-

tion (i.e., using knowledge of the subject matter, the students, and the classroom context to evaluate the
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evidence of the information presented), and

3. connecting specifics of the classroom interaction to broader teaching and learning ideas represented
(i.e., deducing how a specific interaction is an example of a more general principle of teaching and

learning) (2002).

Combined, these features require teachers to integrate multiple sources of information (e.g., subject-matter
knowledge, classroom context, their understanding of how students think about the topic) in order to reason
about the classroom interaction. For instance, in mathematics, it has been shown that a key factor in increasing
a teacher’s ability to notice developing mathematics ideas is the development of a teacher’s own Mathematics
Knowledge for Teaching (MKT; Ball et al., 2005) in order to (1) increase their understanding of the diversity
in student approaches and (2) understand how to scaffold students towards the lesson goals (Ball et al., 2009).

Effective noticing can be challenging for teachers (Sherin, 2002). As mentioned previously, teachers need
to grapple with multiple competing goals and constraints as well as information sources (Sherin, 2002). In
addition, research in math education demonstrates that teachers struggle to attend to the diversity of students’
developing ideas in the classroom (e.g., Sherin et al., 2011).

These difficulties have also been seen in science instruction (Barnhart and van Es, 2015) and more recently
during applications of engineering design (Watkins et al., 2018). For instance, effective teacher noticing
and guidance in learning-by-design environments requires that teachers understand and notice the different
strategies employed by students (Crismond and Adams, 2012). However, in engineering design, students are
likely to have unique solutions and their paths for reaching their solutions may differ significantly, creating
challenges for teachers to effectively notice and respond (Wang et al., 2011; NRC, 2014).

Finally, professional development efforts have been implemented to promote and support effective notic-

ing and response to student ideas in STEM. These methods include:

1. the implementation of video analysis sessions with teachers (Johnson and Mawyer, 2019; Hammer and

van Zee, 2006; Sherin and Han, 2004),
2. applications of interpretive frameworks of students’ ideas (Furtak and Heredia, 2014), and
3. the development of pedagogical tools and strategies (Windschitl et al., 2012)

Furthermore, collaborative teacher inquiry into students’ work has allowed teachers to work together to notice
and interpret student work and discuss pedagogical responses, supporting their skills in responsive teaching
(Little et al., 2003). These approaches provide a baseline for preparing and training teachers for teacher

noticing during a our curriculum.
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2.1.2 Technology-Supported Teacher Noticing

Research on teaching with technology has focused primarily on teachers’ use of technology, including
their competency with and beliefs about how and when to use technology in their classrooms (e.g., Mishra
and Koehler, 2006). Recent work has explored curriculum and assessment design and modifications with
technology-enhanced learning environments (Kali et al., 2015). However, limited research has explored
teacher noticing of students’ developing ideas while students use technology and there has been limited im-
pact of teacher noticing on the design and implementation of K-12 classroom technology (Walkoe et al.,
2017).

Technology-enhanced learning environments provide new opportunities for students to engage in authen-
tic science practices (e.g., NGSS, 2013) and generate explanations of their developing STEM knowledge
(Bywater et al., 2019; Slotta and Linn, 2009). Students’ interactions with the technology can afford a unique
perspective into the progression of student knowledge and thinking as they engage with computing tools
(Noss and Hoyles, 1996) and the type of thinking the students express using these tools are often those pro-
moted by the recent state and national standards (Walkoe et al., 2017). For instance, we have leveraged
student activity data during modeling to evaluate student debugging and data analysis strategies during com-
putational modeling (Hutchins et al., 2019a; Emara et al., 2020). This will be discussed in more detail in the
Section 2.2.2.

Although these environments have the potential to support responsive teaching (Bywater et al., 2019),
teacher noticing difficulties may be increased when students use problem-based compuational modeling en-
vironments due to (1) teachers’ limited background in computing, programming, and teaching using technol-
ogy (Bocconi et al., 2016), (2) the decreased visibility of student thinking, as it is now applied through mouse
clicks and other user-interface interactions and, therefore, not easily or readily apparent to the teacher (an
important feature of lesson design to support teacher noticing; e.g., National Council of Teachers of Mathe-
matics, 2014), and (3) software constraints or user-interface difficulties that may impact teachers’ abilities to
adequately respond to student thinking or issues (Walkoe et al., 2017).

As an example, a teacher in one of our studies expressed the desire for the system to provide students feed-
back on potential user-interface difficulties, while letting the teacher focus her attention on student processes
and potential domain-specific knowledge misunderstandings. For instance during physics computational
modeling, students may inadvertently choose a “set x position” programming block instead of a “‘change x
position” block because the blocks are close to each other in the list of available blocks and the student does
not understand the difference between setting (i.e., initializing) a variable value versus changing (i.e., updat-

ing) the variable value. If the student is under the impression they selected the correct block and debugging
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processes do not work, it may be time consuming for a teacher to read through the students’ code line-by-line
to check.

Finally, while these environments support key processes highlighted in state and national standards, these
strategies are often not engaged in by teachers during instruction (Walkoe et al., 2017). As such, more
research and development is needed to leverage action data to provide teachers the necessary feedback to

employ the benefits of effective teacher noticing and response.

In this proposed research, we are interested in increasing our understanding (1) how to design problem-based
computational modeling and engineering design learning environments in a manner that supports responsive
teaching and (2) how teachers can then use learning analytics generated by analyzing student work in the
environment to notice and respond to the disciplinary substance of student thinking and problem-solving
processes during open-ended learning, specifically during learning-by-modeling and learning-by-design.
These open-ended tasks provide a unique opportunity to examine the effectiveness of learning analytics
to provide teachers with information on student idea development and problem-solving processes in a man-
ner that is interpretable (teachers are able to identify the important disciplinary substance in student action
sequences) and actionable (teachers have opportunities to respond or provide formative feedback to students
to guide them towards the learning goals). In the next section, I will discuss these curricular approaches in

more detail.

2.2 K-12 STEM Classrooms

The Framework for K-12 Science Education and the Next Generation Science Standards (NGSS) calls for
the integration of science and engineering in K-12 classrooms have highlighted a need to provide authen-
tic learning experiences that better prepare students to succeed in the 21st century. The open-ended nature
of these activities, such as computational modeling and engineering design tasks, provides a unique oppor-
tunity for students to explore and represent their developing scientific ideas. In these open-ended learning
environments, students are given specific problem-solving tasks, but they are free to choose their approach
to learning and problem solving. In this section, we will discuss the importance of integrating computation
and engineering into K-12 science classrooms. We will provide background on learning-by-modeling and
learning-by-design in K-12 science classrooms, the benefits and difficulties for students and teachers, and
progress on assessments and analytics that are supportive of feedback on student knowledge construction,

ideas, and problem-solving processes.
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2.2.1 Integrating Science, Computing, and Engineering
Wing (2006) spurred researchers, educators, and policymakers to introduce computational thinking (CT) and
computer science (CS) as “a universally applicable attitude and skill set” oriented towards designing and
finding solutions to problems using computational mechanisms (Wing (2006), p. 33). These skills include
(among others) logical and algorithmic thinking, abstraction, problem decomposition, pattern recognition
and generalization, and debugging (systematic error detection and resolution) (Hutchins et al., 2020a). The
2012 Science Framework (NRC, 2012) also acknowledged the multiple connections among STEM and CT
domains— “more and more frequently, scientists work in interdisciplinary teams that blur traditional bound-
aries” (p.31)—, and “consider connections among science, technology, engineering, and mathematics” (p.32).
For example, the Science Framework identifies Using Mathematics and Computational Thinking as one of
eight scientific and engineering practices that K-12 students should learn. Mandates for an education that
prepares learners for life and work—and specifically STEM and CT work—for the 21st century, as well
as progressive standards for STEM subjects reflect this integrated STEM perspective (Grover and Pea, 2018;
NGSS, 2013). The leveraging of these key STEM and CT integration benefits has been actualized through the
use of learning-by-modeling and learning-by-design pedagogical approaches (e.g., Hambrusch et al., 2009;
Weintrop et al., 2016; Hutchins et al., 2020a; Chiu et al., 2019).

With respect to learning-by-modeling, integrating CT and scientific modeling can be synergistic (Hutchins

et al., 2020a; Snyder et al., 2019b), i.e., supportive of each other along multiple dimensions, by:

1. lowering the learning threshold for science concepts by reorganizing them around intuitive compu-
tational representations that introduce discrete and qualitative forms of fundamental laws, which are

simpler to understand than equation-based continuous forms (Redish and Wilson, 1993; Sherin, 2001);

2. studying a phenomenon as a discrete time process, where behavior advances in a step-by-step fashion
is easier for students to comprehend when compared to continuous dynamics (diSessa, 2001; Hutchins

et al., 2020a; Sherin, 2001);

3. representing programming and computational modeling as core scientific practices, such as modeling,

verification, and explanation (Soloway, 1993);

4. contextualizing computational constructs in order to make it easier to learn programming (Papert,

1991).

For example, in terms of computational representations of science phenomena, having to specify how to split
things up (e.g., separate upward and downward motion for a projectile fired upward, and make decisions,

such as, when the projectile hits the ground traveling downward, should it stop, and its velocity be set to 0,
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instead of continuing to allow it to decrease?) helps make assumptions more explicit, and student conceptions
more visible.

Finally, visualizations afforded by simulating computational models (e.g., animations and graphs) make
it easier for learners to judge legitimacy (Sherin, 2001). These benefits reflect the framing of proficiency in
both science and CT (by the NGSS and K-12 CS Framework, respectively) as the integration of knowledge
and practice.

Learning-by-design curricula have also emphasized preparing students for the 21st century workforce,
engaging students in scientific investigation and engineering design activities that improve their knowledge,
reasoning, and problem-solving skills (NRC, 2000; NAE and NASEM, 2019). In the K-12 setting, students
can engage in integrated science and engineering activities in meaningful ways, that include question posing,
design testing, and solution generation (Hirsch et al., 2007). Curricular implementations of engineering
design have proven to support students conceptual science and engineering learning (e.g., McElhaney et al.,
2020; Mehalik et al., 2008).

Moreover, recent reports also indicate that the learning of engineering and CT concepts and practices
can be synergistic, empowering learning in each domain (Ehsan et al., 2020). Engineering and CT can
compliment each other in problem solving and system design, and the conceptual underpinnings of both
engineering and CT may make engineering a productive discipline for extending CT learning and applications
(e.g., Zhang, 2020; Wing, 2006; Shute et al., 2017).

In the following two sections, we will describe advances in learning-by-modeling and learning-by-design

curricula integral for this proposed research.

2.2.2 Learning-by-Modeling
The learning-by-modeling framework, illustrated in Figure 2.2 (adapted from the Common Core Mathe-
matics Standards (CCSSO, 2011)), highlights the role that different sub-processes may play in acquiring,
interpreting, and refining one’s knowledge when performing modeling tasks. The sub-processes illustrated
match the NGSS on “Developing and Using Models” (NGSS, 2013) and define the key processes that a com-
prehensive learning-by-modeling environment must support. For the purpose of this research, we target the
development of simulation models in STEM domains. In particular, our work focuses on developing compre-
hensive, simulation models, that capture the emergent behavior of relevant scientific phenomena expressed
using computational constructs, and then using of those models to create engineering designs.

Simulation models, and specifically agent-based modeling, have received significant attention as a means
of supporting STEM learning (Weintrop et al., 2016; Hutchins et al., 2020a). Simulation models adopt

a multi-representational approach, where students develop computational models using programming con-
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Figure 2.2: Processes and subprocesses integral for learning-by-modeling (Hutchins et al., 2020b).

structs, and visualize their behavior using animations, and other representational schemes, such as plots and
charts. Agent-based modeling can be contrasted from constraint systems (e.g., Betty’s Brain; Leelawong and
Biswas, 2008), which use causal relations to model system behaviors, and system-dynamics models (e.g.,
Dragoon; VanLehn et al., 2017), which use simplifications of differential equations to represent dynamic
system behaviors.

Environments such as CTSiM, ViMap, and CT-STEM (Basu et al., 2013; Sengupta et al., 2015; Jona et al.,
2014) have supported research in this area, demonstrating the synergistic learning benefits resulting from this
pedagogical approach. All of these environments extend NetLogo, a multi-agent programming language for
building models that simulate the dynamic behaviors of complex, natural and social phenomena (Wilensky
and Resnick, 1999). NetLogo provides an authoring environment for an agent modeling language that allows
students to create their own models (or modify existing models that are available in a large, accompanying
model library that comes with Netlogo). This enables learners to simulate and “play” with their models,
exploring their behavior under various conditions. CTSiM (Basu et al., 2013), ViMap (Sengupta et al.,
2015) and CT-STEM (Arastoopour Irgens et al., 2020; Swanson et al., 2019) provide a block-structured
visual programming environment as an abstraction layer over NetLogo. This allows students to focus on the
domain modeling tasks, without being overwhelmed by the syntax of the NetLogo programming language.
Classroom studies conducted with these systems have produced successful results (e.g., Basu et al., 2016a;
Weintrop et al., 2016; Hutchins et al., 2020a), supporting student learning in science and CT. Other work
in learning-by-modeling includes Starlogo (Colella et al., 2001), and AgentSheets for scalable game design

(Repenning et al., 2010).

2.2.2.1 Student and teacher difficulties with learning-by-modeling
As mentioned previously, the fast-paced nature of technological advancement has accelerated our need to

better prepare students to utilize computational tools as vehicles for problem solving and professional ad-
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vancement (Dede, 2010; Redish and Wilson, 2011; NRC, 2010). Whereas this conforms with the NGSS call
for engaging students in authentic modeling practices in science, integrating computational modeling into the

K-12 science curriculum has created difficulties in student learning. These difficulties include:

* Translating learnt domain knowledge to computational forms for model building (Sengupta et al., 2013;

Basu et al., 2016b)

¢ Integrating key aspects of programming and CT (e.g., programming language syntax, identifying ap-
propriate abstractions and developing iterative structures to model the dynamics of the scientific pro-

cesses) (Grover and Basu, 2017; Hutchins et al., 2020a)

» Relating the behavior of individual entities to aggregated or emergent system behaviors (Chi, 2008;

Wilensky and Resnick, 1999)

* Understanding the mathematical relations between variables and interpreting graphs in relation in the

context of generated simulation behaviors (Sengupta and Farris, 2012; Araujo et al., 2008)

* Debugging the behaviors (results) generated by the abstract representations and interpreting them in

terms of scientific principles and theories (Basu et al., 2016b).

These difficulties can be mapped on to the subprocess illustrated in Figure 2.2, and they need to be addressed
in the context of the sub-processes in the figure to make the learning-by-modeling approach a productive
experience for novice learners.

Additional concerns about computational modeling in science arise from a teaching and classroom per-
spective. These difficulties center on (1) limited teacher background on integrating computational thinking
and computing in STEM and (2) difficulties and confidence with computational tools needed for the integra-
tion.

From the teacher background perspective, many teachers lack the experience and education with CT and
computing needed (Yadav et al., 2016; Cuny, 2012; Peel et al., 2020). Research targeting STEM and CT
integration have found that teachers hold misunderstandings about CT (Sands et al., 2018) and integration
is impacted by low self-confidence and self-efficacy for teaching CT (Wu et al., 2018). Sands et al. (2018)
recommend leveraging teachers’ backgrounds by explicitly highlighting how CT helps learn disciplinary
content.

From the system perspective, difficulties include the development of a shared understanding of the model-
ing language used to support the construction of the science models, and understanding the model behaviors

when the model is executed (VanLehn, 2013). We hypothesize that this may be exacerbated when students
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create their own modeling structures (e.g., creation of custom blocks in Scratch or Snap!), especially if stu-
dents have STEM and CT domain misunderstandings prior to their model development activities (Sengupta
etal., 2013).

Finally, there are increased training requirements for teachers and students (e.g. class time spent on learn-
ing the features of the modeling environment) to establish a sufficient understanding of the computational
constructs needed to build meaningful science models, and communicate results. This is especially true
when text-based programming languages are used (e.g., Hashem and Mioduser, 2011; Sherin et al., 1993).
Recently, researchers supporting environments such as CTSTEM have leveraged curriculum co-design ap-
proaches with participating teachers to tackle this issue (Wu et al., 2020), serving as motivation for this

dissertation approach.

2.2.2.2 Learning-by-Modeling Assessments

Assessment is one of the most salient drivers of education at scale (Cuban, 1984). Without meticulous
attention to assessments the dissemination of learning-by-modeling applications in K-12 schools has little
hope (i.e., Grover et al., 2014; Basu et al., 2021). This is due to (1) the need to better understand how
students learn in a curriculum that integrates science and CT (i.e., to improve pedagogical content knowledge,
discussed in Section 2.1.1) and (2) the role assessments play in supporting improved curricular efforts in
the integration of CT in STEM (e.g., modifying curriculum tools and scaffolds to better target identified
misunderstandings of all learners).

In order to teach learning-by-modeling and CT effectively, teachers must have a solid understanding of
what students know and can apply, as well as how their students develop CT skills over time (Bienkowski
et al., 2015). This requirement is exacerbated when CT is introduced in other domains, as the educator must
be able to differentiate between learning gains in each domain and to identify potential misunderstandings in
domain concepts or practices in either domain to support classroom discussions and student feedback.

Given the recent impetus for increasing CS and CT educational opportunities through CSForAll, signif-
icant efforts have focused on assessment development and applications. Research on integrated STEM and
CT assessments have mainly applied three formats: project-based, interview-based, and multiple-choice and
short-response assessments.

Project-Based Assessments. Open-ended, free choice final projects are often used to assess student
learning. This has been encouraged by the recent K-12 CS framework as a form of authentic assessment
(Parker and DeLyser, 2017). While common in block-based programming environments, including Scratch,
these computational artifacts can represent imperfect and incomplete measures of student learning, especially

when used as the only form of assessment (Brennan and Resnick, 2012; Grover and Basu, 2017).
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Project-based assessments, similar to those implemented in Alice (Werner et al., 2012), require subjective
grading efforts that are often time consuming (Grover et al., 2014). The assessments typically focus on final
code submission, eliminating potentially key information about student learning-by-modeling processes or
the implementation of CT practices over time. In addition, from the standpoint of a classroom teacher, the
total amount of potential CT information collected for each student may not be sufficient for the time it takes
to grade each individual assignment. And finally, the dependency on a particular software can be problematic,
as Webb noted that these options often require that students have familiarity with the software in use (2010).
As such, these approaches are often not generalizable across software or domains.

Interview-Based, Questionnaires, and Surveys. The use of qualitative, interview-based strategies for
assessing CT skills and understandings is common. These approaches (e.g., Brennan and Resnick, 2012;

Werner et al., 2012) have proven beneficial in:

1. identifying potential gaps in CT understanding not captured through frequency analysis of project data,

2. improving understanding of students’ CT processes through evaluations of students’ ability to under-

stand and explain someone else’s code, and

3. allowing for the capture of data regarding the transfer of knowledge or metacognitive abilities required

for learning with understanding.

For instance, in the Brennan and Resnick paper (2012), students were asked to describe how portions of
a particular program they developed work. This allowed researchers to evaluate students’ ability to teach an
outside party about how the code works. In some cases, this approach also allowed researchers to identify
conceptual misunderstandings (for instance, when students were describing a code replicated from a publicly
available project).

However, the applicability of this methodology in a classroom study is limited. This is primarily because
the application of this assessment is time consuming. In a classroom setting, the need to meet individually
with students to assess understanding is difficult because of the lack of time and resources. Moreover, eval-
uation of interview data is often subjective (Grover et al., 2014), limiting the generalizability of this form of
assessment in K-12 classrooms. Further investigation on how to target these conceptual gaps and methods
for capturing metacognitive and transfer skills is needed.

Multiple Choice and Short Answer Assessments A recent trend in CT assessments is the develop-
ment of objective, multiple-choice and short-answer assessments targeting defined learning objectives. The
applicability of this form of CT assessment is promising as it has proven to be a tool for building “a cu-

mulative knowledge base of learning science for CT” (Grover et al., 2014, p.62). These assessments, often
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administered in a summative format, utilize questions that test student understandings of concepts and re-
quire students to apply relevant CT practices (e.g. debugging a pictured code segment in order to complete a
required task).

However, as a standalone form of assessment, these assessments may not evaluate the CT skills and
understandings targeted for a particular curriculum in a comprehensive manner. In particular, these forms
of assessment often to not make the student thinking involved in the response process visible to teachers,
limiting teachers’ understandings of how an answer was derived, a key design feature for teacher noticing
(see Section 2.1.1).

Systems of Assessment One approach for targeting the limitations of individual assessment types is
the application of a “systems of assessment” approach (Conley and Darling-Hammond, 2013). This tech-
nique targets a deeper understanding of student knowledge construction by systematically combining mul-
tiple forms of assessments, including summative and formative assessments, and has proven to be effective
in evaluating learning gains and improving our understanding of how CT is learned over time (Grover et al.,
2015).

In addition, for the purpose of providing teachers with interpretable and actionable feedback during an
integrated science, CT, and engineering curriculum, it will be important to evaluate multiple applications of
student knowledge in all domains (Hutchins et al., 2021a). As such, a more comprehensive approach with

multiple forms of assessment is needed to target deeper learning in STEM and CT.

2.2.2.3 Learning-by-Modeling Analytics Measures

Advancements in learning environments and learning analytics have supported the development of techniques
to evaluate the processes or strategies students apply during modeling tasks (Zhang et al., 2021). Early efforts
in the analysis of student log data from these systems focused on exploratory approaches to identify patterns
of block usage in constructing models (Winne and Baker, 2013). For instance, Brennan and Resnick’s use
of log data consisted of frequency analysis (Brennan and Resnick, 2012), a common rubric methodology
(Grover et al., 2018a). However, this approach was shown to not provide enough information regarding
student conceptual understanding or process abilities (Brennan and Resnick, 2012).

Research in the development of adaptive student feedback during computer science education has led to
advancements in our understanding, identification, and evaluation of problem-solving processes and knowl-
edge representation during programming. For instance, Piech et al. utilized Code.org projects (an environ-
ment built using Blockly) to design partial solution feedback (2015), while Blikstein et al. used log data to
identify program states and assess the likelihood of reaching a solution state or facing a “sink” state in which

a student was likely to get stuck in (2014). Grover et al.’s hypothesis-driven learning analytics framework
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(2017) introduced a blended hypothesis- and discovery-driven approach incorporating multiple data sources
to interpret user actions related to computer science and CT learning. These approaches towards increasing
our understanding of student processes and difficulties motivate the log-based learning analytics utilized in
this proposed dissertation research.

Recently, significant work has been done targeting feedback development for students using the Snap!
programming environment (the environment used in this proposed dissertation research) during their com-
puter science coursework. This includes recent contributions from the HINTS Lab, led by Dr. Thomas
Price. This work includes the development of a dynamic testing framework that enables teachers to design
test cases for the automatic assessment of student work (Wang et al., 2021) and the development of a code
classification model to support the semi-automated discovery of problem-specific misconceptions students
demonstrate while programming (Shi et al., 2021). However, it is important to emphasize that these ap-
proaches are specific to computer science contexts (e.g., the teachers building the test cases are well-versed
in computer science constructs and practices) and the feedback generated targets students (as opposed to this
proposed research where teachers will receive the feedback so they may support their students). Thus, effort
needs to be made to (1) apply these analysis to represent both domain and computer science (specifically,
CT) knowledge applications or misunderstandings and (2) support science teachers in tasks, such as the de-
velopment of system tools (e.g., test cases) and understanding the representations of student work generated
by the system.

There have been improvements in log-based learning analytics specific to STEM modeling. For instance,
Basu, Biswas and Kinnebrew (2017) describe students’ modeling progress by calculating the distance to an
expert model at each model revision. Others have implemented clustering methods to evaluate students’
learning based on action data (Segedy et al., 2015b,a; Zhang et al., 2017). This includes our use of cluster-
ing analysis methods to evaluate differences between high and low performing students during a C2STEM
computational modeling unit in physics (Hutchins et al., 2019a. More recently, we have established a gen-
eralizable framework for the identification of productive and unproductive strategies in open-ended learning
environments (Zhang et al., 2021) leveraging a coherence analysis and task model approach and comparing
strategy applications of high and low performing groups using differential sequence mining (Kinnebrew et al.,
2013) determined by their summative performance.

These approaches allow us to identify the difficulties students face, described in the Section 2.2.2.1
through trace action data as model construction occurs. This lessens the objectivity concerns present in
interview and think-aloud assessment approaches. For instance, in Zhang et al. (2021), differences in de-
bugging approaches were identified between high and low performing groups, indicating the importance of

productive debugging processes on learning gains.
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However, limited research has targeted context-preserving strategy analysis that deepens our understand-
ing of students’ domain-level deficiencies that impact their model-building and debugging processes. Further-
more, these efforts have not included teacher feedback for the design and development of learning analytics
visualizations that help teachers identify and understand these strategies and act on the results (as discussed

in Section 1.2). This dissertation research targets these limitations.

2.2.3 Learning-by-Design

The prominent position of engineering in the K-12 Science Education Framework, NGSS, and the proposed
structure of science standards that distinguishes between practices, disciplinary core ideas, and crosscutting
concepts has increased interest and research in the design and development of engineering curricula that can
be integrated into existing K-12 science classrooms (NRC, 2014; NGSS, 2013).

The Framework describes (1) the disciplinary core ideas of engineering (e.g., defining and delimiting an
engineering problem, developing possible solutions, optimizing the design solution) (2) the key connections
between science and engineering, and (3) essential practices for K-12 students. Bolstered by the need to
develop students’ innovative thinking and creative problem-solving skills for a rapidly changing technological
workforce (see Section 2.2.1), these efforts engage students in science and engineering practices such as
innovating, investigating, evaluating and testing, and reasoning with designs (Cunningham and Kelly, 2017).

Fundamental to engineering is design (Ferris, 2012; Cunningham et al., 2007). Engineering design in-
volves goal-directed problem solving (Archer 1965) that invokes cognitive processes such as (1) understand-
ing and defining the problem, (2) learning new concepts necessary for solving problems, (3) generating pos-
sible solutions, (4) optimizing solutions through testing and refinement to accomplish problem-solving goals
(Crismond and Adams, 2012; English and King, 2017; Mehalik et al., 2008; Lucas and Hanson, 2016; NRC,
2010). Designers must leverage declarative science and math knowledge to inform design prototypes as well
as procedural knowledge to effectively solve the target problem (Bucciarelli, 2003). Therefore, engineering
design requires not only applying scientific knowledge to solve problems (e.g., de Figueiredo, 2008), but also
the systematic evaluation of criteria and constraints to deliver a solution based on the social dimension of the
problem (Ferris, 2012; Cunningham and Kelly, 2017).

Extending this work, Cunningham and Kelly (2017) described four categories of engineering actions,
including “engineering in social contexts, uses of data and evidence to make decisions, tools and strategies
for problem-solving, and finding solutions through creativity and innovation” (p. 491) with associated prac-
tices in each category (e.g., consider problems in context, envision multiple solutions, make evidence-based
decisions, assess implications of solutions, work well in teams). These efforts help provide a clearer view for

students and teachers of how to leverage key practices in solving engineering design problems (Mangiante
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and Gabriele-Black, 2020).

Leveraging this background, Figure 2.3 presents our learning-by-design framework. Similar to the learning-
by-modeling framework, this figure highlights the role that different sub-processes play in the creation, test-
ing, and reasoning with engineering designs as well as what a learning-by-design learning environment needs
to support. Although engineering and engineering design have not traditionally been part of the K-12 cur-

riculum (Cunningham et al., 2007), research efforts have targeted this dissemination.
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and expected
outcomes

Figure 2.3: Processes and subprocesses integral for learning-by-design.

The Learning by Design (LbD) curriculum involved weeks-long design challenges and explored students’
scientific reasoning (Kolodner et al., 1998, 2003). LbD emphasized the need to support learners’ development
of critical thinking and decision-making skills in the modern world (Kolodner et al., 2003). Wendell and
Rogers (2013) developed the Science Through LEGO Engineering curriculum that was based on the LbD
framework. In this curriculum, elementary students’ designed and tested a musical instrument, a model
house, a people mover, and an animal model.

Similar to these efforts, research evaluating the Engineering Is Elementary program also evaluated scien-
tific knowledge development during an engineering curriculum (e.g., Lachapelle et al., 2015). In addition,
earlier studies by Schauble et al. (e.g., 1991) evaluated how different modalities of thinking during experi-
mentation influenced middle school students’ learning of physics.

In recent work, Ehsan, Rehmat, and Cardella targeted an evaluation of the synergies between CT and en-
gineering by investigating childrens’ CT applications during an engineering design activity (2020). Through
the systematic, qualitative analysis of students’ processes (video recorded), the researchers aligned key engi-
neering design actions with relevant CT competencies. For instance, problem scoping (e.g., understanding the
problem’s constraints and criteria) was linked to the CT practices of decomposition and abstraction) while
design evaluation (e.g., evaluating prototype created) was linked to troubleshooting and debugging in CT.
These linkages will serve as motivation for the selection of problem-solving strategies targeted for feedback

to teachers.
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Other approaches have targeted scientific sense-making during design. These include Roth’s (1997) eval-
uation of elementary school students’ reasoning when creating lifting machines and Penner et al.’s (1997)
work evaluating students’ reasoning about force and motion during a task called Designing Human Elbows,
a biomechanics design project. Additional work includes the evaluation of students’ conceptual knowledge
about engineering (e.g., Streveler et al., 2008) and causal relationships in simple mechanical devices (e.g.,

Lehrer and Schauble, 1998; Bolger et al., 2012).

2.2.3.1 Student and teacher difficulties with learning-by-design

Learning-by-design is a complex task that involves simultaneous consideration of the design problem (in-
cluding criteria and constraints) and potential solutions (de Figueiredo, 2008). The intertwining of multiple
practices as they develop their science, math, and engineering conceptual knowledge can pose challenges for

students. These include:

» Unsystematic prototyping, such as the use of trial and error patterns as opposed to more systematic

design strategies (e.g., Ahmed et al., 2003; McElhaney et al., 2020)
* Applying science knowledge to make evidence-based design changes (McElhaney et al., 2020)

* Understanding cause and effect amongst design components or applying mechanistic reasoning to de-

scribe design components (Bolger et al., 2012)

These difficulties can be mapped on to the sub-process illustrated in Figure 2.3, and they need to be addressed
in the context of the sub-processes in the figure to make the learning-by-design approach a productive expe-
rience for novice learners.

We hypothesize that addressing similar difficulties from the learning-by-modeling figure (e.g., translating
scientific knowledge into computational form) may support the addressing of some of these difficulties. For
instance, supporting student processes in translating science conceptual knowledge (i.e., understanding of
water runoff) to computational form (creating the conditions for when there is runoff based on absorption
limits of surface materials and total rainfall) requires students to reason about the impact of variable changes
on other variables. Students may need similar support to improve their understanding of cause and effects of
making adjustments in their design prototypes.

Furthermore, the push to integrate engineering in K-12 science curricula places new demands on science
teachers (NRC, 2010; NGSS, 2013). Engineering design tasks involve applications of both conceptual en-
gineering design knowledge and epistemic practices that may be difficult for teachers to notice and respond
to (Mangiante and Gabriele-Black, 2020). Not only does this integration mean adding new content to an

already full curricula (NRC, 2010), few teachers have the background or experience in engineering design
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(Yasar et al., 2006; Watkins et al., 2018; Cunningham, 2008), and teachers face challenges including miscon-
ceptions about what engineers do and general fears about teaching engineering in K-12 (Cunningham, 2008;
Yagar et al., 2006). However, little work has targeted responsive teaching specific to engineering design
(Watkins et al., 2018) and there is a lack of professional development opportunities in engineering education
(Mangiante and Gabriele-Black, 2020).

