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Abstract: Teaching computation in science courses can enhance science education, but doing so requires
that teachers expand the vision of their discipline beyond the traditional view of science presented in
most curricula. This article describes a design-based research (DBR) program that included collaboration
among high school teachers and professional development leaders in physics and computer science
education. Through three years of professional development and teacher-led development, field testing,
and refinement of integrated curricular resources, we have combined instructional modeling practices,
physical lab materials, and computer programming activities. One of the outcomes is a co-created
framework for the integration of computational modeling into physics that is sensitive to teachers’
interests and expressed needs in addition to learning goals. This framework merges two evidence-based
approaches to teaching: Bootstrap:Algebra, a web-based computing curriculum that emphasizes using
multiple representations of functions and scaffolds that make the programming process explicit, and
Modeling Instruction in physics, an approach that emphasizes the use of conceptual models, modeling
practices and representational tools. In doing so, we uncover the need to balance teachers’ visions
for integration opportunities with practical instructional needs and emphasize that frameworks for
integration need to reflect teachers’ values and goals.

Keywords: computation; integration; modeling; physics; programming

1. Introduction

Numerous studies have designed frameworks for the integration of computational
thinking (CT) into core science courses. The literature explores the educational expectations
of practicing scientists [1,2], uncovers the CT-related activities of science teachers [3],
and discusses the compatibility of computer science and natural science principles [4].
A synthesis of the literature on frameworks for CT-integrated science [5] illustrates the
diversity of each of these frameworks. While Weller et al. [5] proposed a researcher-
synthesized framework, verified through their observations of high school CT-integrated
physics classrooms, we foreground the voices of teachers as they design and implement
CT-integrated physics for themselves.

In this article, we describe the evolution of a framework for CT-integrated introductory
high school physics teaching, with emphasis on computational modeling (CM). CT broadly
encompasses those concepts and skills that are foundational to problem solving in the com-
puter science discipline [6], which, in the sciences, may include components such as data
practices, modeling and simulation practices, computational problem-solving practices,
and systems thinking practices [3]. We define CM as a subdomain of CT that emphasizes
the representation of relationships in code, programs, and simulations—wherein the code,
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programs, and simulations are the models that represent our understanding of those rela-
tionships (see Table 1). For this article, we focused specifically on CM that involved the
student as a programmer.

Table 1. Core definitions.

Computational Thinking (CT) “. . .solving problems, designing systems. . .by drawing on the concepts fundamental to computer
science” [6].

Computational Modeling (CM) The representation of relationships in code, programs, and simulations. CM is a subdomain of CT [3].

CM-integrated physics The representation of physical relationships in code, programs, and simulations in the context of a core
physics course.

Our study was a three-year design-based research investigation with 75 secondary physics
teachers across the United States. We illustrate how computationally supported teachers
contributed to our understanding not just of what is theoretically possible for CM-integrated
physics, but what is realistically possible based on teachers’ interests, constraints, and needs.

Our program co-developed, tested, and refined the curriculum resources and frame-
work with secondary physics teachers. The genesis of the collaboration was the convergence
of a calls from federal and professional societies to integrate computing into STEM [1,7],
a response through expressed desire of physics teachers for computational resources to
use in their secondary physics courses, the appearance of an accessible approach to teach-
ing students to program, and the rise of Physics First [8] as a viable high school science
sequence. This convergence produced a venue to test computational integration in a much
lower stakes environment for students and teachers than advanced physics courses, where
programming has historically been incorporated in preparation for college.

We responded to calls to “be explicit about the nature of [STEM] integration, the
types of scaffolds and instructional designs used” [7] by focusing on the experiences
of secondary physics educators as both learners and teachers. While researchers found
that CM-integrated physics can enhance the understanding of fundamental principles,
modeling complexity, and emphasizing physical relationships over physics topics [9],
this benefit is not always sufficient to catalyze teacher uptake of integrated approaches.
We aimed to address this challenge of CM-integrated physics with secondary physics
teachers by merging two evidence-based teaching approaches: Bootstrap:Algebra [10–13],
a curriculum that emphasizes using multiple representations of functions and scaffolds
that make the programming process explicit, and Modeling Instruction (MI) [14–16] in
physics, an approach that emphasizes the use of conceptual models, modeling practices
and representational tools.

After two years of teacher-led development of integrated curricular resources and
more than a year of dissemination (Table 2), we co-created with teachers a proposed
framework for CM-integrated physics that illustrates what educators believe they can
teach, and their students can learn. This paper lays out the development of this project,
recounts the teachers’ experiences as they enacted an integrated curriculum, and describes
the resulting framework for integration.

Table 2. Study Timeline.

Academic
Year Purpose Participants Outcomes

2016–2017 Curriculum development 30 experienced MI teachers
• Initial Computational Modeling in Physics Framework
• Identified curriculum developers

2017–2018 Curriculum revision and continued
development

22 experienced MI teachers, in
addition to 8 from prior year

• Identified three MI teachers with strongest
curriculum-writing and MI workshop-leading abilities
to bring coherence to the curricular products

2018–2019 Workshop deployment with revised
curriculum

23 teachers: 50% experienced MI, 50%
new to MI

• Developed revised Computational Modeling in Physics
Framework

• Finalized curricular materials
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2. Prior Work on Computational Modeling Integration in Physics and Research Gaps

Our work is situated within calls for enhancing students’ computational thinking (CT)
skills through science education [17,18]. Within the Next Generation Science Standards, it is
generally understood that CT in science “enable[s] the representation of variables, the symbolic
representation of relationships and the predictions of outcomes” [19]. Computational skills are
well-represented in analyses of skills for STEM-enabled professionals in the workforce [20,21].
Even so, research on CT in science disciplines in K-12, especially as it relates to what teachers
think about how CT can be practically integrated into their practice, is limited.

