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Recent educational policies advocate a radical revision of science curricula and pedagogy, to support
interdisciplinary practices, a distinguishing feature of contemporary science. Computational modeling
(CM) is a core methodology of interdisciplinary science, as such models allow intertwining of data and
theoretical perspectives from multiple domains, to address complex problems such as climate change and
pandemics. This integrative nature of CM could support the pedagogical transition to interdisciplinary
science as well. Most approaches to introduce CM in science curricula are based on learning new practices,
such as VPython programming or agent-based modeling. These approaches do not integrate CM with
existing content, media, and teaching practices. To facilitate this integration, we present a more gradualist
design, starting from derivation models in physics. This design was implemented as a set of teacher
professional development modules, and presented to a group of physics teachers interested in introducing
CM to undergraduate students. The analysis of their responses indicates that even this gradual transition to
CM requires teachers to significantly revise their ideas about the nature of physics and physics learning
(their personal epistemologies). We discuss how the teacher professional development modules were

redesigned based on this finding.
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I. INTRODUCTION AND MOTIVATION

Complex real world problems—such as climate change,
pandemics, and green energy—cannot be addressed with-
out interdisciplinary approaches, which are now central
to contemporary science. Novel mathematical modeling
methods based on computing, such as multiscale simula-
tions and machine learning, are critical components of such
interdisciplinary research, as these methods help integrate
data from multiple domains, leading to new predictions and
technologies. These integrative methods are now a key part
of graduate-level learning in science, technology, engineer-
ing, and mathematics (STEM). Extending this trend, there
is now a growing effort globally to introduce computational
modeling (CM) at the undergraduate level, and even high
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school [1-4]. For instance, the Next Generation Science
Standards in the United States, which is informed by
cognitive science studies of science and engineering,
includes computational thinking among the set of eight
practices of science and engineering that education needs to
support [5-7]. Similarly, India’s new National Education
Policy 2020 envisions a change towards educational
approaches that focus on interdisciplinarity [8].
Transitioning to a whole new modeling methodology
like CM, and also related science practices, is difficult
for teachers and students. Detailed studies are needed to
understand how they could adapt to this transition, espe-
cially focusing on instructors’ experiences and views
related to CM learning [9-11]. This understanding would
allow the design of smoother transitions from existing
pedagogical practices. To promote a gradual curricular
transition towards computational modeling, and eventually
interdisciplinary STEM practices, we have developed a
teacher professional development (TPD) program rooted in
physics derivations. In this paper, we present the initial
design of this TPD program, and discuss the response of a
select cohort of physics teachers to this gradualist design.
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We then discuss the redesign of the program, based on a
detailed qualitative analysis of their feedback. Our findings
indicate that teachers do not readily accept this transition,
and this resistance is closely related to their ideas about the
nature of physics and physics learning. These ideas are
about the nature of knowledge, and they are usually not
articulated during everyday teaching. However, such per-
sonal epistemologies come to the fore when teachers
encounter curricular designs that incorporate CM, and they
play a critical role in teachers’ receptivity to such designs.

The study reported here took place in a developing
country context. As such, the design of the TPD program
was shaped by some key constraints that are central (though
not unique) to such contexts. One is the dominance of the
traditional lecture method as the standard format of
instruction [12]. More importantly, many students cannot
afford laptops, tablets, and smartphones. Further, instruc-
tion is primarily structured and guided by textbooks, as
they are cheap, widely available, and often the only viable
media format for most students. These constraints, and the
resource-limited design context, suggested that a redesign
of curricula and instruction for CM would require a
gradualist approach—starting from textbook-based teach-
ing and learning, and therefore existing curricular elements.

Such a design approach is under-explored in the CM
case, even though this direction is available in principle.
For instance, other pedagogical models in physics have
taken a gradualist design approach, such as the p-prim
approach advocated by diSessa [13]. In our case, it was the
resource-limited context that required us to consider a
gradualist approach towards CM learning. The constraints
thus worked as a guiding design principle, and also
provided the motivation and premise for this work. More
generally, the very idea of augmenting derivations for
computational modeling—which is the key conceptual
and design contribution of the current work—emerged
from the constraints we faced. This suggests that challeng-
ing learning environments can lead to novel design
approaches, which might turn out to have useful peda-
gogical features in general. (An analogical case is “frugal
design” for resource-limited contexts, a design principle
that has led to innovations such as Paperfuge, a low-cost
hand-operated centrifuge based on the whirligig toy,
developed for African clinics with limited -electricity
access. Interestingly, the system also revealed novel rota-
tional mechanics, which is a more general feature that
can potentially support wider applications [14].) At an even
wider level, our gradualist model also illustrates a system-
atic way to implement radical pedgogical changes pro-
moted by new science education policies. This overall
structure is important to keep in mind, as such education
policy changes are necessitated by dramatic transitions in
the method and scope of science. Our approach could thus
provide a model to address education policy changes that
will follow another radical methodological change in

science that is currently ongoing—the transition to machine
learning models.

The present study was guided by the following research
questions: (a) What design requirements or characteristics
of a TPD program would allow teachers to gradually
transition to CM? (b) How can such a program be
operationalized? (c) How do teachers respond to this
proposed transition?

In Sec. I, we briefly review the literature on TPD studies
related to introducing CM in physics, and outline the
theoretical considerations employed. Section III discusses
in detail the three design principles we followed in
developing the TPD program, thereby addressing the first
research question. The operationalization of these design
principles, to develop modules for the teacher workshops,
is discussed in Sec. IV. The design elements of the
workshops, details of the structure and content of the
modules used, and the rationale underlying their develop-
ment, are described in Sec. V. Sections IV and V together
thus answer our second research question. Section VI
describes the pilot implementation of the program with
six practicing teachers, and qualitative analysis of teachers’
responses to the design and the findings of our analysis,
thereby addressing the third research question. Section VII
discusses how the modules were redesigned based on the
study findings. We conclude with some implications of this
redesign, and ongoing and future design research that
extends this work.

II. OVERVIEW OF COMPUTATIONAL
MODELING AND RELATED
PEDAGOGICAL APPROACHES

In our view, mathematical modeling of a physical
phenomenon broadly involves systematically building a
quantitative framework that can (a) enact the behavior of
the system it seeks to predict or control, and (b) support
measurements that can test the model. Note that in this
enactive view, physics models and their constituent repre-
sentations are treated as active (“acting out”) entities. This
view is different from—but includes—the dominant rep-
resentational conception of models, which treats models as
static entities that “stand in” for the world [15]. In the
enactive view, the process of building a model involves
systematically “loading” dynamic aspects of the real world
into a symbolic structure, which can replicate this dynam-
ics, through changes in quantities [16]. To explore different
transformations of the modeled system systematically,
the enactive nature of the final symbolic structure can be
“switched off,” and the components of the model adapted
and manipulated “offline,” as if the model and its elements
are static entities. Calculus-based methods were one of the
first approaches to support such systematic “loading” and
tracking of dynamics, as well as systematic transformations
of model components. These methods have thus histor-
ically driven enactive modeling in physics.
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Computational models also support such symbol-based
enactment of target physical systems, and the tracking of
their evolution in time and space [17]. The major difference
between CM and classical mathematical modeling is that
instead of relying on continuous functions and analytical
procedures, CMs use discrete entities and numerical
computations. The latter is required because of the way
digital computers work—in a step-by-step and repetitive
fashion. This difference however allows for greater flex-
ibility and scope for modeling. In particular, it helps
overcome some of the constraints set by analytical proce-
dures, such as linearity. Also, as CMs allow connecting
partial models together using logical operators, CM can be
used to systematically capture very complex properties.
These include time or phase-dependent modulations (say
chemical reactions that are activated only at some time
points, based on concentration gradients), patchy spatial
features that interact with the system intermittently (say
cloud patterns in a weather model), and feedback loops
across levels. As an example, models of atherosclerosis
requires such interlinking of parts that are themselves
complex and have feedback loops. These parts include
turbulent blood flow in heart valves, the subsequent
mechanotransduction process in endothelial cells, the
resulting biochemical responses that build up plaque in
heart valves, and the further turbulence in blood flow
generated by the plaque buildup.

CM approaches like agent-based modeling (ABM)
allows individual physical entities (like molecules) to be
modeled as autonomous agents, which can then be pro-
grammed to interact, based on simple rules. ABM is used to
understand how the collective behavior of different inter-
acting microlevel entities lead to system-level behavior.
This approach allows integration and enactment of non-
linear aspects at many different levels [18], and modeling
of systems with highly variable individual components.
A significant trade-off in building such complex models is
that they typically capture only specific cases, and gener-
alizations across many cases is difficult. Also, predicting
the state of a system (say a hurricane) at a given time point
(say in 36 hours) cannot be done quickly, as the model
needs to “run” (often for many hours, particularly for
complex systems like the weather), so that the whole model
evolves across states to reach—and enact—that time point.
Such models also require high levels of optimization of
computing resources.

As the above brief outline of CM shows, this approach
can connect together disparate states, and feedback across
many interacting levels, to enact in detail the evolution
of many-layered systems—as a whole—across time. This
rich capacity has led to widespread application of CM in
science, particularly engineering sciences, to support com-
plex interdisciplinary investigations. Given the wide and
novel application possibilities of CM, there have been
many policy efforts to integrate this modeling approach into

physics education. For instance, The American Association
of Physics Teachers has proposed that computational
physics can be considered as a third way of doing physics,
complementing the traditional theoretical and experimental
ways [19,20]. To further the adoption of computational
modeling as part of instruction, the Association has created
new partnerships, such as the Integration of Computation
into Undergraduate Physics [20].

Parallel to such policy-level efforts, many curricular-
level research projects have studied ways to incorporate
computational problem solving as part of introductory
physics courses [11,21-24]. Chonacky and Winch have
proposed a broad set of guidelines and recommendations
to integrate computation into the undergraduate curriculum
[25]. These include treating numerical solution approaches
at par with analytic approaches in physics, introducing
scientific software tools, teaching computing platforms
and important algorithms as part of physics courses, and
illustrating the modeling of complex and interdisciplinary
systems. They also stress the importance of initiating and
acculturating instructors to computational modeling and
thinking, by creating supportive social networks for faculty.
Another initiative to help teachers integrate computational
modeling in their classrooms is “Computational Modeling
in Physics First with Bootstrap” [26]. There have also been
efforts at the high school level to couple computational
thinking and problem solving with modeling [27].

To understand the implementation-level issues related to
new educational approaches, many studies have looked at
teachers’ beliefs, perceptions, and attitudes towards inte-
gration of science, technology, engineering, and mathemat-
ics (widely referred to as STEM integration) in the context
of TPD programs [28-30]. Focusing specifically on the
integration of computing and science, some studies have
investigated computation as a pedagogic tool, while others
have examined computers as a technological artifact. Kong
and Lai developed a framework based on TPACK (tech-
nological pedagogical and content knowledge) for design-
ing teacher professional development programs that
implement computational thinking [31]. Vasconcelos and
Kim report that a program that involved coding related to
scientific modeling had a positive impact on preservice
teachers’ epistemological understanding of scientific mod-
eling and computer science concepts [32]. Langbeheim
et al. found that even a short experience of computational
modeling positively affected teachers’ self efficacy in
integrating CM into physics teaching [9].

A key finding from such studies is that teachers’ positive
beliefs, attitudes and comfort level play a crucial role in
the integration of computers as an instructional tool in
classrooms [33]. In particular, teachers’ ideas about the
nature of physics and physics learning play a critical role in
their receptivity to curricular designs that incorporate
computational modeling. Prior studies have investigated
instructor perceptions, attitudes and self efficacy with
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regard to CM [9-11]. Vieyra and Himmelsbach explored
how secondary teachers went about conceptualizing the
integration of CM with physics [10]. It was found that some
teachers envisaged the role of CM as facilitating an in-
depth engagement with concepts in physics, while others
considered CM as a means to develop skills that span
multiple disciplines. This study led to a conceptual frame-
work to assess boundary-stretching attitudes among sec-
ondary physics teachers, and how these mental states
indicated the likelihood of integrating CM in their courses.
A related research study investigated the factors affecting
attitudes and self-efficacy of teachers in relation to the
integration of CM in physics at the high school level [9].
Results showed that these mental states were positively
impacted by a workshop that integrated CM with exper-
imental measurements in physics. Similarly, Pawlak et al.,
studied different ways in which computation was perceived
by learning assistants (LAs), while teaching computational
problems as part of an introductory level course in
physics [11]. The authors identified four pedagogical
categories, depending on whether the focus of the LAs
was on (i) programming, (ii) learning physics with com-
putation as a means, (iii) treating computation as a tool for
modeling and problem solving, or (iv) considering com-
putational problems as an opportunity for shifting student
perceptions of learning. Building on these studies, we
developed a set of design principles for our TPD program.
These are discussed in the next section.

III. THE DESIGN PRINCIPLES

The conceptualization and design of our TPD program
was based on the following three central principles.

A. Computational modeling as a vehicle for
interdisciplinary science education

Recent discussions at the interface between philosophy
of science and cognitive science argue that new kinds
of computational modeling lead to new kinds of scientific
discovery practices [7,34-38]. The specific reasons for
this expansion are (i) the ability of computational modeling
to integrate disparate theories and datasets, and (ii) the
new thinking and imagination possibilities enabled by
such integration. This argument is extended by recent
discussions related to the use of agent-based modeling in
science, technology, and mathematics education [39,40].
These analyses suggest that emerging interdisciplinary
discovery practices and computational modeling are
closely intertwined [41].

Parallel to this discussion in philosophy of science and
cognitive or learning sciences, discussions in education
have proposed modeling as a common theme underlying
knowledge construction and sense making in science,
cutting across natural sciences [42—49]. This underlying
common structure (modeling) is currently not obvious to

most science students and teachers, given the way textbooks
package knowledge in a modular fashion, and classroom
practices follow this module-based structure. Further, the
close connections between the building of classical math-
ematical models and computational models are not well
known. Developing an appreciation of modeling as common
to all disciplines, and connecting this underlying structure
to computational modeling, could thus help teachers and
learners move to interdisciplinary thinking.

Integrating these two discussions in the literature
(computational modeling leading to new interdisciplinary
practices and discoveries, modeling as a common theme
underlying sciences), we arrived at computational model-
ing as a natural vehicle for promoting interdisciplinary
science practices, at the K—12 and undergraduate levels.
However, CM can play this role only when it is understood
as an extension of existing modeling practices, rather than
as a novel and purely technical skill.

B. Gradualist approach

Our second design principle sought to augment
existing curricula and teaching practices, particularly by
compensating for their limitations. This approach is in
contrast to models that require science teachers to learn and
teach a new programming language or modeling practice
such as agent-based modeling [18,22,23,39]. Both these
approaches require wide student access to hardware such as
laptops and tablets.

In developing country contexts, where textbooks are
currently the only viable media format (as they are cheap
and widely available), most students cannot afford laptops,
tablets, and smartphones. This constraint suggests that any
redesign of curricula for such resource limited contexts
needs to start from textbook-based teaching and learning. A
pedagogical design driven by this constraint is presented by
Karnam et al., where a simulation-based design (a touch-
based interactive system to learn model-based reasoning
using vectors) is connected to textbooks using QR codes,
thus augmenting the textbook with interactive media [50].
This mixed media structure allowed teachers to smoothly
extend their existing textbook-based teaching practices, to
demonstrate (using their personal phones) the dynamics
embedded in vector operations. Students could then try out
these interactions, either using the teachers’ phone, or
borrowing a phone from someone in their community. This
gradualist design approach allowed even resource-limited
students to enter the simulation world without much
investment, and develop a modeling based understanding
of science. Such design approaches seek to create a
continuum from existing media, content, and classroom
practices. This design allows teachers to smoothly extend
their accumulated experiences and practices, rather than
learn a whole new set from scratch. Given the developing
country context of our design, such a gradualist approach
is a necessary requirement. Note that even in more
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resource-rich contexts, such a gradualist approach would
allow both students and teachers to better understand and
integrate new CM practices.

Applying this requirement to the objective of our work-
shop (enabling teachers to shift to CM), we needed to
develop a method that allowed teachers to smoothly extend
a large part of the content they currently teach, in a way that
allow students to move easily to computational modeling.

C. Participatory design

To develop the content of the workshop, we interviewed
three expert modelers (who were also teachers), based on
their modeling papers, and elicited their core modeling
practices. This understanding of computational modeling
informed our design of the workshop modules. As part of
this process, we also held discussion sessions on philoso-
phy and cognitive science papers examining how discov-
eries emerged through model building in physics. These
discussions helped the modelers understand the process of
model building [15,51]. To extend and apply these ideas,
the modelers also participated in the design of the teaching
modules, as well as the design of teaching simulations that
were developed as part of the workshop. One of the expert
modelers also taught some of the workshop modules.

A second participatory component focused on teachers,
who also contributed to the design. Once the first design
iteration of the modules stabilized, we presented the
modules to a cohort of six teachers interested in including
computational modeling in their teaching. Based on an
analysis of the feedback from four teachers (the other two
only listened), we redesigned the modules. Apart from this
feedback during the initial design, we built new teaching
simulations, based on suggestions by teacher-participants
in the final workshops.

IV. OPERATIONALIZATION OF THE
DESIGN PRINCIPLES

To operationalize these three design considerations in
an integrated fashion, we first did a process analysis of
modeling practices that are present in existing curricula.
Modeling practices are rarely discussed or enacted in
Indian classrooms, particularly in ways that reveal the
many model-building considerations involved in develop-
ing a scientific model. One objective of our analysis was
to identify a candidate practice that could be extended
smoothly to computational modeling, as such a smooth
extension was needed to operationalize our gradualist
design approach.