Finally, the majority of studies reviewed are implemented as paper or physical lab challenges. In this
research, we leverage a simulation environment and online tools to support students in making links be-
tween science concepts and engineering analysis, while also facilitating the generation and testing of design
solutions. We hypothesize that training and understanding of the computational tools, as seen in the learning-

by-modeling section (Section 2.2.2), will pose additional challenges for K-12 teachers.

2.2.3.2 Learning-by-Design Assessments

There is a dearth of research on formative assessments in engineering education research, especially at the
K-12 level (Wendell, 2016). Instead, research in evaluating engineering design has focused primarily on
the disciplinary targets of instruction and has evaluated students using summative assessments, project-based
rubrics, and in-depth case studies .

Summative assessment approaches have targeted evaluations of students’ science and engineering content
knowledge and practices (Wendell and Rogers, 2013; Streveler et al., 2008; Lehrer and Schauble, 1998;
Lachapelle et al., 2015), and critical thinking skills (e.g., Penner et al., 1997). Recently, work by Zhang et al.
(2020) distinguished learning evaluations in science, CT, and engineering in order to evaluate the impact
domain learning on the other integrated domains over time.

Several assessment approaches have leveraged think-aloud protocols to assess engineering design. For
example, Atman et al. (2008) asked participants to verbalize their design process as they designed a play-
ground. Similar to Brennan and Resnick (2012), researchers have also implemented evaluation approaches
in which students critique others’ design processes (e.g., Hsu et al., 2014).

Other methods for visualizing student thinking processes include student written responses to prompts
(Hirsch et al., 2012), the development of concept maps (Sims-Knight et al., 2004), and applications of for-
mative surveys to support the identification of design challenges students face over time (Purzer et al., 2011).

However, similar to those seen in Section 2.2.2.2, these manual approaches are time-consuming and
labor intensive to grade, and, therefore not scalable or supportive of on-demand teacher feedback. Results
from these approaches often indicate discrepancies between what students say and the processes applied
(indentified through log data) (Atman et al., 2008). Finally, findings from these manual approaches have

shown that students’ ability to describe the design process does not imply they know how to apply this
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knowledge to solve the design problem (Vieira et al., 2016).
Given the importance of formative assessment in the dissemination and integration of domains such as
computation and engineering in K-12 science classroom, efforts targeting formative assessment development

are needed.

2.2.3.3 Learning-by-Design Analytics Measures

Recent work has leveraged log data to evaluate engineering testing strategies. This includes characterizing
differences in students’ design processes using Time Series Analysis (Xie et al., 2014), analytics methods
to evaluate systematic and unsystematic experimentation processes (Vieira et al., 2016), and Bayesian Net-
work Models to automatically evaluate students’ engineering design performance (Xing et al., 2021). These
approaches have demonstrated how student engagement as well as differences in design processes can be
evaluated using log data.

Recently, Zhang et al. (2019) evaluated changes in elementary and middle school students’ design so-
lutions based on predefined criteria, evaluating the number of tests, the number of satisfying designs, the
best score achieved, and the submitted score, and correlated the students’ behaviors with their performance
on an evidence-based, integrated science and engineering pre-post assessment. In addition, Bywater et al.
(2021) developed a new sequence segmentation method known as the Differential Segmentation of Categor-
ical Sequences (DiSCS) algorithm to identify meaningful periods of design activity as students implement
engineering design tasks in open-ended learning environments.

To our knowledge, research that leverages log data and learning analytics to evaluate engineering design
practices at the K-12 level is still in its infancy. In addition, and similar to the learning analytics presented
in the learning-by-modeling section (Section 2.2.2.3), these approaches lack contextual information about
design testing strategies that may be beneficial for teacher interpretation and response during class (described
in Section 1.2). As such, this proposed research targets contributions in engineering design analytics and

visualizations to address these issues.

In order to integrate learning-by-modeling and learning-by-design into K-12 STEM classrooms, careful con-
sideration must be made in designing curriculum and systems that facilitate active learning of STEM concepts
and practices while also providing multiple sources of student knowledge applications for a more compre-

hensive understanding of students’ learning processes and needs. This may require:

* evidence-centered design, development and integration of curricula and associated products (tasks,

assessments, environment tools, etc)

* establishing a tight coupling and shared semantics between the STEM modeling language and the CT
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constructs needed to build the models, and

» Systematic, context-preserving data processing of system usage to capture dual disciplinary substance

of student processes during learning-by-modeling.

In order to effectively engage teachers with students’ developing scientific ideas and knowledge, it is not
enough to provide performance feedback. Given the difficulties faced by teachers in integrating modeling
in STEM classrooms, more work is needed (1) to increase teacher knowledge and understanding about how
students learn through learning-by-modeling and learning-by-design and (2) to co-design learning analytics
visualizations that inform teachers about student learning behaviors, successes and difficulties, in a manner
that can be leveraged by the teacher for effective pedagogical adjustments. The following section provides

background on learning analytics research targeting educator support.

2.3 Learning Analytics and Pedagogy
Learning analytics is a promising approach for supporting teachers’ noticing of and response to students’
developing scientific ideas and problem-solving processes as students use technology in the classroom (Wiley
et al., 2020; Bywater et al., 2019). As such, developing learning analytics measures that support effective
teacher noticing and response remains a research priority.

In this section, we describe the progress and limitations of three key research areas in learning analytics
and teacher decision-making. We also present related teacher dashboards that target providing teachers with

feedback on student thinking and problem-solving processes.

2.3.1 Predicting Performance Using Digital Trace Data

The advancement and proliferation of learning management systems and MOOC:s has led to an increase in
digital traces of student learning (Fischer et al., 2020). Coupled with advances in data science and artificial
intelligence, initial research in learning analytics used these digital traces (e.g., clickstreams, time on tasks,
types of actions, etc) to create student behavior profiles in these environments (Gasevi¢ et al., 2015).

In most cases, the initial target users for these learning analytics methods were school administrators as
these tools were used to predict student success utilizing the software to make institutional decisions, rather
than in-the-moment pedagogical support (Dawson et al., 2014; Means et al., 2011). One reason for this was
data literacy concerns. School administrators needed less training than teachers on the provided analytics
(Vatrapu et al., 2011; Means et al., 2011).

In order to target dashboard data literary concerns for teachers, researchers began developing teacher-

focused dashboards. However, these efforts proved inefficient in supporting teachers as drivers of student
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learning because the data used was not reflective of the disciplinary substance of the learning process and
student thinking (Verbert et al., 2013; Schwendimann et al., 2017). For instance, clickstream data does not
provide the necessary content to understand student ideas or domain misunderstandings needed to explain an
observed sequence of actions a student performs. It is this insight that teachers need to best support students
in their conceptual understanding and class performance (Baker et al., 2020).

Simultaneous, learning analytics researchers were expanding efforts to leverage available data to dive
deeper into student learning processes and knowledge development using technology-enhanced learning en-
vironments. For instance, Segedy et al. (2015c) applied coherence analysis to better understand student’s
self-regulated learning behaviors while building causal models of science phenomena. Others applied ma-
chine learning and data analysis techniques to better understand students’ abilities and where students’ may
need further support (Gobert et al., 2013). However, these approaches lacked participatory efforts by teachers

to better leverage these learning analytics for their in-the-moment classroom needs.

2.3.2 Co-designing for Orchestration and Scripted Analytics

Stemming from the lack of teacher-focused efforts is the advancement of learning analytics based on partic-
ipatory design. This work mainly began from the increased use of intelligent tutoring systems and centered
on the creation of teacher dashboards that included feedback requested by participating teachers.

To do so, teachers would provide researchers with their learning objectives and assessments goals and,
in turn, the researchers would design, develop, and implement the relevant learning analytics feedback and
visualizations needed to support each teachers’ pedagogical decisions (Tissenbaum et al., 2012; Echeverria
et al., 2018; Rodriguez-Triana et al., 2018). For instance, Matuk and Linn (2015) implemented participatory
design with teachers in order to evaluate how teachers used student performance data to inform the adaptation
of curriculum.

However, many of these studies co-designed with teachers that had substantial experience with the learn-
ing environment and teaching with technology (Echeverria et al., 2018; Holstein et al., 2017; Matuk and Linn,
2015). This may limit the generalizability of the approach and the learning analytics used for pedagogical
decision making (especially for less experienced teachers), and often hides the fact that the learning analytics
still leveraged clickstream and time data as the source of information (as discussed in Section 2.3.1).

An additional approach to leveraging learning analytics for in-the-moment classroom adjustments is
scripted analytics. In scripted analytics, pedagogical scripts are provided to instructors that outline the path
students need to follow to successfully meet the curriculum’s learning goals and objectives (Fischer et al.,
2013). Dashboards associated with this approach provide teachers feedback on student trajectories, and de-

viations that need correction (Tissenbaum and Slotta, 2012; Rodriguez-Triana et al., 2018).
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We include efforts targeting the creation and implementation of orchestration graphs, which help teachers
conduct sequences of classroom activities at key social levels (individual, group, and class) (Dillenbourg,
2015; Haklev et al., 2017).

Feedback generated for teachers using scripted analytics approaches are primarily aimed at getting stu-
dents “back on track” (Haklev et al., 2017) and not providing feedback for teachers to support student ideation
and problem solving, which is needed for open-ended learning such as learning-by-modeling and learning-

by-design.

2.3.3 Learning Analytics to Support Curriculum Design
The push to leverage learning analytics to support curriculum design and adjustments is a significant inspi-
ration for this proposed research. Specifically, this work is driven by key limitations in existing learning

analytics research that include:

1. lack of adaptivity in teacher control and agency to support the individual needs, preferences, and values

of teachers (Shibani et al., 2019),

2. insufficient grounding in learning science theory to support collection and analysis of consequential

student and classroom data generated by the curriculum activities (Reimann, 2016),

3. mis-alignment with curriculum design theory to inform and support actionable pedagogical responses

to student queries and difficulties (Mangaroska and Giannakos, 2018), and

4. inability to integrate the teacher’s pedagogical interventions with students’ performance and learn-
ing behavior data so as to wholistically inform the curriculum design and the pedagogical processes

adopted by the teachers (Dyckhoff et al., 2012).

Efforts to target these concerns resulted in the creation of learning analytics for curriculum design frame-
works. While initial frameworks were high-level and difficult to operationalize (Corrin et al., 2016), frame-
works such as Learning Analytics Implementation Design (LAID) (Wise and Vytasek, 2017) and Orchestrat-
ing Learning Analytics (OrLA) (Prieto et al., 2019) have been developed to target these operational issues.

LAID ensures systematic LA design methods that incorporate the principles of coordination (including
alignment with learning objectives and recognition of classroom constraints), comparison (of learning perfor-
mance based on fixed standards and relative class performance, grounded by learning sciences theory), and
customization (recognizing differences in values, preferences, and constraints of individual teachers).

OrLA emphasizes the need for inter-stakeholder communication during the design and development pro-

cess. The framework offers support and guidance on collaborative discourse and decision making for the
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adoption and implementation of learning analytics in the classroom.

Finally, researchers have targeted bringing context to data interpretation, which has proven to be more
meaningful to teachers (e.g., Bakharia et al., 2016; Herndndez-Leo et al., 2019) and recent efforts in multi-
modal learning analytics (MMLA) have shown promise in leveraging multiple data sources to better inform
teachers about key learning and critical thinking processes (Mangaroska et al., 2020).

Addressing the issues itemized above remains a research priority, especially at the K-12 level. For in-
stance, current research on using learning analytics to support curriculum design work has predominantly
been applied in university settings. Therefore, additional efforts are needed to operationalize these approaches

at the K-12 level.

2.3.4 Teacher Dashboards: Visualizing Student Learning

Coinciding with the progress in learning analytics discussed thus far, teacher dashboard development has also
increased. As discussed earlier, the purpose of the teacher dashboard is to evaluate student performance and
example efforts include the research discussed in Section 2.3.2 (e.g., Matuk and Linn, 2015; Echeverria et al.,
2018).

Additional efforts include the design and development of dashboards and ambient displays to visualize
student progress and difficulties during activities (Slotta et al., 2013; Alavi and Dillenbourg, 2012) to help
teachers determine where to direct their attention. However, as mentioned above, these efforts mainly aim to
get students “back on track” (Haklev et al., 2017) and do not focus on the disciplinary substance of student
learning and critical thinking processes.

For my research, I target teacher engagement with and in student thinking and problem-solving processes
that can be amplified and made available through teacher feedback using learning analytics tools. Example
approaches that target similar goals include The Teacher Responding Tool (Bywater et al., 2019), Lumilo
(Holstein et al., 2019), and The Teacher Action Planner (Gerard et al., 2020).

The Teacher Responding Tool supports responsive teaching by scaffolding the response process, pro-
viding automated, student-specific recommendations on students mathematical ideas by leveraging a natural
language processing tool. A control experiment demonstrated the benefits of the scaffolding tool to support
teacher noticing of the disciplinary substance of student mathematical ideas and improving teacher responses
as compared to the unscaffolded group. However, this work was not designed for in-the-moment feedback
during class.

Lumilo extended the idea that intelligent tutoring systems (ITSs) could be more effective in helping
students learn if they work together with human teachers (Xhakaj et al., 2017). Holstein et al. (2019) co-

designed and implemented a real-time teacher awareness tool that provided teachers with feedback on student

33



learning situations that were identified as better-suited for the teacher to handle. A 3-condition experiment
demonstrated the effectiveness of Lumilo in helping narrow learning outcome gaps and improving student
learning. As discussed above, though, this work did leverage experienced teachers and utilized digital trace
and performance data that does not reflect students’ developing ideas.

Finally, the Teacher Action Planner targets responsive teaching by providing teachers with evidence of
student ideas during class. Similar to the Teacher Responding Tool, the Teacher Action Planner leverages
natural language processing technology to evaluate students’ written responses to web-based inquiry tasks
and provides recommendations for instructional customizations. While this research included experienced
teachers and focused solely on written responses, as opposed to model and design construction (targeted in
my research), results demonstrate the promise of leveraging teacher dashboards to support evidence-based

pedagogical modifications based on teachers’ noticing of students developing scientific ideas.

2.4 Bringing it All Together: Motivation for My Research

Given the proliferation of technology-enhanced learning tools in today’s classrooms as well as the need to
best prepare our students for the 21st century workforce through computing education integrated with STEM,
efforts to better support teachers in engaging in and responding to students developing disciplinary ideas and
critical-thinking processes while using these tools are needed. As reviewed in this section, a number of

limitations currently exist towards the actualization of this effort:

* Problem-based computational modeling and engineering design learning environments and accompa-
nying curriculum are not designed in a manner that considers the needs, preferences, and concerns
of teachers in noticing and responding to students’ developing scientific ideas (Walkoe et al., 2017).
This include methods to provide teachers’ feedback and support that leverage and consider their back-
ground and experience limitations (e.g., lack of computing experience) (Sands et al., 2018; Walkoe

et al., 2017),

* Dearth of comprehensive curriculum and assessment approaches for the integration of learning-by-
modeling and learning-by-design in K-12 classrooms (Wendell, 2016; Hutchins et al., 2020a) as well

as the time and labor constraints inherent in the manual evaluation of assessments, and

* Learning analytics and accompanying teacher dashboards have not typically targeted the evaluation
and representation of students’ developing scientific ideas and problem-solving strategies in a manner
that can be leveraged by classroom teachers to support their instructional activities and support student

learning (Baker et al., 2020; Wiley et al., 2020; Bywater et al., 2019).
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When teachers engage with student ideas, students’ knowledge and skills increase (Robertson et al.,
2016). Technology-enhanced, problem-based learning environments, including learning-by-modeling and
learning-by-design curricula, offer a unique opportunity for students to develop and implement their scientific
and engineering ideas, which can be captured as students work with computational tools in the environments.
Moreover, these environments promote students engagement in the practices and skills needed for success in
our technology-enhanced workforce (Redish and Wilson, 2011; Grover et al., 2018b).

However, to our knowledge, no such tools exist that incorporate teacher needs, preferences and concerns
regarding the integration of open-ended learning in their classroom through responsive teaching in the design
of the curriculum and environment. In addition, no co-designed teacher dashboards exist that identify and
provide teachers feedback on student thinking and problem-solving processes during open-ended learning,
such as learning-by-modeling and learning-by-design. In the following Chapters, I will present the three

manuscripts developed for this dissertation targeting these gaps.
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CHAPTER 3

Manuscript One: Temporal Evolution of Student Learning and Problem Solving Behaviors During an

NGSS-aligned Integrated Science, Computing, and Engineering Curriculum

3.1 Introduction

The growth and proliferation of computational technologies warrants increased application of technology-
enhanced, learning and problem-solving opportunities in our K-12 science, technology, engineering, and
mathematics (STEM) curricula. As scientists and engineers leverage computational processes and devices in
their exploration, inquiry, modeling, and problem-solving tasks, it is important for us to introduce relevant
computing methods in K-12 science and engineering curricula (Hambrusch et al., 2009; Weintrop et al., 2016;
Hutchins et al., 2020a; Kolodner et al., 2003; Wendell, 2016; Schauble et al., 1991). Appropriate use of
computing technologies should bolster students’ learning and skills, and engage students in gaining a deeper
understanding of STEM concepts by supporting inquiry and problem solving to them actively participate and
excel in our technology-oriented workforce.

Problem-based learning and inquiry have been motivated and supported by the Framework for K-12
Science Education (NRC, 2012) and the Next Generation Science Standards (NGSS; NGSS, 2013), which
articulate a vision for integrating science and engineering, and including computational thinking (CT) as
a key science and engineering practice. This integrated science and engineering framework highlights the
importance of providing “a context in which students can test their own developing scientific knowledge and
apply it to practice problems” (NRC, 2012, p. 12, emphasis added). However, limited resources exist for
curriculum development and assessment in such integrated curricula (e.g., NRC, 2014; McElhaney et al.,
2020), and our understanding of how students learn and problem solve in such integrated curricula is still in
its infancy (Zhang et al., 2021; Bywater et al., 2019).

Given this background, this paper examines a novel approach for integrating science and engineering
curricula, leveraging computing as a bridge to develop an understanding of systems using science inquiry
and exploration, and then applying this learned knowledge to solve engineering problems. In our approach,
we leverage learning-by-modeling to develop a deep understanding of scientific concepts and practices (c.f.,
Sengupta et al., 2013; Wen et al., 2020), and then using the developed computational models to solve en-
gineering design problems (c.f., Ehsan et al., 2020). In more detail, our approach is grounded in the idea
that a sequence of connected representations from conceptual to computational modeling of target science

phenomenon to application of the computational model for engineering design helps students develop their
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knowledge construction processes (c.f., Frederiksen et al., 1999). In addition, such approaches are particu-
larly useful for studying phenomena, such as water runoff that are hard to study systematically in physical
environments. Therefore, one of our primary goals in this paper is to study how this approach contributes to
our understanding of how students learn in integrated science and engineering curricula. We will do this by
studying students’ learning and problem solving leveraging a sequence of linked assessments, model-building
tasks, and an engineering design problem.

More specifically, our SPICE problem-based learning (PBL; Hmelo-Silver, 2004) curriculum challenges
students to redesign their schoolyard to minimize water runoff after heavy rainfall, while adhering to ac-
cessibility and cost constraints. The curriculum is composed of a sequence of fifteen lessons L1-L15, and
interspersed with formative assessments, F1-F6 as shown in Figure 5.1. The lessons take students through
a sequence of multiple connected representations, that include (1) conceptual modeling to learn the basic
science concepts and their relations to real-world phenomena; (2) Translation into a more formal representa-
tion using rules; (3) learning computational thinking (CT) constructs and practices using a set of unplugged
activities; (4) computational modeling to develop a simulation model of the scientific phenomena; and (5)
engineering design solutions that are developed from a computational model to solve a playground design
challenge. To study student learning, we applied an evidence-centered design (ECD) approach to curriculum
and assessment development, including pre-post tests and formative assessments that covered the science, CT

and engineering domains.

g ,5 Hands-On f{t:fgzgtual 2?‘:;&0“, Final Design
2 °Z | | Physical e - Computational Model Engineering Design Selection and
2 'S | | Experiments Matesial Unplageed Presentation

£ 0 P : Comparisons ||| CT Tasks =

UL&J&JL&JUL P &L'bj[ﬂ[ﬂ

Conceptual Modeling Unit Computational Modelmg Unit Engineering Design Unit

Figure 3.1: SPICE curricular sequence (L items are lessons and F items in red are formative assessments).

It is important to understand how and what students learn in these integrated learning environments before
they can be disseminated to the larger community. In this paper, we report the results of a study conducted in
a sixth grade science classroom in Southeastern United States. By analyzing students’ learning performance
and learning behaviors across the different Lesson units of curriculum, we answer the following research

questions:

* (RQ1) How effective is our integrated SPICE learning-by-modeling and problem-solving curriculum,

with its sequencing of science, computing, and engineering design support student learning across the
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three disciplines?

* (RQ2) What is the role of computational thinking in facilitating learning of science and engineering

concepts and practices?

* (RQ3) What kind of effective and ineffective strategies do students employ in their model-building tasks

and how do these strategies correlate with their science, CT, and engineering learning?

To answer RQ1 we provide statistical analysis of student results in our science, CT, and engineering
assessments. For RQ2, we apply correlation analysis to evaluate the relationship between CT curriculum
tasks on performance in science and engineering tasks and post-test performance and further this analysis
by conducting Path Analysis to model those relations. Finally, to answer RQ3 we conduct an exploratory
clustering analysis, grouping students based on common computational modeling and engineering design
behaviors and evaluating the impact of those behavior combinations on students’ learning in science, CT, and
engineering.

This paper is organized as follows. Following a review of the literature on integrating science, CT, and
engineering in K-12 classrooms and the identification of research gaps targeted by our research, we provide
a detailed description of the SPICE curriculum and the technology-enhanced learning environment. This
includes the design perspectives leveraged to create SPICE and an overview of the tasks, assessments, and
technology. We then cover our methods for this paper, describing the study, participants, data collection
processes, and the data analysis procedures implemented to answer our research questions. Our results and
discussion section is organized by research question and is followed by conclusions, limitations, and future

directions for this research.

3.2 Literature Review

With rapidly-changing technological advancements impacting our workplaces and every day lives, state and
national standards have made prominent the need to integrate computing and engineering problem solving
into K-12 science classrooms to better prepare our students for future success (NRC, 2014; NGSS, 2013).
Engaging students in these integrated learning experiences promotes interdisciplinary critical thinking and
skill development (Wing, 2006; Grover and Pea, 2013; Weintrop et al., 2016), while immersing students in
open-ended, socially-relevant inquiry across STEM domains (NRC, 2012; Hutchins et al., 2020a). This paper
leverages past approaches that have been successful in integrating science and computing (e.g., Weintrop
et al., 2016; Hutchins et al., 2020a), science and engineering (e.g., Cunningham and Kelly, 2017; Kolodner

et al., 2003), and, more recently, computing and engineering (e.g., Ehsan et al., 2020). In this section, we
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provide an overview of the successes and the gaps in the STEM integration literature, and summarize our

findings in Figure 3.2.

3.2.1 Integrating Science and Computing
Past research has demonstrated the synergistic relation between computing and science along multiple di-

mensions (Grover and Pea, 2018), such as:

1. Lowering the learning threshold for science concepts by reorganizing them around intuitive computa-
tional representations that introduce fundamental laws using discrete and qualitative representations,
which are simpler to understand than quantitative equation-based representations (Redish and Wilson,

1993; Sherin, 2001);

2. Studying phenomena as discrete time processes, where dynamic system behavior advances in a step-by-
step fashion, is easier for students to comprehend as compared to differential equation representations

of continuous dynamics (diSessa, 2001; Hutchins et al., 2020a; Sherin, 2001);

3. Representing computational modeling as a core scientific practice, that includes model construction,

debugging, verification, and explanation (Soloway, 1993);

4. Contextualizing Program construction using domain-specific forms (e.g., Domain Specific Modeling
Languages (DSMLs — (Hutchins et al., 2020b) to create synergistic relations between programming

and building science models (Papert, 1991).

Moreover, visualizations afforded by simulating computational models in science (e.g., animations and graphs)
make it easier for learners to interpret and verify the correctness of their models (Sherin, 2001).

Specific to the curricular approach in this research are agent-based, learning-by-modeling environments.
Agent-based models capture the emergent behavior of relevant scientific phenomena expressed using com-
putational constructs. These technology-enhanced environments and tools such as Netlogo and NetTango
(Weintrop et al., 2016; Martin et al., 2020), COSCI (Chang et al., 2020), Glowscript VPython (Weller et al.,
2021), CTSiM (Basu et al., 2013), VIMAP (Sengupta et al., 2015), and C2STEM (Hutchins et al., 2020a)
leverage agent-based, computational models programmed by students to simulate the dynamic behaviors of
complex, natural and social phenomena. Students are able to represent their developing scientific knowledge
in computational form and then evaluate their code through visual assessments of animated agents’ behaviors.
This process leverages contextualized representations of computational constructs (e.g., conditional logic) to
better expose students to programming (Papert, 1991). As such, these environments have received significant

attention as a means for supporting STEM learning adopting a multi-representational approach.
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Advances in learning environments and learning analytics have supported the development of techniques
to evaluate the processes or strategies students apply during modeling tasks (Zhang et al., 2021). Early efforts
in the analysis of student log data from these systems focused on exploratory approaches to identify patterns
of block usage in constructing models (Winne and Baker, 2013). For instance, Brennan and Resnick’s use
of log data consisted of frequency analysis (Brennan and Resnick, 2012), a common rubric methodology
(Grover et al., 2018a). However, this approach was shown to not provide enough information regarding
student conceptual understanding or process abilities (Brennan and Resnick, 2012).

There have been improvements in log-based learning analytics specific to STEM modeling. For instance,
Basu, Biswas and Kinnebrew (2017) describe students’ modeling progress by calculating the distance to an
expert model at each model revision. Others have implemented clustering methods to evaluate students’
learning based on action data (Segedy et al., 2015b,a; Zhang et al., 2017). These approaches allow us to
identify the difficulties students face through trace action data as model construction occurs. This lessens
the objectivity concerns present in interview and think-aloud assessment approaches. For instance, in Zhang
et al. (2021) and Grover et al. (2016), differences in debugging approaches were identified between high
and low performing groups, indicating the importance of productive debugging processes on learning gains.
However, to our knowledge, these approaches are still limited in number and no approach has extended this
behavior evaluation’s impact on problem-solving behaviors in other domains.

While the benefits detailed in prior research on science and CT reflect the framing of proficiency in
both domains (by the NGSS and K-12 CS Framework, respectively) as the integration of knowledge and
practice, limitations persist. These include (1) the need for extensive programming instruction which presents
challenges for teachers and students with limited experience (Hashem and Mioduser, 2011), (2) dearth of
comprehensive curriculum and assessment approaches that allow for temporal evaluation of domain-specific
learning (Hutchins et al., 2020a), and (3) lack of analytics approaches to evaluate the impact of students’

open-ended problem-solving behaviors on their domain-specific learning (Zhang et al., 2021).

3.2.2 Integrating Science and Engineering

The prominent position of engineering in the K-12 Science Education Framework, NGSS, and the proposed
structure of science standards that distinguishes between practices, disciplinary core ideas, and crosscutting
concepts has increased interest and research in the design and development of engineering curricula that
can be integrated into existing K-12 science classrooms (NRC, 2014; NGSS, 2013). In the K-12 setting,
students can engage in integrated science and engineering activities in meaningful ways, that include question
posing, innovating, design testing, and solution generation (Hirsch et al., 2007; Cunningham and Kelly,

2017). Curricular implementations of engineering design have proven to support students conceptual science
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and engineering learning (e.g., McElhaney et al., 2020; Mehalik et al., 2008).

For example, the Learning by Design (LbD) curriculum involved weeks-long design challenges and ex-
plored students’ scientific reasoning (Kolodner et al., 1998, 2003). LbD emphasized the need to support
learners’ development of critical thinking and decision-making skills in the modern world (Kolodner et al.,
2003). Wendell and Rogers (2013) developed the Science Through LEGO Engineering curriculum that was
based on the LbD framework. In this curriculum, elementary students’ designed and tested a musical instru-
ment, a model house, a people mover, and an animal model.

Similar to these efforts, research evaluating the Engineering Is Elementary program also evaluated scien-
tific knowledge development during an engineering curriculum (e.g., Lachapelle et al., 2015). In addition,
earlier studies by Schauble et al. (e.g., 1991) evaluated how different modalities of thinking during experi-
mentation influenced middle school students’ learning of physics.

However, the intertwining of multiple practices as students develop their science and engineering concep-
tual knowledge can pose challenges for students and gaps exist in terms of the integration of such curricula.

For students, these challenges include:

» Unsystematic prototyping, such as the use of trial and error patterns as opposed to more systematic

design strategies (e.g., Ahmed et al., 2003; McElhaney et al., 2020)

* Applying science knowledge to make evidence-based design changes (de Figueiredo, 2008; McElhaney
et al., 2020)

* Understanding cause and effect amongst design components or applying mechanistic reasoning to de-

scribe design components (Bolger et al., 2012)

Similar to the integration of science and computing, there is a dearth of assessment approaches for eval-
uating student learning and problem-solving behaviors during science and engineering integration (Wendell,
2016). In addition, to our knowledge, research that leverages log data and learning analytics to evaluate
engineering design practices at the K-12 level is still in its infancy with initial research characterizing dif-
ferences in students’ design processes (e.g., (Xie et al., 2014; Vieira et al., 2016; Bywater et al., 2021) and
automatically evaluating students’ engineering design performance (Xing et al., 2021). Finally, to our knowl-
edge, current frameworks do not leverage modeling practices, in particular at the K-12 level, to support the

connection between the two disciplines.

3.2.3 Integrating CT and Engineering
The final integration direction involves recent reports that indicate the synergistic nature of learning engineer-

ing and CT concepts and practices (e.g., Ehsan et al., 2020). These approaches currently include informal
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learning scenarios (Ehsan et al., 2020) and makerspaces (Yin et al., 2020). Engineering and CT can compli-
ment each other in problem solving and system design, and the conceptual underpinnings of both engineer-
ing and CT may make engineering a productive discipline for extending CT learning and applications (e.g.,
Zhang, 2020; Wing, 2006; Shute et al., 2017) while also supporting the framing engineering as a thought
process rather than “building.”

Due to the limited research in this area, the integration of computing and engineering faces similar chal-
lenges as previously stated, including the death of assessment and analytics, the focus of implementations on
older age groups (e.g., high school and university), and the inexperience of teachers and students in computing
and engineering. Moreover, to our knowledge, limited work has targeted the use of computational modeling
in the integration of computing and engineering. This approach may provide support in enabling students to
design and develop engineering solutions that cannot be modeled physically (for instance, solutions to water

runoff concerns).

3.2.4 Integrating Science, Computing, and Engineering Using Technology-Enhanced Environments
In addition to leveraging prior work in curriculum and assessment development for integrating STEM do-
mains, this work is framed in the context of (1) problem-based learning (PBL) in open-ended learning envi-
ronments (OELEs) and (2) learning through multiple linked representations.