Weintrop et al. [3] constructed a taxonomy of CT in math and science courses com-
posed of four practices: data, modeling and simulation, computational problem-solving,
and systems thinking. They also presented teacher-produced math and science lessons that
included these CT skills. However, many of these examples explored concepts through
front-end simulations such as PhET Interactive Simulations [22] or graphical analysis
of data. Science teachers rarely incorporated the broader set of CT skills traditionally
associated with Weintrop et al.’s [3] problem-solving practices, such as preparing prob-
lems for computational solutions, programming, creating computational abstractions, or
troubleshooting and debugging.

One factor that makes integration of science and CT—especially that with a programming
focus—challenging is that most students struggle to relate the more iterative models of computa-
tion with the more causal models of physics [23]. Teachers find disciplinary content integration
across the STEM fields to be a challenge [24,25], particularly as it relates to the “. . .balancing
and exploiting the trade-off between the domain-generality of CT. . .and the domain-specificity
of science representations present a significant educational design challenge” [26].

Beyond those mentioned, several other projects have developed curricula and assess-
ments for integrated CT and science generally [2,27] and physics specifically [5,23,28–32].
However, this literature often presents the integrated material as an end-product, with a
limited description of its development process.

The integration of computation in physics has received substantial attention in higher
education, with the potential for identified benefits of integration to be applicable at the
secondary level. Sherin [33] was one of the first researchers to identify the utility of CM-
integrated physics as a representational tool, and Langbeheim et al. [31] looked at the use of
CM-integrated physics as a representational tool used in partnership with hands-on labora-
tory experiences. Sherin found in the context of his study, using his selected programming
environment, that students conceptualized physics differently depending on the represen-
tational tools that they used. He concluded that “algebra-physics can be characterized as a
physics of balance and equilibrium, and programming-physics as a physics of process and
causation” [33]. Sengupta et al. [4] and Basu et al. [26] have developed an intervention that
integrates computing into 6th-grade physics, focusing on CT as a representational tool and
as a problem-solving process. A limited number of studies [31,34] have looked at how CM
can be used as an integrated approach alongside hands-on experiences. However, what is
noticeably absent from the literature base are case studies that illustrate the complexities
and often indirect pathways to developing integrated material that considers the goals (and
the voices) of teachers themselves, or an exploration into how these benefits at the higher
education level could support learners in secondary schools.

3. Materials and Methods

Our work focused on the following research question: What do teachers believe should
be the characteristics of an integrated computational modeling in a physics instructional
framework? Our research question was directed toward understanding high school teach-
ers’ vision and goals for science education, including students who might not be bound for
college or STEM careers.

We adopted Cobb et al.’s approach [35,36], a type of design-based research (DBR),
founded on the idea of design experiments [37–39] that “are iterative, situated, and theory-
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based attempts simultaneously to understand and improve educational processes” [39].
DBR studies are appropriate when there is limited research on the desired practice.

On the spectrum of studies described by Cobb et al. [36], this effort approximates
an organization design study, as it involved multiple stakeholders (physics teachers, the
organization that supports their professional growth and development, physics education
researchers, computer science education researchers, and curriculum developers). This
approach relies on design and iterative re-design processes. This program was multi-
faceted, including curriculum-creation, community-building, classroom implementation,
and assessment. The focus of this article is on the iterative evolution of the program’s core
principles as they pertain to the integration of physics and CM that underlay all program
elements—a framework for integration.

At the teachers’ behest, we sought to produce a framework for improved physics teaching
and learning, seamless integration of computational modeling into high school physics, and a
proof of concept that this could be accomplished for a general introductory course for 9th grade
students (ages 14–15). In collaboration experienced MI physics teachers, the authors engaged
in multiple design and implementation cycles, ultimately producing a three-week teacher
workshop, a well-tested, comprehensive set of curriculum resources for a one-semester course,
and a framework to guide integration of computational modeling into any high school science
course. This iterative process enabled us to assess and address the problems of practitioners
as they arose, to construct a theory of action with respect to how students learned, and to
devise a generalizable approach for integration of computing and science.

Teams of teachers convened to develop curriculum and design professional develop-
ment in 2016 and 2017, with 12 teachers in the first year and a total of 30 in the second
year. Development workshop participants included experienced MI physics teachers and
several prior MI workshop leaders and curriculum developers. During these workshops,
teachers learned to program in Pyret (see https://pyret.org/index.html, (accessed on 1 Au-
gust 2024)) during the first week and developed a curriculum to use in their classrooms for
the remaining two weeks. Deployment workshops took place in the summers of 2017 and
2018 for additional 45 teachers from across the U.S. both years. These workshops were led
by two to four teachers, all experienced Modeling workshop leaders, who participated in
the development workshops. They refined a subset of the most coherent and classroom-
tested CM-integrated physics and engaged the new teacher participants in professional
development to prepare them to use the materials with their students. Between summer
workshops, teachers met monthly to share feedback on implementation and offer revisions
to the curriculum.