Based on this analysis and related discussions, we
identified physics derivations as a candidate modeling
practice, as these could be extended towards computational
modeling in ways that build on current teaching practices,
content, and media. Derivations are a core component of
physics instruction in India, and this modeling practice is

learned by all science students [52]. This common structure
thus allowed a smooth extension of existing classroom
and teaching practices, as envisioned by our gradualist
design approach.

However, derivation models are taught as a series of
mathematical steps in Indian classrooms. To extend deri-
vations smoothly towards computational modeling, these
formal steps needed to be systematically unpacked, in two
ways: one, to reveal how derivations are built up from
observations and data from the real world (model building),
and two, to reveal when numerical solutions are needed,
how they work, and how they augment classical modeling
approaches. In the workshop design, these two steps were
implemented using interactive simulations. In the discus-
sion below, we outline some theoretical justifications for
these two steps, based on the following two themes:

Role of model building in derivations.—In this discus-
sion, we present the processes of model building and
model-based reasoning that led to influential derivation
models, such as Maxwell’s equations and the Carnot
engine. These cases illustrate the necessity of model
building while solving open-ended problems.

Numerical solution approaches as boundary-crossing
spaces.—In this discussion, we argue that numerical
solutions are natural extensions of derivation models, made
possible by newer calculation technologies. As discussed in
the brief review of CM in the introduction, CMs allow
modeling of complex interdisciplinary problems—such as
climate change, pandemics, and biomedical solutions—
from a physics perspective, using modeling tools from
physics, such as equations. Numerical solutions thus work
as boundary-crossing spaces.

A. Role of model building in derivations

Physics derivations taught in classrooms are the final
products of extensive model building by scientists
[15,51,53]. However, derivations are often taught in
physics classrooms as lengthy chains of mathematical
operations, without any mention of the extended model-
building processes that allowed scientists to arrive at these
formal systems. These building processes include analogi-
cal thinking and building of spatial models, as well as
complex reasoning based on both these elements (model-
based reasoning). For instance, Maxwell’s equations are
taught in classrooms as a series of mathematical operations
starting from other basic equations, even though Maxwell
arrived at the equations of electromagnetism through a
series of complex reasoning processes, based on analogy,
model building, and model-based reasoning [51,53].
Interestingly, these reasoning processes are outlined in
detail in Maxwell’s notebooks, but they are not part of
his final mathematical model.

Pickering discusses a similar “vanishing act” in exper-
imental physics, where final interpretative accounts (similar
to the final mathematical model) are constructed [54].
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These accounts minimize the role played by specific
experimental and instrumental setups, and their perfor-
mances, in generating phenomena such as the Hall effect,
which “can only be embodied in such devices.” According
to Pickering, “representational chains in science visibly
terminate in machines and instruments,” which means
experimental results could be understood as tied to—and
thus specific to—the “machinic” (i.e., experimental and
instrumental) setups, and not applicable to the real world.
The interpretative accounts, constructed after an experi-
mental result is obtained, help overcome this lack of ready
correspondence between the experimental system and the
real world. In this view, the final account, which helps
“vanish” the instrumental setup, is required in all exper-
imental science, to support the claim that the results, while
based on the specific experimental model system, corre-
spond to aspects of the real world.

In the case of theoretical models such as Maxwell’s
equations, the components that vanish are the extensive
analogical, model building, and reasoning operations,
which the scientist developed to arrive at the model.
Following Pickering’s reasoning, this vanishing process
is a required step—to make the claim that entities in the
theoretical model correspond to actual aspects of the
phenomena in the world, and not just to elements of
the modeler’s imagination (such as the vortices and idle
wheels imagined by Maxwell while developing the model
of electromagnetism). Interestingly, this view also accounts
for the preference for analytical, closed form, solutions to
equations, as their general nature supports the argument
for a tighter correspondence relation between the model
and the world. In this view, the process of “wiping”
cognitive and material processes involved in model build-
ing, and constructing an overarching—and often purely
mathematical—final account of theoretical models, is a
core component of science practice.

As the derivations taught in classrooms only use the
final “wiped” (and succinct) mathematical rendition of the
model, learners are not able to see the way scientists
develop this complex argument structure, to support model-
world correspondence. Learners thus do not understand and
appreciate this core practice, which leads to the “achieve-
ment of correspondence” [7]. Apart from this lack of
understanding of model building, the exclusive use of
succinct final models also leads to learners understanding
derivations as just a set of mathematical procedures, whose
relationship to actual phenomena in the world is not clear.

This limited view of derivation models significantly
limits learners’ ability to build on and extend their under-
standing from the study of derived models, particularly to
open-ended problems. Studies show that students cannot
solve open-ended problems even after solving two thou-
sand word problems based on the derived model [55]. This
is because open-ended problems, especially interdiscipli-
nary problems, require high levels of model-building,

where the student needs to build up systematic relationships
between real-world structures and mathematical structures,
in ways that lead to the world being “loaded” into
mathematics [16]. Solving open-ended problems also
requires generating new structures in the imagination,
and using these imagined structures to build mathematical
models. This means learners need to understand the ways in
which scientists integrate imagination and reasoning proc-
esses (such as analogy and model building) with math-
ematical reasoning.

The above analysis suggests that to use derivations as a
stepping stone to CM, the model-building “moves” in
derivations, and the way these are integrated—and even-
tually subsumed—by mathematics, need to be made
explicit. This is because the current purely mathematical
understanding of derivations does not extend well to
solving open-ended problems, which require analogical
thinking and model-building processes. Since these cog-
nitive processes are key to the “loading” of the real world
into mathematical models, the same processes are deployed
while building computational models, particularly when
solving complex interdisciplinary problems.

The curricular focus on the final formal model, which
presents modeling as starting and ending with mathematics,
implicitly follows currently dominant science and philoso-
phy of science discussions, which mostly do not consider
the role of model-building and reasoning processes in
the development of theoretical models. To address this
pedagogical issue, we have developed interactive derivation
systems that make explicit the process of model building.
As an illustrative example, consider the system we devel-
oped for the derivation of the wave equation [56]. The
derivation is presented as a process of systematically
loading features of reality—particularly dynamics—into
mathematics, through a series of modeling moves such as
idealization, discretization, etc.

B. Numerical solution approaches
as boundary-crossing spaces

A major component of the mathematical approach to
learning derivation models is the development of analytical
(closed-form) solutions to equations. This approach to
solving equations is overemphasized in current teaching
practices, even though (i) numerical solution approaches
are possible in all the derivation cases discussed in the
textbooks, and (ii) most contemporary modeling practices
are based on numerical solutions. As discussed above, this
(curricular and disciplinary) preference could be based on
the generality of closed-form solutions, which better sup-
port model-world correspondence claims. Apart from this
reason, it is possible that analytical (closed-form) solutions
were emphasized by classical first-principles-based
approaches because of a purely practical problem—the
manual calculation of hundreds of numerical steps using
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paper and pencil, and finding the hidden patterns in the
resulting numbers was very difficult and cumbersome [57].

New computational technologies opened up the pos-
sibility of performing such complex and extended math-
ematical operations very quickly. This, in turn, allowed
building of complex numerical models that could approxi-
mate the complexities of the real world. In the classroom,
the emphasis on analytical solutions to equations blocks
students from accessing this rich modeling space opened
up by computers. To address this issue, when teaching
derivation models, numerical solution approaches to solv-
ing their equations could also be taught, along with
analytical solutions when available. Such a dual structure
would bring the derivation modeling practice closer to
CM, and also contemporary science practices. This dual
approach would also emphasize the continuity between
analytical and numerical solutions.

Interestingly, numerical solution approaches also work as
a key boundary-crossing space for developing interdiscipli-
nary science practices. This is because numerical solution
approaches allow different types of rules to be connected
together, using logical operators. This structure is conducive
to interconnecting theory and data from different levels
(physical, chemical, biological, behavioral, etc.), and

multiple disciplines, thus overcoming analysis constraints
imposed by existing disciplinary perspectives, such as
closed-form solutions. Computational modeling thus opens
up new kinds of model-based reasoning, particularly suited
to interdisciplinary problems [7,36]. This boundary-crossing
feature makes numerical approaches a natural vehicle for the
transition to interdisciplinary science education.

These two themes (role of model building in derivations,
numerical approaches as boundary-crossing spaces) pro-
vided us with a good starting point to extend the practice
of derivation modeling to computational modeling.
Specifically, we decided to develop modules that made
explicit the model-building moves embedded in derivation
models, and also clearly showed the way the derivation
process “loads” reality into mathematical symbols. Second,
we decided to develop modules that showed how equations
resulting from derivation models could be solved numeri-
cally, using software like Wolfram Alpha. Finally, we
also decided to develop a series of “bridge” simulations,
which allowed participants to (i) understand the continuity
between derivation models and computational models, and
(ii) follow the numerical solution process in a step-by-step
way. Figure 1 provides an outline of the design of our TPD
program.
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C. Sequencing the transition

As computational modeling is a vast domain, and learning
CM is a difficult process, we sequenced the workshop design
in the following way. First, we decided to develop a
sequence of 3 workshops: the first design, reported here,
seeks to extend derivation modeling to computational
modeling. This part can cater even to those who have access
only to textbooks, as these modules rely only minimally
on access to computers and laptops. The second workshop
will focus on editing of code (to manipulate many types of
existing computational models) and arrive at specific results.
After this second TPD phase, which would help familiarize
teachers with coding, the final workshop would involve
actually building computational models.

Apart from this sequencing, we also decided to design
a later session for data modeling approaches, such as
machine learning, as these models are more complex,
and have a different argument structure from standard
simulation models. We plan to introduce this data-driven
approach only after the three workshops focused on
structure-based computational models. Figure 2 below
outlines the design sequence. The next section outlines
some of the key design elements of our teacher professional
development program, centered around derivations.

V. FROM TEXTBOOK DRIVEN DERIVATIONS TO
MODELING: TEACHER WORKSHOP AND THE
DEVELOPMENT OF MODULES

A. Design elements of the workshop for teachers

Based on the focus on computational modeling and the
gradualist approach, as well as discussions with expert
modelers and teachers, we developed the following three
design elements to implement the teacher workshops.

1. Reconceptualization of derivations
as mathematical model building

Popular derivations at the higher secondary and under-
graduate level were analyzed, to unpack and highlight the
core model-building decisions, moves, and practices that
went into their construction. This analysis led to a schema
that illustrated how a physical phenomenon or a process
gets turned into a mathematical model, through a series
of interconnected steps. These steps embed, and keep
“alive,” the dynamic process in the world that the enactive
final model seeks to replicate. This understanding could
help teachers reconceptualize derivations as mathematical
model building, and thereby achieve a wider perspective on
modeling, which can cover most derivations.

2. Bridge simulations

A set of teaching simulation systems were designed to
help teachers integrate derivation models with computa-
tional models. These publicly available systems turn

textbook-based derivation models into fully manipulable
interactive systems, interconnecting physical phenomena
(such as oscillation), their equations, and their graphs [61].
One of the systems illustrates the way analytical solutions
make way for numerical ones, as the complexity of the
modeled phenomena increases from a simple harmonic
oscillator to a piecewise oscillator. Textbooks that embed
these simulations using QR codes would allow students to
smoothly move from reading to actively manipulation (and
enaction) of different types of formal systems, with many
levels of complexity of oscillation. This process would
allow learners to appreciate the dynamic nature of formal
models, and also the continuity between equation models
and CMs. These systems would also help learners integrate
the multiple representations used in science learning and
discovery, in a coherent way.

3. An integrative pedagogical framework

To extend derivation models smoothly towards computa-
tional models, we developed a new teaching narrative that
connected: the model-building analysis of derivations,
bridge simulations, and modeling tasks. This narrative
allowed teachers to extend these elements to CM. The
narrative was based on a standard textbook topic (oscil-
lation), and captured the systematic evolution of math-
ematical model building, moving from simple derivation
systems (solved analytically) to complex systems (analyti-
cal solution not possible).

Netlogo simulations, of problems like virus transmis-
sion, were introduced at the end, to show the new modeling
possibilities opened up by CM, and also to illustrate how
such simulations build on equations. These systems also
illustrated the real-world and societal relevance of compu-
tational modeling and thinking, and highlighted the way
such models help understand complex contemporary prob-
lems in an integrated way.

The next subsection discusses in detail the way we
developed the TPD modules, to meet the learning objec-
tives of the workshop.

B. The design and development of the modules

The design of the modules was informed by insights
obtained from an extensive reading (review) of the liter-
ature related to modeling. This included papers from
science education research, philosophy of science, and
cognitive science [15,16,42-46,48,51,53]. As discussed
above, the modules were structured around derivations,
to meet the dual requirement of (i) centering the discussion
around modeling moves, and (ii) developing a design that
extended existing teaching practices to CM.

1. Module 1: Introduction to the objectives of NEP 2020

This module introduced teachers to key goals and
objectives of the National Education Policy (NEP) 2020,
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FIG. 2. Outline of the projected design sequence of the workshop for teachers.

namely transitioning to interdisciplinary thinking and
computational modeling [8]. The importance of these
objectives—particularly to advance research at the cutting
edge of scientific frontiers, and their significance in
tackling complex societal problems like climate change,

pandemics etc.—were emphasized. The module high-
lighted one of the key aims of the workshop—to reenvision
physics education with an emphasis on modeling. It then
laid down a road-map, based on: recasting the pedagogy of
derivations as an activity in mathematical modeling, and
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connecting derivations to other novel approaches to model
building, like simulations and computational thinking. The
close connections between computational and interdisci-
plinary thinking was discussed.

To capture and sustain the attention of practicing
teachers, laying out the road map to a new curriculum
was not enough. In addition, we needed to highlight
how the workshop would benefit their day-to-day physics
teaching. Taking this aspect into account, the module
addressed how the new perspective on derivation (provided
by the workshop) would help students organize physics
knowledge in a more structured fashion. Understanding
derivation as an activity in mathematical modeling would
provide a unifying theme, which could help students
understand most derivations as following a common
model-building structure.

2. Module 2: Derivation and problem solving
as mathematical modeling activities—
A practitioner’s perspective

The new perspective on derivations we have developed,
where they are understood as an activity in mathematical
modeling, emerged from discussions in philosophy of
science and cognitive science. However the teacher par-
ticipants in the workshop would have no background in
these disciplines. To initiate the modeling discussion in a
way that is aligned to teachers’ day-to-day practice and
discourse, we introduced the approach using the context of
a familiar textbook problem—a bullet fired from a heli-
copter; students needed to calculate the time (¢) at which the
bullet will hit a target on the ground—initial velocity () of
the bullet and vertical height (s) of the helicopter from the
ground is given. The conventional approach to solving
this problem is by invoking the equation s = ur + $ar?
and plugging in numbers that are given. A critique of this
approach was the first discussion point of the module,
which was led by a teacher who is also a modeler. The
teacher stated a modified, and relatively open ended version
of the problem, which did not specify the initial velocity of
the bullet and height of the helicopter. He then asked the
audience to state all the possible factors that could affect the
motion of the bullet, and then listed them. The suggested
factors included gravity, air resistance, weather, influence
from the helicopter fan, the possibility of the bullet losing
mass, among others. Multiple models and associated
differential equations were constructed, by including and
omitting the above mentioned factors. For example, one
model considered air resistance, gravity, and variation of
mass of the bullet, while another excluded all the three
factors. By discussing multiple models like these, he
illustrated that the problem can be tackled in different
ways (depending on the precision and accuracy needed),
and highlighted related trade-offs. The module sought to
provide a general sense of what it means to build a model of
a phenomena, and the role of judicious decisions on what to

include, omit, etc., in the model. The discussion made it
clear that the typical model involving the equation s =
ut + %at2 discussed in textbooks has no special status, and
it is just one possible way to build a model, out of many.
Another key issue highlighted was the idealization trade-
off, where getting an equation that is analytically solvable
becomes very unlikely as problems become more complex,
especially when they required moving closer to the real
world. The modeler also illustrated the wide applicability of
numerical methods, and the limited application of analyti-
cal solutions. The availability of easy-to-use mathematical
packages to solve equations (like WolframAlpha) was also
highlighted. The emphasis on the wider applicability of
numerical methods sought to dislodge the (commonly
perceived) sacrosanct nature of analytical solutions, and
thereby pave the way for computational approaches.

3. Module 3: Deconstruction of the derivation process
from a modeling perspective

This module sought to provide a detailed account of the
key steps involved in the process of building a mathemati-
cal model of a physical phenomenon. The process of
derivation was deconstructed, to show the following 4
general steps: Physical phenomena — Structural diagram or
schematic — Geometrical model — Algebraic model (see
Fig. 3). The clear and tight connections between these steps
were shown clearly, highlighting how they together form a
funneling process, leading up to the succinct final equation.
The derivation of the equation of motion of a simple
pendulum was used as the context to illustrate this process.
Towards the end of the module, the same process was
shown in the case of motion of an object on an inclined
plane, to emphasize that the four-step structure underlies
not just the pendulum derivation, but many other deriva-
tions as well. The details involved in the 4 steps are
discussed below, using the simple pendulum as an example:

Physical phenomena: There are innumerable physical
situations around us involving oscillation, such as the ones
illustrated in panel 1 of Fig. 3. The interesting movement or
change properties underlying them, such as periodicity and
isochronism, are the starting points of a characterization
of the real-world phenomena, which leads up to the model.
These properties are the referents for the variables in the
equation, which is obtained eventually. Once the final
equation is built, it can be considered as capable of acting
out the dynamical (movement or change) features of the
physical phenomena (which the equation is also considered
to “represent,” when the equation is treated as a static entity
on paper).

