
ABSTRACT

LUNK, BRANDON ROBERT. A Framework for Understanding Physics Students’ Computational
Modeling Practices. (Under the direction of Ruth Chabay.)

With the growing push to include computational modeling in the physics classroom, we are

faced with the need to better understand students’ computational modeling practices. While

existing research on programming comprehension explores how novices and experts generate

programming algorithms, little of this discusses how domain content knowledge, and physics

knowledge in particular, can influence students’ programming practices. In an effort to better

understand this issue, I have developed a framework for modeling these practices based on a

resource stance towards student knowledge.

A resource framework models knowledge as the activation of vast networks of elements called

“resources.” Much like neurons in the brain, resources that become active can trigger cascading

events of activation throughout the broader network. This model emphasizes the connectivity

between knowledge elements and provides a description of students’ knowledge base. Together

with resources resources, the concepts of “epistemic games” and “frames” provide a means for

addressing the interaction between content knowledge and practices. Although this framework

has generally been limited to describing conceptual and mathematical understanding, it also

provides a means for addressing students’ programming practices. In this dissertation, I will

demonstrate this facet of a resource framework as well as fill in an important missing piece: a

set of epistemic games that can describe students’ computational modeling strategies.

The development of this theoretical framework emerged from the analysis of video data of

students generating computational models during the laboratory component of a Matter & In-

teractions: Modern Mechanics course. Student participants across two semesters were recorded

as they worked in groups to fix pre-written computational models that were initially missing

key lines of code. Analysis of this video data showed that the students’ programming practices

were highly influenced by their existing physics content knowledge, particularly their knowl-



edge of analytic procedures. While this existing knowledge was often applied in inappropriate

circumstances, the students were still able to display a considerable amount of understanding

of the physics content and of analytic solution procedures. These observations could not be

adequately accommodated by the existing literature of programming comprehension.

In extending the resource framework to the task of computational modeling, I model stu-

dents’ practices in terms of three important elements. First, a knowledge base includes re-

sources for understanding physics, math, and programming structures. Second, a mechanism

for monitoring and control describes students’ expectations as being directed towards numerical,

analytic, qualitative or rote solution approaches and which can be influenced by the problem

representation. Third, a set of solution approaches – many of which were identified in this study

– describe what aspects of the knowledge base students use and how they use that knowledge to

enact their expectations. This framework allows us as researchers to track student discussions

and pinpoint the source of difficulties.

This work opens up many avenues of potential research. First, this framework gives re-

searchers a vocabulary for extending Resource Theory to other domains of instruction, such as

modeling how physics students use graphs. Second, this framework can be used as the basis for

modeling expert physicists’ programming practices. Important instructional implications also

follow from this research. Namely, as we broaden the use of computational modeling in the

physics classroom, our instructional practices should focus on helping students understand the

step-by-step nature of programming in contrast to the already salient analytic procedures.



c© Copyright 2012 by Brandon Robert Lunk

All Rights Reserved



A Framework for Understanding Physics Students’ Computational Modeling Practices

by
Brandon Robert Lunk

A dissertation submitted to the Graduate Faculty of
North Carolina State University

in partial fulfillment of the
requirements for the Degree of

Doctor of Philosophy

Physics

Raleigh, North Carolina

2012

APPROVED BY:

David Haase Jason Swarts

Robert Beichner
Co-Chair of Advisory Committee

Ruth Chabay
Co-Chair of Advisory Committee



DEDICATION

To my father’s father, for teaching me the value of science.

To my parents, for teaching me the value of asking questions.

To my students, for teaching me the value of teaching.

ii



BIOGRAPHY

Brandon Lunk was born in upstate New York to Sharon and Edward Lunk on May 10th, 1981.

Shortly thereafter, he and his parents moved to Durham, North Carolina so that his father

could pursue a graduate education at North Carolina State University. From an early age,

Brandon was encouraged to follow his natural curiosity about the world. He completed his

grade school education at the innovative Duke School for Children where he was first exposed

to an active engagement pedagogy. It was in high school, however, where he was first exposed

to physics.