The focus of this article is the framework and its development, not on its evaluation.
However, it would not be particularly interesting if it were not effective at all. The external
evaluation of this project in the years including and following this study (2017–2021) used
quantitative data from teachers who participated in the professional development experience
and used the materials across at least one academic year. These teachers demonstrated a
statistically significant improvement in their attitude toward CM from pre-test to post-test (F
(1,217) = 17.65, p < 0.05). Multivariate modeling also demonstrated small but statistically sig-
nificant improvements in teachers’ mathematical understanding of functions (Λ (3,209) = 0.06,
p < 0.05), in addition to attitude (Λ (3,209) = 0.07, p < 0.05). Teacher interviews by a different
group of researchers [40] has also revealed significant differences in conceptualization of
physics and computational modeling integration, influencing teacher self-efficacy and imple-
mentation of the materials. While students’ attitudes toward CM fluctuated significantly by
teacher and by year and saw small decreases overall (F (1,4461) = 8.78, p < 0.05), students
demonstrated gains in understanding of physics (Λ (3,4109) = 0.11, p < 0.05) and functions
(Λ (3,4109) = 0.01, p < 0.05). These results show that there is benefit to further exploring this
framework and the materials it has produced.

https://pyret.org/index.html
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4. Program Integration: Modeling Instruction and Bootstrap:Algebra
4.1. Theory Base for Modeling Instruction and Bootstrap:Algebra

Given the criticism that theory is often underutilized in DBR studies [39], we present
the grand theories behind the existing programs we merged, as well as the program design.
Both MI and Bootstrap:Algebra rely on domain-specific instructional theories (for physics,
mathematics, and computer science education) that are socio-constructivist in nature—they
attend to collaborative learning, making their thinking visible through representations,
testing ideas, and providing scaffolding for challenging ideas.

MI [41,42] is an approach to teaching physics that is anchored in the construction, revision,
and application of models and multiple representations [15,16,43]. The approach’s effectiveness
has been documented with data from more than 30,000 students [42,44], and has been shown to
improve student attitudes [42,45], conceptual understanding [46], and reformed instructional
practice [47]. For more about MI workshops and a comprehensive discussion of the design
and efficacy of MI, see Barlow et al. [48], Brewe [49], and Jackson et al. [42].

Bootstrap:Algebra [10–13] was developed to integrate computing into algebra courses
through a shared foundation in functions. Bootstrap:Algebra guides students to solve
word problems and write programs using a step-by-step approach called the Design Recipe
(Figure 1). This approach has been used in Bootstrap’s teacher PD workshops since 2007
and is embodied in the textbook How to Design Programs [50]. It illustrates abstraction,
testing, and modeling with variables, all of which are core topics in CS standards, though
the first two are generally overlooked in early computing curricula.
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4.2. Integrating Modeling Instruction in Physics with Bootstrap:Algebra

MI and Bootstrap:Algebra’s strengths in CT complement one another. The collabo-
ration between these two initiatives fits Weintrop et al.’s [3] more general computational
thinking in science framework as a starting point for developing our computational model-
ing in physics framework. We recognized that MI utilized Weintrop et al.’s [3] data and
systems thinking practices and modeling and simulation practices more generally. Comple-
mentarily, Bootstrap:Algebra emphasized Weintrop et al.’s [3] modeling and simulation
and computational problem-solving practices. We envisioned how programming tools in
Bootstrap:Algebra could support physics education by serving as another representation
of models, adding programming as another item in MI’s toolbox that already included
physical models, graphical models, algebraic models, and visual models. We initially con-
sidered two important aspects that defined what was our shared vision for the integration
of computational modeling into physics. We also explored how educators might want to
integrate these fields, especially given our own experience as educators that high school
teachers often attempt to bring programming into their teaching in a relevant way, but
would like more support doing so.

First, our integration addressed Science and Engineering Practices #2 (Developing
and using models) and #5 (Using mathematics and computational thinking) of the Next
Generation Science Standards [18]. The K-12 CS Framework [51] states that “[p]rogramming
can assist in the collection and representation of data in mathematics or science classrooms”.
While we wanted to leverage programming to better facilitate what physics already needed
to teach, we also felt that its integration could enhance the accessibility of higher-level
physics to introductory learners while also providing needed clarity on what elements of
computational modeling students could learn as they develop physics understanding [52].

Second, recognizing the wide availability of computer simulations for science, we in-
stead designed a program that focused on computational models and modeling. Although
simulation (using pre-crafted models to represent the world) has received substantial atten-
tion [22], modeling requires a distinct investment of intellectual capacity because it entails
the creation (and use) of models [53]. In a computing context, modeling entails engagement
in identifying key parameters, defining functions over parameters, and articulating the
processes embodied within the code.

4.3. Program Evolution

We recognized the need to balance training in CM with opportunities for MI master
teachers to apply CM in their classroom practice. In the summers of 2016 and 2017, we
recruited experienced MI physics teachers, each of whom had previously gone through
a 3-week workshop (Mechanics I) and had implemented the approach in the classroom
for at least one year. The development experience employed research-validated practices
in curriculum development, attending to national standards, learning outcomes, and
activity-assessment alignment [54]. Workshops were aligned with evidence-based practices
in PD [55], including a focus on content knowledge, active learning, and a cohort-style
90 h workshop.