Structural diagram or schematic: Moving from the
physical phenomena to a schematic is the first major
transition in our characterization. The schematic serves
as a stand-in for the multitude of oscillating phenomena
in the real world. This generalization develops through
the methodology of idealization, leading to the schematic.
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Four general steps underlying many derivations in physics. The derivation of the equation of motion of a simple pendulum

(analyzed in the lab frame) is deconstructed along the four steps, as an illustrative example.

The module discusses two key features of the schematic:
(i) the way it dissociates and decouples the system’s
behavior from specific contexts as well as context-specific
physical and perceptual experiences and related patterns,
and (ii) the way it reveals and brings together previously
obscured and scattered information about different systems,
in a salient and common form. This process makes this
information available for new cognitive operations, and
novel manipulations.

Geometric model: In this step, the schematic is
embedded in a coordinate grid. The structure and compo-
nents of the schematic are chosen in such a way that it can
be easily subsumed under existing mathematical concepts
and variables. The causal factors affecting the motion of the
pendulum bob are then identified and ordered as primary
and secondary factors. Gravity, tension are considered as
primary, and viscous force, buoyancy, friction among
secondary factors, as the latter could be excluded in a
simpler model. The coordinate grid facilitates the repre-
sentation and manipulation of the causal factors in terms
of vectors. Once all the details of the system are made
available in the geometric model, then the transition to the
fourth and final step becomes possible.

Algebraic model: Newton’s second law plays a crucial
role in the transition from geometrical model to algebraic
model, as the details of the geometric pendulum system
are fed into the differential equation that follows from the
second law. The resulting equation is rearranged to form the
differential equation for the motion of the simple pendu-
lum. Since the equation is not easily solvable, the small

angle approximation is invoked, to facilitate an analytic
solution. The module discusses the ubiquitous role of such
approximations in physics derivations, and the limitations
imposed by them on the solutions.

After explaining this four-step characterization of deri-
vations, the module compares and contrasts a pedagogy
based on the four-step process with the traditional approach
of teaching derivations. In the traditional approach, teach-
ing of derivations emphasizes the mathematical procedures
and manipulations involved, focusing on a specific content
topic. Derivations are presented as straightforward appli-
cations of theory, rather than as building processes involv-
ing complex judgements. In such a mathematics-centered
approach, what is valued is the formal knowledge elements,
such as pieces that are carried over from previous deriva-
tions. These act as problem solution templates, but only
when the given problem is structured similarly to previous
derivations (i.e., not open-ended). In our approach, what is
valued is the imagination and building processes, which
are not specific to a content topic. These processes involve
understanding the four-step process elements, and using
them to model any given problem, including open-ended
problems, across different content topics.

The mathematics-centered framing shapes current teach-
ing approaches in India, as the emphasis is on working with
and using topic-specific formal models (in mechanics,
optics, etc.), which are treated as templates for solving
well-structured problems. This leads to the whole peda-
gogical approach being focused on well-structured prob-
lems, and organized in a highly modular and additive
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fashion. In contrast, we advocate teaching derivations
using a building approach, which can scaffold the solving
of open-ended problems, across topics. We emphasize the
internal logic of building a derivation, showing how this
process follows a funneling structure, from the physical
world to a symbol-based structure (equation). This funnel-
ing process involves key transformations, such as ideali-
zation, approximation etc., as illustrated by the four-step
model. This is a more grounded approach, where the
learner can start with data or questions, and when faced
with the problem of predicting or explaining the behavior
of an unknown system, try to solve it by engaging in the
process of model building. This process may invoke
existing theories if available, or it may require coming
up with a model from the data, to eventually arrive at a
generalization. We believe this characterization allows
students to appreciate the role of imagination in modeling,
the different modeling decisions that are taken, and the
deep structure underlying the different reasoning practices
involved in scientific modeling. The focus on building also
helps learners become active participants in the derivation
modeling process.

Module 3 ends with a bridging simulation (see Fig. 4)
that allows manipulating the schematic, equation, and a
graph of a simple pendulum. Interacting with this system
facilitates two learning objectives: (a) Understanding the
coherence relation between the three different representa-
tions of the pendulum, and the way they are interconnected;
(b) understanding the dynamic nature of the equation
and the graph, and how they “act out” the behavior of
the pendulum. Teachers are introduced to these learning
objectives of the bridge simulation. They are then asked to

0t) = Out)

Angle 4]
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manipulate the system and try out different system states
and scenarios.

4. Module 4: On the limitations of analytical solutions
and the generality of numerical methods

This module builds on some of the threads introduced
in module 2, particularly to expand ideas related to the
generality and wider applicability of numerical methods.
The point that analytical solutions cannot be found for most
real-world problems is emphasized [12]. Different aspects
of the thinking underlying numerical methods are high-
lighted using examples. These are then contrasted with
analytical methods for solving equations. For example, the
solution to a quadratic equation obtained for the bullet
problem is solved under the pretense of not knowing the
quadratic formula. Different values of time are inserted in
the equation, to approach the value of the solution. The idea
that the process can be halted or continued, depending
on the desired accuracy, is emphasized. The module then
unpacks the logic underlying more complex forms of
numerical solutions, such as Newton’s method. The dis-
cussion focuses on the following reasoning features
related to analytical solutions and numerical methods:
(a) Analytical mode involves algebraic thinking and sym-
bol manipulation, while numerical solutions involve think-
ing in terms of numbers and computation of numbers.
(b) The output of an analytical solution is a function, while
the output for numerical methods is a discrete set of
numbers, obtained sequentially. Functions can be thought
of as one way to organize these numbers as a general
pattern, and graphs, visualization, etc., are other ways.
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FIG. 4. A snapshot of the bridge simulation based on the simple pendulum (for access, see, Pendulum Ref. [61]). The schematic and
the equation can be manipulated interactively, and the simultaneous changes in the graph can be observed.
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A snapshot of the bridge simulation based on the spring-oscillator system (to access the system, please see piecewise

oscillator [61]). The parameters can be manipulated interactively, to study the motion of damped, forced, and piecewise oscillators.
The simulation has a tab that illustrates in detail the processes involved in the numerical solutions of differential equations.

This module leverages the close connection between
computational modeling and numerical methods, to create
a segue into computational thinking, starting from deriva-
tions. It emphasizes the point that the lack of analytical
solutions does not limit our ability to solve problems,
particularly given computational tools like Mathematica,
which allow one to numerically solve complex equations
quickly. This feature makes it possible to build models that
tackle complex and open-ended problems close to the real
world. The pedagogical emphasis is that teachers should
focus on helping students to systematically formulate a
problem, by engaging in the process of mathematical model
building, rather than investing time disproportionately on the
less crucial issue of finding analytical solutions to equations.

5. Module 5: Modeling oscillators—From simple
harmonic to piecewise oscillator

This final module recaps the key arguments from the
other modules. The module starts with modeling the
oscillation of a spring, along the four-step characterization
discussed in module 3. The discussion shows how the
4-step framework holds even when the complexity
increases from the simple case to the one involving
damping, and then an external driving force. An additional
layer of complexity is then brought in, by turning the spring
system into a piece-wise oscillator, by adding a second
spring. The equation for the piecewise oscillator is not
analytically solvable, and leads to discussion of numerical
methods. A bridge simulation software we have developed,
capturing the three-tier spring system (with damping,

external force, extra spring) is then introduced (see
Fig. 5). Teachers are asked to work with this system, to
generate scenarios. The software can be used in three ways:
(i) as an interactive tool to visualize and understand the
complex set of graphs generated by different combinations
of the variables of the spring system (ii) to help students
appreciate the interconnected relations between the differ-
ent representations of the spring system (schematic, equa-
tions, and graphs), and also the dynamic nature of
equations, and (iii) to understand in detail the calculation
process involved in numerical solutions. This process is
presented in a different tab in the system.

The module also discusses the nature of the code
underlying the software for the spring system, emphasizing
the fact that it is based on a numerical solution. The
connection between numerical methods and computational
models is thus once again emphasized. This context is then
leveraged, to briefly discuss and demonstrate a Netlogo
simulation on virus transmission, showing how equations
are augmented with space-time parameters, to model real-
world virus transmission scenarios. The module ends by
outlining the possibility of creating many such pedagogical
transitions from physics derivations to interdisciplinary
models, similar to the virus transmission model. The
intermediary role played by the transition from analytical
methods to numerical solutions, which then segues into
computational modeling and thinking, is highlighted. The
enabling role played by the bridge simulations, particularly
to help students understand the relationship between
derivation models, numerical solutions, and computational
models, is also discussed.
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VI. PILOT IMPLEMENTATION
AND ANALYSIS OF DATA

A. Objectives and framework

The modules 1-5 discussed in Sec. V. B were presented
to a group of 6 undergraduate physics teachers. Their
academic interests spanned nanomaterials, polymers, and
quantum physics. The objective was to seek their opinion
and feedback on the modules, as practicing teachers. We
invited ten teachers with known active interest in improving
physics education. Out of these ten, six teachers responded,
who constitute our sample. Five of the teachers had a
Ph.D. in physics, and one teacher had a master’s degree in
physics. They had teaching experience in the range of
5-20 years. Four teachers taught in regional colleges
(similar to community colleges in the U.S., primarily
focusing on teaching) while the other two taught in a
university, engaging in both teaching and research. Because
of COVID restrictions, meetings were conducted online.
We met each week for around 2 h, for 4 consecutive weeks.
These meetings were recorded and later transcribed for
analysis. The objective of the data analysis was to sys-
tematically capture the opinions expressed by the teachers
(though N =6, only 4 actively participated in the dis-
cussion), and the way these opinions changed over time, in
response to the researchers’ proposed design and related
discussion. Specifically, we wanted to capture and char-
acterize the dynamic interplay between the proposed
design, researchers’ views, and teachers’ opinions, in a
way that could provide actionable directions for the
redesign of the workshop modules. Towards this end, we
decided to adopt a qualitative approach to the analysis of
the transcribed data (see Table II in the Appendix).

The first part of the analysis involved a thorough reading
of the data transcripts. Since the purpose of the discussions
with teachers was to seek feedback on the design of a novel
pedagogical approach, we focused on the utterances that
dealt with teachers’ ideas about teaching and the nature of
physics. These were found to be complex, due in large part
to the deep entanglement between two kinds of teachers’
views: about physics teaching and learning, and the nature
of (physics) knowledge and knowing (excerpt 1B in
Table III, in the Appendix exemplifies this). As a change
in the latter was part of the workshop design (through the
focus on numerical solutions and CM), the data analysis
could not treat teacher feedback as fixed views about a
specific topic (e.g., computational modeling) or module.
We had to consider the teachers’ comments as part of a
meaning-making process. In this view, meaning is not
fully predetermined, or fixed in the minds of the discussants
before or during the interactions. Instead, meaning is con-
sidered as embedded within the sociocultural environment
and related interactions [62,63]. Meaning is considered co-
created, through agreements, contestations, and negotia-
tions between the discussants (see Fig. 6).

Researchers' Frame

Teachers' Frame

FIG. 6. An initial (pre-analysis) schematic representation of the
dynamics of the meaning making process. Further analysis was
conducted to reveal the specific dynamics of the meaning-making
process, and to determine its implications for the redesign of the
modules.

In our case, the meaning was constructed by the
participants (teachers) in real-time, as they assimilated
the content of the discussion into their existing knowledge
structures and experiences, and also while they attempted
to articulate their responses to the ongoing discussion.
In parallel, researchers’ interpretation of participants’
responses to the pedagogic modules was based on their
own intellectual and experiential repertoires. In this analy-
sis approach, participants and researchers were equal
contributors to the meaning-making process. Note that
we use “participants” and “teachers” interchangeably in the
context of this data analysis.

To understand the detailed nature of this dynamic
process, and how it could inform the redesign, we decided
to study the dynamics of the discussants’ epistemological
framing of the modules, and the pedagogical approach
therein [67]. Consequently, we decided to base our ana-
lytical framework on a theory of personal epistemology
(the views that an individual holds about the nature of
knowledge and knowing). After a review of some of the
accounts of this construct, we settled on the cognitive
resources framework of personal epistemologies (PE) by
Hammer and Elby [65,66,68,69]. This framework was
chosen because it allowed us to capture and characterize
the context-induced variability in participants’ reasoning,
about the nature and content of their disciplinary knowl-
edge. Further, it allowed an integration of participants’
views about pedagogy and personal epistemology [70]. As
these features were well-aligned with the properties of the
dataset and the redesign objective, the PE framework was
judged the most appropriate for our analysis.

Also, from a methodological standpoint, we found the
following 3 assumptions of the framework quite useful:

* Personal epistemologies inform and motivate all of

knowing and reasoning.

* Personal epistemologies function as context-sensitive

cognitive resources.

020136-14



PARTICIPATORY APPROACH TO INTRODUCE ...

PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

» Personal epistemologies combine to enact epistemic
framing, which manifests as stable beliefs and/or
theories about an event, object, or phenomenon.

We used these assumptions to develop 3 key analysis

questions:

* What must be presumed about pedagogical practices
and science cognition, to account for the teachers’
stance towards teaching derivations as mathematical
modeling?

e How do personal epistemologies influence the inter-
pretation of the proposed modules?

e What are the implications of researchers’ and partic-
ipants’ (epistemologically informed) interpretations
of the proposed modules, particularly for module
redesign?

Based on these questions, we devised an incremental
approach, to systematically address the questions (see
Fig. 7 for an overview of the method). See Table II in
the Appendix for the steps of the method and their
rationale.

As the design project was highly interdisciplinary,
different aspects of the project (theories of modeling,
numerical solutions, interactive simulations, workshop
narrative, data collection, data analysis, etc.) were led by
different researchers, with interests and abilities related to
these components. The analysis component was led by a
researcher with significant experience in qualitative analy-
sis. As every member of the team did not have this
expertise, consensus on the analysis procedures and cat-
egories were achieved through this researcher meeting with

Opinion and perception
mapping:
Coded the data using Wright et.
al.’s stage model of intervention
development, to delineate: aspects
of the proposed approach that the
participants and the researchers
agreed upon, from those that were

contested. i

Data processing

Data Collection:
Collected data by
recording a virtual
feedback session

on the proposed

Data Transcription:
Transcribed all audio
data, including
conversational
elements in

pedagogic Malayalam,
approach verbatim. All
[See §ect10n ‘the i 1dent1fymg Determining the contents of
design of the information was

X the discussion:
moc!ules for exclu_ded f.rom Re-coded the data to determine
details on the consideration. the main topics encountered in

modules presented] the discourse between the

researchers and the participants.

FIG. 7. Overview of the steps involved in our data analysis.

the two PIs every week, to discuss and develop agreement
on the codes, the process by which they were arrived at, and
the analysis logic in general. This process ensured a broad
interrater agreement about the analysis. Apart from this
discussion process, we also used qualitative measures to
ensure coding reliability and overall rigor of the analysis.
The specific approach used, and the rationale for its
adoption, is provided in Part C of the Supplemental
Material [71] on data analysis.

B. Findings and discussion

We first determined which aspects of the modules the
researchers and teachers agreed and disagreed on. As
illustrated in Fig. 8, the discussants appeared to have a
shared understanding of the problem (the dismal state of
undergraduate physics education in the country) and its
causes (poor conceptual understanding and problem-
solving skills). However they seemed to have conflicting
opinions about the mechanism for pedagogic change.
Specifically, while the researchers proposed to restructure
the teaching of derivations to support mathematical mod-
eling and model-building skills, the participants believed
that the mathematical modeling was better linked to tradi-
tional textbook problem solving.

We then sought to determine how the discussants were
differently interpreting the contents of the conversation.
For this, using an open coding framework, we identified
numerous repetitive key terms and concepts within the
transcript. Assigning each of these terms a unique label,

Determining the epistemic
resources:
Conducted a comparative analy-
sis of the participants’ and
researchers’ excerpts to: a) deter- impacted the parties’
mine variations in their under- sense-making of the modules

standing of the topics identified in (@)

step 2, and b) identify any/all
epistemic resources that were
activated in their respective narra-

tives.

Determining the framing of
the proposed modules:
Studied how the epistemic
frames identified in step 4

(_)lftPl_lt} Redesigned
Modules

Building epistemic frames from
epistemic resources:
Determined whether the epistemic
resources identified in step 3 showed
patterned activation (consistent with
Hammer & Elby’s framework, 2002,

2010).
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Determining the implications
of reframing of the proposed
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Studied epistemological shifts in
the narratives of the researchers
and the participants, and their
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Data classification based on the stages

of intervention design

Stage I: Understanding the problem

—

Stage Il :Identifying the causes
of the probelm

—

Stage llI: Identifying the
causes of the problem

Stage IV: Deciding on the
mechanism of change

Dismal Reality of Physics
Education
Issues Presented

—Lack of conceptual clarity in
physics students.
—Limited applicability of the
learnt material.
—Lack of scientific
decision-making and creativity in
physics students.
—Low student motivation.

Teaching & Pedagogical Practices
Issues Presented

—Passive engagement with the
subject.
— Linear (output driven, concepts
taught as final products of scientific
inquiry).
—Misplaced focus of learning on
recognizing, identifying, familiarity,
substitution in problem-solving.
—Not aligned with contemporary
scientific practices.