OELEs provide students the opportunity to practice problem-solving skills in real-world contexts (Land,
2000a), and allow students to have a choice in how they pursue their learning and problem-solving tasks
(Hannafin et al., 1999, 2014). Learners can leverage resources provided by the environment to acquire,
understand, and apply knowledge needed to solve or complete a problem (Land, 2000a). In addition, OELEs
provide students with tools or features to test and revise their evolving solutions. Example OELEs include
inquiry environments (e.g., Ecolab (Luckin and du Boulay, 2016)), study tools (e.g., nStudy (Winne and
Hadwin, 2013) and MetaTutor (Azevedo et al., 2010)), game-based environments (e.g., Crystal Island (Taub
et al., 2019) and Tuglet (Kiser and Schwartz, 2020)), constraint systems (e.g., Betty’s Brain (Leelawong and
Biswas, 2008) and DynaLearn (Bredeweg et al., 2013)) and, specific to our work, agent-based, learning-by-
modeling environments (discussed above).

Finally, while technology-enhanced environments can scaffold students in computational modeling and
engineering design processes that engage inquiry and problem solving (e.g., Jonassen et al., 2005; Keating
et al., 2002), these evolving experiences need to be anchored to strong underlying conceptual models of the
phenomena being investigated in order to leverage the unique affordances of each representation (Ainsworth,
2006). For instance, in this study, each of the evolving modeling representations makes explicit the con-

servation relationship among rainfall, absorbed water, and water runoff at different levels of abstraction and
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generality. Together, these representations provide a more complete depiction of phenomena and support
students in deriving linkages between model representations (Frederiksen et al., 1999). Limited research
describes how students make transitions and connections among model representations and identifies the

instructional supports they require.
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Figure 3.2: Understanding successes and gaps in the STEM integration literature.

3.2.5 Problem Statement
From the literature and illustrated in Figure 3.2, we ground our approach in key research findings, includ-
ing the synergistic nature of the science, computing, and engineering domains when integrated and the af-
fordances provided to students in terms of the development of critical-thinking and problem-solving skills
(Hutchins et al., 2020a). In addition, we leverage opportunities discovered through applications of computa-
tional modeling in science in simulating complex science topics and supporting knowledge construction and
problem-solving skill development in the coupled domains.

However, our review highlights key curriculum and assessment gaps that we target in this research. On
one hand, although computational modeling has been suggested to be beneficial in science and comput-

ing integration, limited research has leveraged this approach to (1) support the addressing of engineering
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problems that can’t be physically represented, (2) increase our understanding of problem-solving behaviors
by leveraging trace data from OELEs, and (3) understand how computing can strengthen existing connec-
tions between science and engineering. Secondly, a dearth of assessment approaches in each combination of
domains warrants further examination in order to more deeply understand how students construct their inte-
grated knowledge over time. To do so, we systematically designed, developed, and implemented the SPICE

curriculum and learning environment to target our research questions.

3.3 SPICE Curriculum and Learning Environment
SPICE supports teachers in the implementation of the SPICE Challenge (Chiu et al., 2019; McElhaney et al.,
2019). The SPICE is a three-week, NGSS-aligned unit that challenges students to redesign their schoolyard
using different surface materials to minimize the amount of water runoff after a storm, while adhering to a
series of design constraints. These include the overall cost and accessibility, while providing for different
functionalities for the schoolyard. The curriculum consists of three core units: physical experiments and
conceptual modeling, computational modeling of the water runoff phenomenon, and engineering design, in
which students use their computational models to redesign their schoolyard. This learning context is authentic
and relevant to students facing similar problems (limited usability and pollution) in their own schools, there-
fore, the SPICE is potentially engaging and personally meaningful to the learners (Hutchins et al., 2021a;
McElhaney et al., 2020).

SPICE targets NGSS performance expectations for upper elementary and middle school Earth science
and engineering design curricula, emphasizing the movement of surface water in a system after heavy rainfall
and the human impact of this runoff on the environment. In this section, we will detail the SPICE design

process, curriculum, and assessments.

3.3.1 Design Perspectives
Our SPICE design processes to support the leveraging of computational modeling as a bridge to support

science and engineering learning are guided by the following design perspectives.

¢ Provide for learning from multiple, linked representations.

Technology-enhanced environments can scaffold students in complex learning processes that adopt
exploration, inquiry, and systematic problem-solving processes (e.g., Jonassen et al., 2005; Sengupta
et al., 2013; Weintrop et al., 2016). In order to support student learning-by-design, their design experi-
ences need to be anchored to strong underlying scientific models of the phenomena being investigated
in order to leverage the unique affordances of each representations. In designing the SPICE system,

we have focused on multiple linked representations (Ainsworth, 2006; Basu et al., 2016a) that help the
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students progress through a conceptual understanding of the science phenomena (water runoff after a
rainfall explained as a conservation principle), convert this understanding into computational models
for computing the runoff in different materials after a rainfall, and then use the computational models
to support the engineering design task. For example, a key mechanism used in this work to support
link derivations are Domain Specific Modeling Languages (DSMLs) for computational model building
(Hutchins et al., 2020b; Martin et al., 2020), which provide students programming blocks in the sci-
ence domain to support the translation of science into computational form, and to use code developed
to support model and design evaluations. Together, the representations provide a more complete de-
piction of phenomena and support students in deriving linkages between their science knowledge and

their engineering design representations (Frederiksen et al., 1999).

Promote technology-enhanced problem solving.

The majority of studies reviewed in Section 3.2 are implemented as paper or physical lab challenges. In
this research, we leverage a modeling and simulation environment that includes online design solution
generation and design evaluation tools to help students understand the links between science concepts
(e.g., absorption and runoff) and generating engineering solutions (e.g., what materials to choose for
designing the playground) in a technology-enhanced learning environment (Kim and Hannafin, 2011).
In addition, we provide tools for testing and evaluating design solutions (e.g., what are the costs and
runoff for the current playground design solution). The environment, the tools, and their interfaces help

students develop problem-solving skills, a key goal of the NGSS (NGSS, 2013).

Situate learning in open-ended, real-world problem contexts.

The NGSS and other science frameworks have highlighted the importance of providing authentic, real-
world learning experiences that engage students in the skills needed to better prepare students for the
needs of the 21st century workforce NGSS (2013). We leverage problem-based learning Hmelo-Silver
(2004) in open-ended learning environments (OELEs) (Biswas et al., 2016; Hannafin et al., 1999). OE-
LEs provide students the opportunity to practice problem-solving skills in real-world contexts (Land,
2000b), and allow students to have a choice in how they pursue their learning and problem-solving
tasks (Hannafin et al., 2014). Learners can leverage resources provided by the environment to acquire,

understand, and apply knowledge needed to solve or complete a problem (Land, 2000b).

Link student performance in the environment with the science and engineering learning objec-

tives.

We employ evidence-centered design (Mislevy and Haertel, 2006) as an overarching framework to sys-
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tematically integrate science and engineering disciplines and to align curricular activities and assess-
ment tasks to the science and engineering concepts and practices. ECD facilitates coherence in system
and assessment design by explicitly linking claims about student learning, evidence from student work
products, and the instructional and assessment tasks that elicit the desired evidence. We leverage this
framework to establish the features of the learning environment, the interactive tasks students perform

in this environment, and the instructional and assessment tasks that are built into our environment.

3.3.2 Curriculum Integrating Computing and Engineering into K-12 Science
Figure 3.3 illustrates our designed learning trajectory and criteria from conceptual to computational model to

finding engineering design solutions.

FAIR TESTS

Design constraints adhered to

VARIABLES & OPERATORS

Variables set/calculated appropriately

VARIABLES & OPERATORS

‘ RULE CONDITIONS

3 correct conditions established

‘ ’ RULE CONDITIONS ‘ RULE CONDITIONS

CONSERVATION OF MATTER

total rainfall = total absorption + total runoff’ I

CONSERVATION OF MATTER CONSERVATION OF MATTER CONSERVATION OF MATTER

CONCEPTUAL MODEL RULE CREATION COMPUTATIONAL MODEL ENGINEERING DESIGN

Figure 3.3: Learning trajectory from conceptual to computational model tasks (extended from (Authors, nd).

Initially, students were expected to understand the conservation of matter principle (representing a scien-
tific principle or law) by conducting real physical experiments and drawing conclusions from the observed
experimental results. In this domain, students are presented with scenarios where there is rainfall, some of
the rainfall is absorbed into the ground materials and the remaining amount is runoff. This translates to “Total
rainfall = total absorption + total runoff”. In the SPICE curriculum, students are introduced to the science con-
cepts of matter conservation and the absorption characteristics of different surface materials. Students begin
with engaging in a series of hands-on activities involving experimenting with physical materials commonly
available in schoolyards and playgrounds and then contrasting the absorption capabilities of these different
surface materials. After acquiring a basic understanding of the runoff scenario, students develop conceptual,
pictorial representations that express the amount of water runoff as the difference (if any) between the total
rainfall and water absorbed by surface materials. For instance, to complete Figure 3.4(a), students are tasked
with predicting the amount of absorption and runoff for 3 inches of rainfall and a 1-inch absorption limit of
the surface material. As a second step in the model evolution process, the students then create a more precise
conceptual model on paper, where they create rules to describe the three different runoff conditions.

Each subsequent modeling form required application of additional CT concepts to specify the model in
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Before you program your computer model, think about the instructions you want to give
to the computer. In English language, writé out your inputs, outputs, and rules for
calculating the outputs using the inputs

Input variables

B

Sieem Outpul variables

Rules for calculating the outputs given the inpuls
Rule #1

(a) (b)

Figure 3.4: Task examples for paper-and-pencil conceptual modeling (a) and rule creation (b).

a more general form (see Figure 3.3). To support this, we implemented an intermediate paper-and-pencil
Rule Creation task (Figure 3.4b) to elicit an additional representation of the science phenomenon enabling
students to express the relation between the science concepts: total rainfall, total absorption, absorption limit,
and total runoff. Students are tasked with expressing three scenarios (i.e., when rainfall is greater, less than,
and equal to the surface absorption limit) as semi-structured rules. These relations take into account the
conservation laws while using conditional logic expressions to specify when different situations apply (e.g.,
no runoff versus a certain amount of runoff). Students then transfer their rules into a computational model
using the given DSML blocks to create the model components (i.e., the three rules).

Translating the rules to the computational modeling activity requires additional knowledge of variables
and mathematical and relational operators. To support this, we first implemented a series of unplugged
activities to engage students in variable, equation, and conditional logic representation. This was followed
by the construction of their computational models. using DSML constructs (Figure 3.5a.) that facilitate the
translation of the runoff rules into the computational model (Authors, nd). The DSML blocks help students
assign variables to specific values, and translate their runoff rules to “if” constructs (e.g., “if total rainfall is
greater than the absorption limit”, then “set total runoff to [total rainfall — absorption limit]”"). Students also
needed to assign the value of total rainfall and the absorption limit before the conditional block statements.

In addition to testing various total rainfall amounts throughout the computational modeling process, a
visual interface (Figure 3.6) allows students to populate individual playground squares with 1 of 6 available
schoolyard material (defined in Table 3.1) in order to test their models on different material options. The
system calculates the total runoff and cost based on their input and selected material and provides the results
in the visual interface (as seen in the left of Figure 3.6). By the end of the specified time (determined by the
classroom teacher), students who have not achieved the correct model are supported in adjusting their models
for the engineering design task.

Finally, students use their computational models to solve the engineering design problem - redesigning
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Figure 3.5: Earth Science DSML (a) and example computational model (b).

Table 3.1: Schoolyard material information.

Material Absorption Limit Cost Accessible
Concrete 0.1 inches $37,500 Yes
Permeable Concrete 1.3 inches $93,750 Yes
Natural Grass 1.2 inches $18,750 No
Wood Chips 1.0 inches $37,500 No
Artificial Turf 0.6 inches $112,500 Yes
Poured Rubber 1.2 inches $187,500 Yes

their schoolyard to minimize the amount of water runoff after a storm while adhering to a series of design
constraints in the overall cost, accessibility, and different utilities of the schoolyard. To do so, students should
apply fair tests as they explore the design space and come to an optimum solution for their playground design.
We detail each activity, below. An extended version of the runoff model is implemented under the hood to
support the 4x4 schoolyard design interface. Figure 3.7 (on the right) illustrates the visual interface for the
engineering design task, with a photo of the school terrain this visual interface was modeled after on the left.
Each square in the 4x4 model has an area of 37,500 sq.ft. In this task, students implement a search process to
find the optimum solution to minimize runoff, while meeting cost (a design must have a total cost less than
$750,000) and accessibility (there must be at least 6 squares with accessible materials). To do so, students
can click on squares (for instance, the yellow square shown in Figure 3.7) and select their desired material
(from the materials found in Table 3.1). Students document chosen design solutions throughout this process.

In designing each of the model building activities, we maintained coherence across the three representa-
tions, and gradually introduced students to CT concepts and practices with support of activities such as the

Rule Creation task. This approach provides a framework for evaluating students’ modeling artifacts across
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Figure 3.6: The computational modeling visual interface for selecting material (a) and the resulting calcula-
tions (b).

different representations and understanding how these representations support students’ learning trajectories.

Figure 3.7: SPICE engineering design task.

3.3.3 Assessments

Leveraging our ECD process, we developed a system of summative and formative assessments to evaluate
student learning in identified target science, CT, and engineering concepts and practices over the course of
the 3-week curriculum. This includes a summative assessment that is split into the three domain sections
and is implemented prior to and directly following the curriculum. Our science and engineering pre-post

assessment aligns with a number of NGSS Performance Expectations (PEs). The CT assessment tasks were
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aligned with the concepts and practices that students perform as part of their science modeling activities
(e.g., variables, operations, conditionals, program development). The rubrics used for coding and scoring
these assessments were updated from our previous work (Authors, nd). Similarly, our formative assessments
were also developed during the ECD process and target key concepts and practices pertinent to the curricular
unit each assessment was scheduled around (e.g., conceptual modeling, computational modeling, engineering
design).

All formative and summative assessment items were labeled to identify the key concepts and practices
targeted in each domain and discussed in the previous section. For instance, Figure 3.8 illustrates a tree-like
model that traces applications of key domain-specific concepts and practices (this is a simplified example)
in the key tasks that compose the Computational Modeling unit in SPICE (the computational model, written
responses in the packet, and a formative assessment). This framework allows us to (1) ensure that all target
domain concepts targeted in the curriculum were assessed through multiple representations and (2) track

student performance in each concept or practice over time based on the labeled submissions.
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Figure 3.8: Mapping applications of science, CT, and engineering concepts and practices throughout the
SPICE curriculum.
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3.4 Methods

3.4.1 Study and Participants

This exploratory analysis leverages student data collected from a classroom study with 99 students in a 6%-
grade classroom in the southeastern United States. The study, led by two experienced science teachers,
was run in the Fall of 2019. Three Vanderbilt University researchers provided additional support in the
classroom. The two teachers participated in four days of professional development conducted by the research
team during the summer session before the study. Elementary programming classes are part of the middle
school curriculum in this school, and all participating students had varying amounts of prior programming
experience with Scratch (https://scratch.mit.edu/about).

The SPICE curriculum was covered by the teachers with intervening student work on the system for 45
minutes per day, three days a week in their regular science classes, and 75 minutes, twice a week that included
additional personalized-learning time. The curriculum was covered in 15 school days, with NGSS-aligned
science and engineering and CT pre-post assessments administered during two additional 45-minute class

sessions. Procedures of this study were approved by the ABC Institutional Review Board.

3.4.2 Data Collection
Data collection occurred in three phases: paper notebooks and assessments, computational modeling and

design submissions, and logged actions.

3.4.2.1 Student Notebooks and Assessments

Students completed all written response activities, including the physical experiments, conceptual models,
unplugged activities, short-answer questions during computational modeling and engineering, and their for-
mative and summative assessments on paper-and-pencil packets. Students used the same non-identifiable
username on each submission as well as to log into the SPICE OELE. These paper-based tasks were coded

and then graded using rubrics to be discussed in Section 3.4.3.1.

3.4.2.2 Supporting Automatic Analysis of Computational Models Using Abstract Syntax Trees

We have developed analytical tools to represent students computational models as abstract syntax trees
(ASTs) (Bille, 2005) to compare the tree edit distances (TED) to correct implementations (cf., Bille, 2005).
ASTs provide a flexible, compact, and extendable representation, where semantic information can be embed-
ded into the tree structure to enable more in-depth analysis of a program (Rabinovich et al., 2017). ASTs,
often used in compilers to represent a computer program’s structure (Grosch and Emmelmann, 1990), have

been used for code evaluation (Baxter et al., 1998) and to examine students’ code construction processes

51



(Neamtiu et al., 2005). Our research lab has leveraged the latter approach to evaluate students model con-
struction processes in CTSiM (Basu et al., 2014) and final code performance in SPICE (Zhang, 2020).

This approach is optimized by the use of DSMLs, as the modeling language is the same for all students and
not prone to differences resultant when students are required to construct and name custom blocks (Hutchins
et al., 2020b). Moreover, the development of the DSML representations is aligned with the learning design
and objectives of the curriculum to support linkages between the computational model build and concepts
and practices targeted through assessment.

We apply semantics-preserving transformations to standardize the ASTs (e.g, equalizing semantically
isomorphic expressions total rainfall < absorption limit and absorption limit>total rainfall) (Xu and Chee,
2003). Therefore, syntactically different but semantically isomorphic code representations will have an equal
TED result. Figure 3.9 shows a snippet of a standardized AST reconstructed from the log data. This snippet

contains the subtree specific to the “total rainfall is equal to absorption limit” rule (or condition).

— total rainfall (inch)
%s is equal to %s 4
L absorption limit
O total rainfall (inch) O is equal to

total absorption (inch)
set %s to %s {

~71. ~/ total absorption (inch) ~/ '/ O total rainfall (inch) O

r
|
|

ifv‘
|

r
| L total rainfall (inch) - total
Z runoff (inch) = 7
L then «I =~ Ll m
L

r tetal runoff (inch)
set %s to %s
0

Figure 3.9: Abstract syntax tree representation of equal-to subtree in SPICE computational model

3.4.2.3 Modeling and Engineering Activity Data Processing
Student actions in the SPICE environment were recorded in two parts: (1) logged timestamped student actions
and (2) interaction with the visual interface and associated simulation composition (e.g., the design history
and system calculated total runoff). The latter were recorded using the Cloud Variables RPC (Broll, 2018).
Student computational modeling actions are recorded in log files with timestamps. Interpreting actions is
more productive if we can associate them with the specific goals students may have when performing a set of
actions. For analysis, student actions are represented at a level of abstraction, so that action patterns can be
interpreted as students’ model-building processes with semantic and contextual interpretations Werner et al.
(2013). In order to represent students’ actions at a level of abstraction that makes it easier to interpret their
model construction and debugging behaviors, following previous work (e.g., Basu et al., 2017), we created
a task model that is illustrated in Figure 3.10. We extract and interpret students’ action sequences during
computational modeling that are linked to code assessment and code construction.

Finally, Figure 3.11 shows example actions logged with the Cloud Variables RPC, including RunSim-
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| CODE ASSESSMENT | | CODECONSTRUCTION |

| DATAANALYSIS | | VISUAL FEEDBACK | | BULDMODEL | | ADJUSTEXISTING MODEL |

RECORD || OPEN || CLOSE || pLaY || BLOck || ApD || connect || Epir || MopiFy || SAVE || REMOVE || STAGE |

PLAY: Running of full simulation (green flag button or block) ADD: Add block to stage (no connection to other blocks)

PLAY-BLOCK: Running of specific block (not green flag) CONNECT: Connecting block to existing simulation code

DATA-OPEN: Open graph/table EDIT: Hardcoded value change of parameter

DATA-CLOSE: Close graph/table MODIFY: Using a block (e.g. variable block) to modify parameter of another block
RECORD: Check variable to record data during simulation SAVE: Removal of connected block to stage; block is still visible to coder

REMOVE: Removal of block from scripts
STAGE: Modification of element (e.g., sprite) on stage

Figure 3.10: C2STEM computational modeling task model

ulation and ChangeMaterial. For the ChangeMaterial logged action, we evaluated when the student was
changing the material of a square in single mode (one square representation seen in Figure 3.6) or in the 4x4
mode (seen in Figure 3.7). For the single mode, we are able to monitor how many different materials each
student tested during the computational modeling phase. In the 4x4 mode, we track the total cost and the total
runoff limit of their built design, the total number of squares not in the default state, and the overall status
(e.g., how many blocks of each material are present). When a student clicks the green flag to test their design,
the RunSimulation log records the total rainfall, total absorption, and total runoff as well as the construction

status at the time of the RunSimulation.

‘when 1 receive -~
- ‘when I receive rain stopped |
LogAction

(Y7210 ChangeMateri [ single-mode

“ list construction status
(SR single-mode list current material
otal absorption amount (inches)

LogAction runoff water (inches)

[ 3 ArrR single=mode 153 pe e total cost
159 R LAl total runoff limit

list [number-of-lotsbuilt:: | (LT ERETTTAET

[ AT C el construction) status

Figure 3.11: SPICE engineering design logs (Zhang, 2020)

3.4.3 Analysis Techniques

To answer our research questions, we (1) leveraged our ECD-developed rubrics to score student tasks and
assessments and applied statistical analysis to explore the impact of the intervention on students integrated
learning, (2) applied correlation analysis and Path Analysis to examine the impact of computing on the learn-
ing of science and engineering, and (3) implemented an exploratory clustering algorithm to describe aggregate

characteristics of students’ behaviors as they relate to learning in each domain.
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3.4.3.1 Scoring Student Packets and Assessments

Students completed a paper-and-pencil pre-post assessment that was split into a science and engineering
component and a CT component (McElhaney et al., 2020). Science and engineering tasks were aligned with
a number of Next Generation Science Standards (NGSS) Performance Expectations in Earth science and
engineering (NGSS Lead States, 2013). Of the five science and engineering tasks, three asked students to
apply an engineering practice to the solution of a water runoff problem, one asked students to develop a model
of water runoff in a context different from the SPICE, and one asked students to apply an engineering practice
to the solution of a problem unrelated to water runoff. For example, in one task, students compare two street
designs based on criteria related to water runoff performance, usage, and cost. The science and engineering
task rubrics measured the extent to which students could apply the focal science and/or engineering practice to
the water runoff context and/or other engineering design criteria. The CT assessment tasks were aligned with
the CT concepts and practices addressed in the runoff CM. Students could score a maximum of 23 points
on science and engineering and 13 points on CT. The rubrics used for coding and scoring the tasks were
updated from our previous work. Two researchers received 5 hours of training on the rubrics, and following
an interactive grading procedure established inter-rater reliability (Cohen’s k at 0.8 level on all items). All
differences in the coding were discussed and resolved before the remaining submissions were graded by a
single researcher.

Students’ final runoff compurational models were logged and scored using a rubric targeting conservation
of matter rules and conditional statements for the different rules. The rubric rewarded four main criteria of the
compurational models: (1) assigned appropriate values to the total rainfall and absorption limit variables, (2)
included code for three conditional statements that compared the total rainfall and absorption limit variables,
(3) updated the absorption and runoff variables correctly for each of the three conditions, and (4) code is
generalizable (e.g., assigned variables to expressions rather than to hardcoded numeric values).

Students completed a paper-and-pencil workbook over the course of the unit. We scored and analyzed
student responses to specific workbook activities such as the conceptual modeling tasks, dice game activities,
test case identification tasks, and a CM debugging task. A series of four student conceptual models and cor-
responding written explanations were scored based on their adherence to the conservation of matter principle
and articulation of the causal relations governing the flow of rainwater. We also scored student performance
on the dice games that introduced students to CT skills. Each of the four games were scored based on whether
students could correctly evaluate conditional statements and interpret variable assignment statements . We
report dice game scores only for students who documented outcomes from all four games (n = 62). We scored

students’ choice of test cases for testing the three rules in the runoff CM for a material of their choice based

54



on whether the test cases address each of the model’s three rainfall conditions. We scored a debugging task
where the variable assignment for the absorption and runoff variables were flipped for a particular condition.

Finally, we scored student responses to formative assessments based on time of implementation. Concep-
tual modeling formative assessments targeted students’ ability to interpret and evaluate provided conceptual
models based on their developing science knowledge. Computational modeling tasks assessed students’ abil-
ity to predict the output of given computational models, identify errors, and fix buggy computational models.
Finally, engineering design assessments targeted students’ ability to implement fair tests and evaluate design

solutions.

3.4.3.2 Evaluating Student Performance Over Time

Our initial exploration targets the identification of correlations between curricular tasks and learning perfor-
mance in science, computing, and engineering. We implement Spearman’s correlation on the normalized
student results (scored using the ECD rubrics, described above) on key CT tasks.

To extend this analysis, we apply Path Analysis to study the relationship between science, engineering,
and CT learning in SPICE. We hypothesized that students’ knowledge gains, the behaviors they developed,
and their performance in the tasks they worked on would influence their learning, behaviors, and performance
in subsequent tasks and assessments in the SPICE curriculum. Path Analysis can be seen as a variation of
Structural Equation Modeling (Kline, 2015) without the latent variables. In many ways, the methods used
for path analysis can be related to work in deriving Bayesian causal models from data (Ellis and Wong,
2008; Hagger and Hamilton, 2018). We hypothesized the causal paths shown in Figure 3.12 among the
different tasks students performed in the SPICE. In particular, we used Path Analysis to study the relationship
between science, engineering, and CT learning in the SPICE, with a particular emphasis on the CT tasks.
We hypothesized that students’ knowledge, behaviors, and performances could influence their subsequent
learning behaviors, performances, and summative test scores in the SPICE curriculum. Conceptually, we
hypothesized causal paths as shown in Figure 3.12. Each arrow in the diagram indicates a direct effect on the
endogenous variable from the exogenous variable. The horizontal positions of the variables also correspond to
their temporal order in the SPICE curriculum (pre-tests < unplugged CT activities < computational modeling

~< post-tests).

3.4.3.3 Grouping students based on computational modeling and engineering design behaviors
The open-ended nature of computational modeling and engineering design paves the way for students to adopt
different learning and problem-solving strategies, thereby demonstrating a variety of learning behaviors. Due

to these varieties, our approach targets forming aggregate characterizations of student behaviors during the
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Computational Model
Prior Knowledge Post Knowledge

Unplugged CT Tasks

Figure 3.12: A hypothesized path model of the direct effects on the different categories of learning behavior
and performance variables

Table 3.2: Selected features (marked with an *) and descriptions.

Metric Description

Computational Model Edits* Percentage of model construction actions
Computational Model Testing*  Percentage of single-mode model testing (with material selection)
Computational Model Edit Size  Average number of consecutive model edits between play actions

Unique Rainfall Tests* Percentage of unique values of rainfall tested

Avg Material Tests* Average tests per unique material

Materials Tested* Percentage of possible materials tested

Engineering Design Edits Percentage of engineering design edit actions

Total Complete Design Tests* Proportion of engineering design tests per engineering design actions
Engineering Design Edit Size Average number of consecutive design changes between design tests
Satisfying Tests* Percentage of satisfying design tests out of all tests conducted
Euclidean Total* The extent to which a learner explored the eng. design experiment space
Lowest Runoff Score The lowest calculated runoff value for all satisfactory design tests

computational modeling and engineering design units, rather than evaluating individual behaviors. Features
selected for this exploratory clustering analysis are detailed in Table 3.2. Initial features were selected based
on past analyses (e.g., Zhang et al., 2017, 2022). We apply a correlation-based filter method comparing the
normalized mean values for features to students science, CT, and engineering learning gains to evaluate each
feature’s significance in the learning process. Features that were not highly correlated were removed (for
instance, the Average Design Edit Size, see Table 3.2) and features that were highly correlated, but were also
highly correlated with other features were filtered based on researcher input. After this pre-processing step,
we ran the K-means clustering algorithm on the selected feature set to group students by common behavior
characteristics across the two units. We used silhouette analysis to identify the optimal cluster size. Finally,
we evaluate resulting groups based on their summative and formative task performances in each domain,

discussing the potential impact learning behaviors of each cluster had on domain-specific learning.
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3.5 Results

3.5.1 RQI1: How effective is our integrated SPICE learning by modeling and problem solving curricu-
lum, with its sequencing of science, computing, and engineering design support student learning
across the three disciplines?

Students’ pre-post test scores were compared to determine their learning gains in science, engineering, and

CT. We conducted Kolmogorov-Smirnov tests on the assessment scores and found that the data was normally

distributed. Therefore, we used the paired z-test to measure the statistical significance of the difference in the

pre-post scores. As shown in Table 3.3, all differences are statistically significant with moderate (> 0.5) to

large (> 0.8) effect sizes.

Table 3.3: Students’ (n=99) learning gains and effect sizes (Zhang et al., 2022)

Total Points  Pretest(SD)  Posttest(SD)  p-value  Cohen’s d

Science 7 4.56(1.03) 5.13(1.04) <0.001 0.54
Engineering 16 8.73(2.62) 10.50 (2.67) <0.0001 0.67
Computing 13 6.23(2.60) 8.41(2.69)  <0.0001 0.83
Overall 36 19.52(4.47) 24.03(4.39) <0.0001 1.02

Table 3.4 provides a break-down of scores for high- and low-performing students based on the median
scores of the pretest and the posttest (Zhang, 2020). The results show that although 12 low performing stu-
dents moved into the high-performing category, the majority of the low performers remained low performers.
As such, further work needs to be conducted to improve support for low performers. We discuss this further
in the Conclusions.

Table 3.4: Confusion matrix of qualitative change in summative assessment performance.

Posttest

High Performers Low Performers

High Performers 36 12
Low Performers 12 39

Pretest

3.5.2 RQ2: What is the role of computational thinking in facilitating learning of science and engi-
neering concepts and practices?

To evaluate this question, we first conducted correlation analysis using Spearman’s correlation investigating

the impact of key curriculum tasks. The calculated Spearman’s p values (Kokoska and Zwillinger, 2000) are

reported in Table 3.5. Statistically significant correlations are marked in bold font. The first three columns

are key CT tasks that may impact student learning over SPICE, including the pre-CT test, the unplugged Dice
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Game and Debugging tasks (described in the SPICE section), and Rule Creation Task (Figure 3.4b). The
remaining columns include the pre-Science and Engineering test, the Conceptual Model (Figure 3.4a), the
Computational Model (Figure 3.6), and Engineering Design Max Score (Figure 3.7). Finally, the bottom-two
rows include the the Science and Engineering posttest and the CT posttest, to correlate performance in each
column with overall learning performance.

A key results from this analysis is the correlation between the conceptual model, the rule creation task,
and the debugging task on science and engineering post-test performance. For CT, the rules, dice game,
test cases, and the computational model score were highly correlated with post-test CT performance. It is
important to note the significant correlation result between pre and post test performance, which is associated

with the identification of needed support for lower performing students in the previous section.

Table 3.5: Spearman’s p’s of the CT scores (statistically significant correlation coefficients, ** p < 0.01, *
p <0.05)

Pre-CT  Rules Dice Debug Pre-Sci+Eng Concept. Comp. Eng. Score

Rules 0.184
Dice 0.20%  0.36%*
Debug 0.26%* (0.35%*% (. 31%*

Pre-Sci+Eng 0.39%*  0.30%* 0.18  0.23%*

Conceptual 0.19 0.32%%* 0.14  0.28%* 0.21%*

Computational 0.20 0.32%%* 0.06 0.09 0.13 0.05

Eng Score 0.14 -0.05 -0.16 -0.11 0.10 -0.07 -0.07
Post-Sci+Eng 0.07  0.47%* 0.18  0.26%* 0.41 %% 0.397%* 0.04 -0.10
Post-CT 0.62%%  0.31%*%  0.20%*  (.23%* 0.43%% 020  0.24%* 0.08

We hypothesize that the rule creation task and the debugging task prove to be key CT applications to
support (1) multiple representations of the key science phenomenon linking each domain (e.g., representing
and exploring difficult science concepts in computational form) and (2) applications of key problem-solving
skills that require applications of developing science knowledge to complete and that systematic testing and
evaluation practices. For the rules, students needed to apply conditional logic to what they learned in the
conceptual modeling section. For the debugging task, students needed to leverage their science knowledge to
identify errors in a provided computational model and correct those errors.