4.4. Evidence of Teachers’ Interests, Constraints, and Needs in CM-Integrated Physics

To better understand how these experienced MI physics teachers’ conceptualizations of
CM-integrated physics evolved, two of this article’s authors collected participant-observer
field notes [56] and surveys throughout the development workshops and monthly virtual
meetings throughout the following academic years. During the workshops, two of this
article’s authors and two research assistants conducted both interviews and think-aloud
problem-solving interviews [57].

What teachers produced during the workshops, used in their classrooms, and shared
for future teacher deployment workshops shed light on what they believed they could teach
and what their students could learn. Table 3 describes the CM-integrated physics content
of several core modules developed by teachers in our program, along with examples of
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the activities used to integrate the two areas. The full set of student resources is publicly
accessible through our project website at https://www.compadre.org/precollege/CMP/
(accessed on 1 August 2024).

Table 3. Examples of integrated computational modeling activities in each curricular unit.

Unit Physics Content CM Content Example Integrated Activity

1 Qualitative Energy

System state;
Data types;
Contracts;
Using Functions

Students observe a simulation of a bouncing ball
and note changes in state. Two parameters
(starting height and energy loss) are modified to
change the model for energy transformations.

2 Constant Velocity

Defining functions of one argument;
Testing;
Differential representations (functions
representing state update)

Students create functions to represent the
motions of two cars moving toward each other.
Students use a prediction generated from the
computer simulation to test the setup with real
toy cars experimentally.

3 Uniform Acceleration Multiple coordinated state updates;
Defining functions of multiple arguments

Students attempt to model accelerated motion
differentially for each interval of time accurately.
Students learn that average velocity over a time
interval is equal to the instantaneous velocity at
the middle of the time interval.

4 Balanced Forces
Booleans;
Conditionals;
Testing conditional functions

After investigating the motion of an air-levitated
soccer ball, students model an air hockey puck’s
motion as it moves from one frictionless half of
the table where the air is working to the other
half where it is not working friction is present.
Students modify the function to get the puck to
land within a target.

5 Unbalanced Forces Synthesis of computational concepts and
differential representations

Students model thrust and drag on a falling
coffee filter that extends learning from a
hands-on coffee filter lab on terminal velocity.

A defining feature of the CM-integrated physics materials is the emphasis on dif-
ferential (rather than closed-form) models. This element arises from Bootstrap:Algebra’s
modeling approach, which the teachers then adapted to a MI physics context. In an example
modeling cycle, students first identify the physical constants (e.g., gravity), static informa-
tion (e.g., the height of a bridge), and dynamic information (e.g., the position of a moving
car) that arise in the given scenario (these become constants and variables/parameters in
the computational model). Students then work out examples of the differential changes
from one moment in time to the next; if a scenario involves an external stimulus (e.g.,
striking a hockey puck), students show changes before and after the stimulus occurs. Based
on the examples, students design and test one or more algebraic functions representing the
differential changes to the dynamic variables.

The differential approach is a more general way of describing systems because it
applies equally to systems for which there does not exist a known closed form. For
instance, systems like accelerated motion are not only quite easy to express but are also
insightful—the speed of a falling ball in the next instant is a function of its speed in the
current instant—in the differential form (Table 4). This approach is potentially easier to
comprehend than using traditional time-parametric equations that require students to
understand polynomials, fractions, and square roots to solve problems. The differential
approach allows students to tackle higher-level physics despite not yet having the math
mastery that traditionally may be an obstacle. Having students become familiar with the
differential form—which is intentionally evocative of differential equations—in this gentle
setting prepares learners for future study of calculus and advanced physics.

https://www.compadre.org/precollege/CMP/


Educ. Sci. 2024, 14, 861 8 of 18

Table 4. Representations for uniform acceleration through algebraic formulae and functions.

Parametric (Time-Based) Differential

Algebraic Formula

xf = xi + vi t + 1
2 a t2

vf = vi + a t

. . .combined, these equations yield a third formula
typically used in physics. . .
vf

2 = vi
2 + 2 a∆x

xn+1 = xn + vn (average)∆t

vn+1 = vn + a∆t

Computational
Function

(in the Pyret language)

fun x-at-t(t):
x-init + (v-init ∗ t) +
(0.5 ∗ a ∗ t ∗ t)
end

fun v-at-t(t):
v-init + (a ∗ t)
end

fun next-x(x, v-ave):
x + (v-ave ∗ delta-t)
end

fun next-v(v):
v + (a ∗ delta-t)
end

5. Results: A Teacher-Driven Framework for Integration
5.1. An Initial Framework (2016–2017 Academic Year)

To consolidate how we saw teachers integrate CM into physics, we built a framework
to define how physics teachers, with the support of physics education and computer science
education experts, could integrate CM into their curriculum and instruction. Discussions
and 30–45 min interviews with each of the teachers from the first cohort provided insights
into the proposed framework. As a first foray into CM of physics, participants were asked
how they would consider incorporating this into their teaching, especially where it would fit
along the MI continuum of model development and deployment (use). After sketching out
what we thought were the most prominent features of the integration, we then presented
our draft framework to teachers at a monthly meeting and made modifications.