R ision Physics ion with an
on “Modeling”

Issues Presented
—Teaching derivations as an activity in
mathematical modeling.
—Connecting derivations to modern approaches
of modeling (e.g., numerical solutions;
computational thinking)
—Serves as a way of going beyond the textbook
and facilitates the teaching of “thought-work” in

Teaching & Pedagogical Practices
Issues Presented

— Transitioning from passive
reception to active participation in
knowledge construction.
— Aligning pedagogy with contem-
porary scientific practices.
—Enhancing students’ conceptual

clarity by making them think N

: . physics.
thr(?ugl? the steps involved in — Encourages transition from teaching students
derivations. about innovation to teaching them to innovate.

Consensus

Consensus

Disagreement

Consensus.

p ive Participant Re

p ive Participant R

“The students fail to understand the
physical meaning of taking divergence in
a physics class, even when these
concepts are being taught separately in

p ive Participant

“...It's true that many common
practice or a majority of our
universities or colleges, encourage
this type of plug-in type problems”

p ive Participant
“...Deriving all concepts from scratch is
unscientific and unproductive.
...Difficulty in imbibing modeling concepts &
philosophy if taught via derivations
...preferred approach is to teach using

“..s0 concepts like electric motor
should be introduced like this,
starting from the bare minimum

their mathematics classes.”

Interactional Dynamics (stage-wise)

information and then building on it,

application-level, word problems

detailing what happens at each step.

FIG. 8.

we generated 11 distinct codes. These included problems,
models, derivations, physics laws, problem solving,
abstraction, idealization, de-idealization, perceived nature
of physics knowledge, focus of preferred pedagogical
approach, and assumptions about science learners.
Conceptually similar codes were then clustered into 3
broader categories, namely, discourse objects, processes,
and science learning, as shown in Fig. 9. A description of
the clusters appears in the caption of the figure.

Next, using the procedures defined in Fig. 10, we
identified the connotative and interpretive variations in
the narratives of the researchers and the participants,
corresponding to the codes (or topics) within a specific
cluster [72,73]. The variations so identified were then used
to infer the epistemic resources—the fine-grained knowl-
edge elements that characterize participants’ views about
knowledge and learning—underlying the narratives. In this
paper we focus on the analysis of just the following 4
codes: problems, derivations, abstraction, and assumptions
about science learners (see Fig. 9). This is for two reasons.
First, for identifying the patterned activation of epistemic
resources, the differences in the responses of the two
participant groups were more salient with these codes than
others. Second, as they contributed to the final objective of
the analysis, which was to provide a clear direction to the

...Proposed Methodology is not sensitive

Such an approach is what required...”
towards analytical problem-solving in Physics”

An overview of teacher participants’ and researchers’ conflicting and accordant opinions about the modules.

redesign of the workshop, based on participants’ narratives.
These codes highlighted patterns that were actionable.
Analyses related to the remaining 7 codes have been
uploaded as Supplemental Material [71] related to data
analysis (see part A for details).

1. Connotative variations in the use of the terms
“problems” and “derivations” (cluster 1)

Consider the following excerpt from researcher S1,
while explaining the problem with current pedagogical
practices:

A helicopter is flying at a height of 1500m and a bullet is
fired from the helicopter [initial velocity not given]. When
will the bullet hit the target on the ground? This is the
problem. It may or may not be very precisely defined, but
this is actually, you know, the kind of problem you will
encounter when you close the textbook. [So] in retrospect,
we know what equation to be used, what derivations to be
used. But if you for a moment forget that and take these
problems, just as problems then you see that they are quite
complicated. Now why, because in each of them you have
to make judgments on what should be known and what
should I measure so that I can get the time the bullet
reaches on the ground. So you have to make judgments for

020136-16
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Clusters

. Cluster 3: N
Science Learning

; Cluster 1: h ,/ Cluster 2:
; Discourse Objects l ‘ Processes
! Codes i : Codes

1
i ! : | Problem-solving ! i
. e
! Models : ! : i

' i 1 ‘
i — ivati ; ! —— Idealisation :
! Derivations ! i

i

i

! i

! — -7, i H N e mimimimme -

\ ——{ Physics Laws ! w De-idealisation K

l

Codes

Perceived nature of

—— Focus of preferred
pedagogical approach

Assumptions about
science learners i

FIG. 9. A taxonomy of the codes developed using an inductive approach to data coding. As is evident from the diagram, we labeled
our first cluster “discourse objects.” Here, we define discourse objects as operative procedures that embed within them psychological
processes such as inference, deduction, categorization, generalization, learning, and decision-making. Next, we labeled our second
cluster “processes.” By processes, we mean any mental or cognitive function that is involved in the acquisition, use, interpretation,
manipulation, and transformation of knowledge. Finally, we labeled our third cluster “science learning.” The codes contained within this
cluster conveyed beliefs and assumptions about science teaching and learning.

yourself and this is a very hard part because then you are
like a practitioner.

S1 employed the adverb “just as” to establish a sense of
equivalency between physics (word) problems and deriva-
tions. On the other hand see how participant or teacher H
used the connector “even though” in the following excerpt
to maintain a distinction between the two:

Instead of transferring this derivation of an equation into
modeling, are we actually doing, are we actually aiming to
do this process of problem solving into modeling ? Because
in the presentation by, I think researcher S1, even though
he started with the equation s = ut —|—%at2, it’s not the
derivation of that equation that he has modeled here.
I think so. What he has modeled is how to approach a
problem. How to dissect a problem into different parts,
how to do modeling on that problem.

This example indicates that the discussants differed in
how they configured the relationship between problems and
derivations. Perceived relationships between disciplinary
constructs (e.g., problems and derivations) are considered
to influence perceptions about the level of coherence
between disciplinary concepts and ideas [74]. In this view,
since participant H distinguished problems from deriva-
tions, there is a low perceived level of coherence between
these disciplinary constructs. Alternatively, when the rela-
tionship between the constructs of a discipline is perceived
as being integrated and osmotic, as was the case with

researcher S1, a high level of coherence between discipli-
nary constructs and ideas is perceived (see level I themes in
Table III in the Appendix). Consistent with Hammer and
Elby’s framework, we have attributed these difference to
“differences in personal epistemologies pertaining to the
content of physics knowledge” [65,66]. Further details of
this analysis, including the full excerpts, can be found in
Table III in the Appendix.

2. Connotative variations in the use of the term
“abstraction” (cluster 2)

Analyses similar to the one just discussed were done to
characterize connotative variations in the use of the term
abstraction. For instance, participant H emphasizes abstrac-
tion in the context of end-of-textbook problem solving.
He subscribes to a lower level of engagement with the
abstraction process, and views physics knowledge structure
as a collection of distinct facts or pieces of information
(see Table IV in the Appendix for details). Alternatively,
researcher M emphasizes practicing abstraction in the
context of mathematically modeling derivations. He sub-
scribes to a higher level of engagement with the abstraction
process, and conceives physics knowledge as having a
mechanism-like structure (see level I themes in Table V in
the Appendix). Consistent with the cognitive resources
framework of personal epistemologies, we attribute these
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Direction of Analysis

Concrete Data

Abstract clusters

4 Step 1. Data Exploration N el
4 Step 2. Integration of Exploration N el -
Tt
Re-read each code’s text segment to
identify and compare the use of: Grouped the inferences, based on Step 3. Identifying epistemic
key/repetitive words in  context, conceptual correspondence between resources
linguistic tools (e.g. metaphors, analo- them. Labelled the data points “sub
gies.), and grammatical constructions themes™.
(e.g., connectors, adverbs), across Grouped the 11 pairs of “sub themes”,
researcher and participant narratives. Developed 11 pairs of sub-themes, based on conceptual correspondence
highlighting varied opinions of the between them, and obtained 3 global
\_ Named these data points “inferences”. ) \ participants and the researchers. J themes (or epistemic resources).
_____ >
____________ Bigger,

Smaller, fragmented
units of meaning

coherent units of meaning

Units of Meaning

FIG. 10. Overview of coding procedures used to study connotative and interpretive variations in discussants’ use of technical terms or

concepts.

differences to ‘““differences in personal epistemologies
pertaining to the structure of physics knowledge” [65,66].
Further details of this analysis, including full excerpts, can
be found in Table IV in the Appendix.

3. Interpretive variations in assumptions made
by researchers and participants
about science learners (cluster 3)

We then comparatively analyzed participants’ and
researchers’ excerpts to understand differences in their
assumptions about science learning. In Table V in the
Appendix, assumptions about science learners appear to
mark one such point of distinction. Specifically, while
teacher or participant A considers physics knowledge
structure to be independent of the learner’s self, researcher
M considers it to be intertwined with the learner’s self.
Similarly, other differences were observed in the subjects’
assumptions about the nature of physics knowledge (for-
malist vs intuitive), as well as in the focus of their proposed
pedagogic interventions (promoting mastery over learnt
content vs teaching disciplinary methodologies). See
Table V in the Appendix for further details of the analysis,
including full excerpts.

The next step in the analysis examined whether there was
a pattern to the activation of epistemic resources (ER)

identified within the discussants’ narratives. Consistent
with the cognitive resources framework, we assessed
whether the ERs were locally coherent and mutually
reinforcing within the discussants’ narratives [65,66].
Theoretically, coherent epistemic resources are defined
as those that have a higher degree of correspondence
between them, and continuous resources as those that
mutually reinforce each other’s activation. To determine
whether the epistemic resources demonstrated any of these
characteristics, we recoded and reorganized participants’
and researchers’ excerpts in accordance with the procedures
described in step 4, Table II in the Appendix. Table I
presents the major findings from these analyses.

The analysis presented in Table I revealed that research-
ers and teacher participants differed in how they framed
mathematical modeling as a pedagogical activity. These
differences were identified from the variations observed in
the activated epistemic resources (ER) across the parties’
narratives, as well as the influence these resources exerted
on one another. For instance, consider the participants’ ER
that “the content of physics knowledge constitutes distinct
pieces of facts and information contained within derivations
and problems.” This ER functioned as a precursor to their
other ER, that “physics knowledge is cumulative and
universal.” Similarly, in the case of researchers, their ER,

020136-18
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that the “content of physics knowledge constitutes con-
ceptual and mathematical knowledge elements,” served as a
cue for activating their other ER, that “physics knowledge
is contextual and holistic in nature.” The stances the
participants and the researchers adopted towards physics
knowledge also appeared to co-activate the learning oppor-
tunities they envisioned for their students. The pedagogical
approach described in the following excerpt by teacher
participant H provides an example:

My suggestion is that we introduce a problem before the
students and see how we can dissect the problem, as
researcher S1 presented. Maybe every problem can be
approached in that manner. How it can be dissected, how
can we take it to the bare minimum like theoretical
minimum and all because the philosophy of physics is
that, going to the bare minimum? So, how can we take it to
the bare minimum? What all we require to solve it to the
bare minimum? What all data we do not have, in the
problem of firing the gun from the helicopter, what all data
we require, when it is said that firing is done from the
helicopter, we need the height, initial velocity. Such details
may be extracted from students through discussion,
already, the physics they know.

In this view, teachers are required to play an active role in
reducing or decomposing physics word problems to smaller
problems or elements. The students, on the other hand, are
required to engage in higher-order thinking skills needed to
decompose such complex, but concept or topic-centric,
problems. Thus, the proposed pedagogical approach seems
to be framed such that it retains its focus on developing
students’ mastery over textbook content. In contrast, in the
researchers’ proposal, students are required to engage with
the different stages of modeling, in order to arrive at an
understanding of a physical phenomenon. The following
excerpt from researcher M provides an illustrative example:

In our modeling approach therefore, what we advocate
is that we should emphasize imagination...we have a
physical system, we have a physical reality and we have
to model this. So, how do we move from the physical reality
to a schemata? What are the idealizations that are
required? What is the imagination, what is the mental
simulation of the phenomenon that we require? So we
consider the learner, the student, as an imagining and
thinking agent and we walk through the key practices
involved like how we move from physical phenomenon to a
schematic, what is the role that idealization is doing, then
okay after idealization we do what and the general picture
of the modeling is given to students so that they are able to
see derivation as a building process, or they are able to
think through all the steps.

In this view as well, the pedagogical approach is
concerned with teaching physics content as given in text-
books, but it seeks to do this by teaching the characteristics
underlying the modeling of a phenomenon in physics.
Taken together, these patterns indicate that the parties’

epistemic resources did not function in isolation. Instead,
they reinforced each other, within the researchers’ and the
participants’ respective narratives.

As a result of the extended interactions, the discussants’
initial frames got modified dynamically, and a reframing
was achieved. Figure 11 schematically shows how the
frames of researchers and teachers interacted and informed
each other as the discussion unfolded. Tables V and VI in
the Supplemental Material [71] exemplify the framing-
reframing process.

VII. REDESIGNING THE MODULES—DESIGN 2

As discussed above, the detailed qualitative analysis of
teachers’ responses to the modules revealed the activation
of different epistemic resources, and personal epistemolo-
gies that were different from the ones the researchers used
to develop the workshop design. Broadly, this analysis
revealed that while the teachers agreed with the need for a
redesign, their responses to the design were very different
from what was expected by the designers. It is worth noting
here that this broad finding does not directly lead to design
guidelines that help redesign the modules.

Arriving at actionable design guidelines from these
identified differences required another analysis step, where
the differences needed to be integrated, from a design
perspective. This step required an analysis where broader
structures—such as the overall design, and also the feasible
design pathways—were kept in mind. One overall objec-
tive of this design-centered analysis was to develop guide-
lines for an integrated redesign approach, rather than many
particular design changes based on different aspects of
teacher comments. In particular, it was felt that if the
differences between researchers’ and teachers’ personal
epistemologies could be integrated as a specific “stance”
taken by teachers during the discussion, a redesign could
broadly seek to address this position.

This type of integration, driven by specific design
objectives, is common in design analyses. Importantly,
this type of integration is not based entirely on clustering
methods used in standard qualitative approaches. Instead,
they include a creative element, and follow clustering
methods that embed design considerations, such as design
objectives, feasibility, affective patterns, and user agency.
An illustrative example is the method used by graphic
design groups to develop candidate logos, say for an
organization, based on the firm’s type of work. The
designers would first generate, as a collective, many labels,
terms and drawings, through free association with the firm
and its work, in a large external “mood board.” This serves
as a reference point that converges the group’s initial
spontaneous impressions, and also potential design direc-
tions. These graphic and word elements are then clustered
through a more deliberative process, using “affinity map-
ping.” This collective process reveals points of design
intervention, which are developed into candidate logos.
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The two circular structures capture the teachers’ and researchers’ epistemological frames in an integrated way—textbook

problem solving as modeling, and modeling as a process of loading reality into equations, respectively. The spirals signify stability and
local coherence in the activation of their respective epistemic resources. Note that this integration is driven by design considerations, and

does not follow directly from the qualitative analysis results.

Our design analysis followed a somewhat similar
approach, where the key nature of the teachers’ feedback
(the differences in personal epistemologies), and design
parameters (such as the overall nature of our design, and
feasible redesign directions) were brought together. For
this, we started by identifying the differences between
teachers” and researchers’ positions, as indicated by
excerpts in cluster 1 (Connotative variations in the use
of the terms problems and derivations), cluster 2 (con-
notative variations in the use of the term abstraction), and
cluster 3 (interpretive variations in assumptions made by
researchers and participants about science learners). We
then sought to cluster these differences under a common
rubric, keeping in mind the nature of the design and feasible
design pathways, to identify points of intervention. This
discussion indicated an integrated “teacher stance” (on the
ideal way to develop physics expertise), as a candidate
design guideline (described below).

(1) Teacher stance 1.—A textbook-based epistemology
of physics: Teachers’ conception of physics appears to
privilege problem solving as the central way to develop
expertise. Derivations are considered as providing template
results and knowledge elements for solving textbook
problems. We term this stance “text-book based” because
it follows the structure of standard textbooks, where the
procedural approach that is characteristic of analytical

solutions is valued. Textbooks present these solutions in
a privileged manner, emphasizing the generality of the
solutions obtained.

Apart from this stance, which was developed by the
design-driven analysis of teachers’ utterances reported
above, a second stance (“within-classroom stance®) was
inferred from a set of teacher comments on classroom
logistics and time management. As these comments were
focused on operational issues, and not conceptual aspects of
the design, we are not reporting these in detail in this paper.

(1) Teacher stance 2.—Within-classroom stance of the
teachers: Teachers’ primary commitments and concerns
were focused around the way the proposed modules
required them to redesign their classroom teaching, and
the utility and implementability of the proposed modules to
develop such a redesign. Larger goals emphasized by the
researchers, such as educational transformation and cur-
ricular revision, were not treated as central concerns.

Based on this design-focused characterization, our effort
to redesign the modules focused on reducing the tension
between our design approach and these stances of teachers.
Broadly, the redesign sought to emphasize convergence
points, and then build on them, to address the above
stances. In this direction, the following three major features
were developed and incorporated into the modules during
the redesign.
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A. Bridging the gap between derivation
and problem solving

We designed the modules by considering derivations and
problem solving as related activities, both involving math-
ematical modeling at its core. However, the analysis of
teacher discussion around the modules revealed that this
similarity between the two was not reflected in the teachers
discourse. This indicates that they still perceived these
activities as distinct, and considered our emphasis to be
centered around derivations.

To highlight the point that both derivations and problem
solving are two manifestations of mathematical modeling,
we modified the narrative. Particularly, this idea was made
more explicit in module 2, which discussed mathematical
modeling using a problem involving context (calculation of
time taken by a bullet to hit the ground, when fired from a
helicopter). A new activity was introduced, wherein teach-
ers would model the oscillation of a pendulum in a viscous
medium. This task was carefully worded and framed, in
such a way that the traditional distinction between deriva-
tion and problem solving was blurred. Specifically, the task
could be equally perceived as deriving the equation of
motion of a pendulum oscillating in a viscous medium, or
as solving a problem that involved tweaking the simple
pendulum derivation.