Based on these results, we then implemented Path Analysis considering our hypothesized path model

illustrated in Figure 3.12 using the IBM®SPSS®Amos software. We combined the pre- and posttest perfor-
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mance to evaluate the impact of the CT tasks on overall student learning. We modeled a total of 10 direct
effects from the 5 variables in the path diagram. These included the pretest, posttest, and computational
model score as well as the Rules Creation Task and Debugging, identified as highly correlated to student
learning above. Results are shown in Figure 3.13. We calculated the model-fitting statistics as compared to a
baseline model (Schreiber et al., 2006): xz =75.472 (DF=10, p-value < 0.000). The root mean square error
of approximation (RMSEA) was < 0.000 (< 0.06 threshold) and the comparative fit index (CFI) was 1.000
(> 0.9 threshold). In Figure 3.13, statistically significant correlation coefficients are labeled as ** p < 0.001
and * p < 0.01.

These results extend our previous findings, above. Of note is the Rule Creation Task and its impact on
the computational model score and overall student learning. We hypothesize that the computational model
score may not be indicative of student learning, as student may have reached a threshold following the Rules
Creation Task and its support of the translation into computational form. It is important to discuss the high
significance of the pretest performance on posttest performance. This relates to our findings for RQ1 and
further emphasizes the need for additional work to better support and engage students that begin with lower

prior knowledge scores.

Computational

Model

0.23* -0.02

Prior Knowledge Post Knowledge

Debugging
IFH'S

Rules Tasks

Figure 3.13: Discovered causal paths.

To further our analysis, particularly the impact of model representations and applications of key CT skills
and processes seen in these results (such as debugging), we applied cluster analysis to evaluate student group
behaviors as they transitions from computational modeling to engineering design and how those behaviors

may have impacted learning.
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3.5.3 RQ3: What kind of effective and ineffective strategies do students employ in their model-
building tasks and how do these strategies correlate with their science, CT, and engineering
learning?

We applied the K-means clustering algorithm on the subset of metrics picked by feature selection. Using

silhouette analysis, we identified the optimal cluster size of 3. The Euclidean metric was used as the distance

measure, and 1000 random restarts were performed to mitigate the effects of initial cluster center selection.

Table 3.6 summarizes the mean values (and standard deviations) of the metrics for all of the derived clusters.

Table 3.7 provides the mean values (and standard deviations) of each clusters pre-post performance and

learning gains in each domain. Finally, Table 3.8 provides each cluster’s results on key curriculum tasks over

the course of the integrated curriculum.

Table 3.6: Cluster means (and standard deviations) of computational modeling and engineering design be-
haviors.

Metric Play-it-Safers (n=34) Explorers (n=53) CT Strategists (n=12)
Computational Model Edits % 69.65(8.10) 56.08(7.84) 54.45(12.89)
Computational Model Testing %  17.00(5.67) 33.24(9.60) 30.56(11.33)
Unique Rainfall Tests % 23.54(8.25) 24.13(7.03) 46.26(20.83)
Avg Material Tests 2.73(1.36) 2.03(0.92) 4.14(2.30)
Materials Tested % 37.75(18.94) 74.84(21.59) 31.94(11.14)
Total Complete Design Tests % 7.26(4.57) 9.72(5.46) 18.38(14.80)
Satisfying Tests % 73.88(24.94) 55.64(19.37) 56.34(25.65)
Euclidean Total 8.26(7.36) 33.07(23.96) 20.47(20.89)

Table 3.7: Means (and standard deviations) of learning performance by cluster.

Cluster Play-it-Safers  Explorers  CT Strategists
SCI Pretest (7) 4.26(0.93) 4.74(1.04) 4.67(1.15)
SCI Posttest (7) 4.94(1.07) 5.25(1.05) 5.17(0.94)
SCI Learning Gains ~ -0.06(0.82) 0.17(0.56) 0.10(0.61)
ENG Pretest (16) 8.22(2.56) 9.06(2.36) 8.71(3.75)
ENG Posttest (16) 9.81(2.18) 11.08(2.46) 9.83(4.12)
ENG Learning Gains  0.35(0.35) 0.17(0.66) 0.16(0.55)
CT Pretest (13) 6.01(2.66) 6.25(2.56) 6.75(2.73)
CT Posttest (13) 8.50(2.92) 8.34(2.60) 8.46(2.59)
CT Learning Gains 0.18(0.50) 0.40(0.38) 0.00(1.34)

The first cluster is defined by their high percentage of construction and material change actions (high
percentage of computational model edits and low percentage of complete design tests to engineering design

actions), their low testing variety (low unique rainfall, materials tested, and euclidean distance), and their
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Table 3.8: Means (and standard deviations) of performance in formative tasks (max scores in parentheses).

Cluster Concept. (4) Rules (10) Dice Game (8) Comp. (15) Eng Max Score (4.25)
Play-it-Safers ~ 3.09(0.62) 6.61(3.09) 6.03(2.28) 13.47(3.05) 3.79(0.40)
Explorers 3.10(0.80) 7.02(2.87) 6.43(1.83) 13.51(2.18) 4.00(0.21)
CT Strategists  3.50(0.52) 8.18(2.52) 7.08(1.00) 14.42(2.02) 3.91(0.27)

high number of satisfactory engineering design tests conducted. Overall, this group tended toward a more
depth-first construction and design approach. During tested, they not only tested a low number of materials,
but the average test per material was also low, indicating they did not leverage the computational modeling
testing tools to explore material types. However, the group implemented a high number of single mode tests
(27.76(19.66)), indicating they may have utilized the same rainfall values to support model construction or
debugging. This limited exploration is also seen in engineering, with this group instead demonstrating a low
number of design tests, but of those, a high number of satisfactory designs.

In terms of domain-specific performance, this group started with the lowest average pre-test performance
in each domain. These difficulties translated into their low conceptual, rules, dice game, and computational
model performance. By the post test, the group demonstrated the high highest learning gains in engineering
0.35(0.35) and the highest post-test performance in CT (learning gains averaged 0.19(0.50)). However, they
averaged negative learning gains in science (-0.06(0.82)).

Overall, we hypothesize that improvements in this group’s testing variety may support leveraging CT as
a bridge, leveraging the science and engineering practice of planning and carrying out investigations from
NGSS (NGSS, 2013) to link material testing outcomes to what they completed during their science experi-
mentation and conceptual modeling and systematically planning engineering design changes based on what
they investigated. Positive reinforcement for this group could include their use of CT skills (another NGSS
science and engineering practice), including implementing consistent, repeated testing (e.g., re-trying rainfall
values to test conditional statements, or the rules, against their expectations) and design prototypes (thinking
through each design tests resulting in a high number of satisfactory tests).

The second cluster is defined by their high testing variety. This group demonstrated (1) the highest
percentage of Code Assessment actions (e.g., Computational Model Testing), (2) the highest percentage
of materials tested during computational modeling, and (3) the highest euclidean total during engineering
design testing. Added to this is the fact that this group completed the highest number of single mode tests
(37.98(20.37)) and engineering design tests (37.06 (18.70)). Two factors seemed to impact this successful

application of this approach: the low average tests per material (it was below 3 indicating that each of the

61



three rules was not checked per material) and the low testing percentage during engineering design (indicating
the group may have implemented major design changes each time and not fair tests). Moreover, this group
had the lowest percentage of satisfactory engineering design tests.

In terms of domain-specific performance, this group began the curriculum as the highest science and
engineering performers on the pre-test, remaining the highest with slight average learning gains in each
domain (science, 0.17(0.56); engineering, 0.17(0.66)). The group demonstrated the highest average learning
gains in CT (0.40(0.37)), but in had the lowest post-test average in the domain. Their formative tasks were
akin to cluster one.

Overall, we hypothesize this group may also benefit from scaffolding or instructional support on produc-
tive testing strategies. Distinct from the first cluster, this group may need support on the science practices
of obtaining, evaluating, and communicating information and developing and using models. For instance,
their unsystematic approach to testing may be supported by tasks that force them to evaluate and reflect on
each test based on their developing science knowledge, and explain why they are changing a rainfall value or
material for subsequent tests. Positive reinforcement for this group includes the variety in material testing,
which could have been resultant from their stronger prior science and engineering knowledge. This approach
may have supported the contextualization of different CT concepts, such as conditional logic, which has been
shown as a benefit of scientific computational modeling (e.g., (Sengupta et al., 2013)).

The final cluster is defined by their unique computational modeling testing approach. This group indicated
the highest percentage of code assessment actions and unique rainfall tests. In addition, of the materials tested
(albeit, a low number of materials tested) the group had the highest number of different tests per material
(above 3, indicating they potentially checked each rule for each material). Their engineering design behavior
differed from the other two groups in that they demonstrated the highest percentage of tests per actions. The
group also implemented a low average number of satisfying tests, while falling in between in terms of the
solution space explored. Interestingly, this group completed the highest total number of engineering tests
(41.67 (34.40)).

In terms of domain-specific performance, this group began as the strongest CT group on the pre-test,
which seemed to support their performance in the Rules and Dice Game unplugged activities as well as
achieving an almost perfect computational model score. This intervention also supported learning gains in
science (0.10(0.61)) and engineering (0.16(0.55), the lowest overall learning gains in this domain), perform-
ing as the middle group in each domain. It is interesting to note that the group performed the best on the
conceptual model activity, perhaps supported by their strong pre-science and CT tests.

Overall, we hypothesize this group could be supported by (1) the science and engineering practice of

planning and carrying out investigations (NGSS, 2013) and (2) increased variety in material testing to support
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the linkage between science, computing, and engineering. The productive testing that occurred to construct
and debug the computational model did not translate to successful engineering design tests. This group
seemed to lean on their strong CT background to construct a correct computational model, but may not have
leveraged all computational tools to link the domains. Positive reinforcement for this group may include that
strong computational testing approach (part of the practice of developing and using models), and in particular,
strategically testing each material multiple times (perhaps to check their rule implementations).

The three groups demonstrate successes in and opportunities for how model-building and problem-solving
behaviors can support students’ learning in science, CT, and engineering. On the one hand, rainfall testing
strategies seem to support successful CT applications, and in particular, checking if each conditional block be-
haves correctly. And on the other, material testing in the computing phase may be beneficial in supporting the
linkage between computing and science and engineering, connecting computational output to prior science
experimenting, and preparing students to think critically about engineering design changes. It is important to
note that no group excelled in every domain and top performers in each domain had room for growth. We

believe this indicates that our curriculum provides a unique opportunity to engage with all students.

3.6 Conclusions and Future Implications

This research provides one of the first instances of an NGSS-aligned curricula that provides an integrated
framework for science, CT, and engineering. Using the SPICE learning environment, students constructed
multiple, linked representations to model the water runoff phenomenon and developed key problem-solving
skills to construct computational models and use them to solve a complex engineering design problem. Our
findings indicate that this integrated curricular approach supports learning in each domain and the significant
correlations between science, engineering, and CT learning indicates the synergistic nature of that integrated
learning. In addition, this research examines how computing can strengthen the existing connections be-
tween science and engineering. We have demonstrated the role of computing in (1) providing a resource for
addressing complex science and engineering problems that can’t be physically represented and (2) supporting
the development of testing and problem-solving skills.

To answer research question one, we demonstrated science, CT, and engineering learning over time
through a system of assessments, including the domain-specific pre-post tests, formative assessments, and
curriculum tasks, scored using ECD-developed rubrics. The application of these assessments targets the
dearth of domain-specific formative assessments in each domain as well as an innovative curriculum ap-
proach for integrating both computing and engineering at the lower and middle school grade levels.

To answer research question two, results from Path Analysis demonstrate that students’ learning in SPICE

is strongly associated with applications of computing skills. In particular, unplugged CT activities, such as
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the Rule Creation and Debugging tasks demonstrated significant impact in student learning in science and
engineering. We hypothesize this is supported by students’ learning through multiple, linked representations.
Such learning approaches can provide students a more complete depiction of a difficult science phenomena
and support students in deriving linkages between the representations (Ainsworth, 2006; Frederiksen et al.,
1999). These tasks supported the translation of science knowledge into computational form (in this case,
creating pseudo-code and using science knowledge to debug a code-snippet provided on paper). Coupled with
the benefits of productive computational modeling behaviors (such as robust testing of rainfall and materials),
we believe these findings relate to the leveraging of computational models as tools to simulate phenomena
that are difficult to replicate physically, as students first understood the underlying science represented in the
computational model and were then able to try a variety of materials (a gap indicated in the literature review).

To answer research question three, results from clustering demonstrate the impact of students’ problem-
solving behaviors on science, CT, and engineering learning. Depth-first approaches to computing and engi-
neering seem to have a negative impact on science learning. This can be seen in Cluster One, and related to
prior research (e.g., Zhang et al., 2021). Seemingly opposite, while high exploration may support learning
in CT through the contextualization of difficult CT concepts, the approach seems to limit engineering learn-
ing as students do not systematically leverage the science and engineering practice of planning and carrying
out investigations (as seen in Cluster Two). Finally, we see that translating productive computing skills to
engineering design can be a complex task in need of additional instructional or scaffolding (for instance,
with Cluster Three). These results support deeper investigations into using analytics approaches to evaluate
learning and problem-solving behaviors using OELEs.

We recognize limitations in our research. In the future we aim to increase our student population to
determine whether our statistical analyses and clustering results hold. Moreover, we aim to diversify our
student populations and evaluate the impact of this “real world” approach on more students and determine if
further customizations are needed to better engage students in this difficult curriculum. The feature selection
process was also vulnerable to bias and we aim to use more robust selection processes, such as a Sparse
Clustering method Witten and Tibshirani (2010). Finally, all groups identified through clustering indicated
room for growth. Based on our performance and behavior results, we will target the development and analysis
of instructional responses and formative feedback to help students develop good testing skills, targeting the

key science and engineering practices discussed in our results.
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CHAPTER 4

Manuscript Two: Co-Designing a Teacher Dashboard to Support Evidence-Based Instruction During

Problem-Based Learning in Middle School Science

The modern classroom is increasingly changing. On the one hand, social and technological advancements
have ushered in increased calls for designing inclusive educational opportunities that engage students in real-
world, student-centered, inquiry-based Science, Technology, Engineering, and Mathematics (STEM) learning
(NGSS, 2013; NRC, 2014). These approaches immerse students in open-ended, constructivist learning op-
portunities such as problem-based learning (PBL; Hmelo-Silver, 2004), that support technology-enhanced
problem solving and knowledge construction (Freeman et al., 2014; Hutchins et al., 2020a). Simultaneously,
advancements in artificial intelligence(Al)-based learning analytics approaches have increased our knowl-
edge on student learning pathways, targeting students’ individual needs and successes to allow for curricular
adaptations (Graesser et al., 2012; Khribi et al., 2015). The combination of these directions poses a challenge
- how might we leverage advancements in our understanding of students’ technology-enhanced learning and
problem solving to better support classroom teachers in implementing PBL in their K-12 classrooms?

Problem-based learning that incorporates real-world, student-centered, inquiry-based STEM learning has
proven effective in engaging K-12 students in learning difficult science, computing, and engineering concepts
and practices (Hmelo-Silver, 2004; Hsu et al., 2018; Zhang et al., 2022). However, limitations exist in the
implementation of these approaches in K-12 classrooms. From the student perspective, students that do not
have experience in these approaches struggle on tasks that require both knowledge and skill development in
combination with developing self-regulation and maintaining motivation (Hmelo-Silver and Barrows, 2015).
From the perspective of integrating science with domains such as computing and engineering, students strug-
gle translating their developing science knowledge into computational form and/or to support engineering
design (Sengupta et al., 2013; McElhaney et al., 2020) and applying systematic testing, debugging, and eval-
uation strategies to improve their solutions (e.g., computer models, engineering designs; Basu et al., 2016b;
Zhang et al., 2021).

From the teacher perspective teachers must cultivate nuanced pedagogical practices designed to facilitate
student-centered learning and provide in-time, evidence-based student support in line with the learning design

(Gomoll et al., 2022). The difficulties of this process are exacerbated in technology-enhanced PBL as:

* student thinking is actualized through user-face interactions (Walkoe et al., 2017), and students often

do not ask for or know they need help (Aleven et al., 2015),
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* student-centered PBL approaches are linked to open-ended learning (c.f., Zhang et al., 2021; Biswas
et al., 2005), and this openness implies a variety of approaches that students can take in their learning

and problem-solving tasks, of which the teacher must be prepared to respond to when necessary, and

* little guidance is provided on how teachers may support students in meeting the expectations of inte-
grating across disciplines to support PBL (e.g., NRC, 2014; NGSS, 2013), especially considering many
science teachers do not have computing, pedagogical, and content knowledge for such learning designs

(Bocconi et al., 2016; Cunningham and Carlsen, 2014).

As such, supporting teachers in the facilitation of PBL approaches in their classrooms is a research priority.

As computer-based environments are being developed to implement PBL curricula, we have been able to
more deeply understand student-centered learning processes and the learning and problem-solving strategies
they employ through advances in artificial intelligence and machine learning algorithms (Zhang et al., 2021).
Specific to our work integrating problem-based learning opportunities integrating science, computing, and
engineering, these advances leverage machine learning to identify productive and unproductive debugging
strategies during computational modeling (Grover et al., 2016; Emara et al., 2021; Zhang et al., 2021) and
systematic prototyping practices in engineering design (Vieira et al., 2016; Xing et al., 2021), evaluate student
written responses through natural language processing (Bywater et al., 2019; Cochran et al., 2022), and group
students based on learning and problem-solving behaviors to explore the nuances in students’ strategies and
how they impact learning through clustering analysis (Zhang et al., 2017, Manuscript One of this Disserta-
tion). While these approaches have advanced our understanding of how students’ learn and problem solve,
more research must target the complex task of translating what we know as scientists and researchers into
a language that classroom teachers can interpret and convert to actionable information (Wiley et al., 2020).
While it is important to generate analytics that characterize different approaches students can take (e.g., by
clustering or mining), it is equally important to help teachers customize the characterizations, so that they
can convert them into actionable information - for class instruction, or to aid students individually or in small
groups.

Integrating teacher insight into the design and development of instructional-support technology through
co-design can help ensure alignment of that technology with teachers’ needs, preferences, constraints, and
goals of their practice (Matuk et al., 2016; Prieto et al., 2019). However, these approaches typically leverage
insight from teachers experienced with the technology and for application of non-student-centered curriculum
approaches (e.g., teacher integration of intelligent tutoring systems in their classroom; c.f., Holstein et al.,
2019), and are designed to help students get “back on track™ (Haklev et al., 2017) as opposed to supporting

engagement in the disciplinary substance of students’ ideas and problem-solving processes. Simultaneously,
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advances in learning analytics and data visualizations have demonstrated the positive impact of dashboards in
supporting instructor facilitation of PBL (e.g., Chen et al., 2021); however, these efforts are still in infancy and
co-design work has rarely focused on the development of instructional-support technology for the facilitation
of K-12 PBL (Hutchins and Biswas, 2022). Integrating teacher insight into the creation of such technology for
PBL applications is critical for (1) coming to a shared understanding about how responsive teaching practices
are generated in face-to-face, PBL implementations (Gomoll et al., 2022), and in particular technology-
enhanced approaches, and (2) increasing our understanding of the sensemaking processes inherent in moving
from understanding and interpreting learning analytics feedback and developing evidence-based responses
(Campos et al., 2021).

This work presents a novel, end-to-end demonstration of how to engage teachers in the development
of learning analytics and visualization systems in the form of dashboards that support PBL curriculum ap-
proaches in K-12. In the process, we adapt established participatory design techniques and demonstrate new
kinds of prototyping methods to address the unique challenges of co-designing teacher-support technology
for PBL curriculum applications, specifically technology-enhanced, problem-based curricula integrating sci-
ence, computing, and engineering. For example, this work addresses co-design issues, such as the need for
stakeholder training and support for meaningful contributions (Cook-Sather, 2014) by integrating prototyp-
ing sessions with real student data into teacher professional development on the PBL curriculum to connect
teachers’ experience with and understanding of factors impacting the curriculum design in their classroom to
prior student experience illustrated through data visualization.

We leverage conjecture mapping (Sandoval, 2014) to demonstrate how teachers adapt the design, and
provide design narratives (Hoadley, 2002) to detail the co-construction, evaluation, and implementation of
design decisions made, culminating in the implementation of the Responsive Instruction for STEM Education
(RISE) teacher dashboard (Hutchins and Biswas, 2022). Finally, we share reflections on changes made to our
dashboard tools, and how these co-design approaches helped inform technology refinements and innovation
to support the teaching of PBL in science classrooms. In doing so, this research aims to contribute precedent
knowledge (Oxman, 1994) of PBL instructor-supporting technology design recommendations and useful co-
design procedures.

The organization of the paper is as follows. We first provide background on responsive teaching to facili-
tate technology-enhanced, PBL in K-12 science classrooms and how co-design has been used to support tech-
nological innovations, in particular, instructor support technology (Section 4.1). This includes descriptions of
limitations in the existing literature that our co-design methods target. We then present our methods (Section
4.2), including the instructional context targeted by our instructor-support technology, design perspectives

that frame our design process, background on our participants, a high-level overview of our co-design meth-
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ods, and data collection and analysis procedures. This is followed by our design narratives (Section 4.3),
detailing each co-design method and design decisions made, and overarching teacher feedback on designing
instructor-support technology for PBL classroom implementations. Next, we provide illustrative examples
of RISE’s use through teaching simulation activities to demonstrate the usage of co-design modifications by
teachers (Section 4.4). Finally we close with a reflections of our process and recommendations for future

co-design efforts targeting PBL curriculum applications (Section 4.5), and concluding remarks (Section 4.6).

4.1 Literature Review

The goal of our technology development is to facilitate responsive teaching of PBL by providing co-designed
instructor-support technology with learning analytics and visualizations that are interpretable and actionable.
This section examines prior work in technology-supported responsive teaching and the co-design of such

technology.

4.1.1 Responsive Teaching for Technology-Enhanced, Problem-Based Learning in Science

Research on teaching with technology has focused primarily on teachers’ use of technology, including
their competency with and beliefs about how and when to use technology in their classrooms (e.g., Mishra
and Koehler, 2006). Recent work has explored curriculum and assessment design and modifications with
technology-enhanced learning environments (Kali et al., 2015). However, limited research has explored
technology-supported responsive teaching, or noticing, interpreting, and responding to the disciplinary sub-
stance of student thinking (Walkoe et al., 2017; Sherin et al., 2011), while students use technology and there
has been limited impact of incorporating teacher noticing with the design and implementation of K-12 class-
room technology (Walkoe et al., 2017).

Technology-enhanced learning environments provide new opportunities for students to engage in authen-
tic science practices (e.g., NGSS, 2013) and generate explanations of their developing STEM knowledge
(Bywater et al., 2019; Slotta and Linn, 2009). Students’ interactions with the technology can afford a unique
perspective into the progression of student knowledge and thinking as they engage with computing tools
(Noss and Hoyles, 1996) and the type of thinking the students express using these tools are often those pro-
moted by the recent state and national standards (Walkoe et al., 2017). For instance, we have leveraged student
activity data during computational modeling to evaluate student debugging and data analysis strategies during
computational modeling in science (Hutchins et al., 2019a; ?).

Although these environments have the potential to support responsive teaching (Bywater et al., 2019),
teacher noticing difficulties may be increased when students use technology-enhanced learning environments

due to:
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1. teachers’ limited background in computing and teaching using technology (Bocconi et al., 2016),

2. the decreased visibility of student thinking, as it is now applied through mouse clicks and other user-
interface interactions and, therefore, not easily or readily apparent to the teacher (an important feature
of lesson design to support teacher noticing; e.g., National Council of Teachers of Mathematics, 2014),

and

3. software constraints or user-interface difficulties that may impact teachers’ abilities to adequately re-

spond to student thinking or issues (Walkoe et al., 2017).

Finally, while these environments support key processes highlighted in state and national standards, these
strategies are often not engaged in by teachers during instruction (Walkoe et al., 2017). This is particu-
larly challenging for teaching through student-centered learning approaches such as PBL, as teachers must
interpret and respond to student progress, represented through data visualizations on a dashboard, in ways
that target learning and problem-solving needs while also maintaining the intent of the learning design (e.g.,
not always address a specific knowledge gap through direct instruction) (Chen et al., 2021). As such, more
research and development is needed to leverage action data to provide teachers interpretable, actionable feed-

back to employ the benefits of effective teacher noticing and response (Wiley et al., 2020).

4.1.2 Co-Designing Instructional-Support Tools

Research in the learning sciences has continuously demonstrated the importance of integrating teacher insight
into the design and development of curriculum materials, assessments, and instructional strategies (Reiser
et al., 2000; Shrader et al., 2001; DiSalvo and DiSalvo, 2014; Konings et al., 2014). For this research, we
focus on co-design, coined by Penuel et al. (2007) to describe the collaboration between researchers and
teachers for the systematic design and construction of technology-enhanced educational innovations.

In co-design, researchers and teachers share a mutually beneficial partnership throughout the design pro-
cess in which their roles are clearly defined and activities, generally situated outside of traditional work
environments, combine individual expertise to support the building of technology that addresses shared edu-
cational goals. Co-design shares assumptions and philosophies with participatory design, in which stakehold-
ers are actively involved in the design process from start to end (Muller et al., 1992), value-sensitive design,
in which the adoption of the technology is dependent on the degree that the design reflects the users values
and needs (Friedman et al., 2002), and scenario-based designs, which focus on the context of the technology
implementation (Carrol, 1999), amongst others.

Co-design approaches have demonstrated significant benefits. These include: (1) supporting teacher and

student learning (Penuel et al., 2007), (2) aligning educational goals and instructional strategies across mul-
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tiple stakeholder perspectives (Barab and Luehmann, 2003), (3) creating unexpected innovations (Holstein
et al., 2019), (4) empowering participants by giving them a voice in shaping technology that impacts their
practice (DiSalvo et al., 2017), and (5) helping ensure sustainability by keeping materials relevant and usable
(Barab and Squire, 2004; Blumenfeld et al., 2000). Moreover, researchers are provided enriched opportuni-
ties to learn from teacher experience to more clearly understand teaching activities, processes, and goals that
can serve as the basis for defining technology requirements (Matuk et al., 2016), which is important as we
develop technologies to facilitate the complex task of engaging in students’ problem-based learning (Chen
etal., 2021). In this research, we follows key co-design recommendations from the literature to leverage these
benefits. This includes clearly defining the roles of researcher and teacher partners (Roschelle and Penuel,
2006) while also allowing for an adaptable co-design process that supports teacher engagement, ownership,
and value in the design and outcomes (Cober et al., 2015).

However, challenges have limited the application of this approach, particularly in the creation of learning
analytics and accompanying data visualizations (Holstein et al., 2019). Teachers ideas about the role of
technology in their teaching is often unclear or inconsistent (Kirschner and van Merriénboer, 2013) and
teachers may hold different perspectives on student learning (Penuel et al., 2007), which may be exacerbated
by teachers’ limited implementation of PBL in their classrooms (discussed above). Logistics issues include
time constraints of teachers (Penuel et al., 2007) and the need for additional training or support to ensure
meaningful contributions (Cook-Sather, 2014). Moreover, in past approaches, teachers were brought in to
the design process at a late-stage, after educational goals impacting the technology requirements are already
established (Rodriguez-Triana et al., 2018). Limited guidance is provided on end-to-end co-design, with the
exception of Holstein et al. 2019 and Prieto et al. 2019. However, these works do not cover student-centered
approaches such as problem-based learning curricular implementations and limited co-design research exists
that supports responsive teaching in science (Matuk et al., 2016).

The meaningful contribution of teachers in shaping learning analytics technologies, including instructor-
support technology, is a central open challenge in human-computer interaction research (Baumer, 2017). In
order to bring PBL approaches into K-12 classrooms, we need to better support teachers in noticing and
responding to the substance of students developing science, CT, and engineering ideas and the complexi-
ties in the variety problem-solving pathways students choose as they take control of their learning. Recent
research has demonstrated the effectiveness of integrating teacher insight into the creation of educational
technologies; however, co-design research supporting the creation of teacher-support technologies for PBL
implementations is scarce. This research targets this deficiency in the literature by providing detail on the

multi-step co-design process culminating in the creation of the Responsive Instruction for STEM Education.
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4.2 Methods
4.2.1 Learning Context
This research centers on the application of the Science Projects Integrating Computing and Engineering
(SPICE) curriculum, developed as a multi-year research project supported by groups from Vanderbilt Uni-
versity, SRI International, Digital Promise, University of Virginia, and Washington State University. SPICE
is co-designed and developed through an interative, design-based process, systematically refining each com-
ponent of SPICE based on research studies in Tennessee (2019) and in Virginia (2018 and 2020).

SPICE supports teachers in the implementation of the Water Runoff Challenge (Zhang et al., 2020; Chiu
et al., 2019; McElhaney et al., 2020; Hutchins et al., 2021a). The Water Runoff Challenge (WRC) is a
three-week, NGSS-aligned unit that challenges students to redesign their schoolyard using different surface
materials to minimize the amount of water runoff after a storm, while adhering to a series of design con-
straints. These include the overall cost and accessibility, while providing for different functionalities for the
schoolyard (Chiu et al., 2019). The problem-based learning curriculum consists of five core units, illustrated
in Figure 5.1. These units include: physical experiments, conceptual modeling, paper-based computational
thinking tasks, computational modeling of the water runoff phenomenon, and engineering design, in which
students use their computational models to redesign their schoolyard. This learning context is authentic and
relevant to students facing similar problems (limited usability and pollution) in their own schools, therefore,
the WRC is potentially engaging and personally meaningful to the learners (McElhaney et al., 2020).

The WRC targets NGSS performance expectations for upper elementary and middle school Earth science
and engineering design curricula, emphasizing the movement of surface water in a system after heavy rainfall
and the human impact of this runoff on the environment. For detailed information about our curriculum,

assessments, and learning environment, please see (Manuscript One of this Dissertation).
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Figure 4.1: SPICE Curriculum Progression
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4.2.2 Participants

Nine middle school STEM teachers (6 female, 3 male) participated in three design sessions. Due to varying
availability, three teachers participated in all three sessions, one participated in two sessions, and the remain-
ing five participated in one session. Each teacher consented to take part in the research. The teachers were
from varying urban and rural locations, including Tennessee, Illinois, Virginia, New York, Wyoming, and
the US Virgin Islands. Three teachers had prior SPICE implementation experience, one teacher had prior
experience with C2STEM (the core learning environment; Hutchins et al., 2020a), and five teachers had no

prior experience.

4.2.3 Design Perspectives

The complexities of problem-based learning approaches require designers of supporting technologies come
to an understanding of teaching practices in the classroom (e.g., how teachers engage and support their
students during problem-based learning designs) and out of the classroom (e.g., how teachers prepare to teach
problem-based learning and the impact of grading and other evaluation processes have on evidence-based
pedagogical adjustments) (Matuk et al., 2016). In addition, designers must develop a shared understanding
with teachers on the impact technology has on those processes. Based on this background, and that provided
in Section 4.1, we developed and implemented a codesign process to align our design requirements and
tools with the values, needs, and concerns of the participating teachers. This process included coming to a
shared understanding of what it means to support students’ during student-centered, problem-based learning
in SPICE and how teacher-support tools could enable teachers to enact that support.