First, teachers distinguished between simulation and modeling, noting that they
each had their benefits at different parts of the MI cycle. Some teachers preferred non-
computational activities to develop physics concepts first: “I would want to define velocity
in the context of the classroom. We want to use the program as another [representation of
the] model, but we’re going to collect data and define what velocity is”. Some teachers
gravitated toward modeling activities (over simulations alone) that they felt could improve
their pedagogical practice by giving students new outlets for problem solving: “There
are some kids who can solve the problem with algebra but cannot do the graph. Every
new representation exposes new conceptions, and I ran into that with my students this
past year. There were some kids who showed me misconceptions when they were doing
programming that did not show up on pencil and paper tasks”.

Second, teachers called out the observable shift in students’ thinking from almost
exclusively time-parametric (algebraic) to differential. Teachers referenced that students
were learning to “think about the world in terms of functions”, and “thinking about
what data you can get from the world”, such as initial conditions that are quantifiable.
Teachers drew a mental parallel between this choice and what they had already been
doing in their classrooms with MI, which included using vector diagrams representing the
position and velocity of objects at moments in time called motion maps. In describing the
models she uses, one teacher mentioned how she had students correlate representations of
motion: “It’s like algebra and graphing (which is time-parametric), and motion mapping
(which is differential)”.

Teachers were also eager to think more about where else in the curriculum it might
make sense to take such a differential worldview and how this might lend more support to
students’ initial tendencies to solve problems differentially. In a problem involving a faster
bicyclist passing a slower bicyclist, one participant noted:
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“There’s always that one group that the first thing they want to do is not do the
[graphical or algebraic] representations, but want to make a motion map to solve
the problem. They want to figure out what the position of each dot is for each
second. [. . .] In all my years of doing this, when a kid has done that, I’ve always
said, ‘Ok, I guess you can do that. If that’s what you need, then cool. But, it’s
always been kind of patronizing. . .then ‘graph it, solve the equations.’ Those
kids, what they want to do is to write a computational simulation”.

The need for a shift to differential thinking brought to light one of the advantages of
teaching CM-integrated physics. Initially, it caused teachers to think about the problems
and tasks they assigned to students in different ways. Typically, physics problems articulate
a set of initial conditions and ask the solver to determine the condition at some particular
point in time. Learning to think in terms of systems and state variables enables the problem
solver to better manipulate the elements, operations, relations, and rules [58] of the model
under investigation—it makes them better modelers.

Our initial version of the framework, which included these points of emphasis identi-
fied by teachers above, was produced in the early winter of 2017 (Table 5). These initial
concepts strongly reflected each of Bootstrap:Algebra and MI’s pedagogy and design.
The framework had three themes. The Underlying Concepts of Integrated Computation
theme captured ideas about computation as a process, the Affordances/Drawbacks of
Computational Modeling theme focused on choosing a computational model to represent
phenomena or solve problems, and the Computational Modeling Cycle theme articulated
the steps that students take to define a specific computational model through code.

Table 5. Our initial Computational Modeling in Physics Framework.

Computational Modeling in Physics Framework
Items of high priority identified by teachers are starred (*).

• Underlying Concepts of Integrated Computation

• Repetitive nature of computer simulations *
• Role of parameters
• Program execution
• Error interpretation *
• Defining physical variables and connecting them with real-world measurements
• Alternative representations *

• Affordances/Drawbacks of CM

• Identifying appropriate situations for CM *
• Selecting the most appropriate representation
• Explaining why CM is appropriate *
• Explaining limitations of CM

• Computational Modeling Cycle

• Defining the physical system *

• Relevant Physical Constructs

• Physical setup
• Initial conditions
• Constants (static)
• Variables (dynamic)
• Relationship (how constants and variables influence one another)

• Defining the goal of modeling the system
• Planning the program *
• Writing the functions

• Running and using the simulation *
• Refining or expanding on the existing model

However, as the academic year progressed, we realized that teachers emphasized
some parts of programming over others. Teachers wanted more focus on the practices,
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emphasizing modeling processes. Many teachers struggled to find the time needed to
dedicate to computing as a new representational tool, demonstrating a need to critically
think about what to leave out, both in physics and computing. The framework was also
not at the right level of granularity: this framework had been written to reflect the Design
Recipe worksheets, but those worksheets were used in the context of specific problems that
indirectly reinforced key modeling and programming concepts, such as when and how
to capture a physical element as a static or a dynamic value. A more valuable framework
would make these indirect concepts explicit so that they could be measured before and
after students worked with our CM resources.

We also observed two major content-related obstacles to the implementation of the
materials. First, many teachers lacked a holistic, concise storyline—for both physics and
computing concepts and processes—that could interweave both disciplines. A few teachers
were able to implement large swaths of the materials, and those who did so needed to
develop additional materials to bridge the gap between units. Second, teachers found
programming-related material to have a large learning curve. Too much time was spent
on learning the underlying details of programs that were not relevant to physics, such as
creating visual elements.