In addition, we developed two more tasks based on a
similar framing and narrative (blurring the distinction
between derivation and problem solving), where the under-
lying modeling aspect was emphasized. These two tasks
required teachers to engage in modeling: (i) the oscillation
of a string fixed at both ends (ii) variation of temperature
(in space and time) in an isolated hot rod.

B. Bridging analytical and numerical solutions

Given the textbook emphasis on analytical methods, our
narrative on numerical solutions was perceived by teachers
as (i) highlighting the deficits of analytical methods, and
(i) as a call to adopt new computational tools.

In the redesign, we sought to highlight the role of
numerical methods in enriching physics, rather than the
role of computation in physics. The importance of numeri-
cal methods in solving physics problems closer to the
real world—such as pendulum oscillating in a viscous
medium, variation of the temperature on a hot rod, etc.—
was highlighted. We also added a segment where teachers
could walk through the way equations are solved numeri-
cally, using Matlab. A related refinement is a new segment
in the oscillating spring simulation, which shows the
difference equations generated to solve the differential
equation, and the way the values of the parameters are
computed step by step, starting from the initial condition.
A graphical representation of the computed values is
displayed simultaneously alongside.

Apart from these changes, the Netlogo simulation
module (on virus transmission) was also redesigned, to

emphasize the role of equations in modeling this problem,
and the way numerical solutions help augment the problem
space that can be modeled. This section explains how the
equations are extended to incorporate computational meth-
ods, thus segueing into simulations.

C. Facilitate the within-classroom stance of teachers

To help teachers embed the perspective gained from the
workshop modules within their classroom teaching, we
included more readily implementable resources, including
new simulations. In addition to the bridge simulations
(simple pendulum, spring oscillator) described earlier, we
developed a system that turned the 4-step characterization of
modeling (described in module 3) into an interactive learn-
ware. The system is based on the derivation of the equation
of motion of a string fixed at both ends, starting from real-
world phenomena such as a guitar and a bridge. The system
allows teachers and students to move through the key
modeling steps and moves in the derivation, turning the
real-world phenomenon into a mathematical equation.

To further enable a more classroom-centric stance, we
also redesigned the presentation structure of the workshop,
from the “preaching model” we started off with (which
predominantly involved module presentations based on
slides) to a more interactive structure, where we did a set
of modeling activities with teachers. Also, a discussion
session was added at the end of each module, highlighting
how the modeling points illustrated by the module could be
embedded within existing teaching patterns. These dis-
cussions also helped strengthen the interleaving of the key
take-home points, which were spread across the modules in
the first design.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTIONS

The redesigned modules were used to conduct a series of
6 workshops for undergraduate physics teachers in one of
the states (Kerala) in India. There were 18-20 participants
in each workshop (total around 110 teachers, nearly 10% of
UG physics teachers in the state). Insights from each
workshop were used to structure the subsequent workshop.
The goal was to help teachers approach derivations and
problem solving from a modeling perspective, an integra-
tion that can subsume a large section of the content they
currently teach. This perspective can then be extended
to CM.

As shown in Fig. 12, uncovering the modeling elements
within each existing content module (in textbooks) and
then building on them is central to our gradualist design.
This approach smoothly extends the current modular
organization of content, in a way that the logical complex-
ity (rather than content complexity) goes up systematically.
Once students are sufficiently familiar with elements of
CM through this gradual structure, a natural progression
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FIG. 12. Students are taught topics like mechanics, optics, thermodynamics, etc., as sequential modules, before moving to advanced
topics like quantum mechanics (trajectory shown at the bottom of the figure). Introducing computational modeling (top right) in the
senior undergraduate years introduces a whole set of new and unfamiliar practice elements, which makes physics difficult for most
students. A dominant approach at this level is to teach CM using-agent based modeling (in green), which is disconnected from the core
physics courses, and thus lacks pedagogical continuity and coherence. This problem is mitigated in our approach (the diagonal ovals),
based on bridge simulations and numerical solutions as boundary crossing spaces. This structure creates a smoother transition.

towards computational modeling and interdisciplinary
thinking could be developed.

In the next step, we plan to include modules on editing
existing computational models, to a subset of teachers who
have attended the current workshops. The existing work
and available resources based on VPython programming
will be helpful in this stage [22-24]. Interested teachers
from this subset will then be given training to build models
from scratch. Our eventual goal is to provide a full-length
pilot implementation of a proof-of-concept seed design,
illustrating a scalable TPD program that facilitates the
transition to CM. While the conceptual and theoretical
framework of the current design is developed in the context
of physics, it can be extended to other sciences, by
leveraging the practice of building models that underlie
these disciplines. This structure would extend the emerging
consensus in philosophy of science, cognitive science, and
science education, that modeling is a quintessential practice
that cuts across sciences.
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APPENDIX: DETAILS OF DATA ANALYSIS

Table II gives the rationale and details of the key steps
involved in the qualitative analysis of our data. The
analysis generated codes which were then clustered into
broader categories. Tables III, IV and V provide full
excerpts and details of the connotative and interpretive
variations in the narratives of the researchers and the
participants. These correspond to the four codes dis-
cussed in the paper.

020136-24



PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

PARTICIPATORY APPROACH TO INTRODUCE ...

(ponunuod 2)qvJ)

*3SIN0OISIP
AU} UT S90INO0SAI OTWd)ISIdS IOY)0 JO UOIBILINIUSPI AY) A[QBUS 0} SIPOD JO SIAISN[O SUTUTRWRI Y} J0J
pareadar uoyy sem ssad01d SIYT, 'seanelIRU  SIoUdIeasal pue  syuedronred oy ur 901nosal oru)side
o1J109ds © JO UOIBOLINUAPI oY) YIIM PAJBUI[ND SISATeuR oY, ‘Aunnios Jopun (sd1doj 10) sopod ay)
JO QSUQS opeW SIAYOILISAI oY) pue sjuedionted oY) MOy UI SUOTIBLIBA PUB SSNLIB[IWIIS 9ATIRIOUUOD

pue 9ATRIdISIUI QUIULIO)SP 0 (SJUSUIS[ [BONBWWERIS I9YI0 PUB ‘SQISAPE ‘SI0}0dUUOD JO
asn ‘sar3oreue ‘sioydejowr ‘spromAoy 10 suid) oannadar ¢3-9) $1d100x9 9y} JO SJUAWLS JNSIIUI]
Y parpnmys am ‘sisAreue siyy Jo wed sy sisA[eue aaneredwod B pojonpuod pue $apod JO SN[
o1y10ads ® 10J s1d100x9 Joyoreasar pue juedronred sanejuasardar pajodes am ‘ssadord Surdnoi3 ayy
I0)JV "WAY) Uaam)aq (AJLIe[TWIS J0) 90udpuodsariod [emdaduod JO [9A9] AU} UO Paseq Sem SIPOd JO

195 & dnoi3 03 UoISIOAP Y], "SALI0T2Ied Joensqe d1ow ojul g dojs ur pado[oAdp SOpod Y3 PaIISn[d 9pn

‘SISATeUE JOU)INJ AJLII[IO0B] 0) 9p0d 2ANdLIOSIp
JounsIp e oseryd Jo prom paynuapl yoed pausdisse opn | dois ur sonred oy usamieq suorurdo
Jo suonejardioyur Sunseuod SUTO[JAI st PATupPT A[snoTAdId 2IoM JBT) SWIY) 0) Uonua)e [eroads
pred om ‘yorees mo Sunn( ‘syuedronied oY) se [[om S SIOYOILISAI AY) JO SOANIRIIEU I} SSOIOR

puE UIy)Im JUSLINDAI 1M Jey) sordoy pue ‘saseryd ‘spiom paynuapt pue JdLOSURI) Y) PBAI-AI A

“PAISAUOD
1om Jey) asoy) pue uodn paaiSe sjuedronied oy) pue SIYDIIBISAI Y JBY) USISOP ,SI[Npow
Ay Jo syoadse ayy Jo Jurpueisiopun ue ojul pajeurnd doys siyp, ‘sroyoreasar ay) Jo s1diooxe
oy} ur passaxdxa suorurdo ayy 03 sane[aI ‘sesuodsar  syuedronted oy pazriue3io pue paIJISSE[O
Uudy) A\ ‘[opow Ay} JO saFe)s oy} pue s1dIooXd pPIAR[AI-UFISOP 9SAY) USIMIAq Q0UIPUOdsaLIod
USI[qelso 0] QuOp Sem SIY], ‘S1dI00Xa ,SIOUOIBASAI ) 9ZIUBIIO PUB AJISSE[O ‘JOISSIP

0] ‘WISIURYOIW dUBYD AY) JOAI[OP 0} MOY SUIAJNIUIPI pue ‘@Iuryd Jnoqe JuLiq 0} moy Surkjnuopt
‘Qqe[[ew e SI0Jo] [BNIXAIUOD IO sasned yorym Sulkjueo ‘(worqod ay) Jo) sasned ayy
Suipuejsiopun pue SUIULA(] "ZIA [9POW A} JO $a3EIS IN0J ISI1J A} pasn am ‘A[[eoyroads [+9] eiep

Ino 9z1ue31091 0) JuawdOo[oAIP UONIUIAINIUI JO [9pPOW S 10(] Pue ‘uosdof ‘Usnquipy ‘YSLIAN POsn opn

-o8esn 10 UOTSSAIdXQ ITOY) JIM PIJBIOOSSE SUOTJRLIRA

Jo/pue SONIIB[TWIS 9ANAIAINUI pue 9AT)BIOUU0D
Aue 919M 919Y) J1 QuIuLIdp 0) pue sjuedonied oyy
pUE SIOUDIBISAI AU} AQ POOoIsIopun M A3y} moy
QUIWEX? 0] SN PIMO[[B SIATIELIBU  SIOYIILASAI PUE

syuedronied oy) ur s901n0sar orwd)sIde JurUIRLIQOSY

‘SIsA[eue 19y)InJ 1oj sonbruyoo)

onAreue 9endoidde Jo uonoores ayy ur sn padjoy
OS[E J] "S9[NPOW A} SPIEMO) SddUE)S 11ay) Jo Hoddns
ur sonted oy Aq opewr sjuown3re Ay} ‘Aprernonied
puE ‘9SINOJSIP Ay} JO SuIpueISIOPUN INO JOJUOW

0] SN PI[qrU UOISSNOSIp Jo so1do) urew oYy JurAJrIuapy

aanoadsiad uSisop e woiy suonesrdur

pue s3urueaw Iy} puejsiopun Apuonbasqns

0] puE JX2Juod JJeIpawiwl Iy} woly syuedronred
QU pUB SIQUOILISAI A} UAM)Q SUONBISAUOD

PUE S)USWAAISE SNOJWNU Y} AZI[BNIXJUO0I-IP 0) SN
Po[qBUL I “IOYIN,] "SOAT}OA[QO YOIBaSAI INO UO Paseq
9SINOJSIP Y} AUNONINS 0) sn Jurmoe Aq sIsATeue

eiep 01 yorordde onewaisAs e pajerrroey dois sy,

$92IN0SAI
orwysido
o SururuINe(J "¢

UOoISSNOSIP
o} JO SJUIUOD
oY) SuruTuIe( g

Surddew
uondoorad
pue uvorurdQp ‘|

aImpasoig

Jreuoney

sdoyg

‘[BIUQUWIAIOUT FUIQ SB PIQLIOSIP Udq dArYy Aoyl Aym st siyJ, “deis juenbasqns oy 1oj indur
) sow0o9q doys auo Aq parerouds ndino ay) Jey) JuruedW IOYIOUR SUO OJUL PUIIX A[[eLIds sdais oy Jey) Ajou 0S[Y "[99°G9] A[oanoadsar ‘suondwnsse (Iomawely [eonAeue ay)
ur o uondwnsse I0) pIg pue (Hlomawely [eonAreue ur g uondwinsse 10) pug Iy Pim 9— sdoys pue $—¢ sdojs pue ‘(promowrey [eonAeue ur » uondwnsse) sorSojow)sido reuosiod
JO YIOMIWEIJ SAOIN0SAI dANIUZ0D s, Aq[g pue JowweH ul uondwnsse 1s] 9y 0) puodsariod ¢—| sdajs ‘A[peoig ‘yoeoidde onAreue ay) ur pasjoaut sdajs oy jo sprerod 11 A19V.L

020136-25



PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

‘so[npowr pasodoid oy

JO ugISopal Ay WLIOJUI O} Pasn JAYLINJ 1M SISATeUR SIY) woly umelp suonedrdwr oy, ¢ yoroidde
o1303epad pesodoid ay) jo Suryewr asuas sonred o 1oedwr UoNEANOR JO 1XAIUOD IIAY) SB
[[oM Se $901n0sal d1w)sido pajeAnoe Ay Ul SUONEBLIBA OP MOY :uonsanb oy Aq pajoalIp a1om am
‘ureSe oouQ ‘so[npow pasodoid oy Jo Sunyewr asuds payepdn  sonred oY) POUILLIIIP Im ‘SISA[eUE
oy) ur doys [euy B sy “(pasn Juroq onbruyoo) Junwerjar pue ‘pajerjogou Juraq suonisodord
‘powrerjar 3uraq suonisodoid 3-9) Jurweryar [eor3o[owA)SIdo JO SOMUBUAD AU} QUILLIAOP

01 51d190%0 9saY) Pasn UAY) A WAL} UAMIQ UOILISAIUOD JA[OSAI IO J[Iou0dal 0) syuedronred

Y} pue sI19yoIeasal Ayl Aq apew sydwone pajuosardar jey) jduosuen oY) woly s3dIodxd pajoaas op

“[EIONIO SeAM PIIBATIOR I9M SOINOSAT JTw)sIda
.sIoyoreasal pue  sjuedionted yorym uryim 1x9juod ay) SULIOPISUOD ‘QI0H ouo [einpadold e uey
days 9Ano9[JaI B JO 10U Sem SIY) ey} QJON ¢ PaIdl[e Suraq SI Junje asuas JO (S)juaue oyroads
JBYA\ (SUIOp SQ0Inosal orwelsido Jo uoneande ay) SI Jeyap :uonsonb Surmojo} ay) Suissaippe

Kq sornpowr pasodoid oy jo Junyew osuss syuedronted oYy pue |, SIOYOILISII YY) PAUTULISNOD AN

*(uonoas sSuIpul} AU} Ul SIY} UO AI0w) S}dIIXD JOYOIBASA

oy pue sjuedionted oy SSOIOR PAIQYIP $IINOSAI d1RISIdo ISAY) Ul uoneande poured
AU} JI PIssasse OS[e am ‘A[[UONIPPY "UONBANOR paurayed pajensuowap $aoInosar orua)sido
II9Y) JT QUIULIANAP 0} seapr [edr3o3epad oanoadsar Jroy) ysnoay) pajooryar Jurwesy orudisido

‘uSTsopar ,so[npour
oy paredrduur sseooid Jurueljor oY) MOy UIBLIQOSE
0) Sn pa[qeud ‘uIn) ul ‘siyJ, ‘senpow pasodoid
9y Jo Sunyew asuds IRy} paroedur sjuedonred
AU} pUB SIQYDIBISAI A} UAIMIOQ SUONENOTAU

oY) MOY pUB IOYIOYM PUBISIOPUN 0) SN PAMOT[E I]

‘sonpowr pasodoid o
Jo Sunyew asuas J1oy) pajoeduwir Jurwely SIYdIeIsal
pue sjuedonred oY) MOy SUIWEXS 0] SN PIMO[[E I]

ug1sopax

.Sso[npowr

9y} uo Jurwejar

orwo)sido

Jo suoneordur
o SuTUTINR(T 9

so[npowt
posodoid
9y} jo Surwery
Y SururuIsie( °S

020136-26

K. K. MASHOOD et al.

oy) paredwod uay) oAy “seoprt [eor3o3epad pesodoxd oy jo Suruwrery [eorSojowelside juowowr $90INOSAI

-0)-juowowr senied oY) PoUTULIOIOP am ‘Sopod eyep st ¢ dojs UT PagnNUIpI $90IN0SAI oTu)sIdo orw)sido

oy} Suisn £q ‘uay], °,SOWONO S Sel,, pue ¢, A1Anoe 1o yse),, ‘ osodind s yse),, (pasodoid) ‘sopnpowr d1303epad pasodoid oy 1oy wolj Sowely

“ZIA SUTRWOP ¢ OJul S)dI00Xd SAY) PAYISSE[O UAY) dA\ "WN[NOLLIND FUNSIXd Y} Tunerorowe QOUQIQJAI JO SQWEIJ SIOYIILasal Yy pue  syuedionred orysido
J0J Seapl Joy) pajoo[jal Jey) s3drooxa Ioydreasar pue juedonted pojoo[es pue paljIuOPI 9pN U} UI SSQUIATIOUNSIP ) JUIULIIAP 0] SN PIMO[[E 1] Surpiing
mpadoIg Jreuoney sdog

(ponunuo)) 11 ATIV.L



PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

PARTICIPATORY APPROACH TO INTRODUCE ...

a3pormouy sarsAyd jo
JUIUO A} INOGE SJAI[2q
o1w)s1do I191) JO SurId)
U JOJJIP SIOYOILISI
pue syuedoned (1)

111 SOWAY)-qNs

-a8pormouy sorsAyd Jo mara
[emdoouod pue [euLof B yim
JUQISISUOD ‘SNOUOIYDOUAS 2q 0}