After graduating high school, Brandon attended the University of North Carolina to earn

a bachelors degree in physics. During his time there, he began working in the undergraduate

physics labs under the direction of Duane Deardorff. It was through this job that Brandon

developed a keen interest in teaching and curriculum development, however he found that he

lacked the necessary skills to move forward, professionally.

After taking a pair of post-baccalaureate courses at NC State, Brandon enrolled there full

time in the physics graduate program. He quickly became energized in refreshing and refining

his physics skills and in learning about new pedagogical techniques. After passing his written

qualifiers, Brandon officially joined the Physics Education Research and Development group

under the direction of Dr. Chabay and Dr. Beichner. During his time there, Brandon received

much training in pedagogical practices and even taught a full SCALE-UP course through the

Preparing The Professoriate program.

Brandon’s research interests eventually turned to how students use computation in their

physics courses. Arriving at a sensible research question and putting together the project dis-

cussed in this dissertation turned out to be a long and frustrating, but often exciting process. In

the end, Brandon believes that it is a worthwhile project, both for physics education community

and for himself. Hopefully you, the reader, will find it worthwhile too.

iii



ACKNOWLEDGEMENTS

I am tremendously grateful to everyone whose contributions have helped me reach this point

in life. Although it is my name on the title page, I could not have made it this far without the

help of many.

I would first like to acknowledge my committee here at NC State for supporting me through

my graduate research. Dr. Chabay had provided me with much needed guidance in honing in

on a research topic and refining my question. Without her help, I might never have embraced

Resource Theory as a means for describing the data. Dr. Beichner has been an exceptional

professional mentor to me and has always pushed me towards improvement. I owe Dr. Beichner

extra gratitude for taking a chance when he helped me get into the NC State graduate program

all those years ago. Dr. Swarts has graciously helped me refine my analysis methodologies and

Dr. Haase has dedicated many helpful hours as a teaching mentor. I would also like to thank the

many other faculty and staff in the NCSU physics department who have been supportive of me

and my research throughout my graduate career, in particular Albert Young, Bruce Sherwood,

David Brown, John Risley, Cheung Ji, and Jenny Allen. Thanks, especially, to Matt Kohlmyer

who provided invaluable assistance as a teaching mentor.

I consider myself especially lucky to have been part the Physics Education Research Group

at NC State. It has been such a positive and supportive community and I will truly miss the

friendships and camaraderie that has developed among us. Jeff Polak has been in-step with me

throughout my graduate career. He has experienced the ups and downs of graduate life as I

have and has provided me with much support, teaching assistance, and insight throughout the

years. Evan Richards and Jon Gaffney have been excellent colleagues and mentors who helped

me get my feet wet as a researcher by involving me in their study. Mary Bridget Kustusch

has been a constant source of good humor and was an absolute delight to teach alongside.

Shawn Weatherford provided amazing inspiration as a teacher and I thank him especially for

developing the study from which I drew the bulk of my data. Katie Foote provided much needed

iv



assistance in helping me achieve inter-rater reliability and many other members of the PER

group have helped me in many ways and to whom I am grateful. And finally, I thank Meghan

Westlander. She has provided me with more assistance than I can possibly hope to recount

in these few words. Without Meghan’s friendship, patience, and support, I might never have

made it this far.

I am thankful, also, to the support I found at UNC before beginning graduate school. I got

my first real taste of being a physics educator by working in the department demo room under

Duane Deardorff and Christy Redmon. Indeed, it was through Duane that I first learned about

Physics Education Research. Duane has provided much support through the years and for that

I thank him. I also wish to thank Shane Brogan with whom I helped run the demo room. Shane

had been a consummate educator and friend. He even helped me establish validity with some

of my codes.

I must also offer thanks to the network of other colleagues, educators, teachers, and re-

searchers who have lent their support to me over the years. Robert Quackenbush, Curtis Booker,

Danny Caballero, Michael Wittmann, Joe Heafner, Aaron Titus, John Hubisz, Lin Ding, Vince

Kuo, Renee Michelle Goertzen, Sarah McKagan, Rachel Scherr, and Alice Churukian have all

offered helpful and enlightening conversations about education, learning, and physics. I offer

thanks, also, to an extremely supportive cast of friends from outside of academics. They have

helped my keep my sanity over the years.