5.2. Refining the Framework (2017–2018 Academic Year)

In the following year, we made significant improvements to the curricular resources.
We also realized that we needed to expand the scope of expertise on the curriculum
development team. At our second development workshop, we made two design changes.
Our response to the first obstacle was to invite back eight of the teachers in the original
cohort and bring an additional 22 master MI teachers from across the country to join the
development, including teachers who had more in-depth experience writing curriculum
storylines. In response to the second obstacle, the Bootstrap:Algebra team developed
libraries that hid much of the computing environment’s inherent but unwanted details
from students’ work.

Reducing the cognitive load of the programming to allow more focus on the physics
was a major change. For example, while writing a complete simulation entails rendering
the physical state into an image, students learning physics need to concern themselves only
with the system dynamics. Accordingly, we separated the physically relevant programming
tasks from the programming-only tasks and hid the latter in “starter files” that students
could use as a black box. Similarly, while Pyret makes it easy to extract the sequence
of simulated states as a table for further processing, the initial export is in terms of data
structures that are useful to the simulation, but irrelevant or unmeaningful to the students.
Accordingly, the starter files post-process the data table into a simpler form that students use
to analyze their results. For students who are interested in how the complete simulations
are built, or how such data cleaning and processing can be performed, these topics are
covered in Bootstrap’s curricular projects, Bootstrap:Reactive and Bootstrap:Data Science.

Seeing that some teachers in this second development workshop still struggled with
the programming tasks even after a week of being introduced to Bootstrap:Algebra, we
dedicated the last day of the first week to teaching Bootstrap:Algebra with teachers in the
student role. As a surprise, this revealed that many teachers struggled with understandings
of the function concept from mathematics—a topic that would become a focal point for the
following weeks and years.

Over two weeks, this group of 30 teachers collaborated on units of their choosing to re-
vise and further develop curricular supports initiated the year prior. The Bootstrap:Algebra
team helped teachers with programming, from fundamental understandings of functions
to designing elaborate programs. Teachers participated in board meetings twice a day, led
by author Megowan-Romanowicz, in which groups shared their progress with the whole
cohort. Groups illustrated their unit development and how it fit into the overall physics
and CM storylines by creating a visual display (Figure 2). At the end of the workshop,
groups co-taught the materials they had developed to their peers and explicitly discussed
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how CM was integrated into the development and deployment models of the MI approach,
covering introductory mechanics topics.
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Figure 2. Initial teacher-developed alignment of computational modeling activities skills for the
Constant Velocity Model and Uniform Acceleration Model units, along with hands-on laboratory
activities (yellow rectangles), computing concepts (red triangles), and core questions (green clouds).

To boost classroom implementation over the following academic year, we asked
each participant for a letter of administrative support, and we provided a stipend for
evidence of implementation. About half of the 30 teachers from the summer 2017 workshop
implemented the materials, with the remainder citing a lack of confidence or insufficient
class time.

Recognizing the need to refine the materials, we selected three teacher participants
who demonstrated significant programming and curriculum development skills. Two
of these individuals were also experienced MI workshop leaders, suggesting a height-
ened awareness about what students need and what teachers need to take up innovative
approaches. In early 2018, these teachers further refined the materials and developed
the storyline using concept maps. Figure 3 illustrates the concept map for Unit 3, the
Accelerated Particle Model, and demonstrates how CM is integrated into model devel-
opment and deployment. Concept maps showing the progression of integrated concepts
and skills are available from https://www.compadre.org/precollege/CMP/, (accessed on
1 August 2024).

https://www.compadre.org/precollege/CMP/
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Figure 3. Final conceptual flow map for the Uniform Acceleration Model including physics compo-
nents (pink), computational modeling components (green), and associated activities.

5.3. Finalizing Revisions (2018 and Beyond)

By early 2018, monthly conversations with teachers about what they were emphasizing
in their use of the integrated materials clear that the original framework merited further
revision. However, we waited to observe how the new curriculum materials would be
received as part of a dissemination workshop with a combination of 23 teachers, both
Modelers and non-Modelers. The summer 2018 workshop was modified from the prior
years in two ways. First, given many teachers’ struggles with functions, we began with three
days of pure Bootstrap:Algebra to strengthen their understanding of functions. Second, as a
dissemination workshop, rather than a curriculum-development workshop, the participants
were expected to learn as students and reflect as teachers (Figure 4).
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Figure 4. A teacher participant uses a whiteboard to display her understanding of acceleration with
motion maps, graphs, algebraic equations, and a computational model (computer function).

As the workshop proceeded, we observed how teacher workshop leaders explicitly
called out aspects of the framework for integration and which elements were most discussed
by the participants. In conjunction with our observations that teachers struggled with
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functions, these observations led to the development of a revised framework that more
explicitly focused on mathematical modeling with functions and that was more detailed to
reflect the cycle of activities we saw in the curricular resources.

5.4. A Final Framework

To address the research question, “What do teachers believe should be the character-
istics of an integrated computational modeling in a physics instructional framework?”,
we present the revised framework in Table 6. The framework has four themes: computa-
tional modeling, programming, prediction, and mathematical foundations. This revised
framework moved from general themes that teachers believed characterized CM-integrated
physics instruction toward more explicit student performance expectations that teachers
believed served as evidence that students could carry out CM-integrated physics. In effect,
while the initial framework addressed the question, “What is CM-integrated physics?”, the
revised framework addressed the question, “How do we know students are engaged in
CM-integrated physics?”