Teadde wistpewioy [eonERWwAYRW
pue suoneroosse [enjdoouod
‘Apuenbasuo)) ‘SuOnNEALIOp

pue swo[qoid sorsAyd jo (mora
Paseq-wsIueyodW ‘oAne)enb

© 10) maIA [emdoouod

e sydope 1oyoressar ayJ, (1)

a3pojmouy

so1sAyd Jo mIIA [eWLIO) B YIIM

JUQISISUOD ‘SNOUOIYOUASE oq 0}
Ieadde wsIfeULIO) [RONEWAY)EWL
pue (SUONEIdOSSe Paseq

-wistueyoow ‘eAnelIfenb 10)
suoneosse [emdoouod ‘yons

sy “(sorsAyd ur yromasmnoo

JO Juuod 9y Surqrosap

JO 9SU9S [euOnIpEN) dY) Ul pasn
SI JU2JUOD ‘2IAY) SUONBALIDP
pue sworqoid sorsAyd

JO MIIA POIUDLIO -JUAUOD

e sydope juedronied oy, (1)

['4'C pue ['V'C

‘ULIOJ PUEB JUSJUOD JIAY) WOIJ INQ AINJONNS dNULWIS
II9Y) WOIJ PIALIDP JOu ST SW[qoid pue SUONBALIDP Ueam)dq AJ[EUOWWOD
Ay ‘SN, ‘paulep -[[I 218 Jey) Swo[qoid Se SUONBALIOP S)SBO-AI ‘puey IAy)o
Ay} uo ‘1§ Ioyoreasay] ‘s1deouod sorsAyd pue d130] [EONBWAYIEW USIMIDq
diysuonear oy 0} pan SI ey} AUMONNS ONUBWAS B AILYS 0) PAIIPISUOD I8
swe[qoid pue SUONBALIIP Y1oq ‘splom 1ayjo uf “uonedsrjdde pue uonelordiojur
juonboesqns sy pue uoneyuesaidar ay) oyur g sydeouod sorsAyd

pue [eonewdYIRW UdaMmIaq sdiysuone[ar Ajruopr 0) parnbar st Ioured|

a se Jey os ul swa[qold sorsAyd o3 juseambs are suoneanop ‘Y juedronred
104 :suoneAlap pue swojqoid usomioq diysuone[ar paAdIRd ['g ‘¢

‘(swo[qoid pIOM-[edl ‘PauLfap-[[I 9 0) SUONBALIDP SIOPISUOD

oy Jey) UQAIS) SUONEALIOP JO UONIUNAp onuewds Jo [emdoouod e o feadde
0} SWAJs ‘pUBY IOYI0 Y} UO ‘S IOYdIeasdy “( uonenbo ue Jo UONBALIOD,,
oseayd oy Jo oSN JUASISUOD Y} WIOL] JUIPIAS) SUONEALIOP JO UONIULIP
Teonewayew € 0) feadde 0) spusy { juedionied :UONEAIIdP JO SUTUBIN ['V'C

SOATJELIBU UI SOOUdIQNIp Juareddy

SuIuIes| [BUONEAISSQO JO 108 UE SI SUONBALIP JO SuIyoR) Jualn) 'y'g
ISOATIRIIRU U] SNSUSUOD)

SUONRALIOP JNOQY T

“xarduwod

worqoid oy saxew jeym jo 1red st A[oanemuenb wopqoid oy Surwrely ‘roypey
-aaneuenb sKemye jou st ‘sorsAyd ur wojqoid  xo[dwoo,, € se paquose
108 Jey) wolqoid B Jo aInjeu Ay ‘1S IoydIeasar 10j ‘A[as1oauo)) “(xo[dwod
QIOW WAy} AYeW 0} Swo[qoid pIom OJUI SJUIWI[A dsiou Furonponur sysa3dns
QU udyM JUIPIA ST se) wolqoid aanenuenb xordwos e Suryoeordde uo
Qrow sndoj 0 sreadde H juedronred :wopqoid xopdwods e jo uonuyeq "'V
SOAJELIRU UI SOOUAIRHIp juareddy

‘parels ApIordxa jou sI way)
QA[0S 0] paxmbar uonoe Ay {paulap A[9J2IOU0D JOU IO JUISAE ST WAY) JA[OS O}
POpadU UONBWLIOJUL AY) ‘uonnjosal 0) syjed dninw oAey ued Aoy} {SUOISIOAP
QAnaIdIqur ayew 0) S)uUApNIs sANbar uoNNJOSaI 1Y) OLIBUAIS PLIOM -[BAI
® juasaxdar Koy :sonsLloLIRYD SUIMO[[0} ) axeys swa[qoid pauryap-[[] ‘q1

‘(swopqoid pIJR[LIdIUL JO SILISS B JO UOHN[OSAI
) Aq PaA[os ST T o°T) axmjeu ur aysodwiod st wafqord sorshyd v v
:SOATIBLIBU U SNSUISUOD)

suoneAto( ‘g

"241onpo.adiaiunod

2q 1M Pa.4240ISIp

&pvaagp 24v 0y) sSuryl ayl

11p Su1a1iap 1o Sunuip ‘o “1ySii
242Y] WOL[ PIING UDD 2N pUD YO
24211 PADINUNIID 2T PaMouy
yonut os aavy Kpvagp

M “20UIIDS ISNDIIG “IU1IUIIOS
§1 Dap1 UL Yons pavmiof Suyind
A2IYM mouy J,uop | “K10ay1
ynm Sunyil1242 ‘uoypnba

S, UOIMIN UDAD “YIIDAIS WO
WwiD2] 01 SDY JUIPNIS Y] IDY]
pap1 ay) uo sispyduid uv a2q o}
SW2as 2421Y) UdYLIN,] [ Suipjing
1opowt oju1 Suiajos wajqosd siy;
SUI24U0D U0 SUISSNIOf IN 24D
s1 1qnop Qi 0§ wajqoad vy
uo Surjapous op o1 moy ‘spand
Ju2.42ff1p oyl wizajqo.td v 192551p
01 moy ‘wizjqo.d v yovo.iddp
0] MOY S1 pajapow SvY a1y IDYM
‘08 Yulyl [ “2421 pajapout Svy 2y
1y1 uoypnba Jpyy fo uouvALIIP
ayj 10U S 11 ,~§w+ m=s
uonvnba ayy ynm parivis

Y YSNoy) U2Ad ‘IS 4dYUDISIL
yunyy | ‘Aq uonyvuasatd

Y1 u1 asnNpIag ; Surjapout

oju1 3uiajos wajqodd fo ssadoad
snyy wing o3 Sunnp Kjpniop

am a.4p “‘Surop Kpniov am

24p ‘Surjapows ojur uoyvnba up
Jo uonpariap suyy Suriiafsun.y
Jo ppaisuy :(uoneonpa 1oysiy
sorsAyd ur soonoeld [eordodepad
JUALIND JNOQE SUIIOUOD

S, ]S Joyoreasar 0) Surpuodsax

“auonnovtd

D 2y1] 240 NOK U} ISNDPIAq
1and pavy £124 v $1 S1Y] pUD
Jjasamoq aof sjuawspnl aypw
0} 24y nok o ‘punots ayy uo
$aYoDa.L 12]INq Y1 Uil Y] 128
uvd [ Iyl 0S 2NSVIUL | PINoys
IDYM PUD UMOUY 2q PINOYS IDYM
uo spuauSpnl ayvut 01 24y nok
way] Jo Yyova ul IsNPIAq ‘AKYm
MmopN ‘pawonduiod aimb a.un
Koy ypy1 225 nok uayy swajqo.sd
sp gsnl ‘suiajqoad asayy ayv) pup
Iy 12340f uawow v 40f nok
Ji ing ‘pasn aq o3 suoyvariIp
ym pasn aq o1 uoipnba jpym
mouy am 12adsoraa ur [oS]
Y00qixa) Y1 25012 Nok UIYM
42]unodua im nok wajqoad

Jo pury ayp ‘mouy nok ‘Kppnjop
§1 811 nq ‘pautfop K)as1oaad
L124 2q jou Kvwi 10 Kpwt

1 "wapqod ayy 1 S1Y ] punolsd
2y} uo 123401 Y1 11y 12]]Nq

Y1 [ uaypy 421dodnay ayy
wio.f paaif s1121nq v puv wgOS [
Jo 312y v v Suk}f s1.423doo1joy
v :(uoneonpa 1oysty sorsAyd

ur seonoeid eordoepad juermo
ym swo[qord oy Sururerdxa

UO paseq awdY) [] [2A]  ‘['Y'[ UO Paseq Souwady) | [9Ad] sworqold moqy ‘[ swa[qoid | H uedoned) gi 1doeoxg IS 1oyoreasay]) v 1dmoxg
(sowdy) T [9A9]) (soway | [9A]) possaidxa suorurdo Jo uosuredwod Y} UO Paseq UMBIP SQOUIJU] (sopoD) (syuedroniey) (S10Y2I1BISY)
soway) [eqO[D sowey) Areururjold uostredwod 1X31u09 $31 pue 1dIeoxHg 1X01u0d SN pue 1d1ooxyg

Jo urewo(q

‘syuedionred oy) pue SIOUOIBISAI ) JO SQANRLIEU U} UI  SUONEBALIOP,, Pue  swo[qoid,, SuLd) ay) JO asn Y} Ul SUOHeLIeA

dAneouuo) I H1dV.L

020136-27



PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

K. K. MASHOOD et al.

(panuiuod ajqvJ)

a8pajmouy sorsAyd

Jo 2Imonns oy} Inoqe
syoreq orwd)sida 1oy jo
SULID) U JOJIP SISUIIBASAI
pue syuedoned (1)

"INONYS S)I UT [BSIQAIUN puB

QATIR[NWIND 9q 0) PIIIPISUOD
SI ‘uIn) ur ‘agpa[mouy
SOISAUJ *SSOUPA)OAUUOIIANUI
JO QUO Fuldq St paurely

)08 WISI[RULIO} [eONRAYe

pue uouswouayd [eounduwd
udamiaq diysuoneyar ayy
‘9ouanbasuod e sy wojqoid

ay) 2A[0S 0} papaau suonerado

[eONRWAYILW PISIENIXAUOD
-op Suruojred ojur pue

worqod prom sorsAyd paurjop
-[II UB JO UONESI[ENIXAUOD -I
wolj suonisuen jey) A39mens
uonisodwodap e SI uonoensqe

Juedronred oy 104 (1)

‘uonoensqe Jo 3o9[qo oy se wojqord paunap-[[r Ay

£q payuasardar st jey) (wnnpuad  o[duirs,, € Jo sorueuAp uonow
) 1) uouswoudyd [eoundwd ue SIAPISUOD JA] JOYIILISAT
‘puey J9UPo Y UQ “( WnwIun [ednasoay) ) o) wajqoid oy
Suronpar £q,, :SpIOM ST UT I0) S[TRIP [ENJXJUOD I} JO PIOAIP
urewal Ay ey yons swajqoid Sune[nuiioy Aq paAIYde 2q p[nod
uonoensqe jey) swred juedoned oy ‘A[[eoyoads ‘uonoensqe
10J pa3adIe) oq [[Im uonouw,, jo 3doouod ayy 0) Surureired
swopqoid [esrIowny ey} JUSPIAS ST )T ‘eAnjerreu s,H juedronred
wol] oerado uonoensqe jo ssadoid ayy saop reym uodn,, 1o
195181 UONOENSqR JO ssad01d ay) SP0p JeyM,, uonsanb oy woxy
POALIOP ST 90UAIOYIP Jo Jurtod SIyT, :uonoensqy Jo 102[q0 "'V’
SOATRLIRU UT SQOURIHIP Judreddy

‘sa1305epad pasodoid 11y ur uonoensqe Jo saaI3op

10 S[OAQ[ Ss010® JudwaAow dsiseydwa 0y readde senred yog g¢
‘sontadord 10 senqume sy

Jo Apuspuadapur paropisuod st wapqod 1o uouswouayd xojdwod
e uroroym £391ens uonisodwossp e sk suondunj uonoensqy "ye
ISOATJEIIEU UI SNSUASU0))

SUOISSNISIP dnous
JU242[J1p YSNnoayl panjoad
2q uvd [yovo.iddp]

snyy ;suoyonba

Y1 ul appul 2q 03 24D
suonvILfipout IpYM ‘pappn
24D $.101Df YONs UM 212
o014 410 241 11 01 pappY
2q upd suoyvoduod

11D IDYMm wdyy yso

‘syp a2yfy wnunu 240q
Y] Yova. 0] WdY) YSD pun
‘sdnoas oyur wayy 11pds pun
w2]qoad v S;uapnIs 2418
[pInod am|] ‘pauoiuawut
SDY [§ 42YDUDISIL JDYM
0] UOHDNUYUOD U] “MOouY
Loy [s3daouod] so1syd
Y1 Jo uoissnasip ysno.yy
SJUIPNIS WOL[ PRIIDLIXD
2q {vwt sppgap Yong
(24DY J0U Op 20 DIDP 1D
IDYM Jwnuun 2.40q )
0] 11 24]0S 0] 241ba. am
11D IDYM iy 2.40q
Y 01 J1 2YDI M UDD MOY
‘08 MU 240q Y] 0]
Suros—pyy s1 so1s€yd Jo
Kydosoqyd ayy asnnaaq v
pup wnuauI [2112.1091Y]
1] WU 2404 2y 03 11
YD) 2M UPD MOy wd]qoLd
Y] 1028S1p UDD

M Moy 228 pup ‘sdno.s
u2.42fJ1p oy Suinyds

&£q aqlvwt ‘spuapnis ayy
2.40f2q wajqo.ad paurfap-
Up 20MpOo.Jul ‘s1.0p UPI IN
IDYM oY1 S1 U01SISINS
{w og :(3uropowr

BIA suoneALdp sorsAyd

K11ppa

u1 J$1x2 Juop KJpnion
yorym s1doduod paad
2avy am oS “21o140d jurod
D asn am asvd jsajduas
ay1 ur Klapmorand
apon4nd jurod v

40 242yds 122f12d v ‘SuLis
ssapsspwt v asn Kjppnsn
am ‘Appnsn ouDWIYIS
Yl ur ‘0§ "2Ja ‘Suldis
ssapssouwt 2po11and jurod
2Y1] SIONLISUOD PIIDLD
24DY M IDY] ST JUOP 2ADY
2M IDYM DY) 0] UONIPPD
uy puvy v wajqo.d

2yj 01 JuPA2ja.LI1 24D K]
mwyy padpnl 24y am s
santadoad asay) paiousi
24py am 032 2umpaadid)
Appnonand (pL2ipu
UNnojod a1 SpvIAP

Jo 101 v 1Y) S1 2UOP 24DY
M IDYM 0§ “UODZIDIPI
Jo £8ojopoyaw

Y1 ydno.ayy 1o poyjoul

v ysdnoayy 2)qissod apvur
‘uoypuIIvull 21fijuaids fo
10D UD $1 ] DUDUWIYOS S1Y]

Jo uonon.usuod ayy puryaq

Sumyunyy ayy yovdun

sn 1a] ‘moN ‘wnmpuad
apdrs ayy aurfop uayy Kay)
puv ‘papoq ay1 uo Mp.ap
U2If0 $.121ID2] IDYM YIIYM
ST S1Y] “OyDPWAYIS Y] 0}
uouawouayd po1s{yd vy
wo.f 03 am 0s*Kpyo*uo
Suraopy (Suropowr

1o¢ Sumyoed) Inoqe seapr s A BIA SUONBALIOD SuIyoes)

Al PUB TII SQWIAY) -qNs  PUB ‘['g'€ ‘['V'¢ U0 paseq) 19yo1easar oy Jurpuodsar o 9sodind oy Sururejdxe
UO paseq QwRY) [ [QAT]  SQWRYJ, | [QAQ] Uondensqy ‘¢ uonoensqe Noqy | uonoensqy ‘¢ H uedonred) gz 1dooxg A 10yo1edsay) vy 1d1ooxg
(soway 1 [9A]) (sowa | [9A]) passaxdxa suorurdo jo (sopo)) uostredwod (syuedonreq) (S1040IRasSIy)

souwaYy) [eqO[D)

soway) Areurwrolg

uosLedwod oY) U0 Paseq UMBIP SQIUIJU]

Jo urewo

10100 S)1 pue Jd1ooxy

IXU0d S)I pue 1d10oxTg

‘syuedronred oy) pue SIOYOIBISAI AY) JO SQANBLIRU AU} UI  SUONOBNSAR,, WL} AU} JO SN JU} UI SUOHBLIBA dANEIOUUOD) ‘A 1dVL

020136-28



PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

PARTICIPATORY APPROACH TO INTRODUCE ...