Finally, I’d like to offer my thanks to my brother Daniel, and my parents, Ed and Sharon.

They have all proudly supported my decision to enter graduate school and pursue education as

a career. My parents even helped me proofread this dissertation!

To everyone I’ve mentioned here, and to those I’ve erroneously forgotten: Thank you.

v



TABLE OF CONTENTS

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Chapter 1 Computational Modeling in Physics . . . . . . . . . . . . . . . . . . . . 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 A Tale of Two Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Contemporary Instructional Models . . . . . . . . . . . . . . . . . . . . . 3

1.2 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.1 Motivating a New Framework . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Resources, Epistemic Games, and Frames: A Primer . . . . . . . . . . . . . . . . 8
1.3.1 Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Epistemic Games . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.3 Framing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3.4 Prelude to Extending the Resource Framework . . . . . . . . . . . . . . . 13

1.4 Curriculum and Programming Environment . . . . . . . . . . . . . . . . . . . . . 13
1.4.1 Matter & Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.2 VPython . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6 Dissertation Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Chapter 2 Review of the Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Computer Modeling in Introductory Physics . . . . . . . . . . . . . . . . . . . . . 25

2.2.1 Computation in Introductory Physics . . . . . . . . . . . . . . . . . . . . 25
2.2.2 Contemporary Curricula . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2.3 Computer-Based Modeling Environments . . . . . . . . . . . . . . . . . . 27
2.2.4 Summary of Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.3 Program Comprehension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.3.1 A Cognitive Background to Program Comprehension . . . . . . . . . . . . 49
2.3.2 Program Composition and Comprehension . . . . . . . . . . . . . . . . . 53
2.3.3 Computational Thinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.3.4 Cues from Reading Comprehension . . . . . . . . . . . . . . . . . . . . . . 61
2.3.5 Cues from Mathematics Problem Solving . . . . . . . . . . . . . . . . . . 64
2.3.6 Steps Towards a Resource Model of Cognition and Computation . . . . . 66

2.4 Literature Concerning Qualitative Analysis . . . . . . . . . . . . . . . . . . . . . 67
2.4.1 Qualitative Research in PER . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.4.2 Discourse Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.4.3 Framing in Discourse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.4.4 Grounded Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

2.5 Where does this leave us? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

vi



Chapter 3 Resources: A Framework for Analyzing Students’ Knowledge Base 73
3.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2 Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.2.1 A Comparison Against Unitary Conceptions . . . . . . . . . . . . . . . . . 78
3.2.2 Theoretical Underpinnings of Resources . . . . . . . . . . . . . . . . . . . 80

3.3 Background Knowledge: Causal Nets and Reasoning Primitives . . . . . . . . . . 83
3.3.1 Reasoning Primitives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.3.2 Causal Nets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.4 Comprehension and Composition: Forms and Devices . . . . . . . . . . . . . . . 91
3.4.1 Foundations of Forms and Devices . . . . . . . . . . . . . . . . . . . . . . 93
3.4.2 Programming as a Representational System . . . . . . . . . . . . . . . . . 94
3.4.3 Symbolic Forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.4.4 Interpretive Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.4.5 Interpreting Programs like Math . . . . . . . . . . . . . . . . . . . . . . . 112
3.4.6 Alternate Interpretations . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Chapter 4 Epistemic Games and Frames: A Framework for Analyzing Stu-
dents’ Programming Practices . . . . . . . . . . . . . . . . . . . . . . . 118

4.1 Programming Strategies: Epistemic Games . . . . . . . . . . . . . . . . . . . . . 119
4.1.1 A Comparison Against Programming Comprehension . . . . . . . . . . . 120
4.1.2 Identification Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.1.3 E-Games for Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.1.4 Modified E-Games . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
4.1.5 Previously Identified E-Games . . . . . . . . . . . . . . . . . . . . . . . . 149