Design narratives have been used in the learning sciences to systematically describe the methods, pro-
cesses, and decisions made in the design of educational technology (Hoadley, 2002). The use of design
narratives targets the documentation of design examples relevant to the co-design and development of ed-
ucational technology, in particular that supportive of PBL curricula implementations. We also clarify that
our approach is not intended to communicate empirical evidence or validation. We anticipate this work will
support future research and practice for related design problems.

We adopt conjecture mapping as the approach to illustrate the design narratives (Sandoval, 2014; c.f.,
Lawrence et al., 2022). Conjecture maps have been used a posteriori to contextualize the relationship be-
tween theory, features of the learning design (embodiment), actions generated by those features (mediated
processes) and outcomes (e.g., student learning). This process emphasizes the role of emergent behaviors
leveraging the designed tools on learning outcomes, as opposed to the tools themselves (Sandoval, 2014) and
this allows us to illustrate the impact of teacher insights during codesign on the design of key technology fea-

tures. For example, insights from the codesign sessions target a deeper understanding of how teachers utilize
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the teacher-support technology in the context of a problem-based learning curriculum (design conjectures)
to determine evidence-based responses that engage in student learning and problem-solving processes during
SPICE, and how those responses support student learning in science, computing, and engineering (theoretical
conjectures). Conjecture mapping involves (1) the development of a high-level conjecture, or a theoretical
idea about the learning and context targeted, (2) defining the features of the learning design, including tools,
tasks, participants, etc. (embodiment), (3) describing the mediated processes generated by the embodinement
features (also known as design conjectures), and (4) describing the hypothesized interactions between the
mediated processes and learning outcomes (theoretical conjectures).

Figure 4.2 shows our team’s initial conjecture map (prior to the codesign sessions). The high-level con-
jecture framing this research is that evidence-based pedagogical responses targeting learning and problem-
solving strategies, supported by a co-designed teacher dashboard, can lead to better learning for students dur-
ing problem-based learning in middle school science. This research examines the co-design methodologies
and technological tools that support the embodiment of this conjecture, the mediating processes supported,
and a reflection of changes to our tools and design and theoretical conjectures throughout the co-design

process.
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Figure 4.2: Conjecture map before the design process.

4.2.4 Overview of HCI Methods

At a high-level, our design process followed the LATUX workflow for designing and deploying learning
analytics tools (Martinez-Maldonado et al., 2016). However, due to COVID, we have not yet completed a
classroom implementation, but aim to do so in the near future. Our approach consisted of three core design

phases: Needs Analysis, High-Fidelity, Prototype-Supported Professional Development, and Planning Pe-
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riod Simulations. As we will describe in the design narratives, choices of method used for each phase of the
multi-step design process were made adaptively, based on (1) uncertainties present in learning analytics and
accompanying visualizations, (2) teacher experience and background and methods needed to support mean-
ingful contributions, and (3) logistic concerns (e.g., time constraints, COVID protocols). A brief overview of

the design narratives describing the HCI methods used, the purpose of each case, and key insights from the

implementation, is presented below and detailed further in Section 4.3.

Table 4.1: Summary of Co-Design Techniques Used

Phase

Use

Key Insights

Needs Analysis

For a deeper, detailed understanding of
teachers’ needs, concerns, and values
using data visualizations to support
PBL instruction

For presenting new tools in which
the details for visualization had not
been concretely defined

For understanding the impact of
student learning and performance over
multiple, linked representations

Supported teachers in imagining how the
tools would support their pedagogical
decision-making, and changes that may be
needed

Supported researchers in explaining com-
plex learning analytics results to teachers

Example student artifacts linked learn-
ing analytics to contrasting student cases
to support discussions on noticing and
interpreting results

Linked results from multiple Ilessons
and domains to support discussions on the
impact of pedagogical decisions on future
tasks

High-Fidelity,

For refining and extending features of

Invited comparisons to teachers’ prior

Prototype- the co-designed dashboard in the con- | implementation of PBL curricula and/or
Supported text of teacher PBL training experience in implementing the SPICE tasks
Professional to reason about student problem solving,
Development learning, and how to respond

Supported the articulation of specific
(versus abstract) design decisions based
on interactions with the prototype’s data
visualizations

Planning Period
Simulations

For identifying expert and novice PBL
teachers’ responsive teaching processes
and comparing against design decisions

Provided contrasting cases of teachers’ re-
sponsive teaching with RISE for researchers
to evaluate technology effectiveness in ad-
dressing design decisions

In each of these approaches, we discuss how they were implemented, how different representations were

used to open discussions, and how we grounded design decisions in evidence from the approach.
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4.2.5 Data Collection

To support a thick description (Hoadley, 2002) of our design prototypes, tools, processes, and decisions, we
used a range of data sources, mostly collected through video recordings as described in Table 4.2. All sessions
were conducted virtually and recorded using a video conferencing platform. In total, we had approximately
35 hours of video data, which we transcribed using an online transcription service. After each design phase,
members of the research team met to synthesize insights and make decisions about the next prototype phase.

Table 4.2: Data Collection by Design Session

Phase n | Video Observations Prototypes Meetings
Needs 5 | 24-hourvideos,2 | 14 pages of | 3 Journey Maps | 10 pages of notes; 20
Analysis 1-hour videos notes (Miro.com); 30 | slides
Google Slides
Hi-Fi Pro- | 4 | 42-hourvideos, 1 | 6 pages of notes | 1 interactive proto- | 15 slides; 1 Affinity
totype 1-hour video type Diagram; 4 pages of
notes
Simulations| 8 | 16 1-hour videos | 22 pages of | 1 interactive proto- | 10 slides; 14 pages of
notes type (RISE) notes

4.2.6 Analysis

We analyzed session recordings using Affinity Diagramming, a technique leveraged in recent codesign re-
search (c.f., Holstein et al., 2019; Lawrence et al., 2022), which allows for the clustering and re-clustering of
discourse segments to identify themes (Martin and Hanington, 2012). An general overview of our analysis

process is illustrated in Figure 4.3.

» [ ]
»

Divide Discourse
into Idea Units

Memo Main Ideas Throughout to Document Design Findings and Interpretations

Figure 4.3: Process for analyzing discourse data from design sessions.

H--,

Group Similar
Units/Clusters of Units

Combine Results Into
Affinity Diagram

Describe Groups; Link
to Past Literature

In order to accurately balance units of analysis, first divided the transcripts into smaller excerpts related to
idea units (Jacobs and Morita, 2002), in which a single topic was discussed, and observation notes were paired
based on time and relevance. Example idea units during Needs Analysis include, “I mean, domain-specific
results would be really useful for me, because then I could, because sometimes it’s hard to know, for the kids
to articulate what’s hard for them. They’ll just say, this is hard, or I'm confused, or I don’t understand” or

“For me, if I saw a bar graph or I saw graph and like 10 kids are right there, up front and it shows they
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didn’t understand something, I can click on them and see who they were. Sometimes it’s more stark if you see
things in colors and visualizations than [just] the text itself.” When all discourse was segmented, we created
an Affinity Diagramming template on Miro and insert all idea units as post-it notes.

We then applied an iterative code development process by coding similar idea units and identifying major
themes. This process was done by building on prior research on responsive teaching with technology. For
instance, key themes identified in prior co-design research served as resources for coding, including see
student thought processes, detect student misconceptions, help me understand the why, not just the what, and
engage in students’ developing scientific ideas (c.f., Holstein et al., 2019; Wiley et al., 2020). Agreement on
the themes was established by internal meetings of the research team to make decisions about next steps in
the prototype process. For instance, data visualizations were created to illustrate class, group, and individual
performance in science and computing concepts and practices, targeting the excerpts above. Finally, we
used memoing (Hatch, 2002) to summarize the main ideas of the design sessions in order to document our
design process, key actionable and integrated teacher feedback, and support reflection on changes made to
our design and theoretical conjectures. A portion of our final Affinity Diagram can be seen in Figure 4.4, with
the idea units as pink and white post-it notes and blue labels identifying level-1 themes, yellow post-it notes

representing level-2 themes, and white post-it notes (with a pink background) representing level-3 themes.

P ple,

actionable insight into

students'learning and
problem solving,

Figure 4.4: Conjecture map before the design process.

4.3 Design Narratives in Co-Designing a Teacher Tool

To integrate teacher insight into the design of RISE from start to end, we implemented a series of formative
design studies with five teachers. Three teachers had previous experience with SPICE and two did not. The
two inexperienced SPICE teachers were introduced to the computational modeling and engineering design
curriculum prior to the co-design sessions, as we will describe below. For the purpose of these design narra-
tives, we focus on feedback that directly associate with the conjecture map. In the final section, we provide

an overview of all insights provided by the teachers and evaluated through the affinity diagramming. These
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insights may support future directions for research.

4.3.1 Needs Analysis

4.3.1.1 Session activity

The Needs Analysis phase leveraged key recommendations found in the literature from Section 4.1, includ-
ing: (1) early-phase understanding of teachers’ needs, values, concerns, and constraints in the context of
the the target educational technology (Martinez-Maldonado et al., 2016; Holstein et al., 2019) and (2) using
low-fidelity prototyping and physical artifacts that are more inviting of teachers’ feedback and critiques as
they convey a preliminary state (Matuk et al., 2016). This phase included a series of design activities adapted
from established participatory design methods including card sorting, the love letter and the break up letter,

and user journey maps (c.f., Martin and Hanington, 2012).

Understanding Experienced and Unexperienced Teachers’ Needs, Values, and Concerns Regarding
PBL Facilitation Prior to Prototype Development. The first step of the LATUX workflow (Martinez-
Maldonado et al., 2016) is “Problem Identification.” In addition to the literature review provided above (and
in the Literature Review section of this dissertation), this step involved discussing and eliciting teacher insight
regarding (1) how they perceive the integrating PBL, concerns they have, and preferences regarding classroom
implementation, (2) what they need (e.g., educational technology requirements, curriculum and classroom
resources, etc) to facilitate the implementation of PBL, and (3) what potential actions they may take to do
support students if those needs are addressed. Distinct from prior work, this session needed to not only gain
additional insight into how to conduct and visualize learning analytics to support the delivery of actionable
insight, we needed to better understand middle school STEM teacher needs regarding implementing PBL in
their classrooms (from both experienced and inexperienced teachers). Example artifacts from each session
are provided in Figure 4.5.

First, in order to support a more free-flow of discussion regarding teachers’ goals and concerns about
teaching PBL, and specifically integrating computing and engineering into their science classrooms, we con-

LEINT3

ducted an activity that avoided use of terminology such as “learning analytics,” “artificial intelligence,” and
“technology support.” In the first step, we adapted Holstein et al. 2019’s Superpowers activity, a card sorting

approach in which teachers describe and compare wanted superpowers for their job. In our approach, we:

» prompted teachers by asking, “If you were granted superpowers to better understand student learning
and the successes and difficulties they experience during learning, what superpowers would you like to

possess?”,
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- " Love Letter:
IMost De.tECt m'SconCleptlonS/ e Tricky b/c haven’t come across much that helps in the moment
mportant misunderstandings e Simple alters (color coded?) for when student

o Doing well - not just done - how to tell giving good answers
m  When that students needs more
See students’ thought process ] o Struggling
m  Needs help
= Needs encouragement
o bff task
©  Quick specific feedback on what they are understanding or on what they are not
understanding
o Simple reports after class
e Integrate into a grade book?

Know what students are feeling
(what they’re really feeling - not
what they think | want to hear)

Students know that | am truly on
their side

[ Holding students accountable J

(with above superpower) Break Up Letter:

o Too many things to look at once

o Takes a long time to set up

e Can't see while projecting (maybe phone app?)
.

.

Useless info - done/not done
No student participation

(a) (b)

Important

Figure 4.5: Example artifacts from the Superpowers and Love/Break-up Letter Activities.

* provided initial “superpower” cards based on results from Holstein et al. 2019’s work to initiate dis-

cussions, and

 conducted the activity via shared Google Slides while using a video conferencing system (due to

COVID protocols).

An example teacher’s superpowers activity is shown in Figure 4.5(a). This approach allows us to view the
problem at a high-level and determine what are example teacher priorities that we need to be sure to target
in a teacher dashboard. For instance, in the example in Figure 4.5(a), this teacher focused on (1) identifying
students’ misunderstandings and the thought processes that may have led to those misunderstandings, (2)
knowing what students are really feeling in the context of PBL (e.g., frustration, anxiety; this was commonly
discussed in the context of the impact of the pandemic on student learning) and ensuring students’ know
that the teacher is on their side, and (3) holding students accountable, which is a difficulty identified in the
PBL literature (e.g., (Hmelo-Silver and Barrows, 2015)). We also utilized results from this session as a key
resource for Ul visualization requirements. For instance, if determinations on what to eliminate from UI
to prevent the display of too much data were needed, this resource reminds us of the key priorities of the
teachers.

As a next step, following an initial presentation on SPICE (over video conferencing), teachers completed
a written prompt in which they described a love letter and a breakup letter (Martin and Hanington, 2012) for
using technology to evaluate students. In these letters, teachers described “what excites you and what you like

about the availability of feedback on student learning processes and behaviors, including what it may help
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you do” and “what concerns you (or would cause you to “break up with” that technology), including what
would prevent you from using that type of analysis during your classes.” An example love letter and breakup
letter for a participating teacher are shown in Figure 4.5(b). This activity extends our focus on teachers
needs, values, and concerns regarding technology-enhanced PBL implementation by diving deeper into what
would engage them in using educational technology, especially teacher-support technology, to support PBL
in their classroom and what may cause them to stop using it (and potentially stop implementing PBL in
general). To our knowledge, this is one of the first attempts at acquiring this detail regarding teacher insight
for technology-enhanced PBL.

In this example, Figure 4.5(b), the teacher elected to use a bullet-point format. The teacher (an inexpe-
rienced SPICE teacher and not the same teacher as the Superpowers illustrated in Figure 4.5(a)) noted that
they did not typically use dashboards, but wanted to be able to know when students are doing well in order
to highlight their successes and to know when they may need an additional challenge and when students
need help or encouragement (related to the experienced teachers’ superpower about knowing how students
are feeling). Technology-related, this teacher wanted simple reports after class and the ability to integrate
the results into a grade book. Conversely, the teacher said that dashboards with too much information, that
are slow to load, and contain information such as when students are finished or not finished would prevent
them from using the technology. In addition, the teacher did not want to use the dashboard during class as
they often project their computer screen and the teacher described the idea of student participation in the
dashboard. We discussed this final idea further and the teacher noted that the dashboard should be viewable
by students and allow for student engagement in their learning and the understanding of how they are doing

and the behaviors identified. This idea was brought up by two other teachers.

Low-Fidelity Prototyping for Teacher Data Visualization Insights. The next step in the LATUX workflow

includes low-fidelity prototyping. We were faced with unique issues in this process:

» problem-based, technology-enhanced learning approaches such as computational modeling can include
a variety of data types and possible analyses to target student learning in multiple domains and to
identify many different learning pathways students can employ and literature is scarce on what teachers

need to know from this data to support evidence-based responses, and

* in our PBL curriculum, learning occurs through multiple, linked representations over 15 lessons and
understanding student learning, what teachers need, and how teachers may respond may be impacted

by representations that occurat different time-points in the curiculum.

In order to address these concerns, we adapted the concept of user journey maps to create a curriculum
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journey map, as partially seen in 4.6. Instead of a visualization of the experience people have at each step
when using a product, these journey maps visualized the SPICE learning progression and were supported by

three student examples per “moment” (or lesson) as well as accompanying class-level data visualizations.

Understanding types of
student data available Learning Goals, Objectives

Class-Level Data
Visualizations

‘ Contrasting Student ,
Learning Artifacts

Data Visualizations Presented on Timeline

This mapping is for: Linking Previous Tasks to Students Computational Modeling Behaviors and Performance

tion do you need to make pedagogical

stments/support students?

(b)

Figure 4.6: Curriculum Journey Map Components.

To begin, all teachers received a brief presentation over video conferencing (due to COVID protocols)
about the SPICE curriculum. This included a review of the research team’s prior experience implementing
such curricula, such as learning performances in the integrated domains and example student difficulties.
Teachers with no SPICE experience were also invited to complete the computational modeling activity and
test design prototypes to gain user experience with the technology-enhanced learning environment.

Using the Miro software, we created a timeline of SPICE activities, shown in Figure 4.6(a). Each lesson

included:
1. lesson objectives and goals (to orient each teacher),

2. details about the type of student artifacts available (to identify the type of student data available for

analysis),

3. initial analysis of student learning (data visualizations to demonstrate initial dashboard feature ideas),

4. three example artifacts representing contrasting cases (to promote strong reactions by participating
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teachers, see Matuk et al., 2016).

Goals of this visualization of the curriculum timeline included (1) mapping lesson objectives to examples of
student work for in-depth discussion on quality of tasks and analysis, (2) linking multiple representations of
student learning to discuss the impact of pedagogical approaches on learning over time (in prior research, we
identified the importance of students’ learning through multiple, linked representations to support integrated
science, CT, and engineering learning; Manuscript One), and (3) supporting reflection of experienced teachers
based on students results and inexperienced teachers based on their experience completing curriculum tasks
(e.g., constructing the computational model).

In addition, a board was available throughout each lesson discussion (shown in green in 4.6(b)) that

included our key leading discussion questions:
1. What can we learn about students?
2. What information do you need to support students? and
3. What actions can you take to better support students?

This board served as a shared note-taking tool in which teachers and researchers linked answers to those
questions (input as post-it notes on the Miro board) to form a journey from what we can learn about students
in the curriculum to potential evidence-based responses we might take. The curriculum journey map (and all
of its elements) and the shared note-taking board served as boundary objects (?) to support researcher-teacher

partnership discussions about responsive teaching in the curriculum and ways technology could support it.

4.3.1.2 Findings

Teachers validated our theoretical conjecture that assisting students in acquiring learning and problem-solving
skills at relevant points in the curriculum will support improvements in domain-specific learning and problem
solving. However, there were tensions regarding what constitutes supporting the “acquiring” of learning and
problem solving skills and strategies as well as the importance of providing interactive tools that allow for
the exploration of learning at the class, group, and individual level.

Regarding the mediated processes, teachers valued the performance feedback on the dashboard, but noted
that they hoped their interventions would prompt students to engage in richer communication and application
of their developing knowledge thus maintaining the student-centered approach to learning. For instance, one
novice SPICE teacher noted, “But I'm thinking how do you get the ones who didn’t go beyond saying, okay,
that’s what [the teacher] just said [in class], you know, the guys that didn’t really describe their thinking.

The ones of you who did describe and put descriptions in about your thinking and about what your numbers
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mean, etc, etc. There’s a strong correlation to that’s gonna set you up for better success later. You know,
and if you didn’t, you want to really make sure you're trying to do that now, because it’ll set you up for
more success later.” In this example, the teacher is focused on resources needed for them to best support
students in communicating their learning and problem-solving skills in-the-moment to better prepare them
for future applications of that knowledge. In addition, a teacher described “This real time data on this would
be really helpful for the rules...I know we often would go over the rules of the end [of the lesson] but it’ll
be really helpful if we could understand this [at multiple social levels]...The more conceptual knowledge
they have during this process, I think the more that will translate over [to computing].” In this example,
the teacher described that if they had the results from the Rule Creation task earlier, they would be able
to discuss the rules more based on student-specific responses so that difficulties could be better addressed
and they could support student transitions to the computational modeling task. In doing so, teachers are
supporting (1) applications of science developing knowledge, (2) linking multiple domains needed for the
problem-solving task (science and computing), and (3) linking multiple representations of the same science
phenomenon (water runoff described in the Rule Creation task and the computational model). In previous
research, we identified these three activities as key for science, CT, and engineering learning (Manuscript
One of this Dissertation).

Key design considerations were inserted into the preliminary love letter and break up letter task. For
instance, in Figure 4.5b, the teacher noted that too much data visualizations and information such as who is
done versus not done would have a negative effect on their engagement with the dashboard. In addition, this
teacher (as well as two other teachers) emphasized the idea that they hoped the dashboards would be useful
to their students as well if shown to them. All teachers described the benefit of after-class reports to support
reflection and response processes. Other suggestions have been found in the literature, such as identifying
students whom are off task (e.g., Holstein et al., 2019).

During the curriculum journey maps, teachers were provided with multiple examples of how data vi-
sualizations for student learning and problem-solving processes would appear and we received insight into
dashboard user-interface preferences of the teachers. After all idea units were identified as user-interface rec-
ommendations, the team met to consider, reflect, and decide on designs for the initial high-fidelity prototype.
For instance, as noted above, teachers wanted domain-specific performance information to narrow down the
misunderstandings present that may have led to poorer performance or problem-solving struggles. In addi-
tion, all teachers requested data visualizations that grouped students based on common performance metrics.
For example, a teacher answers a “what actions can you take to better support students?” with the response “If
2/3 of class is demonstrating a misunderstanding, I will have class discussion.” Although we do not know the

substance of that class discussion, this pedagogical response may support students communication of their
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developing knowledge and problem-solving skills, which supports our PBL design goals and the mediated
processes in our conjecture map. However, presenting student results at the class, group, and individual level
may lead to the presentation of too much feedback. As such, the team decided on tools such as: (1) a group-
ing visualization that grouped students based on problem-solving processes in which teachers could interact
with the visualization if they wanted more information about domain-specific performance and (2) presenting
class-level feedback (e.g., one-third of the class has an error) as text and including both misunderstandings,
successes, and problem-solving process applications so that teachers could reason about multiple viewpoints
simultaneously. However, questions persisted regarding the design of key features, including how to test if
a dashboard contains too much information and how to determine whether teachers were given sufficient
information to promote actions that supported student-centered learning versus the more direct transfer of
information.

Finally, one teacher brought up an anecdotal experience about prior dashboard usage noting that as dash-
boards typically give them too much information, the teacher often resorted to using physical post-it notes
on everything they noticed and would stick them around the edge of their computer screen to remind them
about things they needed to address the next day. This scenario inspired the development of a reflection tool
that organized key insights, notes, and selected feedback to support a deeper reflection before deciding on

any class adjustments.

4.3.2 High-Fidelity, Prototype-Supported Teacher Training

4.3.2.1 Session activity

The goal of the second design session was to support feedback for the refining and extending of features
of the co-designed dashboard in the context of teacher through High-Fidelity prototyping (the next step in
the LATUX framework). This work was inspired by Replay Enactments (Holstein et al., 2019) in the usage
of real classroom data from prior SPICE implementations with the goal of simulating example situations in
which teachers would review the dashboard, interpret the findings, and make in-the-moment decisions on next
steps or evidence-based pedagogical responses. We conducted this session as part of a SPICE teacher training
workshop. During these sessions, examples of which are described in (Chiu et al., 2021), teachers collaborate
with researchers by going over curriculum lessons, discussing modifications to tasks, formative assessments,
and instructional strategies. Teachers are also recommended to complete the computational modeling and en-
gineering design activities as if they were students to support reflections on problems students may have. We
paid careful attention to the literature regarding potential misalignment of co-design work with professional
development (Boschman et al., 2014) to ensure meaningful contributions by the four participating teachers.

Our reasoning behind integrating this design session with teacher training was to support contributions by
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teachers with no prior SPICE experience. An example view of the session is shown in Figure 4.7.

During the session, the lesson plan was introduced along with the overview of the lesson objectives,
instructional strategy, and tasks. Teachers were then presented with the results from that lesson from a
prior SPICE class. The research team then shared the high-fidelity RISE prototype with teachers with the
goal of (1) simulating responsive teaching practices for each lesson and (2) targeting key design questions
including a better understanding of how much is too much in terms of visualizations present and how to
present information that supported facilitating PBL instruction and support. A think-aloud protocol (Martin
and Hanington, 2012) was implemented, in which teachers were tasked with describing what they notice and
their interpretation of the results based on the lesson objectives. Teachers then discussed what they might
do both in terms of any potential changes needed prior to that lesson day or adjustments they would want to
make in the next lesson. Researchers would ask probing questions as needed. In addition, as seen in Figure
4.7, teachers were shown three post-it notes at all times to help prompt collaborative discussion. Finally,
in reflecting on potential pedagogical responses, teachers and researchers would reflect on the visualizations
present and discuss design recommendations to aid in teachers noticing, interpreting, and responding process.
These sessions were conducted and recorded over video conferencing software due to COVID protocols.

Research team members tool observations to assist in the data analysis post-design session.
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Figure 4.7: Example from the High-Fidelity, Prototype-Supported Teacher Training.

4.3.2.2 Findings
Findings from this design session impacted the tools and features (embodiment), design conjectures and
theoretical conjectures. Teachers often asked clarifying questions regarding how data visualizations were

created, linked, and the need for available information during class implementations to verify the accuracy
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of their interpretations. For instance, a teacher described: “I’'m absorbing what you’re saying. And I'm
suggesting to [researcher]...make these three sort of links. So if you click on one of these, so you're quite
interested in seeing what happened in computational thinking. So if you click on that link, then a graph comes
up with the computational thinking questions, and the concepts theyre referred to, and you can actually see
how they performed on individual questions. So you’re connecting this graph to the more detailed graph, but
But it’s up to you to select what you want to look at in more detail.” Researchers interpreted this idea unit in

terms of changes to embodiment and design conjectures. For embodiment, we recognized the need for:
¢ additional interactive visualizations, and

* explainability in how data visualizations were created to not only support interpretation, but confidence

in that interpretation.

These changes also impact resulting processes teachers implement. For instance, this example demonstrates
the importance of giving teachers’ agency on how much detail of student work they want to see and how
they want it organized. These findings are similar to (Lawrence et al., 2022). However, it is also important
to note that all teachers described that they would likely not review the complete set of feedback during a
planning period. This impacted the design team, as further analysis and testing would be needed to provide
the optimum amount of feedback to support responsive teaching and how to apply adaptivity in information
presented to support teacher agency..

Moreover, teachers recognized that some errors may be better suited for immediate student feedback by
the system due to, for example, potential careless errors by students. A novice teacher noted, “What if there’s
some sort of automatic pop up alert for the kids? And this is for syntax, like, if it’s, so that wouldn’t be to
me, it would be to students saying, like let’s say they forgot to add a set button and they’ve tried [testing their
programjand it’s not working some sort of automatic pop up for the most common mistakes. Like, are you
sure ... kind of thing? Like, can you double check that?” In doing so, this teacher suggested that there may be
some common mistakes, in this case during computational modeling, that a system can help provide in-the-
moment response in ways that do not give students the correct answer, but force them to rethink and evaluate
their code. For example, this teacher described that it might be difficult for them to find simple syntax errors
as it would require reading through each line of code. In a classroom where multiple students need help, this
may be too time-consuming to do.

Deeper discussions of the initial conjecture map continued in terms of the mediated process of assisting
students, including the impact of understanding learning and problem solving at multiple social levels, and
emphasizing that the goal was not to identify and correct errors, but to support students in building, applying,

and communicating good learning and problem-solving behaviors so that they had agency in their learning.
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For example, in describing potential responses, a teacher said, “And I go back and forth with this, like, I don’t
know, if it’s better to stick the kids who are all good with CT in a group and the kids who aren’t like in smaller
groups. I mean, it would be helpful for me to know, just so I can maybe mix it up a bit or if I made like, larger
groups...to help each other”” Researchers interpreted this idea from multiple perspectives in that it demon-
strates a need for contextualized feedback at group and individual levels and, in this example pedagogical
approach, would engage students in more opportunities to communicate their learning and problem solving
as they collaborated with other students. However, it was positive to see pedagogical approaches more di-
rected at PBL compared to the class discussion approach from the previous design session. We believe this is
in line with the teacher learning benefits of codesign processes (Penuel et al., 2007). The research team met
again following these design sessions to determine directions for (1) simplifying the user interface (too much
feedback) and (2) improving interactions with key visualizations (e.g., allowing for additional information to

be accessed from the visualizations that group students).

4.3.3 Updates to our Design Conjectures, RISE, and Overall Insights from Teacher Feedback

We made several adjustments to our conjecture map based on results of the co-design sessions (Figure 4.8 in
italics). First, we refined the embodiment features, including tools and participant structures. From teacher
feedback, the teachers discussed the need for the tool features including explanations of how feedback and
visualizations were generated and tools to support systematic reflection and response processes. In terms of
the participant structures, while teachers validated the importance of student agency in their learning, teachers
also described that artificial intelligence features such as automatic, personalized feedback may be better at
supporting students for in-the-moment needs that do not negatively impact the student-centered learning
design.

Teacher feedback also allowed us to expand the mediated processes. In particular, they informed greater
clarity in that the tool needed to help them develop responses that supported students in not only acquir-
ing good learning and problem-solving behaviors, but also applying and communicating these skills (design
conjectures). We made intentional modifications to RISE based on these insights, including updates to data
visualizations to allow for teacher evaluation at multiple levels (e.g., the development of interactive data
visualizations that grouped students based on problem-solving behaviors, but allowed for interactive explo-
ration to learn more about domain knowledge deficiencies and successes individual students in each group
demonstrated). While these modifications focused on how we could better support teachers, changes to our
theoretical conjectures improved our hypotheses about how these mediated processes would improve student
learning and problem-solving skill development. We extended this theoretical conjecture by elaborating that

the implementation of those skills needed to support their linkages across science, computing, and engineer-
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Figure 4.8: Conjectures produced following the co-design sessions.

ing. We liken this elaboration to work on preparation for future learning (Schwartz et al., 2005), the benefits

of which we have seen in our previous computational modeling research (Hutchins et al., 2020a).

The final results of our Affinity Diagramming processes resulted in key insights for the design and de-

Systematic data collection
and visualization for the

development of

actionable insight.

velopment of teacher dashboard to support PBL. Our data processing resulted in 306 idea unit. These units
were iteratively synthesized based on the processes described in Section 4.2, resulting in 18 level-1 themes,

6 level-2 themes, and 2 level-2 themes. Figure 4.9 details the top two level themes (level-2 and level-3).
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Figure 4.9: Affinity diagramming results from our co-design sessions.

Insights from the level-2 themes include:

¢ Allow teachers to modify curriculum (including formative and summative assessments) and en-

vironment to support their understanding of what data is being evaluated and why: feedback for



this theme centered on integrating teacher feedback into technology and curriculum changes needed
to support teachers’ deeper understanding of the data being collected, why it is being collected, and
how it is being analyzed. In SPICE, the initial curriculum was co-designed with participating teachers
(outside of the scope of this paper); however, after reviewing and evaluating data visualizations over
the course of the co-design sessions, teachers provided additional feedback on items such as adjusting
instructional language to promote explanatory responses and scaffold some introductions to the poten-
tial implementation of key problem-solving processes. For example, related to a idea unit provided
above, the teacher requested domain-specific insight. This may require updates to rubrics that iden-
tify applications of knowledge in different domains and in ways that can be acted on if successful or

unsuccessful.

Provide simple, actionable insight into students’ learning and problem solving: This theme in-
volved three key low-level themes, including (1) optimizing the dashboard interface for teacher review
(e.g., including explanations of learning analytics to confirm teacher interpretations), (2) improving
dashboard visualizations for teacher review (e.g., utilizing color schemes to denote successes and op-
portunities or allowing teachers to toggle between two types of visualizations depicting the same results
to reinforce interpretations), and (3) organizing student evaluations for ease of teacher review (e.g., in-
formation should be simple and straightforward and detailed information such as a table of individual
performance should be located on a different page from the landing and used by teacher preference or

need for more detailed information).