Imonns
SJT UI O1SI[OY PUE [eNIXJU0d
9q 0] PAIOPISUOD SI ‘UIn)

ur ‘a3pajmouy so1sAyq “(sjoym
PayIuN € L0} 0) JoeIojul
PINoM 0M) A} “9'T) OUAIAY0D
JO Quo 3urdq Se PAIOPISUOD
SI WSI[BULIO} [eOlewayjew
pue uouswouayd

[eotndwo usamiaq
diysuonerar ay ‘@ouanbasuod
e sy ‘uouswouayd oy

Jo SulmONNs-a1 [enjod[AUL
Ioy}Iny JoJ Surpjogyess opraoid
0) pajoadxa are uouswouayd
eoundws ay) Inoqe
suondwnsse uraroym A3oens
uonoeNsqe B SI Uonoensqe
“IQUOIRISAI ) IO (AT)

‘[oA9] YSIY

[9AQ] MO] <« [OAQ] YSTY :UONIIIP SUIMO[[OF AU UT MO[J 0) pajdadxo
SI uonoeNsqe Jo S[OAJ] oy} Suouwre juowoAowW Ay} ‘Apjuenbasuo))
‘uonoensqe Jo [9AJ[-1oy3Iy © Je ojerodo 0) pPaIopIsuod

st yoeoxdde s 1oyoreasar oy ur paquosap dajs Jse[ AL, "PAIpMIs
Suraq wasAs xordwod ayy Jo 31y ur paureiqo ndino ayy Jardiyur
0} paxmbar osfe are syuopms Yy ‘dals [euonIppe UR SB IOAIMOH
'sampadold eonewayew oerdordde jo uonejuowarduwr

pue uono9es Ay} £q paMO[[oF ST Yorym wo[qoid paurjap-[I ue yim
suI3aq os[e SaqLIdSAP A Joyoreasal jeyy yoroidde [eoro3epad oy,
"[OAS] MO] « [9AQ] YSTY :UONIIIP SUIMO[[OF ) UT MO[J 0 pajdadxo
SI UOTJOBIISQE JO S[OA9] SUOWE JUSWIOAOW A} ‘UOTIOLHSqE JO [OAI]
JIomo] & Je samnpadoid [eonewayjew pue uonoensqe Jo [9AJ[ JoysIy
© Je oJe1odo 0] ParapIsuod are swe[qoid piom pauryop-[[I AUIg
"uonN[OS PAIISIP Y} UIRIqO 0) PApIauU a1k Jey) samnpadoxd pue
spoyjew [eonewayiew eudordde 9noaxa pue 109[s 0) parmnbax
are syuopms Ay ‘sdojs Juonbosqns uy o) Y3 1 WO oY) pue
uonnjos ay jo sanirenb ay) woyey 0y 1opio ur Jaididur 0) payoadxa
Are sJuApMIs oy} jey) wo[qoid pHOM PIULOP-[[I UB I SHE)S
sasodoxd H juedronred yeyy yoeordde reorSo3epad oy, . [reiud
wa[qoId B S0P (2I0W SA SSI) [TBIOP JO [QAJ] PUB (MOLIRU SA PBOIQ)
adoos Jo a13ap Jeym,, :uonsanb Ay} WOIJ PIALIDP SI UONOUNSIP
Jo jutod [eury 9y, UOTIOENSAE JO S[OAQ] SUOWR JUSWAAOIN "'D'E
‘uonjoensqe

Jo adoos 1apeoiq e yim swojqoid asodoid 0} swads IoyoIeasax
ay ‘Apuenbasuo) yuedonred oy Aq pequosep yoeoidde

9y} ur powresj sem jey) uonsonb oy} 0} UONIPPE UI PAIOPISUOD
are suonsonb asay) ey AON (IXAU0d [eoudwd ‘1opeolq dyl
ur d wopqod ay) Jo Surueaw Y St jeyM,, pue  ;wa[qold oy A0S
0] POpaaU X poyjoul ST Ay, :se suonsanb Jo surie) ur pawely sjo3
uonoensqe ‘yoroirdde s 10yd1asI Y} UI ‘SPIOM IO U] “$S001d
ay) ur 9[ol & Aed os[e ‘uonnjosar s 10y pakojdop spoyjewr jo
90100 9y} J0J 9[euonel ay) ‘Apjuenbasqns pue 1x0Ju0d I9peoIq Ay}
ur Surueau s)1 se yons wo[qoid 9y) Jo SJUSW[R JOYI0 ‘Uonoensqe
10§ uoniuyep worqoid sjadrey osfe sesodoid [y 19yoIRASAI JRY)
yoeoidde Surjjopout oy} YA ., W[qOId SIY) DA[OSAI 0) UOP 2q
0) Spaau Jeym,, :uonsanb oy Jo SuLIR) Ul pawely s3o3 uonoensqe
quedonred o) Aq paquosep yoeoidde oy ur ‘spiom I9yio Uy
‘uonjoensqe 03 pajoalqns 9q 03 SPAAU Jey) JUSWSS Y} ST UONTUOp
warqold ‘yuedronred oy 10j ‘SnyJ, ‘UONN[OSAI SI UI PIA[OAUL
sdos oy oUTUILIANOP 0} INOLJIP IT AW 0] JXAIUOD SIT Jo Wwoqord
9y} proadp 03 st uonuajur s juedronred oy} ‘OI0H “WNWITUTW
[eona109 si1 0) waqoid [esuewnu e Suronpal Jo Aiqissod
surepraiue Apordxa H juedonied ‘oAnelreu siy uj ;Uonoensqe o}
payoalqns oq ued wopqoid e Jo syuewafe Yorym :uonsenb oy woiy
PAALIOP ST uonounsip jo jutod siyy, :uonoensqy jo adoog ‘1°g'¢

(sowot 1 [PAT)
SOWIdY) [8qO[D)

(sowa | [9AT)
saway) Areurwijaig

passaidxa suoruido jo
uosLredwod 2y} U0 Paseq UMBIP SIOUIJU]

(sopoD) uostredwod
Jo urewo

(syuedronred)
1X31u0d $)1 pue 1disoxyg

(s10yo18asay)
1X1U0d $)1 pue 1d1oxg

(ponunuo)) "Al 4194V.L

020136-29



"uoTIONISUOD
Jo Quo 9q 0} sieadde 1oures] oyl pue Jurured|

Jo 100[qo oy} uoamiaq diysuonear g}

Jo amyeu 9y ‘Apuonbasuo) ‘Yim 10LIU0O Ul

Qwod A9y} Jey) 23pI[MOUY JO SBIPI [9AOU )

pue ‘sjuayuod Areur[drosip sit Jo 93poymouy

Joud 11oy) ‘oousnadxe A9y) 1eYM UO paseq

swstueyoow [edrsAyd jo s3urpuejsiopun

uMmo II9Y) JONNSU0D 0) pajoadxo ore

sjuapmys ‘saqLIdsap 9y yoroidde [eordoTepad

) uJ "sjuaSe Jupjury) pue Jururgewr

“payuI| ‘OATIOR 9q 0 SIQUIBY[ SIOPISUOD ‘pUBY
K[oATIORIIUT Q18 IOUJO Y} UO ‘A JOYOIRISAY JudmwaSesud
Juo)uod JuruIed]  Jo duo 2q 0) sieadde 1oure9 oY) pue Jurured]
oY) pue JOUIEI] Jo 100[qo o) udamjaq drysuonerar ay) jo
) ‘splom I1Y)0 anjeu oy ‘Appuonbasuo)) eo3 siyy Suraaryoe
uJ "oAnONNSuUOd I ddueIpury enuajod e se sonijiqedes juopms

‘sdajs ayy [p ySnoay yuny
01 21qv 2.4v £2Yy] 10 ‘SS200.4d SuUIpIING
D SD UOUDALIIP 22S 0] 2]qD 24D K]
0Y] 08 SJUIPNIS 0] UIALS 1 SUIPPOU

PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

‘A303epad
sorsAyd noqe
suondunsse
1Y) Ut IjJIp
SIOUOIBISAI pue
siuedoned (1)

pue [enuonradxe
9q 0} PaIAPISUOD
SI 93pojmouy
plassliclal
‘IOUOIRISAI

‘J1os
$¢JouIea] Y

Jo juspuadopur
9q 0} PAIAPISUOD
SI 93pojmouy]

S9SSNOSIP JAyINg 9 sse[d so1sAyd e ur jy3ne;
are Jeyy s3doouod xoyjo o1y Isnl ‘armnboe
0} pasu p[nom sjuapnis ay) Jey) 3doouod
® se Surpopour souwrely sassaidxo v juedronied
JeU[} UI9OUO0D Y], IUIed[ 9y} pue Sulured Jo
104 (1) 109[qo o ueamiaq diysuoneyar Jo aImeN [V

SOATJELIBN UI $90UIRI[ Juareddy

“S[IDYS SuruIy [eorsof

pue 3urajos wo[qoid I9pIo-IoySIy Jo)Sew pue
donoeld 01 pojoadxa are SIoUIBI[ QOUADS gt

(SJUIPNIS 2SA241P
Jo ssppo v 03 yovosddp
Sunapout 23 221DNSIA
0] 2]qD 2 M [)IM MOY
40 yovoiddp Surjapour
Y1 ysnoayy spuapnis
Jo sspjo asaaa1p

s1yy fo spaau vy 4210
0] 2]gD 2G dM []IM MOL]
‘nuarod Sunipag

oy Jo aumpond [p4ouad ayy pup Jpym
op am UOUDZIIDIPL A2LfD KDYO UIY]
‘Sur0p s1 UOYDZIDIPL IDY] 2]04 Y]
$1I0YM OpwaYds v 03 uouduouyd
[o158yd wof 2a0ut am

moy a1 paajoaur saoyovad £y ayy
Y3noayj yypm puv juadn Suryuiy)
pup Sunu1Svul up Sp U2uUiDa]

Y] A2PISUOD IM IDY] S1 2IDIOAPD
am Jpym yovo.ddp Sutjapout v

U1 SD242YM ‘JUIPNIS YY) 0] pauID]dxa
s1 das K2y L1242 40 19MSUD

&1242 ‘quapnis ayy 40f Kruniioddo
Suryuyy ou S1 242y) “4o1v)d

D Ul 4240 papuny S1 Suiyifiona
a1 ‘pjor 3uiaq s1 3unyifi1aaa ‘sajou

020136-30

JIJNUAIOS ‘BAIR pup sauqndpd aYj umop ayvy kvyo *Kjaaissvd

juedronied 100[qns ayy ur A19)seW pue AJLIR[O JUIIUOD 2S4241p YN SJUIpNIS 11 SD 11 1da2ov pup ‘Sulj]ai s1 42Yyonaj

oy 10 (A)  dojoaop 03 poroadxe Are SIQUIED] UG Vi Jo aumpxnu v aavy Y] 4242IDYM O] UDIST] ‘SJIS AUIDI]

vy SEDMID J]1A WOO0ASSD]D ayj p1oy [ sv yovoaddp jpuoinipn.y

Uo paseq) saway) | ISOATJRLIEN UI SNSUISUOD) D i(SSe[o ul ay ur og :(sayoeoidde [euonipen

[oAd] yoeoidde Suropow oy} WOIJ SIJIP 1 MOY PUB SIQUIBI[

TA-A SOWAY) SIouIed| (gt 1diooxg SIouIed| Sunuoworduwr jnoqe Q0URIds Jnoqge sayew yoeoidde

-qns uo paseq 0UQIDS JNOge  pue Y 3dI0OXH Ul JX9) PAullIopun uo paseq) Q0UIOS Jnoqe SUIOOUO0D SIY SuLreys y Surpepow oy Jey) suondwnsse oy}
Qwiay I [0AY] suondwnssy SIoUIR9] 90UQIds Jnoqe suondwnsse Jnoqy  suondwnssy 4 juedonieq) gi 1d1ooxyg  Sururejdxe JA 1oyoreasay) Vi 1d1ooxg
(soway) [ [9A9T]) (seway) T [9A9]) passaidxa suorurdo jo uostredwod (sepoD) (syuedronreq) (s10Y018ISY)
soway) [eqo[D) soway AU} UO PISeq UMEBIP SIOUIJU] uostredwod 1X21u09 S)1 pue 1d1eoxyg 1X1u09 S)1 pue 1d1eoxyg

Areurwijard Jo urewo(y

K. K. MASHOOD et al.

"SIOUIBA] Q0UQIOS Jnoqe suondurnsse oy Ul suonerea aAanoIdiou] A gTIVL



PARTICIPATORY APPROACH TO INTRODUCE ...

PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

(1]

(2]

(3]

(4]

(5]

(7]

(8]

[10]

(1]

[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

National Academies of Science, Engineering, and Medi-
cine, Report of a Workshop on the Scope and Nature of
Computational Thinking (National Academies Press,
Washington, DC, 2010).

National Academy of Engineering and National Research
Council, STEM Integration in KI2 Education: Status,
Prospects, and an Agenda for Research (National Acad-
emies Press, Washington, DC, 2014).

D. Weintrop, E. Beheshti, M. Horn, K. Orton, K. Jona, L.
Trouille, and U. Wilensky, Defining computational think-
ing for mathematics and science classrooms, J. Sci. Educ.
Technol. 25, 127 (2016).

National Science Foundation, STEM+C Computing K-12
Education (National Science Foundation, Washington, DC,
2019).

NGSS Lead States, Next Generation Science Standards:
For States, By States (National Academies Press,
Washington, DC, 2013).

N. J. Nersessian and C. Patton, Model-based reasoning in
interdisciplinary engineering, Philosophy of Technology
and Engineering Sciences (North-Holland, Amsterdam,
2009), p. 727.

S. Chandrasekharan and N.J. Nersessian, Building cog-
nition: The construction of computational representations
for scientific discovery, Cogn. Sci. 39, 1727 (2015).
National Education Policy (Ministry of Human Resource
Development, Government of India, 2020).

E. Langbeheim, D. Perl, and E. Yerushalmi, Science
teachers’ attitudes towards computational modeling in
the context of an inquiry-based learning module, J. Sci.
Educ. Technol. 29, 785 (2020).

R. Vieyra and J. Himmelsbach, Teachers’ Disciplinary
Boundedness in the Implementation of Integrated Compu-
tational Modeling in Physics, J. Sci. Educ. Technol. 31,
153 (2022).

A. Pawlak, P. W. Irving, and M. D. Caballero, Learning
assistant approaches to teaching computational physics
problems in a problem-based learning course, Phys. Rev.
Phys. Educ. Res. 16, 010139 (2020).

K.R. Roos, An incremental approach to computational
physics education, Comput. Sci. Engin. 8, 44 (2006).

A. diSessa, Towards an epistemology of physics, Cognit.
Instr. 10, 105 (1993).

M. S. Bhamla, B. Benson, C. Chai, G. Katsikis, A. Johri,
and M. Prakash, Hand-powered ultralow-cost paper cen-
trifuge, Nat. BioMed. Engin. 1, 0009 (2017).

T. Knuuttila and M. Boon, How do models give us
knowledge? The case of Carnot’s ideal heat engine, Eur.
J. Phil. Sci. 1, 309 (2011).

E.F. Redish and E. Kuo, Language of physics, language
of math: Disciplinary culture and dynamic epistemology,
Sci. Educ. 24, 561 (2015).

J. Wing, Computational thinking, Commun. ACM 49, 33
(2006).

P. Blikstein and U. Wilensky, An atom is known by the
company it keeps: A constructionist learning environment
for materials science using agent-based modeling, Int. J.
Comput. Math. Learn. 14, 81 (2009).

S. Chandrasekharan and N.J. Nersessian, Computational
modeling: Is this the end of thought experiments in

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

020136-31

science?, Thought Experiments in Science, Philosophy
and the Arts (Routledge, London, 2012), p. 253.

E. Behringer and L. Engelhardt, Guest editorial: AAPT
recommendations for computational physics in the under-
graduate physics curriculum, and the partnership for
integrating computation into undergraduate physics, Am.
J. Phys. 85, 325 (2017).

W. Christian and F. Esquembre, Modeling physics with
easy Java simulations, Phys. Teach. 45, 475 (2007).

R. Chabay and B. Sherwood, Computational physics in the
introductory calculus-based course, Am. J. Phys. 76, 307
(2008).

M.D. Caballero, M. A. Kohlmyer, and M.F. Schatz,
Implementing and assessing computational modeling in
introductory mechanics, Phys. Rev. ST Phys. Educ. Res. 8,
020106 (2012).

P. W. Irving, M. J. Obsniuk, and M. D. Caballero, P3: A
practice focused learning environment, Eur. J. Phys. 38,
055701 (2017).

N. Chonacky and D. Winch, Integrating computation into
the undergraduate curriculum: A vision and guidelines for
future developments, Am. J. Phys. 76, 327 (2008).
AAPT, Computational Modeling in Physics First with
Bootstrap (AAPT, College Park, n.d.), https://www.aapt
.org/K12/Computational-Modeling-in-Physics-First.cfm.
M. D. Caballero, J. B. Burk, J. M. Aiken, B. D. Thoms,
S. S. Douglas, E. M. Scanlon, and M. F. Schatz, Integrating
numerical computation into the modeling instruction cur-
riculum, Phys. Teach. 52, 38 (2014).

H. H. Wang, T.J. Moore, G. H. Roehrig, and M. S. Park,
STEM integration: Teacher perceptions and practice,
J. Precoll. Eng. Educ. Res. 1, 1 (2011).

E. A. Stubbs and B. E. Myers, Part of what we do: Teacher
perceptions of STEM integration, J. Agric. Educ. 57, 87
(2016), https://jac-online.org/attachments/article/1983/JAE
%20Volume%2057,%20Issue%203.pdf#page=91.

V. Kite and S. Park, What’s computational thinking?:
Secondary science teachers’ conceptualizations of compu-
tational thinking (CT) and perceived barriers to CT
integration, J. Sci. Teach. Educ. (2022).

S. C. Kong and M. Lai, A proposed computational thinking
teacher development framework for K-12 guided by the
TPACK model, J. Comput. Educ. 9, 379 (2022).

L. Vasconcelos and C. Kim, Preservice science teachers
coding science simulations: Epistemological understand-
ing, coding skills, and lesson design, Educ. Technol. Res.
Dev. 70, 1517 (2022).

J. Mueller, E. Wood, T. Willoughby, C. Ross, and J. Specht,
Identifying discriminating variables between teachers who
fully integrate computers and teachers with limited inte-
gration, Comput. Educ. 51, 1523 (2008).

J. Aurigemma, S. Chandrasekharan, N. J. Nersessian, and
W. C. Newstetter, Design in the Wild, ASEE Prism 22, 45
(2013),  https://www.proquest.com/openview/dd39575eb
047b436dd87a6e2d5c453eb/1?pg-origsite=gscholar&cbl=
33050.

