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Abstract. The sustainable, synergistic integration of computational thinking
(CT) and STEM learning environments into K12 classrooms requires consid-
eration of learner-centered and classroom-centered design. In other words, not
only do we have to take into account the learning goals and capabilities of
students, but also the technological capabilities of the classroom environment
and the combined impact of the teacher and technology on the classroom
dynamics, curriculum, and progress. This paper discusses the design and
development of an open ended learning environment aimed at high school
physics curriculum taught within a CT-based framework. We conclude with
preliminary results from a semester-long implementation study in a high school
physics classroom.

Keywords: Computational thinking � STEM � Blended learning environments

1 Introduction

The sustainable integration of innovative, open ended learning environments (OELEs)
in K12 classrooms requires the aggregation of learner-centered [8] and classroom-
centered design approaches. This approach takes into consideration the prior knowl-
edge and capabilities of the student and scaffolds their individual learning processes. It
also takes into account the logistics and environment of the classroom, and how to
achieve a cohesive balance between the role of the teacher and the technology. OELEs
provide students meaningful learning opportunities by adopting a pedagogy that
enables students to acquire domain information, construct, test, and revise solutions to
authentic, problem solving tasks [3, 4, 7, 9]. However, in previous work, OELE
frameworks have primarily focused on learner-centered design, with little consideration
of the role of the teacher in helping to orchestrate classroom dynamics, progression
through the curriculum, and student engagement to support learning. While techno-
logical advancements have introduced adaptive tools in K-12 classrooms that provide
personalized learning opportunities, assimilation as part of a standard classroom
environment has remained elusive.

This paper outlines the design and development of a classroom-centered OELE
aimed at integrating computational modeling into a high school physics classroom. To
do so, we will describe the classroom and student-learning components relevant to our
architecture, provide an overview of our system design, and conclude with results,
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analysis, and necessary system modifications derived from lessons learned in our
semester-long classroom study.

2 C2STEM

The Collaborative, Computational STEM (C2STEM) environment utilizes a novel
paradigm that combines visual programming [6] with domain specific modeling lan-
guages (DSMLs) [2] to promote learning of physics and CT concepts and practices.

2.1 Classroom Structure

Like a typical classroom curriculum, C2STEM tasks are made up of easily identifiable
Instructional, Model Building, Assessment, and Challenge tasks. Instructional tasks
help students focus on learning and applying primary physics concepts, often one at a
time, to prepare students for building computational models. This helps address stu-
dents’ lack of knowledge in physics and programming. Instructional tasks build on
previous content to make it easier for students to learn in small chunks.

Following instructional tasks, students work on model building tasks that require
them to combine the information gained from instructional tasks along with CT
practices to build a correct computational model of a Physics phenomena. A third
component, formative assessments or assessment tasks, assess student learning in
Physics and CT with multiple choice and short answer questions and small model
building exercises. Finally, challenge tasks require students to solve more difficult
problems that test their abilities to put together concepts and practices emphasized in
the module. For instance, in the one-dimensional kinematics motion challenge, students
are required to program a medical delivery truck that completes a straight path trip
whilst adhering to various speed limits on the path and then safely stops at a STOP
sign, before continuing on to its final destination.

2.2 Modeling

Modeling tasks are broken down into conceptual and computational modeling tasks.
These two connected activities “support modeling at different levels of abstraction and
operationalize the important CT concepts of abstraction and decomposition” [1].

Conceptual Modeling. Conceptual modeling allows for systematic planning of the
objects and their associated properties and behaviors needed to build a correct com-
putational model for the assigned problem. This model building activity is completed in
the “Plan” tool of the C2STEM environment. When conceptual model elements are
selected, their relevant block(s) appear in the “Build” component of the learning
environment. Similarly, if objects or behaviors are removed from the conceptual model,
the associated blocks are removed in the Build component. Students are allowed to
move between the two model-building representations as they build their simulations.

Computational. Computational modeling is implemented by embedding the SNAP!
programming environment in C2STEM. As mentioned in our primary research
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objective, we utilize a physics-based DSML. A DSML is “a programming language or
executable specification language that offers, through appropriate notations and
abstractions, expressive power focused on, and usually restricted to, a particular
problem domain” [10]. It allows students to express solutions in the physics domain,
and it provides students with precise, self-documenting code [5] supporting the
application of relevant CT practices and constructs.

Our computational modeling environment also has a graphing module and a table
generator that generates a spreadsheet of data values for selected variables. These tools
help students interpret their simulation behaviors and debug their models.

2.3 Architecture

The C2STEM system uses a modular architecture that allows for seamless integration
of its components for classroom instruction. A simple infrastructure was essential to
accomplish sustainability in the classroom, and to minimize common logistical issues
regarding installation and software updates on a large number of school-owned com-
puters. The system is web-based and runs off a cloud server thereby allowing student
access at school and at home. Figure 1 illustrates the overall architecture of our
environment, including the ability to handle multiple clients simultaneously. This
architecture provides researchers with the ability to grade student work in real-time
through a logging functionality not described in this paper, as well as collaboration
opportunities (e.g. students sharing computational workspaces).

While our architecture supports our goal of a sustainable learning environment, the
components of our system allow for scalability and adaptability by the teacher,
instructional scaffolding, and quick grading of student assignments. Users have con-
tinuous access to all instructional tasks (Sect. 2.1) and resources, supporting the

Fig. 1. System architecture
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open-ended nature required of OELEs [5]. All tasks are composed of HTML com-
ponents (task descriptions, multiple choice and short answer questions, etc.), the
conceptual modeling component, and the computational modeling component.

3 Classroom Implementation

Following a preliminary usability study, our team conducted a semester-long study in a
Physics high school classroom in Nashville, Tennessee. The study included 174 stu-
dents taking an Honors Physics course; 84 students participated in the experimental
group and used our C2STEM environment, and 90 students were in the control group –

they did not use the system. Students completed four physics modules: three in
Kinematics: 1D motion (with acceleration), 2D motion with constant velocity, and 2D
motion with gravitational forces, and an introductory unit on 1D Force.

Our experimental group utilized the C2STEM environment an average of three out
of four classroom sessions a week, with non-system days dedicated to content lectures
by the physics teacher (delivered to both control and experimental groups). Participants
completed pre- and post- tests in Kinematics, Mechanics, and CT.

For our preliminary results for the pre-posttests we randomly selected 30 experi-
mental group participants. In the Kinematics pre-posttests, the experimental group’s
average score on the pre-test was a 22.4(5.4) and increased to an average score of 34.2
(3.4) in the post-test. For CT, the average score on the pre-test was a 22.4(4.7) on the
pre-test, improving to 30.7(4.2) on the post-test. These preliminary results demonstrate
that the experimental group was able significantly improve in their learning of physics
content and received the additional benefit of significantly increasing their CT
knowledge in the process.

4 Conclusion and Future Work

Our research goal for this phase of our design-based research approach was to develop
and implement a classroom-centered OELE focused on the synergistic learning of CT
and STEM. Results showed significant learning gains in Physics and CT. The Physics
instructor combined classroom lectures and lab work with the use of C2STEM, and
used the assessments on the system to improve his instruction and to help students learn
their Physics concepts better. The pre-post test results indicate that the additional effort
also led to better learning. Furthermore, an added bonus of using the system is that it
taught students both Physics and CT concepts and practices. However, it is clear that to
build this system up to its full learner-centered and classroom-centered potential, a
number of additional tools will have to be developed for adaptive scaffolding of student
learning, and also to aid the teacher in assessing students and keeping track of students’
progress.
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