Table 6. Revised Framework for Integrated Computational Modeling in Physics.

1. The (Computational) Modeling theme

a. Able to recognize the data (including experimental data) that underlies a scenario, classifying each datum as constant
(static), dynamic, or stimulus (driven by a user or external event)

b. Able to identify which information about a scenario is irrelevant for a particular computational question
c. Able to articulate or express a model that updates dynamic information in discrete steps, based on constants and

stimuli; this model may be a function abstracted from experimental data
d. Able to identify when a computational model is and is not appropriate for a given scenario
e. Able to contrast, coordinate, and transition among computational and other representations of physical phenomena
f. Able to identify errors in a proposed computational model for a given scenario
g. Able to understand when each of an algebraic or differential representation of a model is appropriate for questions

about a particular scenario
h. Able to extend a model with new information to handle either more information or a variation in an existing model

2. The Programming theme

a. Able to write a program to capture a specific model
b. Able to articulate where each of constant, dynamic, and stimuli information is reflected in a program that captures a

specific model
c. Able to run/simulate a model to determine the state of the scenario after a given number of steps
d. Able to locate and remove errors in a program intended to capture a specific model
e. Able to identify where and how to edit an existing programmatic model to reflect a specific extension to a scenario

3. The Predictive theme

a. Able to simulate/run a computational model to determine the value of dynamics after a given number of discrete steps
b. Able to describe the behavior that results from a computational model
c. Able to identify interesting instances under which to test a computational model of a scenario

4. The Underlying Mathematics of Functions theme

a. Able to define a function that corresponds to a graph or table of observations
b. Able to determine whether a collection of observations is consistent with a defined function
c. Understands that functions capture computations that can be performed over different parameter values
d. Able to compute the result that a function produces given values for its parameters

These new themes aligned better with the concepts and skills that teachers believe
they are teaching. For example, general concepts about computing—such as the role of
parameters and how functions evaluate—moved from the abstract-sounding Underlying
Concepts concept to themes for the skills that use those underlying concepts. Specifically,
some Underlying Concepts moved into each of the (Computational) Modeling theme (part
of errors and defining variables), the Programming theme (parameters and part of errors),
and the Predictive theme (understanding how models execute). There is still a separate
Programming theme, but it is framed as a set of concrete modeling skills, rather than
general CT concepts.
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The original section on Affordances/Drawbacks of Computational Modeling is now
part of the (Computational) Modeling theme, reflecting that computational representations
are meant to be studied in the context of other representations as part of modeling. This
theme is where the deep integration occurs, combining steps to create a model through a
program (items 1a and 1c) and show when a computational model is appropriate (items
1d and 1e) while noting concerns such as program evolution and maintenance (item 1h)
which are more typical of CT standards despite being a key part of scientific practice. While
many teachers entered the development workshop attempting to write separate but parallel
student performance objectives for using CM as a tool for science practice and science as
an application area for CM practice, they eventually settled more directly on integrated
objectives that reflected CM as a representation to display understanding about science.
The revised framework also explicitly separates the simulation (Prediction) theme from the
(Computational) Modeling theme, which we felt was important for noting the difference
between simulation and modeling. Calling out the Underlying Mathematics of Functions
theme explicitly helps convey the assumptions of our approach.

Making cross-disciplinary dependencies explicit also sets up some of our aspirations
for transfer: we believe that integrated curricula that leverage concepts from math, com-
puting, and physics could reinforce learning in each discipline on its own. We say this
with a deep respect for the challenges of transfer in practice [59] and a solid understanding
of what is required to achieve it from our work in CM/mathematics transfer in Boot-
strap:Algebra [12,13]. This understanding leads to our embracing differential models and
programming based on functions rather than variables, loops, and assignments.

6. Recommendations for Developing Integrated Frameworks
6.1. Teachers Must Balance Their Vision of Integration Opportunity with Instructional Needs

Our work revealed tensions between teachers’ perceived benefits and limitations of MI
and CM. We initially observed that teachers became preoccupied with procedural aspects
of CM such as the steps to creating a program that models the physical world and explicit
conversations about when and why CM should be used. Teachers grasped at activities in
which physics and CM content and practices appeared to overlap, with little consideration for
prioritization of knowledge or consideration for how it would benefit physics understanding
rather than supplementing students’ CM skills. As the program evolved, the possibilities for
integration were dwarfed by time constraints. We also realized that some teachers struggled
with a limited understanding of mathematical functions—something that was only revealed
to us once we stepped away from the development process to reexamine teachers as learners.
Tensions such as these are reported widely in STEM-related integration projects [60].

Only after attempting implementation were teachers able to refine what they valued
and rationalize the integration of particular computational skills. These findings are
reflected in the evolution from our initial framework, moving from a prescription to
a process-oriented framework. The result was an increased focus on problem solving
as a practice.

6.2. Frameworks Should Reflect Teachers’ Values and Goals

Professional development programs should work with teachers as partners to in-
corporate their visions for integration into the frameworks they promote, with room for
the framework to evolve as teachers learn more about their own and their students’ in-
terests, concerns, and needs. We found that attention to teachers’ values and goals for
instruction refined what we initially saw in terms of pathways for integration. This finding
illuminates the risks inherent to excluding teacher voice through top-down projects that
present teachers with fully prepared materials, which can exacerbate the tensions within
integrated disciplines.