S. Chandrasekharan, Building to discover: A common
coding model, Cogn. Sci. 33, 1059 (2009).

S. Chandrasekharan, Becoming knowledge: Cognitive and
neural mechanisms that support scientific intuition, In


https://doi.org/10.1007/s10956-015-9581-5
https://doi.org/10.1007/s10956-015-9581-5
https://doi.org/10.1111/cogs.12203
https://doi.org/10.1007/s10956-020-09855-3
https://doi.org/10.1007/s10956-020-09855-3
https://doi.org/10.1007/s10956-021-09938-9
https://doi.org/10.1007/s10956-021-09938-9
https://doi.org/10.1103/PhysRevPhysEducRes.16.010139
https://doi.org/10.1103/PhysRevPhysEducRes.16.010139
https://doi.org/10.1109/MCSE.2006.81
https://doi.org/10.1080/07370008.1985.9649008
https://doi.org/10.1080/07370008.1985.9649008
https://doi.org/10.1038/s41551-016-0009
https://doi.org/10.1007/s13194-011-0029-3
https://doi.org/10.1007/s13194-011-0029-3
https://doi.org/10.1007/s11191-015-9749-7
https://doi.org/10.1145/1118178.1118215
https://doi.org/10.1145/1118178.1118215
https://doi.org/10.1007/s10758-009-9148-8
https://doi.org/10.1007/s10758-009-9148-8
https://doi.org/10.1119/1.4981900
https://doi.org/10.1119/1.4981900
https://doi.org/10.1119/1.2798358
https://doi.org/10.1119/1.2835054
https://doi.org/10.1119/1.2835054
https://doi.org/10.1103/PhysRevSTPER.8.020106
https://doi.org/10.1103/PhysRevSTPER.8.020106
https://doi.org/10.1088/1361-6404/aa7529
https://doi.org/10.1088/1361-6404/aa7529
https://doi.org/10.1119/1.2837811
https://www.aapt.org/K12/Computational-Modeling-in-Physics-First.cfm
https://www.aapt.org/K12/Computational-Modeling-in-Physics-First.cfm
https://www.aapt.org/K12/Computational-Modeling-in-Physics-First.cfm
https://www.aapt.org/K12/Computational-Modeling-in-Physics-First.cfm
https://doi.org/10.1119/1.4849153
https://doi.org/10.5703/1288284314636
https://jae-online.org/attachments/article/1983/JAE%20Volume%2057,%20Issue%203.pdf#page=91
https://jae-online.org/attachments/article/1983/JAE%20Volume%2057,%20Issue%203.pdf#page=91
https://jae-online.org/attachments/article/1983/JAE%20Volume%2057,%20Issue%203.pdf#page=91
https://jae-online.org/attachments/article/1983/JAE%20Volume%2057,%20Issue%203.pdf#page=91
https://doi.org/10.1080/1046560X.2022.2110068
https://doi.org/10.1007/s40692-021-00207-7
https://doi.org/10.1007/s11423-022-10119-7
https://doi.org/10.1007/s11423-022-10119-7
https://doi.org/10.1016/j.compedu.2008.02.003
https://www.proquest.com/openview/dd39575eb047b436dd87a6e2d5c453eb/1?pq-origsite=gscholar&cbl=33050
https://www.proquest.com/openview/dd39575eb047b436dd87a6e2d5c453eb/1?pq-origsite=gscholar&cbl=33050
https://www.proquest.com/openview/dd39575eb047b436dd87a6e2d5c453eb/1?pq-origsite=gscholar&cbl=33050
https://www.proquest.com/openview/dd39575eb047b436dd87a6e2d5c453eb/1?pq-origsite=gscholar&cbl=33050
https://www.proquest.com/openview/dd39575eb047b436dd87a6e2d5c453eb/1?pq-origsite=gscholar&cbl=33050
https://doi.org/10.1111/j.1551-6709.2009.01050.x

K. K. MASHOOD et al.

PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

(37]

(38]

(39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

Rational Intuition: Philosophical Roots, Scientific Inves-
tigations (Cambridge University Press, New York, 2014),
p. 307, https://www.cambridge.org/core/books/rational-
intuition/404C1BD29F601AB772195670C07158CB.

W. C. Newstetter, Unpacking the interdisciplinary mind:
Implications for teaching and learning, in Proceedings of
the ASEE Annual Conference and Exposition (ASEE,
Vancouver, 2011), p. 22.

T. Knuuttila and A. Loettgers, Magnets, spins, and neu-
rons: The dissemination of model templates across dis-
ciplines, The Monist 97, 280 (2014).

P. Sengupta, J. S. Kinnebrew, S. Basu, G. Biswas, and D.
Clark, Integrating computational thinking with K-12
science education using agent-based computation: A theo-
retical framework, Educ. Inf. Technol. 18, 351 (2013).
U. Wilensky and S. Papert, Restructurations: Reformulations
of knowledge disciplines through new representational forms,
Constructionism 17, 1 (2010), https://ccl.northwestern.edu/
2010/wilensky_restructurations_Constructionism%?202010-
latest.pdf.

A. Van den Beemt, M. MacLeod, J. Van der Veen, A. Van de
Ven, S. van Baalen, R. Klaassen, and M. Boon, Interdisci-
plinary engineering education: A review of vision, teaching,
and support, J. Engin. Educ. 109, 508 (2020).

D. Hestenes, Notes for a modeling theory, in Proceedings
of the 2006 GIREP Conference: Modeling in Physics and
Physics Education, Amsterdam (University of Amsterdam,
Amsterdam, 2006), p. 31.

D. Hestenes, Modeling theory for math and science
education, In Modeling Students’ Mathematical Modeling
Competencies (Springer, Boston, MA, 2010), p. 13.

R. Lehrer and L. Schauble, The development of scientific
thinking, Handbook of Child Psychology and Develop-
mental Science (John Wiley and Sons, New Jersey, 2015),
p. 1, 10.1002/9781118963418.childpsy216.

J. Gouvea and C. Passmore, Models of “versus” Models
for, Sci. Educ. 26, 49 (2017).

E. Brewe and V. Sawtelle, Modelling instruction for
university physics: Examining the theory in practice,
Eur. J. Phys. 39, 054001 (2018).

D. Frazer, Dimitri R., and H. J. Lewandowski, The mod-
elling framework for experimental physics: Description,
development, and applications, Eur. J. Phys. 39, 064005
(2018).

C. Guy-Gaytan, J.S. Gouvea, C. Griesemer, and C.
Passmore, Tensions between learning models and engaging
in modeling, Sci. Educ. 28, 843 (2019).

D. Hestenes, Modeling games in the Newtonian world,
Am. J. Phys. 60, 732 (1992).

D. Karnam, H. Agrawal, P. Parte, S. Ranjan, P. Borar, P. P
Kurup, and S. Chandrasekharan, Touchy feely vectors: A
compensatory design approach to support model-based
reasoning in developing country classrooms, J. Comput.
Assist. Learn. 37, 446 (2021).

N.J. Nersessian, How do scientists think? Capturing the
dynamics of conceptual change in science, Cognit. Mod.
Sci. 15, 3 (1992), https://philpapers.org/rec/NERHDS.

A. Sirnoorkar, A. Mazumdar, and A. Kumar, Students’
epistemic understanding of mathematical derivations in
physics, Eur. J. Phys. 38, 015703 (2017).

(53]

[54]

[55]

[56]
[57]

020136-32

A. Bokulich, Maxwell, Helmholtz, and the unreasonable
effectiveness of the method of physical analogy, Studies
Hist. Phil. Sci. Part A, 50, 28 (2015).

A. Pickering, The Mangle of Practice (University of
Chicago Press, Chicago, IL, 2010).

T. Byun and G. Lee, Why students still can’t solve physics
problems after solving over 2000 problems, Am. J. Phys.
82, 906 (2014).
https://Isr.hbese.tifr.res.in/interactive-derivations/.

As far as we know, there are no papers that clearly present
such a pragmatist account of how analytical solutions
emerged as a core practice. We arrived at this proposal
by integrating a set of cognition-related discussions in
cognitive and learning sciences, which argue that new
representational and computational tools make possible
new kinds of learning and discoveries. For instance,
Wilensky and Papert discuss how the transition from Roman
numerals to Indo-Arabic numerals made possible the current
mathematics curricula, where 12-year olds are expected to
do complex arithmetic [40]. They argue that the same
arithmetic problems would have required the expertise of
trained mathematicians during the Roman numeral era.
Extending this idea, it is reasonable to assume the converse
case—that Roman numeral arithmetic practice was focused
on the representational scheme that was available, and was
thus optimized to address arithmetic problems that were
possible to solve using this system. Wilenksy and Papert
further argue that similar to the Indo-Arabic numerals,
agent-based modeling systems such as NetLogo are making
possible a rapid advancement in learning related to model
building. Similarly, diSessa uses the example of Galileo’s
description-based modeling of uniform motion (using the-
orems), to argue that the invention of symbolic algebra has
allowed children to understand and manipulate this complex
model [58]. Again, it is reasonable to assume the converse
case—that theorizing during Galileo’s time was limited to
what was possible using descriptions. diSessa also argues
that learning to program provides significant cognitive
advantages, and this transition is similar to the cognitive
augmentation provided by literacy [59]. Apart from these
learning-related examples, there are also discovery cases,
which discuss how novel representational and computa-
tional tools made scientific advancement possible. A popular
case is the discovery of the Lorentz attractor, which was
based on a chance computational visualization. This dis-
covery led to the development of chaos theory, and related
ideas such as self-organization and emergence [60]. These
theoretical advancements were made possible by the wide-
spread availability of digital computers, and also visualiza-
tion tools for nonlinear functions. Interestingly, initial ideas
related to chaos were presented much earlier, by Poincare,
and geometric ideas related to fractals (such as the Sierpinski
Triangle, Julia sets, and Fatou sets) were developed in the
early 20th century. However these scattered developments
did not lead to an integrated theory. This suggests that the
converse case is true—that scientific theorizing during
the pre-computing era was focused on (and limited by)
the theoretical possibilities supported by paper-based cal-
culations and visualizations. A more recent case is the
transition to machine learning models in science, where the


https://www.cambridge.org/core/books/rational-intuition/404C1BD29F601AB772195670C07158CB
https://www.cambridge.org/core/books/rational-intuition/404C1BD29F601AB772195670C07158CB
https://www.cambridge.org/core/books/rational-intuition/404C1BD29F601AB772195670C07158CB
https://www.cambridge.org/core/books/rational-intuition/404C1BD29F601AB772195670C07158CB
https://doi.org/10.5840/monist201497319
https://doi.org/10.1007/s10639-012-9240-x
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://ccl.northwestern.edu/2010/wilensky_restructurations_Constructionism%202010-latest.pdf
https://doi.org/10.1002/jee.20347
https://doi.org/10.1002/9781118963418.childpsy216
https://doi.org/10.1007/s11191-017-9884-4
https://doi.org/10.1088/1361-6404/aac236
https://doi.org/10.1088/1361-6404/aae3ce
https://doi.org/10.1088/1361-6404/aae3ce
https://doi.org/10.1007/s11191-019-00064-y
https://doi.org/10.1119/1.17080
https://doi.org/10.1111/jcal.12500
https://doi.org/10.1111/jcal.12500
https://philpapers.org/rec/NERHDS
https://philpapers.org/rec/NERHDS
https://doi.org/10.1088/0143-0807/38/1/015703
https://doi.org/10.1016/j.shpsa.2014.09.012
https://doi.org/10.1016/j.shpsa.2014.09.012
https://doi.org/10.1119/1.4881606
https://doi.org/10.1119/1.4881606
https://lsr.hbcse.tifr.res.in/interactive-derivations/
https://lsr.hbcse.tifr.res.in/interactive-derivations/
https://lsr.hbcse.tifr.res.in/interactive-derivations/
https://lsr.hbcse.tifr.res.in/interactive-derivations/
https://lsr.hbcse.tifr.res.in/interactive-derivations/

PARTICIPATORY APPROACH TO INTRODUCE ...

PHYS. REV. PHYS. EDUC. RES. 18, 020136 (2022)

availability of large datasets and powerful computational

[64]

machinery have made possible the building of highly
complex models that address very difficult real-world

problems, such as drug discovery. The base neural network

[65]

architectures used in these models—such as feed-forward
connections, the RELU activation function, backpropaga-
tion of error, and recurrent nodes—were developed to model

complex cognition problems (primarily language and

vi-

sion), and have been available for more than 50 years.
However, these architectures were not used to develop
models to address complex science problems, such as

protein folding or the glass transition. Again, this sugg

ests [66]

the converse—that model building and theorizing in science
during the last 50 years was focused on building structure-

based simulations, rather than models built using data,

[67]

particularly large datasets that tune complex neural network

architectures. Our proposal about computing driving

the

transition to numerical modeling approaches and CM is
based on a consolidated understanding of these and other

learning and discovery cases, which together indicate

the invention of novel representational and computational

that
[68]

tools lead to significant cognitive changes. These, in turn,
enable new theoretical and methodological advancements in

science. Our proposal about the emphasis on anal

approaches—that they emerged from practical difficulties

related to numerical solutions—follows from this gen

ytic
[69]
eral

idea. It is a converse argument (similar to the other converse

cases above), where the nonavailability of efficient numeri-

[70]

cal computing and visualization tools led to an emphasis on
theorizing and modeling approaches that drew on—and also

optimized—the capabilities of the available representational

and computing tools.
(58]
Literacy (MIT Press, Cambridge, MA, 2001).
[59]
[60]
New York, 2008).
[61] https://sr.hbese.tifr.res.in/teaching-material/.
[62]
Discourses (Routledge, New York, 2007).
[63]

[71]

A. diSessa, Changing Minds: Computers, Learning, and

W. 1. Ong, Orality and Literacy (Routledge, London, 2013).
J. Gleick, Chaos: Making a New Science (Penguin,

[72]

J. P. Gee, Social Linguistics and Literacies: Ideology in

(73]

C.K. De Dreu, B. Beersma, W. Steinel, and G. A. Van

Kleef, The psychology of negotiation: Principles and basic
processes, in Social Psychology: Handbook of Basic

Principles, edited by A.W. Kruglanski
Higgins (The Guilford Press, New York, 2007).

and E.T.

[74]

020136-33

D. Wight, E. Wimbush, R.Jepson, and L. Doi, Six steps in
quality intervention development (6SQuID), Journal of
epidemiology and community health 70, 520 (2016).

A. Elby and D. Hammer, Epistemological resources and
framing: A cognitive framework for helping teachers
interpret and respond to their students’ epistemologies,
edited by L.D. Bendixen and F.C. Feucht, Personal
Epistemology in the Classroom: Theory, Research, and
Implications for Practice (Cambridge University Press,
New York, 2010), p. 409, https://philpapers.org/rec/
ELBERA.

D. Hammer and A. Elby, Tapping -epistemological
resources for learning physics, J. Learn. Sci. 12, 53
(2003).

Epistemological framing is a process through which
perceived elements of knowledge and knowing are
selected and rendered salient—to promote a specific
way of defining, (causally) interpreting, and recom-
mending remediation—to solve a learning and/or teaching
problem.

B.K. Hofer and P.R. Pintrich, The development of
epistemological theories: Beliefs about knowledge and
knowing and their relation to learning, Rev. Educ. Res.
67, 88 (1997).

W. A. Sandoval, Understanding students’ practical episte-
mologies and their influence on learning through inquiry,
Sci. Educ. 89, 634 (2005).

A. Elby, Defining personal epistemology: A response to
Hofer and Pintrich (1997) and Sandoval (2005), J. Learn.
Sci. 18, 138 (2009).

See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevPhysEducRes.18.020136
for analysis of the codes that are not discussed in the paper
and the Appendix. Specifically, the connotative and inter-
pretive variations in the narratives of the researchers and
the participants in the different codes are presented.

B. Fraser, Types of English discourse markers, Acta
linguistica Hungarica, 38, 19 (1988), https://www.jstor
.org/stable/44362602.

R. Prasad, E. Miltsakaki, A. Joshi, and B. Webber,
Annotation and data mining of the Penn Discourse Tree-
Bank, in Proceedings of the Workshop on Discourse
Annotation, Barcelona, Spain (2004), p. 88.

D. Hammer, Epistemological considerations in teaching
introductory physics, Sci. Educ. 79, 393 (1995).


https://lsr.hbcse.tifr.res.in/teaching-material/
https://lsr.hbcse.tifr.res.in/teaching-material/
https://lsr.hbcse.tifr.res.in/teaching-material/
https://lsr.hbcse.tifr.res.in/teaching-material/
https://lsr.hbcse.tifr.res.in/teaching-material/
https://doi.org/10.1136/jech-2015-205952
https://doi.org/10.1136/jech-2015-205952
https://philpapers.org/rec/ELBERA
https://philpapers.org/rec/ELBERA
https://philpapers.org/rec/ELBERA
https://doi.org/10.1207/S15327809JLS1201_3
https://doi.org/10.1207/S15327809JLS1201_3
https://doi.org/10.3102/00346543067001088
https://doi.org/10.3102/00346543067001088
https://doi.org/10.1002/sce.20065
https://doi.org/10.1080/10508400802581684
https://doi.org/10.1080/10508400802581684
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
http://link.aps.org/supplemental/10.1103/PhysRevPhysEducRes.18.020136
https://www.jstor.org/stable/44362602
https://www.jstor.org/stable/44362602
https://www.jstor.org/stable/44362602
https://doi.org/10.1002/sce.3730790404