Aid in classroom management: This theme consisted of the greatest amount of low-level themes
targeting traditional classroom constraints. These include supporting administrative constraints (e.g.,
including information about students that are absent), supporting timing constraints (e.g., an alert near
the end of class to support the implementation and timeliness of exit tickets), allowing for lesson cus-
tomization (e.g., dashboard should support ease-of-adjusting lesson plans based on decided evidence-
based responses), grading (e.g., automatic scoring of assignments can focus teacher attention to lesson
plan optimization), and supporting reflection (e.g., help organize what teachers notice to ensure they

address key classroom needs).

Help teachers provide timely, evidence-based feedback: feedback for this centered on providing
tools for evidence-based responses and for providing in-the-moment automatic student support by the
environment. Idea units for this theme include ideas for giving teachers agency in exploring and en-
gaging in the data visualizations in ways that help them verify the accuracy of their interpretations,

help them weigh potential evidence-based responses, and trust in their decisions. For instance, in an
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idea unit provided above, the teacher wanted to explore and interact with visualizations in their own
way, so that they could better clarify what is impacting the group’s problem-solving approach, while
acknowledging that other teachers may find the original content and structure of the visualization to
be sufficient. This theme also provided an opportunity for a future research agenda in which we could
explore teacher-Al teams in which the learning technology provided in-the-moment feedback to stu-
dents on teacher-decided topics, while giving agency to the teacher in deciding major class, group, and

individual response needs.

* Support teachers’ immersion in students’ thinking, dialog, and engagement: feedback for this
theme included engaging the teacher, providing a shared dashboard, and allowing teachers to integrate
collaborative tasks. The majority of teachers described the dashboard as a collaborative tool and noted
that they wanted to use the dashboard with students (e.g., the dashboard could show students that they
improved from using difficult problem-solving processes to successfully debugging and testing their
code, which may support their interest and engagement). In addition, all teachers noted that while they
could think of ways to individually respond to students to support their problem solving, dashboard for
PBL should also support the teacher in implementing simple collaborative tasks in which the teacher

could then walk around the room and listen to how students communicate their knowledge and skills.

* Support teachers as they navigate the impact of students’ emotions on their learning: A major
theme across all design sessions was the impact of COVID on student learning, problem solving, and
perseverance. Teachers wanted dashboard tools that helped them to encourage students as well as tools
and resources to aid student anxiety during this complex curricular approach. We believe this is an

important and rich research agenda.

In the following section, we have identified illustrative examples in which our dashboard led to actual teacher
feedback recommendations labeled with a star in Figure 4.9.

Finally, these design sessions culminated in the RISE dashboard (Figure 4.10), in preparation for our
Planning Period Simulations (to be discussed in the next section). Design tools created throughout and fol-
lowing these design sessions included interactive grouping visualizations, text-based feedback that highlights
class, group, and individual successes and opportunities for improvement, curricular resources, reflection
and response tools, and additional explanations of the artificial intelligence used resulting in the feedback
presented.

An example interactive data visualization can be seen on the bottom-right corner of Figure 4.10. This
visualization first groups students based on problem-solving strategies applied during computational model-

ing (e.g., students that implemented multiple depth-first construction sequences without testing their code or
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students that tested their code with multiple values of material and rainfall). Individual students are charac-
terized by the shape of their circle to identify if they have completed their computational model or if they
are in progress with no errors or contain errors. Teachers can explore deeper by hovering over students to
identify if they had science or computing conceptual difficulties. We elected to not have additional modals or
pop-ups as it would impact the usability of the visualization.

The reflection and response tools were added to support teachers’ responsive teaching processes and were
based on feedback themes described above. For example, in this initial implementation, teachers click on the
green buttons available near each data visualization and a pop-up would appear (as seen in the “Reflection
Form” on the right of Figure 4.10). Teachers can populate the form and select a category for the reflection.
Teachers reflections are then stored by category and available for viewing on the Reflect page. On the reflect
page, teachers can organize reflections based on importance. Tools to support reflections, including the
curricular resources such as learning objectives for the day, rubrics utilized during analysis, and trajectory
goals (e.g., what students are expected to know by the end of the day or unit) were also added through modals.

Finally, this initial implementation included modals composed of explanations for how the data visualiza-
tions were generated. For instance, the selection of text to use for “Successes” and “Opportunities” was based
on rules. During the design sessions, teachers described that if two-thirds of a class demonstrated a particular
misunderstanding or known difficulty, the teacher would likely do a class discussion or presentation the next
day that focuses on that issue. As such, based on the analysis of student results text would be generated for
any rubric item in which two-thirds of the class were either successful or needed additional support. This
process was described similar to a decision-tree for that data visualization (e.g., Rokach and Maimon, 2005).
Explanations of learning analytics used to support data visualizations for the Planning Period simulations can
be found in our previous work (Manuscript One). All explanations were done manually by a research team
member. However, future work can leverage recent advances of explainable Al (see Doran et al., 2017) and

co-design for simple, automatic explanation generation.

4.4 From Thought to Action: Case Study

Utilizing the RISE dashboard (Figure 4.10) we conducted a series of Planning Period Simulations. These
simulations were inspired by the Teacher Moments research at MIT (Benoit et al., 2021) and adapt the par-
ticipatory design approach of simulations (Martin and Hanington, 2012). Planning Period Simulations were
selected as 4 out of the 5 teachers that participated in the Needs Analysis co-design sessions preferred class
reports at the end of the day (see Figure 4.5(b)) over dashboard usage in-the-moment or when class was in
session (although teachers did show interest in simple alerts via phone or iPad in-the-moment).

During these simulations, eight teachers (three with prior SPICE experience, one with prior computa-
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Figure 4.10: RISE dashboard following the co-design sessions.

tional modeling in science experience, and four with no experience) first completed a 90-minute professional
development session in which they learned about or reviewed the SPICE curriculum and, for inexperienced
teachers, they completed the computational modeling and engineering design tasks as students. Then the
teachers completed a sequence of five simulations (as indicated in the top-middle of Figure 4.10), in which
they would enact planning periods. For each simulation, a research team member first described the class
scenario, including the class performance on the pretest, which targeted science, computing, and engineering
knowledge, as well as other class results prior to the simulation “day.” All information discussed was avail-
able on the dashboard. Teachers then had 15 minutes to review student results and feedback provided on the
RISE dashboard, interpret what they saw, and customize class lesson plans for the next day, as though each
class simulation was their class and they were evaluating what to do for the next day during their planning
period.

A think-aloud protocol (Martin and Hanington, 2012) was implemented in which teachers described what
they noticed, their interpretations of the feedback provided, ideas for responses, and reasoning behind their
final class customization decisions. Data used for each simulation was pulled from prior SPICE implementa-
tions. This approach is similar to the Replay Enactment protocol implemented by Holstein et al. (2019). Stu-
dent data from the prior implementations were de-identified and students were given gender-neutral names.
A researcher was present at all times to answer questions and support evaluation processes as needed.

For the purpose and scope of this paper, we first identified illustrative examples of teachers (who partic-
ipated in the co-design sessions) using tools developed or adjusted based on the feedback provided in those
co-design sessions. We selected three examples that demonstrate applications of the three themes starred in
Figure 4.9. The purpose of these examples is to demonstrate an application of a co-designed tool (or embod-

iment). As such, these examples are not intended to provide empirical evidence of the effectiveness of the
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tool.

44.1 Recommendation One: Support teachers’ immersion in students’ thinking, dialog, and engage-
ment
The first example targets the feedback theme of immersing teachers in students’ thinking, dialog, and engage-
ment in the curriculum tasks. Specifically, we see a teacher’s utilization of the strategy group visualization
(described above). This simulation provided feedback for a class following the second day of computational
modeling in SPICE. By the end of this day, students should have attempted all components of the computa-
tional model, including testing. A screencapture image from the video conferencing recording is provided in
Figure 4.11. The image of the teacher and information saved in their browser have been hidden. Identification
of tools used by the teacher are labeled in parentheses in the teacher quote provided. During a review of this

simulation, the teacher thought aloud:

“Oh my goodness look at that, they’re doing great. . . (click to view page shown in Figure 4.11).
So behavior. Materials, they’re doing a better job than other sections of testing out materials
and rainfall. It’s more evenly split for strategy groups...So trial by fire (hovering over a strategy
group named Trial by Fire and individual student in the group, Bellamy, as seen in Figure 4.11),
I think maybe they’'re not remembering any of their tests so for this class (click to add reflection)
I would say for Asa, Drew, and Bellamy offer a paper table to record findings (click to submit
response). And for the divers, I think they’re doing great, but (click to add reflection) but have a

smaller conversation with just those kids on how they can be more strategic.”

v
STANDARDS

g
REFLECT [ ]

P Computational Madel Testin = Student Groups Based on Strategies =
s Who tried different values for rainfall and materials
RESPOND

Figure 4.11: Example simulation targeting teachers’ immersion in students’ thinking, dialog, and engage-
ment.
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In this example, the teacher utilized the strategy group to interpret the performance of the Trial by Fire
group, including hovering over individual students to notice their computational models were complete and
their science was good (numeric indicates that students demonstrated success in calculating water runoff
based on total rainfall and absorption limits during the science unit). Due to this interpretation, the teacher
decided to develop an additional curriculum scaffolding to support a more systematic testing process for that
group. The teacher then planned for a group discussion in which they would engage with the Divers, a group
that consists of students that rely on depth-first approaches to constructing their computational models (and
therefore do not test the model over time). The final customized lesson plan created by the teacher is shown

in Figure 4.12.

COMPUTATIONAL MODELING: TESTING

While working have divers sit at table wi discuss how can be more strategic

Adjusted
Class Plan:

| _ | | |
r I T T | |
Current
INSTRUCTION ==m2 COMPUTATIONAL MODELING: TESTING INSTRUCTION
Class Plan:

Figure 4.12: Final lesson plan created to engage in students’ thinking and dialog.

4.4.2 Recommendation Two: Help teachers provide timely, evidence-based feedback

This example provides a demonstration of how a teacher leveraged information available from the dashboard
to customize their lesson in a way that reinforced prior science concepts and practices reviewed to support
the translation of that developing science knowledge into computational form (thereby also illustrating an
application of our theoretical conjecture change described previously). In this teacher example the simulation
provides results from a class after the first day of the computational modeling task, in which students were
only tasked with completing variable initialization tasks and the first conditional logic statement. Similar to
above, the screencapture image from the video recording software is provided, with identifiable information

hidden, in Figure 4.13.

“So yeah, I guess knowing the low science pre-test score, I would say because they did not so
great a job here (hovering over initial variables bar graph, shown in Figure 4.13) but they did a
better job here (hovering over equal to condition bar graph) so they are getting this computing

stuff better.

So I would say (clicks to add reflection) add in a quick physical demo showing difference between

absorption for sponge and paper, so they can understand why they need to initialize rainfall and
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absorption limit. So let me put in that.”
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Figure 4.13: Example simulation targeting teachers’ timely, evidence-based feedback.

In this example, teachers use feedback generated from the scoring of the computational models and links
the results to feedback about prior science performance. Teachers are provided that rubric used to score the
computational models (this teacher previously reviewed that rubric), which indicates that variable initializa-
tion issues may be due to difficulties translating science knowledge to a computational form as students must
remember to initialize total rainfall and the absorption limit (needed for the computer to calculate water and
total absorption). Information provided from the dashboard allowed the teacher to identify a domain issue
early on in the transition to computing. The teacher then elected to do a science demonstration to reinforce
science concepts and link them to the creation of the students’ computational models. The teachers final

lesson plan can be seen in Figure 4.14.
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Figure 4.14: Final lesson plan created to provide timely, evidence-based feedback.

4.4.3 Recommendation Three: Provide simple, actionable insight into students’ learning and problem
solving

This example does not provide a screencapture as it involves a sequence of dashboard moves to multiple pages

(identified in parentheses in the think-aloud quote). This example demonstrates the impact of changes in the

embodiment component of our conjecture map, specifically, the need for insight at multiple social levels. The

class data provided in this simulation was from the second-to-last day of the SPICE computational modeling

unit.
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“(viewing Story Page, Behavior tab) Why are they still not testing materials? OK...So I'm going
to pretend I see them all the time and I know which kids moved from here (hovering over Divers
in strategy group visualization, shown in Figure 4.11) fo here (hovering over Strategists in the
figure). So (clicks to add reflection) Rowan to highlight their code and talk through strategy. So

I would definitely want to do that as a way to give the kid props for moving groups.

So I need to see the kids who are developing still. OK, going to the Standards (page click)
because it’s the last day now. So at this point, (click to add reflection) Quinn and Jordan are

partners and I am going to them to help

And then I'm going to go back to here (clicks to view Story page, Behaviors tab). [ still have
Ryan, Angel, Hayden, Riley, Devon all in same strategy group. So I'm going to say I'm going to

mix up partners so my Divers and Trial by Fire are with Strategists and Tinkerers”

In this example, the teacher first noticed that students were still not testing their model with different
material options (e.g., different materials that could be used in the playground design). The teacher considered
the impact of a student moving from an unproductive strategy group (such as a Diver) to a productive group
(such as a Strategist). This teacher recommended this type of visualization as they were concerned that in
their classes, they typically called on students they knew were good at coding and it felt as though that strategy
was demoralizing for students that may not have a lot of computing experience but were trying. As such, the
teacher elected to first do a class demonstration with that student.

The teacher then returned to the dashboard to focus on students that continued to struggle in science
(categorized as “developing” to represent their science knowledge as developing; see Hutchins et al., 2021a).
The teacher viewed the Standards page, which provides detailed, individual student feedback and identified
the two students that were still struggling in science and paired them for the final day. It is interesting to note
that the teacher acknowledged going to the more detailed Standards page “because it’s the last day.” This
may indicate that certain detail is more important based on the curriculum timeline.

Finally, the teacher went back to the main page and to the visual feedback on student strategies and
identified the remaining Divers group (described above). To support problem-solving processes, the teacher
decided to pair remaining unproductive strategy groups (Divers and Trial by Fire) with productive strategy
groups (Strategists and Tinkerers). We presume this approach would allow for students to learn from ea-
chother and identify productive strategies on their own, while also allowing the teacher an opportunity to

walk around the class and observe student pair discussions. The teacher’s final lesson plan is in Figure 4.15.
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Figure 4.15: Final lesson plan created to engage in students’ thinking and dialog.

4.5 Insights for Co-Designing Teacher Support Technology for PBL Instruction

The importance of co-design research continues to be highlighted in the learning sciences and learning analyt-
ics research community. In terms of the creation of educational technology, this literature has demonstrated
the importance of teacher input at every stage of the design process - including prior to the development
of low-fidelity prototypes (Martinez-Maldonado et al., 2016). These approaches are particularly relevant to
support the implementation of technology-enhanced, problem-based learning in K-12 science classrooms as
teachers must grapple with how to support student-centered learning as they construct knowledge in multiple
domains (e.g., science and computing) and how to understand and engage in the variety of problem-solving
strategies and pathways students may implement to get to a solution. However, end-to-end design demon-
strations are still rare (Holstein et al., 2019), especially for technology that supports problem-based learning
(PBL) in K-12 science.

In this paper, we demonstrated a novel approach to co-design that integrated experienced and inexperi-
enced teacher insight in the design and development of teaching-support technology that improves responsive
teaching during PBL. Our methods centered on eliciting teacher insight on engaging in students integrated
learning of multiple domains, supporting students in learning through multiple, linked representations over
time, and promoting productive problem-solving strategies to support that learning. In addition, we identi-
fied rich research agendas for (1) evaluating teacher-Al teams for more complete, timely support of students
during PBL, (2) for using instructor-support technology to help teachers support students’ emotional needs,
especially following the impact of the pandemic on students’ mental health, and (3) for advancing explainable
Al research by leveraging teacher insights to build trust and support action in the learning analytics used.

On the one hand, we followed a broadly applied workflow for co-design (LATUX) and our findings are
similar to prior approaches, including the benefits of beginning with stakeholder needs, prototyping user
tasks and usage scenarios early and often, using real-world data sets to in prototyping (Holstein et al., 2019).
However, our adaptations to this process that directly supported our goal of supporting teachers during PBL

(and therefore may be supportive of co-design under similar contexts) include:

* Regularly link student results across multiple, linked representations: Problem-based learning
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often requires the application of knowledge and skills from multiple domains and highlights the im-
portance of NGSS cross-cutting concepts. Teachers should be actively involved in the creation of the
representations so that they better understand the linkages and the data used to evaluate students. In
addition, regularly linking representations allows for critical reflection of the impact of pedagogical

responses on student learning over the course of the PBL curriculum.

* Immerse teachers, especially novice teachers, in the student experience prior to promote rich
insight into visualizing student problem-solving processes: In this research, we integrated the high-
fidelity prototyping session into our SPICE professional development with the goal of receiving feed-
back from novice teachers (who had not previously implemented SPICE). In doing so, teachers had
recent knowledge of their own problem-solving difficulties and could better connect to the real-world

student results.

* Regularly reflect on instructional strategies at different social levels: An important update to our
conjecture map was the need for teachers to understand student performance at different social levels
(e.g., class, group, individual), so that they could systematically weigh potential class adjustments at
those different levels. This process not only supported our understanding of considerations teachers
make in deciding the type of responses to take (e.g., conducting a class discussion if two-thirds of the
class demonstrate an issue), but it also helped us refine data visualizations that allowed teachers to

explore student learning from multiple perspectives.

Finally, in this work, low-fidelity prototypes, student artifacts, curriculum journey maps, and high-fidelity
prototypes all served as effective boundary objects to support researcher-teacher discussion, negotiation, and

decisions on how to design and implement interpretable, actionable insight into student learning during PBL.

4.6 Conclusions and Future Implications

This work demonstrates a complete co-design process (with evidence of actionable insight from Planning Pe-
riod Simulations) for the design and development of teacher-support technology targeting the implementation
of problem-based learning in K-12 science. In this work we have demonstrated the importance for teachers
(experienced and inexperienced) to be actively engaged in the co-design of Al-based teacher tools to support
understanding students learning processes and translating them into actionable instructional moves. We have
extended established participatory design techniques in order to effectively acquire teacher feedback in this
context. In addition, we have provided the first, to our knowledge, design process that investigated teacher
needs in the integration of problem-based learning in K-12 science (with applicability in other domains).

Limitations of our work include the small participation numbers. As such, this work provides depth over

97



breadth in the demonstration of our co-design process. In addition, due to the impact of the pandemic, we
have been unable to conduct a classroom experiment, thereby completing the LATUX workflow (Martinez-

Maldonado et al., 2016). We aim to conduct this study in the near future.
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CHAPTER 5

Manuscript Three: Using Teacher Dashboards to Customize Lesson Plans for a Problem-Based,

Middle School STEM Curriculum

5.1 Introduction

Prior research has demonstrated the importance of teacher engagement in students’ developing ideas and
strategies to support their STEM learning. In applications of student-centered learning approaches, such as
problem-based learning (PBL), this engagement poses challenges as teachers must interpret and respond to
student progress in ways that target learning and problem-solving needs while also maintaining the intent of
the learning design (e.g., not always address a specific knowledge gap through direct instruction; Chen et al.,
2021). Technology-enhanced approaches can mitigate these challenges by visualizing student learning and
problem-solving behaviors to support teachers using orchestration technologies such as teacher dashboards
(Matuk and Linn, 2015). However, little research has targeted (1) dashboard-supported responsive teaching
(Walkoe et al., 2017) and (2) processes that middle school science teachers use to bridge the noticing and
understanding of Al-based instructional support with the determination of an evidence-based pedagogical
response (Campos et al., 2021).

Understanding how teachers use dashboards to support evidence-based teaching practices during technology-
enhanced curricula is critical for improving teacher support and preparation and serves as the context for this
research. Through a systematic co-design process with expert (prior experience with the learning environ-
ment) and novice (no prior experience with the learning environment) teachers, we have created the Respon-
sive Instruction for STEM Education (RISE) dashboard (Manuscript Two; Hutchins and Biswas, 2022) to
support the implementation of a technology-enhanced, PBL curriculum known as Science Projects Integrat-
ing Computing and Engineering (SPICE; Manuscript One). The goals of the RISE dashboard are to support

teachers in:
* noticing and responding to students’ learning successes and opportunities (e.g., misunderstandings),

* facilitating student integrated learning of science, computational thinking (CT), and engineering across

multiple, linked representations,
* aiding student-centered development of productive problem-solving strategies, and
» promoting student communication and application of their developing integrated knowledge through

class and group discourse and problem solving.
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In our prior research, the impact of learning through multiple, linked representations (Hutchins et al., 2021a;
Manuscript One), productive problem-solving strategies (Zhang et al., 2021), and collaborative, open-ended
problem solving (Emara et al., 2020) have proven to facilitate learning in our technology-enhanced, PBL
approach. However, more research must target the complex task of translating what we know as scientists
and researchers into a language that classroom teachers can interpret and convert to actionable information
(Wiley et al., 2020). In this first step, we aim to evaluate the strength of RISE in supporting teachers’
application of those PBL pedagogical processes.

This study examined eight teachers’ use of a RISE to assess and respond to students’ learning and strate-
gies during SPICE. Teachers completed a series of 5 “Planning Period Simulations” leveraging the dashboard.
Think-aloud protocols were implemented, supported by semi-structured interview questions, to enable the
teachers to verbalize their thought and evaluation processes. Our analyses focused on the following research

questions:

1. How do expert and novice teachers implement responsive teaching to customize lesson plans
using RISE?
To answer this question, we first conduct statistical analysis on the coding of expert and novice teachers’
simulation discourse to identify the types of student work (e.g., performance scores, strategies applied)
teachers notice and how they respond (e.g., teacher lectures, class discussions, group activities). Codes
were developed based on prior work in responsive teaching (c.f., (Johnson and Forsythe, 2015; Chen
et al., 2021)). We then conduct epistemic network analysis (ENA; Csanadi et al., 2018) evaluating
the temporal discourse patterns expert and novice teacher implement as they complete each planning

period simulation. We compare the networks and provide initial findings based on the results.

2. What processes are involved in teachers determination of lesson plan customizations?

We conduct inductive analysis and constant-comparative analysis (Charmaz, 2006) to provide initial,
exploratory patterns in the reasoning processes teachers implement in the transition from developing
interpretations of student results to selecting evidence-based pedagogical responses based on those

interpretations. We provide comparative case examples to illustrate identified processes.

In this paper, we first provide background on technology-supported responsive teaching as well as an
overview of research targeting teachers usage of dashboards to support their practice. We then describe our
instructor-support techonology known as the Responsive Teaching for STEM Education (RISE) dashboard
and outline the co-design procedures taken to systmatically design and develop this tool. Next, we provide
our methods, including the instructional context, our procedures for implementing the planning period simu-

lations, our participants, and the data collection and analyses processes. Our results are organized by research
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questions in the next section and we conclude with a discussion of the results, limitations of our work, and

future directions.

5.2 Background and Related Work
This work targets the novel exploration of teachers’ responsive teaching practices as they leverage a co-
designed dashboard to evaluate student learning and problem solving, and develop evidence-based lesson

plan customizations as needed.

5.2.1 Responsive Teaching for Technology-Enhanced, Problem-Based Learning in Science

Science and math education reform has led to the promotion of fluid classroom environments that allow for
pedagogical adjustments during instruction (van Es and Sherin, 2002). This pedagogical decision-making
paradigm leverages responsive teaching in which the teacher makes in-the-moment pedagogical decisions
based on what and how students are thinking, assessed through what students are saying or doing (Bywater
et al., 2019; Wendell, 2016; Hammer et al., 2012).

This responsive approach is in contrast to traditional methods, in which lesson plans are predetermined
and direct students’ “flow of thought” (Hammer et al., 2012, p.54). This predetermined, traditional approach
limits student opportunities to develop and assess their own ideas, which is needed for inquiry learning
(Jiménez-Aleixandre et al., 2000) and open-ended learning approaches that include learning-by-modeling
(Wilkerson-Jerde et al., 2015) and learning-by-design (Bywater et al., 2021; Watkins et al., 2018), such as
that targeted in this proposed research.

Attending and responding to the disciplinary substance of student ideas is considered a core teaching
practice in science, math, and engineering (NRC, 2007; Levin et al., 2009; Lampert et al., 2013; Coffey et al.,

2011; Johnson et al., 2017). Responding to student ideas as they unfold in class has proven to:

1. help students engage in science practices (Hammer et al., 2012; Coffey et al., 2011),

2. focus student attention on the disciplinary substance of their thought (Warren and Rosebery, 1995), and

3. improve students’ conceptual understandings (e.g., Robertson et al., 2016; Empson and Jacobs, 2008).

This process is akin to formative feedback, providing students information to support adjustments in their
thinking, guide them towards the desired learning goals, and improve knowledge development (Shute, 2008;
Bransford et al., 2000).

However, Van Es and Sherin note that successful applications of responsive teaching requires teachers

to develop new ways to engage in and interpret classroom interactions (2002). The complex, challenging
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practice of responding to student ideas requires that teachers consider and evaluate copious amounts of class-
room information (e.g., student discourse, performance) as well as the intrinsic and extrinsic constraints of
the classroom environment (e.g., learning standards and objectives, time, assessment needs), and make in-
the-moment decisions on what and how to engage in their students’ ideas (Bywater et al., 2019; Sherin, 2002;
van Es and Sherin, 2002).

The complexity of this practice can be exacerbated during technology-enhanced, problem-based learning

due to:
1. teachers’ limited background in computing and teaching using technology (Bocconi et al., 2016),

2. the decreased visibility of student thinking, as it is now applied through mouse clicks and other user-
interface interactions and, therefore, not easily or readily apparent to the teacher (an important feature

of lesson design to support teacher noticing; e.g., National Council of Teachers of Mathematics, 2014),

3. problem-based learning is akin to open-ended learning, in which students may implement a variety of
problem-solving approaches during solution construction (Walkoe et al., 2017; Zhang et al., 2021) that

teachers must grapple with and engage in, and

4. software constraints or user-interface difficulties that may impact teachers’ abilities to adequately re-

spond to student thinking or issues (Walkoe et al., 2017).

Finally, while these environments support key processes highlighted in state and national standards, these
strategies are often not engaged in by teachers during instruction (Walkoe et al., 2017). This is particularly
challenging for teaching through student-centered learning approaches such as PBL, as teachers must inter-
pret and respond to student progress, represented through data visualizations on a dashboard, in ways that
target learning and problem-solving needs while also maintaining the intent of the learning design (Chen
etal., 2021).

These experiences motivate a deeper understanding of what it means to notice student thinking during
technology-enhanced, problem-based learning and the processes teachers take in the transition from their in-
terpretation of student learning and problem solving to the creation of evidence-based pedagogical responses

supportive of the problem-based, student-centered learning design.

5.2.2 From Instruction to Action
Learning analytics research has progressed significantly and has led to the development of instructor support-

technology proven effective for teaching with intelligent tutoring systems, collaborative learning scripts, and
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much more (please see Dissertation Literature review). However, research on teachers’ usage of instructor-
support technologies such as dashboards is still scarce, especially for the implementation of problem-based
learning curricula (Chen et al., 2021).

A careful analysis of prior research models representing dashboard-supported responsive teaching results
in the identification of key research opportunities and directions involved in the understanding of how teach-
ers use dashboards, and how to support them. The first research area targets the transition from educational
event to the visualization of student results on a dashboard. Research in the area has targeted the co-design
methods for integrating teacher insight into the presentation of such visualizations (Wiley et al., 2020), im-
proving transparency in algorithm development (Holstein et al., 2019), and supporting teacher agency in the
representations shown on dashboards (Ahn et al., 2021). In our research, we have implemented a multi-step
co-design process for the creation of the Responsive Instruction for STEM Education dashboard (Manuscript
Two, and below).

Another research opportunity involves a deeper understanding of how teachers make sense of the infor-
mation provided on dashboards. Recently, Campos et al. conducted a study with teachers and educational
coaches to examine this sensemaking process and developed a typology of responses to data visualizations
(Campos et al., 2021). Others found sensemaking heuristics which include comparing, monitoring, and
exploring by teachers as they leveraged tools to support technology-supported collaborative learning (Voyi-
atzaki and Avouris, 2014). In addition, Molenaar et al. investigated how teachers make data visualizations
actionable and the responses they implemented (Molenaar and Knoop-van Campen, 2019). Specific to our
work, Chen et al. explored teacher dashboard usage to support problem-based collaborative learning at the
college level (Chen et al., 2021). To our knowledge, limited research exists that explores how teachers no-
tice, interpret, and develop evidence-based responses to students learning and problem-solving strategies for
a K-12 PBL curriculum in science. As such, this research seeks to provide novel findings to support a deeper
understanding of this critical need.

A third research opportunity targets supporting teachers in the interpretation process for improved deci-
sion making. For instance, researchers have evaluated the impact of different interpretive aids on teachers
sensemaking to support collaborative learning (van Leeuwen et al., 2019). Although we do not provide
specific interpretation aids in this research, we believe a deeper understanding of the processes teachers im-
plement to transition from learning analytics data visualizations to decisions on pedagogical responses can
aid in the future development of such tools.

Finally, there is a need to understand how resulting teacher interpretations of dashboard visualization
facilitate evidence-based pedagogical actions (Campos et al., 2021). Unfortunately, not a lot of information

can be found on the pedagogical actions teachers take as a result of using instructor-support technology, such
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as dashboards, especially for K-12 instruction. This research provides novel findings on example pedagogical
responses resulting from the noticing, interpretation, and reasoning about student data during a problem-

based, middle school science curriculum.

5.3 Co-Design of RISE Dashboard
This research focuses on teachers’ responsive teaching practices supported by a teacher dashboard for a
problem-based learning curriculum known as, Science Projects Integrating Computing and Engineering

(SPICE) curriculum.

5.3.1 Instructional Context: SPICE

SPICE supports teachers in the implementation of the Water Runoff Challenge (Zhang et al., 2020; Chiu et al.,
2019; McElhaney et al., 2020; Hutchins et al., 2021a). The Water Runoff Challenge (WRC) is a three-week,
NGSS-aligned unit that challenges students to redesign their schoolyard using different surface materials to
minimize the amount of water runoff after a storm, while adhering to a series of design constraints. These
include the overall cost and accessibility, while providing for different functionalities for the schoolyard
(Chiu et al., 2019). The problem-based learning curriculum consists of five core units, illustrated in Figure
5.1. These units include: physical experiments, conceptual modeling, paper-based computational thinking
tasks, computational modeling of the water runoff phenomenon, and engineering design, in which students
use their computational models to redesign their schoolyard. This learning context is authentic and relevant
to students facing similar problems (limited usability and pollution) in their own schools, therefore, the WRC
is potentially engaging and personally meaningful to the learners (McElhaney et al., 2020). The WRC targets
NGSS performance expectations for upper elementary and middle school Earth science and engineering
design curricula, emphasizing the movement of surface water in a system after heavy rainfall and the human
impact of this runoff on the environment, and leverages evidence-centered design (Mislevy and Haertel, 2006)
for the systematic creation of summative and formative assessments to evaluate student learning in science,
computing, and engineering.