Our final framework reflects teachers’ goals for integration and the critical features of
the curricular materials they developed. We softened it to focus more on CM as a practice to
promote an understanding of models of physics, as opposed to having programming as an
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ancillary goal. As such, the revised framework and resources aim to teach science content
and processes using programming and software as tools and teaching CM as an approach
to creating representations that display an understanding of how physical systems behave.

Critically, the framework reflects goals that speak to two affordances of integration.
First, teachers recognized that there were areas in the content where CM could address
challenging areas of physics pedagogy, such as the shift from constant velocity to uniform
acceleration. This transition is notoriously difficult for introductory physics students who
still have only an emergent grasp of parabolic functions. Second, the CM could allow the
exploration of previously inaccessible physics scenarios at the introductory level, such
as those that cannot be expressed in continuous functions or otherwise require analysis
of complex interactions. For example, the motion and energy of a bouncing ball or gas
molecule in a box cannot be easily analyzed without computational modeling due to their
abrupt changes in direction and energy loss. Similarly, interesting phenomena such as the
motion of rockets that lose mass throughout their trajectory are typically considered too
complicated for introductory students. This framework displays how teachers believe the
CM integration benefits physics as the core content comprehension of physics.

6.3. Distinguishing Teacher versus Student Needs as CM Learners

Professional development providers should help teachers explicitly recognize that
their learning challenges in CM-integrated material may differ from those of their students.
Teachers report that this shift from a time-parametric to a differential view of change was
easier for students than it was for themselves. This finding came as a surprise to many
of this project’s lead researchers, as there was an expectation that the physics teachers in
this program—most of whom had physics degrees—would be comfortable with differ-
ential expressions given their academic background. However, it is possible that these
teachers’ experience with secondary teaching, which has historically only emphasized
time-parametric expressions, overshadowed teachers’ prior academic experiences. Once
teachers adopted a differential view of change in a physical system, the mathematical
simplicity enabled them to address scenarios and guide their students in tackling problems
that were outside the scope of introductory physics that would ordinarily require advanced
algebra or calculus.

7. Discussion

We encouraged teachers to conjoin the CM skills defined in two established approaches
(MI and Bootstrap:Algebra) by exposing teachers to both approaches. Our framework shifted
in response to teacher feedback over multiple years. Our approach to developing this
framework is not just the result of combining CM and physics content and processes, but of
combining two distinct cultures of educators with their pedagogies, values, and identities.
Our framework addresses the “need to develop a common language to describe [our] work”
and is built upon an “iterative model of educational improvement” [7]. Our framework
evolution resulted from learning what we did not know that we did not know—particularly,
that many physics teachers were uncomfortable with functions. We did not know what
teachers would value about the programming process, but we also did not expect them
to integrate another discipline they were not masters of without significant investment in
their learning, as integration would otherwise have likely been superficial [60]. Our work
demonstrated the importance of balancing program leaders’ vision with that of teachers,
not just because teachers might see opportunities and obstacles not envisioned by program
leaders, but to promote ownership and, ultimately, implementation [61].

Our work is different from others in multiple ways. First, it is evident from
Weller et al.’s [5] literature review that few extant frameworks explicitly incorporate teacher
voice (although Weller et al.’s own project uses an observational approach to note what
teachers attend to in CT-integrated physics). Sengupta et al.’s [4] system design framework
for agent-based CM builds off computing and science principles and practices. However, it
does not explicitly illustrate teachers’ perspectives on integration or their willingness to
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learn or implement the material. Weintrop et al.’s [3] taxonomy was built on a literature
review and examples of CT-integrated lessons presented by math and science teachers who
already used CT. Our own framework did not arise from abstracting over existing inte-
grated materials, which might be limited by the perspective of the teachers who developed
them.

Significant differences between our framework and those presented by Sengupta et al.
and Weintrop et al. [3] lies in our explicit integration of computational and non-
computational representations. In our framework, students explore observations across
representations as part of helping them understand the affordances and limitations of com-
putational models. Another difference is one of granularity: Weintrop et al.’s [3] taxonomy
lists practices, while our framework lists skills that go into such practices. Our framework
also explicitly calls out the mathematical foundations on which modeling depends.

8. Conclusions

Introductory high school physics courses should motivate confidence and an interest
in the sciences and engineering. Supporting teachers with computational modeling compe-
tencies, the confidence to use them, and a teacher-created framework that reflects their own
needs and aspirations present both structure and flexibility for both teachers and students.
Giving teachers this measure of control and agency has been an important factor in their
persistence in the program.

This DBR study illustrates emergent themes for the integration of CM in physics: it
reflects teachers’ vision for opportunities for integration tempered by practical classroom
limitations, as well as emergent themes aligned with teachers’ goals and values. Along the
way, our teachers offered insights that might be informative to the anticipated process and
expected products from other integrated CT efforts. The framework presented here results
from merging key ideas from two established approaches (MI and Bootstrap:Algebra),
iterating and refining materials through close collaboration with teachers and experts
from each CT and physics education. By providing a conceptual framework based on
differential modeling, and exercises that combine computational and non-computational
representations, we present one view of a tight integration that we hope is useful to physics
teachers and those who work to prepare and support them.
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