4.2 Monitoring and Control: Framing . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
4.2.1 Quantitative Sense-Making Frame . . . . . . . . . . . . . . . . . . . . . . 169
4.2.2 Numerical Sense-Making Frame . . . . . . . . . . . . . . . . . . . . . . . . 171
4.2.3 Rote Equation Chasing Frame . . . . . . . . . . . . . . . . . . . . . . . . 176
4.2.4 Qualitative Sense-Making Frame . . . . . . . . . . . . . . . . . . . . . . . 182
4.2.5 Towards a Unified Framework . . . . . . . . . . . . . . . . . . . . . . . . . 184

4.3 Using the Resource Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Chapter 5 Study Design and Methodology . . . . . . . . . . . . . . . . . . . . . . 187
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
5.2 Matter & Interactions Labs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

5.2.1 Laboratory Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
5.2.2 Group Roles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

5.3 Minimally Working Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
5.3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
5.3.2 The Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

5.4 Experimental (In Vitro) Lab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
5.4.1 Qualitative Education Research Labs . . . . . . . . . . . . . . . . . . . . . 197
5.4.2 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
5.4.3 Incorporating MWPs into the Experimental Lab . . . . . . . . . . . . . . 201

vii



5.4.4 Instructional Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
5.5 (In Vivo) Lab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

5.5.1 Modifications to the Rutherford Scattering MWP . . . . . . . . . . . . . . 205
5.5.2 Incorporating MWPs into the general lab sections . . . . . . . . . . . . . 208
5.5.3 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

5.6 Texture of the Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
5.7 Analysis Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

5.7.1 Methodological Considerations . . . . . . . . . . . . . . . . . . . . . . . . 214
5.7.2 Physics Content Coding Pass: Causal Nets and Reasoning Primitives . . 222
5.7.3 Program Comprehension Coding Pass I: Registrations . . . . . . . . . . . 226
5.7.4 Program Comprehension Coding Pass II: Interpretational Devices . . . . 230
5.7.5 Programming Practices Coding Pass: Epistemic Games and Moves . . . . 230
5.7.6 Agreement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
5.7.7 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

Chapter 6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
6.2 Content Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

6.2.1 Physical Collision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
6.2.2 The Momentum Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
6.2.3 Conservation Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
6.2.4 Curving Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

6.3 Programming Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
6.3.1 The Numerical Update . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
6.3.2 Insensitivity to the Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268
6.3.3 Feature Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
6.3.4 Percent Occurrence of Interpretational Devices . . . . . . . . . . . . . . . 271

6.4 Framing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
6.4.1 Framing in Conversation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
6.4.2 Improper Framing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278
6.4.3 Reciprocity Versus Algebraic Manipulations . . . . . . . . . . . . . . . . . 292

6.5 Epistemic Game Fragments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
6.6 Interactions with the TA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

6.6.1 Guiding the Students . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
6.6.2 Directing the Students . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

6.7 Good Modeling Practices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

Chapter 7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
7.1 Review of Research Questions and Findings . . . . . . . . . . . . . . . . . . . . . 315
7.2 Instructional Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
7.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328

viii



Appendix A Glossary of Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329
Appendix B Transcription Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
Appendix C Resource Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 338

C.1 Reasoning Primitives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 338
C.2 Causal Nets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
C.3 Symbolic Forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
C.4 Interpretational Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
C.5 Epistemic Games . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

Appendix D In Vitro Lab Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
Appendix E In Vivo Lab Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366
Appendix F Institutional Review Board Documentation . . . . . . . . . . . . . . . . 370

F.1 In Vitro IRB Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . 370
F.2 In Vivo IRB Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . . 382

ix



LIST OF TABLES

Table 1.1 An outline of a resource framework showing the tools from the resources
literature that will be used and the aspect of computational modeling that
each tool will be used to accommodate. . . . . . . . . . . . . . . . . . . . . 8

Table 1.2 A knowledge base can be considered to be comprised of conceptual re-
sources. These are the conceptual resources tracked in this study, the
portion of the knowledge base that each one represents, and an example
of each. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Table 2.1 Comparison of students’ more and less productive modeling approaches
(Hogan and Thomas, 2001, p. 336) . . . . . . . . . . . . . . . . . . . . . . 36

Table 2.2 Programming Tasks. Composition proceeds from the top down, compre-
hension proceeds from the bottom up (Pennington and Grabowski, 1990,
p. 47). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Table 3.1 An outline of a resource framework showing the tools from the resources
literature that will be used and the aspect of computational modeling that
each tool will be used to accommodate. . . . . . . . . . . . . . . . . . . . . 75