We focus this paper on Planning Period Simulations that target students’ efforts to construct a model of a
scientific process, i.e., water runoff after a heavy rainfall. These curriculum lessons offer unique perspectives
on how teachers evaluate student data as pedagogical planning requires the evaluation of items such as how
well students are translating their developing science knowledge into computational form, understanding the
multiple paths students can take to successfully construct a computational model in science, and identifying
successes and opportunities students are having in using difficult computational constructs such as conditional

logic. Moreover, in the Literature Review we identified teachers’ limited background in computing as an issue
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Figure 5.1: SPICE Curriculum Progression

for implementing such problem-based learning approaches and this allows us to examine ways in which the

dashboard can help novice teachers.

5.3.2 Creating the RISE Dashboard

The dashboard leveraged in this work was created through a series of co-design design sessions with experi-
enced and inexperienced SPICE teachers. For a more detailed presentation of our design process, please see
(Manuscript Two).

As a first step, researchers used student data from prior implementations to increase our knowledge about
how students learn and problem solving during SPICE. This involved the systematic analysis of student
science, computing, and engineering learning as demonstrated through summative and formative assessments,
evaluating the impact of student learning over a sequence of multiple, linked representations, and identifying
key learning and problem-solving strategies students use to construct computational models and engineering
design prototypes, based on their user actions in the learning environment, that support their learning in each
domain (Manuscript One).

Then researchers initiated the co-design sessions by first using low-fidelity prototypes (e.g., linked data
visualizations) and contrasting student artifacts as boundary objects to discuss, negotiate, and come to an
understanding about what information teachers need about their students so they may better help their student
during this student-centered, problem-based curriculum. Feedback from these sessions were used to inform
the creation of the first high-fidelity prototype. In the second design sessions, we integrated the use of the
high-fidelity prototype into a professional development workshop with SPICE teachers. As we reviewed the
curriculum and discussed instructional strategies with participating teachers, we used the dashboard as a tool

to discuss prior student performance on each lesson and assessment. Teachers thought aloud, describing what
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they noticed, how they interpreted the results, and possible actions they might take knowing this information.
Researchers intervened and responded to questions as necessary. Teachers also provided us with more specific
recommendations for user-interface adjustments (as opposed to abstract ideas from the first session). The
research team used results and feedback from this session to create the Responsive Instruction for STEM

Education (RISE; Figure 5.2) dashboard, used for the Planning Period Simulations.
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Figure 5.2: RISE Dashboard

The RISE dashboard consists of three core student result pages: the Story, the Strategies, and the Stan-
dards. The Story provides an overview of the class performance based on key immediate, or landing page,
feedback recommended by teachers. This included text-based feedback highlighting class successes and
opportunities using performance (items scored by pre-defined rubrics) and strategies (productive and unpro-
ductive strategies pre-defined based on the impact on student learning results). Interactive data visualizations,
such as the grouping of students based on strategies, with additional performance-based results, could be ac-
cessed using information in the bottom right visualization shown in Figure 5.2. The Strategies page provided
a progression of student performance over the course of the curriculum (e.g., up to the “day” simulated in
each planning period simulation) and the strategy group they currently are identified with. Finally, the Stan-
dards provided a data table of all students with their scores on each completed curriculum task and identified
strategy groups. All data visualizations in which artificial intelligence was used to calculate or provide feed-
back included an explanation of analysis done (for example, a modal pops-up with the information when the
blue button with an “i” is clicked).

The RISE dashboard is equipped with a Reflection Tool in which teachers can add reflections as they
reviewed the results (identified as “Reflection Form” in Figure 5.2) and select categories for the type of
reflection. Submitted forms were populated on the Reflection page based on the category selected (the page

link is identified on the left-side menu bar in Figure 5.2). In the Reflection page, teachers can re-order and
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reorganize reflections as they see fit. Finally, teachers are also provided a Response page. This page includes
the current class plan for the next class and tools to plan for any adjustments they deem necessary based on
student performance. Finally, teachers are provided a number of curriculum resources, including learning

objectives and lesson plans relevant for the “day” to aid in their evaluation process.

5.4 Methods

5.4.1 Participants

Eight middle school STEM teachers (5 female, 3 male) participated in the planning period simulations. The
teachers were from varying urban and rural locations, including Tennessee, Illinois, Virginia, New York,
Wyoming, and the US Virgin Islands. Three teachers had prior SPICE implementation experience, one
teacher had prior experience with C2STEM (the core learning environment; Hutchins et al., 2020a), and
four teachers had no prior experience. All teachers consented to participate in the Vanderbilt University

IRB-approved study.

5.4.2 Planning Period Simulation

Utilizing the RISE dashboard (Figure 5.2) we conducted a series of Planning Period Simulations. These
simulations were inspired by the Teacher Moments research at MIT (Benoit et al., 2021) and were derived
from the participatory design approach to simulations (Martin and Hanington, 2012).

During these simulations, each teacher first completed a 90-minute professional development session led
by the research team in which they learned about the SPICE curriculum. Novice teachers completed the
computational modeling and engineering design tasks much like students would in the classroom. Then the
teachers completed a sequence of five simulations (as indicated in the top-middle of Figure 5.2), in which
they would enact planning periods. For each simulation, a research team member first described the class
scenario, including the class performance on the pretest, which targeted science, computing, and engineering
knowledge, as well as other class results prior to the simulation “day” (all information was available on the
dashboard as well). Teachers then had 15 minutes to complete the simulation exercise. Fifteen minutes was
selected based on an estimated class period time length of 60 minutes and an average estimated class roster
of 4 classes per teacher, therefore 15 minutes per planning period for each class.

Student data used for each simulation was pulled from prior SPICE implementations in an approach sim-
ilar to the Replay Enactment protocol implemented by Holstein et al. (2019). The simulations were created
based on prior class performance on the SPICE summative assessments. We first identified the median learn-
ing gains split for all potential classes based on summative assessment results in science, CT, and engineering

and labeled classes as low or high performing based on these splits. Three of the classes were identified from
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prior SPICE implementations. These classes consist of (1) high performing in science and low performing in
CT, (2) low performing in science and high performing in CT, and (3) low performing in both science and CT.
We create an additional simulation class in which we combined 24 (the average class size) high performing
students in order to have one class that was high performing in each subject. Two of the simulations visual-
ized student learning and problem-solving strategies after the first day of computational modeling and three
of the simulations target the second (of three) days. The high performing in science and low performing in
CT class was used as the first simulation and the fifth simulation in order to get teachers to reflect what they
may have done differently in the first simulation (first), knowing the results of the fifth simulation (the second
day). Student data from the prior implementations were de-identified and students were given gender-neutral
names.

Using a think-aloud protocol (Martin and Hanington, 2012), teachers reviewed student results and feed-
back provided on the RISE dashboard, interpreted what they saw, and customized class lesson plans for the
next day (as they saw fit), as though each class simulation pretained to what happened in their class and they
were making decisions during the planning period on what to do for the next day. Prior research has noted
the benefits of think-aloud protocols on tasks involving building interpretations (Charters, 2003), including
providing a low-entry barrier (Campos et al., 2021) and tracing users’ thinking (Liu and Stasko, 2010). In
order to obtain verbalizations that accurately reflected the cognitive processes teachers implemented during
responsive teaching, we refrained from providing detailed instructions or interpretation of results (other than
noting the ultimate goal was to customize tomorrow’s lesson plan, as needed). Instead, we utilized prompts
such as “what possible actions would you take with this group?” and answered questions about technology
that did not impact class evaluations (e.g., describing how to use the reflection form). This approach is mod-
eled after Campos et al. 2021’s approach for evaluating teacher sensemaking. This helped minimize issues
concerning bias in data if researcher support or feedback impact teachers’ responses (Sherin and Russ, 2014).

Finally, these procedures were conducted using videoconferencing software. For each simulation, teach-
ers shared their screen so that the researcher could view as well. Researchers completed an observation sheet
during the simulations. The observation sheet consisted of a table for researchers to identify (1) discussed
idea (e.g., computational model scores), (2) visualization targeted, when applicable (e.g., bar graph of class
performance on computational model), and (3) key words used or links made (e.g., poor initialization of sci-
ence variables score relating to class science performance during the science unit). These observations were
used to support our analysis approach, discussed below. Figure 5.3 provides an example of the researcher
view. The teacher’s video (top-right) and browser information (saved tabs, including identifiable information)

have been hidden.
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Figure 5.3: Example view during Planning Period Simulations

5.4.3 Data Collection and Analysis

All Planning Period Simulations were conducted virtually and recorded using a video conferencing platform.
In total, we had approximately 12 hours of video data, which we transcribed using an online transcription
service. For the purpose of this paper, we segmented the transcripts into episodes of pedagogical reasoning
(Horn and Little, 2010). In this case an episode of pedagogical reasoning was initiated when the researcher
completed the opening statement about the class scenario and ended when the teacher submitted their cus-
tomized lesson plan. An example episode is available in Appendix C. These segments formed the base unit
of analysis to answer both research questions.

To answer research question one, we utilized epistemic network analysis (ENA; Csanadi et al., 2018) to
interpret how expert and novice teachers’ interpret and respond to students science and CT knowledge and
problem-solving strategies as they construct their computational models. Recent code-and-count analytic
approaches have been criticized for ignoring temporal contexts of discourse, which is particularly relevant
to the understanding of the processes teachers implement from using and understanding data visualizations
of student learning to enacting evidence-based pedagogical responses. ENA has been shown to overcome
this limitation and find temporal relationships in data (Csanadi et al., 2018). In education, ENA has been
used to analyze collaborative problem-solving (Hutchins et al., 2021b), how collaboration support science
knowledge construction (Bressler et al., 2019), and understanding students’ assessment responses (Irgens
et al., 2020). More recently, ENA has been used to evaluate the impact of alerting dashboards for teachers on
student learning through science inquiry (Dickler et al., 2021), and serves as the motivation for our analytical
approach.

To conduct this analysis, we first divided the episodes of pedagogical reasoning into smaller excerpts
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related to idea units, in which a single topic was discussed (Jacobs and Morita, 2002), in order to balance

our units of analysis. This resulted in 735 idea units. A coding scheme (described in Table 5.1) targeting

noticing and interpretations was developed by leveraging past work the analysis of responsive teaching during

video clubs (Johnson and Forsythe, 2015) and teacher dashboard usage (Chen et al., 2021) and incorporating

additional categories pertinent to our work, including teachers’ discussion of problem-solving strategies.

Table 5.1: Coding Scheme for Teacher Dashboard Evaluations

Code

Definition

Example

Curricular
(CURR)

Questions or comments focused on the teach-
ers own understanding of the ideas in the lesson
(adapted from Johnson and Forsythe, 2015)

“How much instruction do students get to
complete the first rule?”

Descriptive
(DESC)

Discussed content-based information they ob-
tained from the dashboard (adapted from Chen
etal., 2021)

“OK so 12 students completed their model
correctly.”

Interpreting
Performance
(N-PERF)

Questions or comments focused on the simulation
students’ understanding of the science, comput-
ing, engineering concepts (adapted from Johnson
and Forsythe, 2015)

“Ok, it looks like they really do not un-
derstand how to calculate total runoff when
rainfall is greater than”

Interpreting
Strategies
(N-STRAT)

Questions or comments focused on the classroom
students’ application of strategies

“It looks like this class is really struggling
with testing materials” “There are a lot of
divers!”

Integrating
Multiple,
Linked
Domains
(N-MLR)

Questions or comments focused on the sequenc-
ing of content and trajectories of student learning
(adapted from Johnson and Forsythe, 2015)

“Another benefit of testing materials is that
I can help them relate it to the science
experiments we did and it will reinforce
things to look for when they design their
playground.”

Regulative
(REG)

Reflections on the teacher’s pathways of exploring
the dashboard or strategies they used to interpret
the visualizations (adapted from Chen et al., 2021)

“So now I will look at strategies.” “I love
looking at bar graphs so I will go there
first”

Instructional
(INST)

Questions or comments focused on the resources
and pedagogical moves used to convey science,
CT, or engineering ideas (adapted from Johnson
and Forsythe, 2015)

“I’m not sure if the debugging task is in the
right place. If they are struggling with de-
bugging after the first day, it will continue
unless we intervene”

Technology
(TECH)

Thoughts on how to explore the dashboard and to
look at different visualizations, including recom-
mendations for dashboard adjustments (adapted
from Chen et al., 2021)

“When I look at these circles, I'm looking
for students that moved to more productive
strategies. It would be nice to highlight or
color those changes.”

We also developed a coding scheme to evaluate teacher discussions on evidence-based response creation.

To do so, we targeted discourse that discussed the social level (Dillenbourg, 2015) of the activity (e.g., teacher

lecture, class activity, group activity, or individual activity) and the context of the response (e.g., is the

response focused on conceptual knowledge, problem-solving behaviors, linking multiple representations,

or technology issues). The codes for evidence-based responses can be found in Table 5.2.

Researchers met to code idea units using these schemas together. Differences were discussed and refine-

ments were made to the coding scheme. The researchers then coded 20 percent of the idea units and achieved
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Table 5.2: Coding Scheme for Teacher Evidence-Based Responses

Code Definition Example
Teacher Lec- | Teacher plans to add class lecture on a | “Students are struggling with initializing
ture (LECT) topic based on data variables and so do I so I will add 5 min-

utes at the beginning of class to connect
their struggles to mine and how these ini-
tial variables are like what we did in the
conceptual model.”

Class Activity
(CLASS)

Teacher plans to add activity involving the
class as a whole

“I will have Taylor present how they com-
pleted the first rule and I will be sure to
ask questions or discuss how students can
check if the rule is correct”

Group Activ-

Teacher plans to add activity in which stu-

“I will group Divers and Strategist so that

ity (GROUP) | dents work in groups Divers can see the importance of testing
materials”

Individual Teacher schedules individual student feed- | “This student continues to struggle in sci-

Feedback back based on data ence, so I will set aside time as the class

(IND) works to help them with their science
knowledge”

Conceptual Teacher response targets domain-specific | “We will discuss the difference between to-

(CONCO) knowledge tal absorption and absorption limit”

Strategy Teacher plans activity demonstrating pro- | “At the beginning of class, we will do the

(STRAT) ductive testing strategies (e.g., to help stu- | debugging tasks together and I will demon-

dent(s) debug models)

strate the benefits of testing different val-
ues of rainfall or materials” (also, any dis-
cussion of Divers, Strategists, Trial by Fire,
or Tinkerers)

Linking Mul-
tiple Domains
(LMD)

Teacher plans activity that links multiple
domains (e.g., teacher links testing rainfall
in model to their physical science experi-
ments testing different amounts of water)

“This class is going back outside to con-
tinue testing different rainfall values, and
then implementing similar tests on the
computer!”

Instrumental
(TECH)

Teacher response targets the use of a tech-
nology tool (e.g., clicking on the design
history table, how to change materials)

“This student has not changed any materi-
als. I will demonstrate how to tomorrow”

good IRR agreement (k > 0.80). The researchers discussed differences and once they were resolved, the

main author coded the remaining idea units. These coded units were used to build the epistemic networks.

The epistemic networks (see Figure 5.6) were created using the ENA online graphical interface (epistemic-

network.org). Nodes represented the codes from Tables 5.1 and 5.2. The lines (and strength of the lines)

represent the connections between nodes and the frequency of co-occurrence. This allows us to evaluate tem-

poral patterns in discourse and we evaluate differences in epistemic networks of expert and novice teachers

during the episodes of pedagogical reasoning to answer the research question.

To answer research question two, we evaluated simulations as episodes of pedagogical reasoning (Horn

and Little, 2010). We used methods of inductive coding and constant-comparative analysis (Charmaz, 2006)

as opposed to theoretically developed codes. To our knowledge, there is very little research examining how
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Figure 5.4: A dashboard-supported responsive teaching process.

the resulting interpretations facilitate pedagogical actions. This exploratory work led us to identify catalyzing
links that teachers used to transition from their interpretations of Al-based data visualizations to evidence-
based lesson customizations. Figure 5.4 details a resulting dashboard-supported responsive teaching process.

We develop conjectures about these links and their implications on teacher responses. Team members met
to discuss episodes and the links that teachers applied in these episodes. We created analytical memos (Hatch,
2002) to help us then compare teachers’ catalyzing links. In the discussion of the links identified, we reverted
back to the literature on processes that support learning in integrated domains to refine our understanding of
the links to help us define the emerging patterns. In the context of the full picture of all pedagogical episodes,
we noticed the recurrence of similar patterns in catalyzing links (e.g., supporting learning through multiple,
linked representations) and planning period simulations, which suggested patterns exist in the relationship
between interpreted classroom needs and class performance distributions. We provide illustrative examples

of each pattern and provide a contrasting case.

5.5 Results and Discussion
5.5.1 RQI1: Teachers’ responsive teaching practices using RISE
Following the data processing of the 8 teachers there were 453 idea units generated by the expert teachers
and 278 idea units generated by the novice teachers. We argue it was partly due to the nature of the idea units.
For example, novice teachers had a greater amount of Curricular codes, a median of 12 per simulation by
the novice teachers and 3 by the expert teachers, which include questions or comments focused on teachers
understanding of the curriculum. These idea units typically involved researcher response, and, therefore, a
higher number of researcher input during the allotted 15 minute time.

Figure 5.5 illustrates the breakdown of noticing codes (labels identified in Table 5.1). As seen in the
novice teacher pie chart on the right, novice teachers spent almost half of their time discussing the curriculum
and the dashboard technology. Interestingly, both expert and novice teachers had about the same number

of idea units targeting performance and student strategy interpretations (in yellow and green in Figure 5.5).
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Novice teachers had a median of 9.5 and expert teachers 9 segments targeting the interpretation of student
performance. In addition, novice teachers demonstrated a median of 8 interpretations of student strategy
usage while expert teachers had a median of 12 (we argue the higher amount by the expert teachers is reflective
of teachers’ experience with testing strategies from prior classroom implementations). The key difference
between the groups in terms of noticing and interpreting involved interpretations of the results from the
perspective of multiple-linked representations, with novice teachers not demonstrating any such segments,
while it was the focus of 7% of expert teacher noticing. This is important as it connects to our dashboard goal
of supporting teachers in facilitating the integrated learning of science, CT, and engineering through multiple,
linked representations. While it did support expert teachers, more work needs to be done to support novice

teachers. In addition, these results impacted teachers evidence-based response codes, as illustrated by the

ENA graphs in Figure 5.6.
Expert Teacher Group Novice Teacher Group
CURR
4.5%
R DESC
4.5%
. N-PERF ST
24 6% 1.1%
REG
4.3%
N-STRAT
N-STRAT 17.7%  N-PERF
22.3% 18.8%

Figure 5.5: Expert and novice teacher noticing results.

Following the coding of the pedagogical episodes, we ran epistemic network analysis to evaluate the links
between idea units. The highest three link probabilities for the novice group of teachers were (1) class-level
activity response and strategy response (0.36), (2) class-level activity response and concept-targeting response
(0.28), and (3) individual student response and concept-targeting response (0.26). The expert group’s highest
link probabilities were (1) class-level activity response and concept-targeting response (0.38), (2) class-level
activity response and multiple-linked representations-targeting response (0.37), and (3) collaboration-level
activity response and strategy-targeting response. These results seem to indicate a link between the role
of interpreting student results on the dashboard from the perspective of multiple-linked representations and
developing responses that support students in making those links. In addition, it is interesting to note that
expert SPICE teachers were more likely to customize lesson plans to target strategy improvements using a

collaboration approach (e.g., pairing students to compare debugging processes) and novice teachers were
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more likely to rely on individual student responses when faced with conceptual issues (e.g., speaking one-on-

one to a student struggling to initialize needed variables).

Conc
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Figure 5.6: ENA Graphs

Overall, these results demonstrate that teachers reflected on the data and developed evidence-based re-
sponses at multiple social levels. In addition, both groups were able to develop pedagogical customizations
that targeted both conceptual knowledge improvements, and the development of problem-solving skills or
strategies using the dashboard. We hypothesize that data visualizations or tools to aid in data visualizations,
such as those developed by van Leeuwen to support teachers interpretation of collaborative learning results
(van Leeuwen et al., 2019), may better support novice teachers noticing and interpretation processes.

One major limitation of this analysis approach, is we are not able to see the processes that transition
teachers from noticing and interpreting to the development of those evidence-based responses identified in

these figures. We tackle that in the next section.

5.5.2 RQ2: From Interpretations of Al-based Learning Analytics to Evidence-Based Customizations
The results are discussed in two sections: we first detail the patterns catalyzing links identified through our
analysis process with example discourse and we then provide a contrasting case comparing teacher processes

as they customize a lesson plan for the same simulation.

5.5.2.1 Patterns of Catalyzing Links
Utilizing the exploratory analysis process described in Section 5.4, the team identified five key catalyzing link

patterns utilized by teachers to support the decision-making processes needed to transition from interpretation
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of Al-based analysis of students results to evidence-based lesson plan customizations. We describe each
below with illustrative examples identified by the research team.

Supporting Student Understanding Across Multiple, Linked Representations. As represented in the
ENA results, a key process undertaken by teachers is determining how to support students understanding
across multiple linked representations based on multiple performance and strategy result data. For instance,
a novice SPICE teacher noted was weighing different options for lesson customizations, including running
another physical science experiment, and said “I’m still thinking about the materials. How to get them to
transfer that original [engineering design] grid you’d set up to, you know, to that they have to have the
different values for the materials. Because it’s still more than half [that aren’t testing].And that’s why I
told you, I love to see the Data Summary. I think those avert connections between the lab experiment [in
science] and the [computational] model. We make those implicitly as adults, but I think it needs to be you
know, it it needs to be more obvious for a younger brain. Yeah. To connect the model to the real thing.” In
this example the teacher recognized that as adults, we may automatically connect the SPICE computational
modeling practices (e.g., testing the computational model with different materials) to the material experiments
conducting in the previous SPICE unit; however, more effort needs to be made to support students in deriving
those links because understanding these connections can be very useful during the playground design task.

Similarly, an expert SPICE teacher was reasoning about why they wanted to return to the multiple concep-
tual models students make during the science unit in order to help them identify patterns in the computational
model representation. The teacher said, “That’s that was my point about the multiple representations, because
they’re figuring out the patterning. But do they really know what that’s doing? Realistic. What the actual
[model is doing]. That it’s raining this much, and this much runoff is this and as much as absorbed and all
that. So that’s where you're doing something like where we’re having to literally explain. So here’s what you
coded. And here’s what it did. Why did it do that? What actually dos that mean?” In this example, the teacher
reflects back on it being necessary to specifically ask students about what a model represented or meant and
that students struggled with it. The use of multiple, linked representations here is to help students make the
connection between patterns identified in the conceptual model to the computational model and, hopefully,
support their understanding of what the computational model represents. Moreover, although not explic-
itly discussed, these multiple representations are also helping the transition from the conceptual model (e.g.,
understanding the conservation principle in science) to the construction of a computational model (which
requires additional thinking and application about specific CT concepts and practices).

As mentioned in the previous analysis section, additional work is needed to support novice teachers in
this process.

Leveraging Student Successes. A common process implemented by all instructors was to take advantage
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of the “Successes” feedback shown on the landing page of the dashboard (developed through the co-design
process). Teachers used this data as a method for (1) planning lesson plan timelines and promoting future
success and (2) motivating and engaging students that aren’t known to be computing enthusiasts or are new
to computing.

In the first example, an expert teacher described, “Well, I think in two, you probably need to reflect on the
success of the [initializing variables]. Because they did. They were successful for the majority, but I think it
would be good to reflect [on that] because that may push them to do better on this, the equal to condition.
Does that makes sense? So how would I say that? Initial reflect important reflection on initial variables as
a class could lead to success. Because if you if you focus on success, it drives success. Rather than say,
Oh, y’all did a good job, let’s go on to the next one.” In this case, the teacher was developing a timeline by
taking advantage of known successes in order to support students’ construction of other difficult computing
constructs such as conditional logic.

In another example, an expert teacher was describing how changes in data visualizations can help tar-
get students in a manner that is motivating and engaging. In this case, the teacher was reviewing the data
visualization shown on the bottom-right of Figure 5.2 of the Strategy Groups. She noticed the change in
a student from an unproductive strategy group (e.g., did not systematically test their code during the initial
code construction process) to a productive group (e.g., checking code with different values of total rainfall
and materials). The teacher commented, “I think this is just on a thing. This is the nicest thing I like about
this is here, like, this is great. I'm going to tell you why I like this. This part particularly, is that I think
you know, what I’'m trying to do as a teacher is I am trying to get, you know, kids to be more the strategist,
or even the tinkerer kind of thing and, definitely with coding, getting getting kids away from being a diver
[not testing code]. So seeing who’s doing those techniques, is really going to help me and then seeing who
changes because sometimes in the moment, I'm only picking on the kids that I know are strong and CT, to
show examples. And I think that can be a bit demoralizing for other students. So like as this goes on, let’s
say Kendall, all of a sudden jumps into strategists or something like that, that’s like a great thing. But if I'm
able to see like, someone made the jump from here to here, or here to here, I can then highlight them and
hopefully give them a you know, some nice positive praise, reinforcement kind of thing that I think would be
really helpful.” In this example, the teacher demonstrated the benefits of how the analysis groups students
based on strategy and how we can track student group changes over time. The teacher reflected on their own
practice, noting they recognized the inefficiencies of calling on students known to be proficient in computing
and how Al-based tools can help teachers identify students they may not have thought of. We will see more
detail of this process in the case example below.

Representing, Addressing, and Leveraging Productive Failure in Problem-Based Learning. A pro-
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cess implemented by only 3 of the 8 teachers centered on understanding, addressing, and utilizing productive
failure during PBL, and in particular, computational modeling. A novice teacher described, “The other thing
that I look at a lot is normalizing mistakes. And so if  would, it becomes tricky. And it really you have to nor-
malize it from the first day. We all make mistakes, but mistakes can help us get better at it and have someone
share a mistake related to the materials where everybody looks at it together to figure out” In this example,
the teacher recognized that the testing of different materials during computational modeling was a common
problem and reasoned about how to use the issue as a productive tool for building the problem-solving skill.

This teacher, using previous experience and pedagogical content knowledge, then discussed a possible
approach for targeting productive failure: “One of the things I would be I would be doing in response to
that is, the way I do it in my class, is it is becoming really standard and is called notice and wonder, where
[students] look at something like you could have them look at that. What do you notice? And what do you
wonder, and then everybody talks about it. And so you could, it’s a way to frame either that debugging piece
or where a student is successfully tested a new material. But it takes away some of the fear of being wrong.
Because what something you notice, how can that be wrong? And what do you wonder? You know, it’s a
really nice framework for jump starting a conversation or getting kids to start to dig into something I want
to focus on.” Taking initially negative students results, the teacher utilized a process in which they reasoned
about productive failure and what it looks like in this curriculum, leveraged pedagogical content knowledge
and prior experience, and created a potential lesson adjustment to target the identified issue.

Weighing Responses at Multiple Social Levels. A common process implemented by all teachers was
the determination of the optimal pedagogical response amongst options targeting different social levels (e.g.,
teacher lecture, class activity, smaller group activity, or individual support). One teacher approached it from
the perspective of a medical doctor triaging: “When you look at the dashboard, and you see those bigger
amounts of needs, that’s when you have to go triage time, and you got to think about okay, I'm gonna have
to do something much different here. Because I've got a lot of misconception. Yeah, that’s where a bigger
action will occur” Understanding the impact of lesson plan customizations and the intrinsic and extrinsic
constraints of the classroom (c.f., Dillenbourg, 2015), weighing potential activities at different social levels
becomes a very complex task.

One common issue is determining how much time to spend with groups or individuals based on concep-
tual and behavioral needs. One teacher described, “Yeah, and because every day that you get deeper into
an investigation, there’s a bigger leg between the top of the group and the bottom of the group. Yes. And
I don’t want my top end, twiddling their thumbs waiting for the bottom end to catch up. They need to keep
keep going.” This teacher described the need to potentially have additional curriculum resources for advanced

students to ensure they were engaged. In a similar situation, to be described further below, a teacher elected

117



to have students that finished their models return to the conceptual model written responses and improve what
they had written previously.

Integrating Real-World Contexts. Problem-based learning immerses students in understanding, solv-
ing, and communication solutions to real-world problems (Hmelo-Silver, 2004). This curricular context was
shown to provide a unique opportunity to support the transition from understanding students results to imple-
menting lesson plan customizations. However, it was only implemented by 3 teachers.

In one example, the teacher went back to the overall context of the engineering design problem, that
students would become a project manager in which they complete engineering designs for a playground that

meets specific stakeholder constraints.

“And I always worry about those students in the classroom who are done. Okay, now, what do
you do that you're done? I would be assigning them to work with someone who, who needed
more support, and say, this person, okay, now, Reese is going to be an expert. You can consult
an expert with your work and bring in a consultant. And you can ask them three questions...you
got to explain. But I would, you know, I would put a constraint on it. But I think that’s why this
could be really valuable to know that they’re completed. So that you can say, okay, this group is
going to be consultants, but kind of put a constraint on it. Like, you can only ask a consultant
a question, they can’t just tell you stuff. Yeah. And it can’t be a question like, how do I write
the code? Because the whole framing of the problem is, you are a project manager and you're
designing a playground. So you need like, you're gonna work with this team. And you're, you
know, it’s okay that you're a consultant. You are a part of the team that knows the computing
really well or that’s what do you call somebody like that in the company? Is that an IT? Like I

think that it’s manager or I think the designation for somebody that works in the company there.”

This teacher identified an opportunity to connect the real-world context of the curriculum’s problem to
create a lesson customizations that supported collaborative work and allowed for students that completed
to reinforce their knowledge by assisting other students. Moreover, by implementing a group activity, the
teacher could observe the types of questions created by students as well as consultants’ responses. The
teacher said they would “become a spy” and help “if they got stuck,” but would not provide direct support

too often to ensure the student-centered learning design.

5.5.2.2 Contrasting Cases
The identified patterns in our exploratory analysis provide an initial framing to understand how teachers may

transition from their data interpretations to evidence-based pedagogical responses. In this section, we explore
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these transition in more depth through a comparison of two episodes of pedagogical reasoning by an expert
and a novice teacher. Both cases involve an evaluation of a class that was low performing on the pretest in
science, but high performing on the computing pretest.

Expert SPICE Teacher. This first example involves an expert SPICE teacher. After the researcher

provided the Simulation Scenario, the teacher began their think aloud process:

TEACHER: I always like looking at graphs first, that’s just I love graphs, I'm gonna go to that.
TEACHER: So they had this same problem with initializing their variables. They did better at
equal to, and then less than and greater than so not too bad. And this is probably reflecting that
like, they were numeric.

TEACHER: Okay, great. So with this? How am I maybe hold on a minute, let me look at this to
see if there isn’t see if there’s an answer to this. Right, so they didn’t test different materials.
*Teacher asks technical question about the availability of data*

TEACHER: So yeah. So knowing I guess, knowing that, I would say because they did just on
this because they did not so great a job here but they did a better job here. So they are getting
some of this computing stuff. Better. So I would say add in. Quick physical demo. Why? demo
showing difference between absorption Have sorption for sponge, and like paper, something like

that. So they can just understand why they need to do that. So let me put in that

In this first segment, the teacher linked students’ prior performance in science with issues concerning the
initialization of science variables in the computational model. The teacher then checked student behaviors
to identify if any other data was available to explain this issue. They then clicked to add a Reflection (a
technical issue arose) and the teacher then added a reflection noting they would need to conduct another
science demonstration to show the difference between the absorption of different materials to help students
understand why they would need the science variables in their computer models. As such, the teacher utilized
the process of Supporting Student Understanding Across Multiple, Linked Representations to determine
a possible evidence-based response. So far, the teacher has only viewed bar graphs illustrating the number
of students who got initial variables and the conditions correct and how many students tested more than 2

materials. The teacher continues.

TEACHER: Let me look at behaviors. So yeah, so this is like, I think that I'm going to add in
this there. So this is a put this opportunity need to see more physical examples to see importance
of material. So I think that’s really important. Because they did a better job here.

TEACHER: And yeah, we’ve got a lot of divers. So we need to we need to fix we need to, we

need to fix that again. And I'm going to add that add into class.
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TEACHER: Let’s see, let’s do Palmer, their circle. Does that do the circles within the circles
that circle like that Palmer has a bigger circle than justice. Does that mean like Palmer? Did it
better than Justice? Because that’s how I read that.

RESEARCHER:...[researcher describing what arrow sizes mean]

TEACHER: okay. So they’re gonna, they’re gonna show and talk through their code. I think this
is just on a thing. This is the nicest thing I like about this is here, like, this is great. Like, this is
really, I like I'm going to tell you why I like this. This part particularly, is that I think you know,
what I'm trying to do as a teacher is I am trying to get, you know, kids to more the strategist, or
even the tinkerer kind of thing and getting definitely with coding, getting getting kids away from
being a diver. So seeing who’s doing those techniques, is really going to help me and then seeing
who changes because sometimes in the moment, I'm only picking on the kids that I know are
strong and CT, to show examples. And I think that can be a bit demoralizing for other students.
So like as this goes on, let’s say Kendall, all of a sudden jumps into strategists or something like
that, that’s like a great thing. But if I'm able to see like, someone made the jump from here to
here, or here to here, I can then highlight them and hopefully give them a you know, some nice
positive praise, reinforcement kind of thing that I think would be really helpful. So I'm really I'm

digging this right here.

In this segment, the teacher further acknowledged the need to understand why testing different materials,
now from the perspective that there are a lot of students that did not test their computational models (e.g.,
they were categorized as divers). As such, the teacher connects science practices and computational practices.
In addition to conducting the science activity, the teacher elects to do a class presentation in which they will
select a student to demonstrate their code and their testing practices. Using the Leveraging Student Successes
approach, the teacher selects a student based on the strategy group visualization and the students change to a
more productive strategy group in order to promote the students’ good work and improvement. The teacher

concludes with their customized lesson plan:

TEACHER: All right. And then so we still have the initializing variables, and the two thirds are
drivers or drivers or trial by fire. Okay, so I think let me go to reflect. Yeah, so I think having that
physical example is really important for this class. And then maybe Palmer you know, maybe
I bring in Palmer towards the end of class instead, for this group, and it because maybe the

physical demo will help more. And then I can add Palmer in to wrap up.

To address a conceptual issue regarding initializing variables and poor strategy preformances by the class,

this teacher used the processes of Supporting Student Understanding Across Multiple, Linked Representa-
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tions and Leveraging Student Successes to determine and finalize an evidence-based lesson plan customiza-
tion.

Novice SPICE Teacher. In this case, a novice SPICE teacher is presented with the same class simulation.
In this case, the teacher utilizes process of Weighing Responses at Multiple Social Levels. and Integrating
Real-World Contexts to create an evidence-based customized lesson plan for the class.

The episode begins with the teacher identifying a class issue:

TEACHER: Would it help to have samples of those materials on display in the classroom? Are
they already doing that?

RESEARCHER:[researcher stating materials are available]

TEACHER: I mean, it looks to me, like that’s the biggest need for the next day is to address the
materials portion.

TEACHER: And I like that this makes it clear. You know, you have a majority of students who
are okay with that they re still you know.

RESEARCHER:... [researcher agreement]

The teacher first begins with a curriculum question about the availability of physical materials (related to
the results from our ENA analysis, above, regarding novice teachers’ curriculum codes). The teacher then
identifies that testing materials is a problem and the ease of the visualization in identifying that. The teacher

continues:

TEACHER: And I always worry about those students in the classroom who are done. Okay, now,
what do you do that you’re done?

TEACHER: I would be assigning them to work with someone who, who needed more support,
and say, this, this person, okay, now, Reese is going to be an expert. You can consult an expert
with your, your work and bring in a consultant. And you can ask them three questions.
RESEARCHER:... [researcher agreement]

TEACHER: You got to explain. But I would, you know, I would put a constraint on it. But I think
that’s a challenge, that’s why this could be really valuable to know that they’re completed.
TEACHER: So that you can say, okay, the group that are going to be consultants, but kind of
put a constraint on it Like, you can only ask a consultant a question, they can’t just tell you stuff.
Yeah. And it can’t be a question like, how do I write the code? Yeah.

RESEARCHER:... [researcher agreement]

In this segment, the teacher applies Weighing Responses at Multiple Social Levels to reason about a

potential lesson plan customization. The teacher also utilizes pedagogical content knowledge (the consultant
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activity was described by the teacher in prior discussions during SPICE training) to determine a productive

response. In discussing the idea further, the teacher said:

TEACHER: And this I think, I like also, because you can see who needs the most support. Yeah,
you know, that they’re kind of stalled.

RESEARCHER:... [researcher agreement]

TEACHER: [ like looking at the written feedback that you’re pinpointing, you know, where there
are opportunities, but that can also help you target the consultant. Yeah. I like that.

TEACHER: ...Because the whole framing of the problem is, you are a project manager and
you're designing a playground. So you need like, you’re gonna work with this team. And you're,
you know, it’s okay that you’re a consultant. You are a part of the team that knows the computing
really well.

RESEARCHER:.... [researcher tech issue]

In this segment, the teacher describes the opportunity presented by this pedagogical approach - being
able to listen in on what consultants and project managers (the finished and in-progress students) are saying
during this paired activity to identify students that may need additional support. The teacher reasons about

the choice of lesson activity by Integrating Real-World Contexts. The teacher concludes:

TEACHER: Yeah. Yeah, I think this is kind of invaluable. Alright, so the lesson plan is [coming
together] I think the lesson plan for this is more, we’ll have the consultants and the students that
need work will create the three questions. And yeah, to have more complete the testing behavior.
Make sure everyone has like I also call them experts. calling you an expert. I do let them [talk
to me] if they’re stuck, I do become a spy. But you still remember, don’t do that often there. You

know.

The teacher reiterates the reasoning behind the choice of activity. In addition, they acknowledge the
underlying, student-centered design of the curriculum by noting that they will intervene when necessary, but
limit that approach.

This contrasting case demonstrates key catalyzing links implemented by an expert and an novice teacher
and highlights differences in each approach. For this simulation, the expert teacher utilized the catalyzing
links of Supporting Student Understanding Across Multiple, Linked Representations and Leveraging Stu-
dent Successes to determine their lesson plan customizations, while the novice teacher utilized Weighing
Responses at Multiple Social Levels and Integrating Real-World Contexts in their lesson plan customiza-

tion. Similar to the ENA results, the expert teacher recognized the importance of a strong science knowledge
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on the translation of science into computational form and how group discussions on the underlying science
phenomenon in the context of the computational modeling unit may help students link those two represen-
tations. In addition, to promote class discussion while also motivating students that may not have prior CT
knowledge (but show growth), the teacher leveraged a student success after reflecting on how they typically
call on experience CT students for class demonstrations.

While the novice teacher did not identify the integrated learning issues, this teacher did incorporate ac-
tivities to promote student communication about their developing science and CT knowledge. In this case,
the teacher selected students who would become consultants for the class, allowing other students an op-
portunity to ask the consultants three questions. The activity, inspired by real-world project management
processes, would also allow the teacher to “spy” on student discourse. We hypothesize that this may allow
the teacher to better understand what student difficulties may be (potentially including translating science

into computational form).

5.6 Conclusions and Future Implications

This research presents a novel exploration into the processes teachers take to notice and interpret learning
analytics from a co-designed dashboard and then reason and enact evidence-based pedagogical adjustments
through lesson plan customizations. In particular, this research illuminates differences between expert and
novice teachers’ dashboard-supported responsive teaching practices as they prepare to teach a problem-based
learning curriculum. In addition, this exploratory work provides a preliminary framework for identifying and
evaluating catalyzing links teachers implement to decide and create evidence-based pedagogical adjustments
based on Al-based analyses of student learning and problem solving.

Despite efforts to promote data-informed decision making in the classroom, there is scarce research ex-
amining how teachers utilize instructor-support technology such as teacher dashboards (Farrell and Marsh,
2016). This is exacerbated in the context of problem-based learning designs, as teachers must not only un-
derstand complex data analyses of students’ problem-solving behaviors, they must leverage that information
to design evidence-based pedagogical adjustments that enact a student-centered approach to learning. Evalu-
ating teachers evaluation processes not only contributes to our understanding of how data promotes changes

in instruction (Farrell and Marsh, 2016), but it can:

* support the development of tools to aid in teachers’ noticing by interpreting the complex learning
analytics (e.g., van Leeuwen, 2015) that target their background and experience (such as supporting
novice teachers understanding and confidence in the curriculum and the impact of student results on

students’ learning trajectories, as seen in our work),
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* improve resources to support evidence-based responses (e.g., teachers anecdotally recommended a list
of expert teachers customizations based on similar class results as those in the simulations to support

response decision making in the future),

* improve teacher training on responsive teaching for PBL (e.g., in the future after novice teachers have
completed their simulations, they could be presented with examples of what expert teachers did in the

same situation and reflect on the options), and

 improve visualization of feedback based on teachers’ pedagogical needs (e.g., supporting teacher and

coach sensemaking using data visualizations Campos et al., 2021).

In our work, although novice teachers utilized greater time on better understanding the curriculum (as
expected due to lack of classroom implementation), all teachers (1) implemented responses that targeted
student-centered learning design, (2) interpreted and evaluated student problem-solving strategies and in-
tegrated that interpretation into classroom responses, and (3) created group activities to support students
communication about their developing problem-solving skills and knowledge. We believe this demonstrates
the effectiveness of our dashboard in supporting both expert and novice teachers plan for the integration of
a problem-based learning curriculum. We believe future work should explore the use of simulations such as
these to increase teacher experience and comfort in dashboards that target not only performance, but students
behaviors and problem-solving strategies as they complete such a complex curriculum.

We recognize limitations in our work. On the one hand, the low participation number for this study
resulted in analyses focused on depth instead of breadth. Future work should increase the participant cohort
to validate if these results hold and to better ensure that teacher preparation is inclusive and supports equity
in future problem-based learning applications. In addition, in terms of the selection of classes for each
simulation, we recognize a limitation in the use of a high- vs low-performing dichotomy in the selection of
classes as that approach may not fully represent the nuances learning and problem solving behaviors from a
classroom context. Future work in selecting data for simulations (and co-design) can look into more nuanced
approaches to evaluating classes, groups within classes, and individual students. Finally, we aim to complete
a full, iterative dashboard cycle in which the participating teachers will implement SPICE (supported by the
accompanying RISE dashboard) in their classrooms, and then researcher-teacher partners will reflect on their

simulation and classroom experiences.
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CHAPTER 6

Discussion, Conclusions, and Future Directions

The empowerment and support of teachers as drivers of problem-based STEM learning and knowledge con-
struction by computational modeling and problem solving among their students using advanced learning
environments, while assuring learning objectives and standards are met, is essential for seamless integra-
tion of technology into classrooms, and for advancing instruction and assessment practices. This process
is especially important as national and state standards now emphasize the need to integrate computing and
engineering into K-12 classrooms. To facilitate successful empowerment, teachers need to be involved in the

design and development of education technologies.

6.1 Contributions

This research includes one of the first instances of a co-designed teacher dashboard to support and prepare
teachers for responsive teaching during technology-enhanced, problem-based learning in middle school sci-
ence. The analyses leverage a novel system of assessments approach to understanding student learning and
problem-solving behaviors in a student-centered, middle school STEM curriculum that combines the learning
of science and engineering using a computational thinking framework. Using new prototyping techniques,
teachers supported design improvements that targeted their preferences, needs, and concerns and improved
our understanding of what constitutes actionable insight for PBL facilitation. Using this dashboard, expe-
rienced and inexperienced teachers enacted planning periods by reviewing automated feedback from past
SPICE implementations to notice, interpret, and respond to students learning and problem solving, while
also preparing teachers for such a classroom implementation. As part of this dissertation research, we have

developed:

* STEM Learning Environment: providing an integrated approach and learning environment for science

and engineering curriculum using computational thinking (CT),

» Assessments: improving, aligning, and evaluating integrated assessments using evidence-centered de-
sign that cover science, CT, and engineering concepts and practices over the course of the PBL curricu-

lum,

* Learning Analytics: using artificial intelligence (AI) and machine learning (ML) methods to infer, from
the assessments, student learning performance and behaviors, and the difficulties they face, taking into

account teacher needs and requirements,

125



* Co-Design Methods: adapting established participatory design approaches, we have developed new
kinds of prototyping methods to elicit and leverage teacher feedback for the co-construction of action-

able insight for PBL curriculum facilitation,

* Teacher Dashboard: using this co-design approach we developed a teacher dashboard (RISE) to help
middle school teachers with their noticing and response of student learning and problem-solving pro-

cesses during STEM,

* Evaluation Metrics: using a mixed-method case study approach to systematically evaluate teachers’
noticing and response to students learning and problem-solving processes during an integrated, middle

school STEM curriculum, and

* Responsive Teaching Preparation: leveraging the dashboard as a resource for classroom data, we iden-
tified a novel method for evaluating and preparing teachers for noticing and response during computa-

tional modeling in science.

6.1.1 Understanding Student Learning and Problem Solving in Science, Computing, and Engineering
In the first manuscript, this dissertation presented a principled, design and implementation approach for the
assessment of student learning and problem solving during a problem-based, technology-enhanced STEM
curriculum. Using a system of assessments, we tracked students science, computing, and engineering learn-
ing over the course of the curriculum. In addition, leveraging student interaction data with the learning
environment we are able to evaluate the impact of student problem-solving behaviors on learning in each
domain.

Contributions of this work include:

e An NGSS-aligned curriculum integrating science, CT, and engineering,

* A system of assessments that support the tracking of science, CT, and engineering learning over the

course of the intervention,

¢ Insight into the role of CT, from unplugged tasks to applications of important CT behaviors (e.g.,
debugging, testing, see Grover et al. (2016); Hutchins et al. (2021b); Ehsan et al. (2020)), on learning

in science and engineering, and

» Applications of Al-based analytics to identify more nuanced problem-solving processes implemented

during computing and engineering to support learning in the integrated domains.
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These findings inspired low-fidelity prototypes of data visualizations on student learning and behaviors
for the teacher co-design work. In addition, the identification of productive learning and problem-solving
strategies on science, CT, and engineering learning, including the importance of learning through multiple,
linked representations and systematic testing strategies with multiple variables (e.g., different rainfall and

material values) motivated our approach and discussions with teachers on how to best target such practices.

6.1.2 Co-design Methods for Meaningful K-12 Teacher Contributions

The second manuscript detailed our novel co-design approaches supporting the creation of the Responsive
Instruction for STEM Education (RISE) dashboard. Co-designing teacher-support technologies for the im-
plementation of technology-enhanced, problem-based learning presents unique challenges, including how to
represent complex learning analytics on open-ended, problem-solving strategies and knowledge construction
across multiple domains in a way that is interpretable and actionable by the classroom teacher. This research
adapted established co-design techniques for the purpose of eliciting meaningful feedback from experienced
and inexperienced teachers for the development of a teacher dashboard to support PBL implementations in
middle school science classroom. Findings and methods developed can also be applied to the development of
teacher-support technology in other domains, at other grade-levels, and for different populations of teachers
and students.

This work resulted in a number of key contributions. We detailed co-design techniques at multiple stages
in the design process that (1) supported experienced and inexperienced teacher feedback, (2) elicited insight
into the needs, values, concerns, and preferences of these teachers regarding what they need and how they
may support students as they complete a technology-enhanced, problem-based learning curriculum, and (2)
engaged researcher-teacher partners in reflection, discussion, and negotiations for how to facilitate PBL across
multiple, linked representations. We provided key teacher insight themes regarding their dashboard needs to
support teacher facilitation of PBL which can be leveraged by other designers and developers targeting this
objective. In addition, we describe co-design recommendation based on our experience that support the

systematic co-design of dashboards for PBL, including:

* Regularly link student results across multiple, linked domains,

* Immerse teachers, especially novice teachers, in the student experience prior to co-design to promote

rich insight into visualizing student problem-solving processes, and
» Regularly reflect on instructional strategies at different social levels.

Finally, our research identified rich research agendas for evaluating teacher-Al teams for more com-

plete, timely support of students during PBL, for using instructor-support technology to help teachers support
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students’ emotional needs, and for co-designing explainable-Al that supports teacher understanding of the

algorithms used and trust in the technology.

6.1.3 Teacher Support and Preparation for the Integration of Problem-Based, STEM Curricula
The third manuscript introduced a new classroom simulation method to better support our understanding of
how teachers of different experiences use dashboards to support evidence-based pedagogical responses. Lim-
ited research has examined teacher dashboard usage (Campos et al., 2021), especially the pedagogical actions
K-12 teachers take as a result of using instructor-support technology, such as dashboards (Wiley et al., 2020).
To target this, this research presented Planning Period Simulations in which teachers leverage the RISE dash-
board, equipped with class data and visualizations from prior SPICE implementations, to notice, interpret,
and develop evidence-based lesson plan customizations based on class, group, and student performance.

This research extended the literature on teacher dashboard usage by contributing to a deeper understand-
ing of how teachers use dashboard visualizations to conduct responsive teaching in PBL, including the eval-
uation processes implemented to create lesson plans that target the linkages between science, CT, and engi-
neering (an insight found to be effective in promoting integrated student learning in the first manuscript). In
addition, this research identified common processes, deemed catalyzing links, implemented by teachers to
transition from their interpretation of learning analytics and data visualizations to evidence-based responses.

Finally, the Planning Period Simulations provided a novel way to prepare teachers for and to evaluate
teachers noticing and response during technology-enhanced, PBL curricula such as computational modeling.
This is particularly important as student ideation and problem-solving processes are implemented through
interactions with the technology and are difficult to view and interpret. Moreover, the RISE dashboard was
equipped with reflection and response tools that aided teachers during their reflections of class performance
to more systematically transition from their performance interpretations to evidence-based pedagogical re-
sponses.

Evaluating teachers’ evaluation processes not only contributes to our understanding of how data promotes

changes in instruction (Farrell and Marsh, 2016), but it can:

* support the development of tools to aid in teachers’ noticing and interpretation of students’ problem-

based learning in STEM,
* improve resources to support evidence-based pedagogical responses, and
 improve visualizations of feedback on students problem-based learning in STEM.

Moreover, this paper demonstrates the effectiveness of the RISE dashboard in supporting both experienced

and inexperienced teachers as they plan for PBL implementations.
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6.2 Limitations and Future Work
Limitations of the present work focus on the population sizes of the studies. In terms of the classroom
implementation (n=99), we seek to increase our application of the SPICE curriculum to larger, more diverse
populations of students to determine if our findings hold and to evaluate additional considerations we must
make to ensure the social-relevance of and engagement in our curriculum. For the co-design methodologies,
the relatively small (n=9) cohort focused our analysis on depth over breadth. We aim to conduct more
extensive studies of teacher noticing using our technology to continue improving and adapting to the needs
of diverse groups of teachers. These limitations are in addition to those described in each manuscript.

Finally, due to COVID we did not have opportunity to compete full cycle of design, development, and
classroom implementation (see LATUX, Martinez-Maldonado et al., 2016). While we were able to get initial
pilot data in terms of the Planning Period Simulations, we will conduct classroom studies with the dashboard
to evaluate its impact and continue improving.

This dissertation also creates opportunities for future research in at least four directions: (1) online teacher
support to engage teachers in student learning and problem solving, (2) developing teaching assistant agents,
(3) improving teacher training for the integration of computing and engineering in K-12 science, and (4)

addressing bias and promoting equity in the design and application of classroom support technologies.

6.2.1 Online Teacher Support to Engage Teachers in Student Learning and Problem-solving

The RISE dashboard demonstrates an effective implementation for visualizing learning analytics to support
teachers’ evidence-based lesson plan customizations, but more work needs to be done to move this work
online. First, we plan to conduct classroom implementations with RISE to more deeply explore teachers’
responsive PBL teaching strategies as they occur in classrooms. In the future, this may also require additional
software design and development. For example, although the majority of teachers requested class reports, all
teachers also recommended the use of alerts (e.g., on a phone or iPad) to inform them about student successes
and opportunities during PBL in-the-moment.

A significant portion of our work, and common to STEM classrooms, involves student written responses
to prompts to explain their developing scientific ideas. Initial work is underway, including innovations such
as the Teacher Action Planner that provides insight into students developing ideas as they complete web-
based inquiry tasks (Gerard et al., 2020). In our work, we have made advancements in the evaluation of
students’ causal reasoning as they complete science formative assessments in our SPICE curriculum (Cochran
et al., 2022). These approaches, including the on-demand delivery of results to teachers, can support more

meaningful, timely engagement in students’ developing ideas and problem-solving processes.
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6.2.2 Teaching Assistant Agents

An interesting feedback resulting from the codesign sessions (Manuscript Two) was the request for the learn-
ing environment to provide some in-the-moment feedback to students. Teachers recognized that Al can more
easily provide specific types of in-the-moment needs (e.g., off-task alerts, concept knowledge recommen-
dations), especially when those feedback tasks may be time-consuming for the teacher to implement in the
context of a busy, PBL classroom.

As such, future research could explore the creation of teacher-Al teams to support problem-based learning
in STEM. The concept of teacher-Al teams has been explored to support teachers in the integration of Intelli-
gant Tutoring Systems (e.g., Holstein et al., 2019); however, PBL approaches are prone to unique challenges
in the context of open-ended, problem solving. For example considerations must be made for (1) supporting
teacher agency (a key need identified in Manuscript Two) in deciding what situations can or should be sup-
ported by the Al, (2) ensuring the Al facilitates the student-centered nature of the learning that is occuring
and preventing “lethal mutations” (Brown and Campione, 1996) in the intended design, (3) building teacher
trust and confidence in the Al-agent, and (4) promoting equity and eliminating bias in the application of this

new Al tool.

6.2.3 Improving Teacher Training for the Integration of Computing and Engineering in K-12 Science
The Planning Period Simulations offered a unique opportunity for inexperienced teachers to engage with the
PBL curriculum and explore how students learn and problem solve in SPICE. However, more work can be
done to support PBL teacher training and professional development. For RISE, we plan to implement more
studies using these simulations to further explore responsive teaching practices and ways to improve our
teacher-feedback tool. This work will also allow us to develop a database of evidence-based response ideas
that inexperienced teachers can leverage to help them in preparing for and implementing this PBL curriculum
in their classrooms. For instance, this may involve providing new SPICE teachers with example expert teacher
responses following each simulation as a tool to increase reflection and knowledge of the SPICE curriculum,
and, in particular, the importance of the multiple, linked representations.

Recent work has leveraged video clubs as tools for teacher professional development, particularly for
responsive teaching in STEM (e.g., Johnson and Forsythe, 2015). While the Planning Period Simulations
provided a novel approach for training and for evaluating how and what teachers notice from RISE, in that
the multiple sources of data were specifically co-designed to support key performance and strategy data
teachers would be interested in or would leverage in their lesson plan decision making, video club research
can be leveraged to improve our approach. For instance, while the data visualizations served as the boundary

object supporting discussions between teacher and researcher (as opposed to classroom video), we aim to
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extend this work by:

 conducting simulations with pairs or groups of teachers so they can leverage each others’ prior domain

and pedagogical content knowledge to discuss and reflect on student, group, and class results, and

¢ collecting classroom video data in which teachers leverage RISE to have an additional resource for

how example responses are enacted in a real classroom context and to promote further discussions.

We hypothesize that these approaches will enhance teacher training for (1) problem-based learning ap-
proaches that leverage technology-enhanced learning environments, especially computational modeling and
engineering design in science and (2) supporting teachers with the complex task of integrating science, com-

puting and/or engineering in their K-12 science classrooms.

6.2.4 Addressing Bias and Promoting Equity in the Design and Application of Classroom Support
Technologies

Future work must further our understanding of how we can address bias and promote equity in the application

of Al-backed technologies in education. Although not directly targeted in this dissertation, these issues are

particularly concerning as we need to create educational technology and opportunities for all students, as

well as support teachers as they engage their students in these complex curricular approaches. Research

could target:

1. how might we address bias in the feedback presented to teachers and/or the interpretation of that feed-

back in the wild?,

2. how can we explicitly think about developing dashboards that promote equity in their applications?,

3. what do increased data needs mean in terms of surveillance in the classroom?, and, further,

4. what dangers exist from the tools we provide if they are misused?

Further work on the development of design principles is needed to help us better address or be prepared for
this issues.

For example, in the first manuscript, path analysis was used to evaluate student learning across multiple,
linked representations and clustering analysis was used to group students and evaluate the impact of problem-
solving processes on learning in each domain. However, during these processes, outliers (students) were
removed for the purpose of the analysis. In the context of providing evidence-based feedback, this may
impact the type of and whether such students receive feedback. Future work may look into such impacts and

how they may be addressed.

131



In recent work, researchers identified that Al-based personalization impacted users’ conceptualization of
self, including how these algorithms inform users’ understanding of their identities and their relationship to
others (Lee et al., 2022). With the increased introduction of Al-backed technology in the classroom, there is a
potential that the characterization of students and the accompanying personalization of feedback may impact
students’ conceptualization of their student self - from their identities as learners, their relationship with the
complex STEM domains, and how they see themselves as compared to their classmates. Future work should
examine these impacts to better support students (and their teachers) to meaningfully engage all students in

learning and problem solving that prepares them for an enriched future.
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Appendix B

Completed Studies

Location Student Population Domain n

Tennessee High performing high school student program at Vanderbilt, elective participation PHY 13
Tennessee Elective participation during computer science camp held at ISIS PHY 10
Tennessee Higher performing school; 30% minority students (higher than state average), honors physics class PHY 90
Tennessee High performing high school student program at Vanderbilt, collaboration study PHY 26
California 75% students from low income families, 75percent underrepresented minorities PHY 40
Tennessee Minority population is 86%, lower proficiency in Math and Reading than state average PHY 90
Illinois High performing middle school PHY & MB 40
California 70% students from low income families, 80Opercent underrepresented minorities PHY 480
Massachusetts ~ Linguistically and economically diverse public charter high school PHY 50
Illinois High performing middle school PHY & MB 40
Tennessee 60% minority population MB 120
Tennessee 50% minority, performs at about state average GEN 110
Tennessee High performing middle school ES 99
Tennessee High performing high school student program at Vanderbilt, collaboration study PHY 26
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Appendix C

Example Teacher Simulation Discourse

Person ‘ Quote

Teacher Okay. So I'm gonna look at graphs because I like looking at graphs and I'm going to talk
while I do this.

Teacher Yes, please. Because then it will help me if [ have questions.

Teacher All right. Um, so correct. Incorrect. So they’re not so great at remembering to initiate
variables which is good because I they free I always forget that too.

Teacher Equal to. Less Than. Interesting.

Teacher Less than Oh, so that means like this. They didn’t get to it like if there’s only Yes, okay, great.

Teacher So a lot of them just got stuck probably because they didn’t initiate it.

Teacher And then most of it got equal to so love that.

Teacher That’s interesting these concepts, success opportunity. pedological change curriculum edi-
tion.

Teacher Um, so what’s the difference between opportunity and pedological change and curriculum
addition.

Researcher | So for curriculum addition those are new material to develop in the future. So hey, we need
to change that next time we implement

Teacher I understand, like a big change.

Researcher | Yeah. If you already know exactly what you’d want for a pedagogical change for next time,
then I'd say pedagogical change.

Teacher Right, I would say start class with review of initial variables. And I would pick students. I’ll
just do this. At the end, I’1l just say pick students to lead slash drive.

Teacher Okay, so I'll submit that.

Researcher | And then just close that open just in case you wanted another, like teachers want another
answer.

Teacher And I say opportunity. Don’t review equal to yet. See how goes next day.

Teacher Okay. And then behaviors. So who tried different values for the rainfall? No. total rainfall?
Yes. So materials [needs work].

Teacher So we need to say briefly tell them to test or briefly remind them to test different variables.

Teacher And then students based on strategy.

Teacher So diver, that’s the Tinker, Trial by Fire strategists. Okay.

Teacher So then I would say here I would just say have Blake and picking Blake’s. I have a student
named Blake who I love. He’s like my favorite person this year. Have Blake show and talk
through his code I don’t know if it was his her code there. Because there are more kids who
don’t have genders now, which is great. Their code submit as an example, to help the divers.

Teacher Now, these are notes. Oh.

Researcher | So this is all of the feedback that’s automatically generated. So I have the success and oppor-
tunity from this group.

Teacher Okay, great. Great.

Teacher So I’'m definitely not looking at that after after this first day.

Teacher Okay. And then success is so great.

Teacher And I've already like, called out Blake to present. And I already talked about that, great

Teacher And [students that] contain errors in their models go to trial by fire.

Teacher Okay, so I think I’ve addressed those two, by looking at the graphs.

Teacher Okay. So then I’'m going over to my strategies.

Teacher Oh, my God, look at this. It’s so wavy.

Continued on next page.
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Person Quote

Teacher Yeah, there’s a lot and then equal to I understand.

Researcher | Yeah. And I it’s just they didn’t really get to a yet.

Teacher Okay, great. Okay. All right. Awesome. And then I’m just gonna click on this just for love.
There’s a lot here, sorry.

Researcher | I'm gonna try and dive deeper. And I tried color coding it to make it less, yeah.

Teacher I’'m not reading this yet. And I'm just nope, my brain says just great. Because I think this is
great. You can put it as a side note, I am really tired. So you are getting me on like the peak
of like, I have very little motivation to do anything. Kind of

Researcher | Ilove it. Yeah.

Teacher I would be like this is this is I don’t need all this information. This is information.

Teacher But here, okay, so didn’t equal to see how it goes next day, right?

Teacher And then start class with the initial review of variables pick students to lead drive.

Teacher So I would say then remind them to test different variables. So start with Blake.

Researcher | Oh, wait. Okay.

Teacher Oh, that in respond. Like, should I like?

Researcher | Do you have any, like ordering here? What’s most important of your?

Teacher Yeah, I do like I would want so in my head, I was gonna, like, put a new reflection of like,
make a plan Because I see that I would have like, Blake, kind of start by reviewing their
code, right? And then I would say like, Hey, as Blake is reviewing their code, make sure
you interject to, to review the initial variables, like make sure like you’re enforcing that point
in and out. And then as Blake is talking, like, I'm like, assuming Blake did test different
variables to like, call that out as well. So I was gonna make like little interjection notes for
myself.

Researcher | So what we’ll do is at the bottom, for science, CT, engineering or strategy, right, would you
say like, What is your response? So you can click on like, if it’s, it’s a strategy? Yeah.

Teacher Yeah, strategy. So I want to Yeah, I definitely want to see that reflect. So I want to say, start
with Blake, they’re showing slash talking through their code [to the class] And then I want to
say, make sure to highlight, initializing variables. And testing different materials. No, more
than, like, seven minutes on this.

Researcher | Okay. Yep. So for the rest of that class, we do have that on paper, a debugging activity that
they can do. Do you think want to spend that time on the debugging activity and then have
them jump right back in (to the code)? Or no?

Teacher I would want to start with this. Because I feel like we’re just going to see the same mistakes,

again, in the debugging activity, if they don’t If they haven’t, because obviously they don’t.
It’s kind of one of the things they don’t know what they don’t know. So I think a lot probably
at this point, and because I’ve done this in the past, a lot of them don’t know that they’re
making mistakes
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