Table 3.2 A knowledge base can be considered to be comprised of conceptual re-
sources. These are the conceptual resources tracked in this study, the
portion of the knowledge base that each one represents, and an example
of each. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Table 3.3 List of algebraic symbolic forms identified by Sherin (1996, p.75) . . . . . . 94
Table 3.4 List of programming symbolic forms identified by Sherin (1996). These

forms are presented, here, according to Python syntax, though their con-
tent remains unaltered from Sherin’s definitions. . . . . . . . . . . . . . . . 97

Table 3.5 List of algebraic interpretive devices identified by Sherin (1996, p.117);
*Intuitive Devices identified by Tuminaro (2004, p.92). . . . . . . . . . . . 104

Table 3.6 Sherin (1996) identified two programming-specific Interpretive Devices:
“Tracing” and “Recurrence.” The device “Feature Analysis,” which was
identified by Tuminaro (2004), turns out to also play a prominent role in
computational modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

Table 4.1 Set of Epistemic Games for approaching algebraic physics problems (Tu-
minaro, 2004, p.106). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Table 4.2 The ontological and structural components of an epistemic game (Tumi-
naro and Redish, 2007) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Table 4.3 A list of epistemic games and their component moves that were observed
in this study. “Variants” are games that have been previously identified,
but appeared in a slightly different form due to the computational context
of this study. The game “Transliterate Solution Pattern” was renamed in
this study from “Transliterate to Math.” . . . . . . . . . . . . . . . . . . . 125

x



Table 4.4 Linguistic cues that can serve as evidence of student expectations (Tannen,
1994). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

Table 4.5 The seven epistemic games previously identified to occur during physics
problem solving (Tuminaro, 2004; Hing-Hickman, 2011) and the four iden-
tified in this study, organized into four frames. Those games identified in
this study, along with the numerical sense-making frame, are indicated as
red. Games that appeared as variants due to the programming context
are indicated with a “*” . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

Table 4.6 A possible unification of representation-specific epistemic games. . . . . . . 185

Table 5.1 Comparison of the physical system to the features of the computational
model which are included or omitted from the minimally working programs
(Weatherford, 2011). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Table 5.2 Gender demographics of students enrolled in the experimental laboratory
sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Table 5.3 Student groups during the spacecraft Earth MWP and the Rutherford
scattering MWP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

Table 5.4 Lab schedule for the experimental and general lab sections during the Fall
2009 semester. Instructional documents altered to make use of YouTube
instructional videos are indicated with “*”(Weatherford, 2011, p.95). . . . 202

Table 5.5 A summary of the differences between the MWPs and accompanying in-
structions given to the experimental lab sections and those given to the
general M&I lab sections beginning in the spring 2010 semester. . . . . . . 207

Table 5.6 Lab schedule for the fall 2009 (run concurrently with the In Vitro lab) and
spring 2010 general M&I lab sections at NCSU. MWPs are highlighted in
red. The fall ’09 column is recreated here from Table 5.4 for easy reference. 209

Table 5.7 Gender distributions of the participatory groups from each in vivo section
used in this analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

Table 5.8 Student groups during the Rutherford scattering MWP in the in vivo lab . 211
Table 5.9 Examples of “content knowledge” resources . . . . . . . . . . . . . . . . . . 223
Table 5.10 List of causal nets, coordination classes, and reasoning primitives identified

in the data. Reported is the percent of occurrence in the Spacecraft Earth
MWP task (SE) and the Rutherford Scattering MWP task (RS). . . . . . 226

Table 5.11 List of algebraic and computational forms and equation registrations found
in the data. Reported values are the percent occurrence during the Space-
craft Earth MWP task (SE) and the Rutherford Scattering MWP task
(RS) out of all occurrences. For definitions and morphologies of these
forms, see the appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

Table 5.12 List of algebraic and programming-specific devices found in my data. Re-
ported values are the percent occurrences during the Spacecraft Earth
MWP task (SE) and the Rutherford Scattering MWP task (RS) out of all
occurences. For definitions, see the appendix. . . . . . . . . . . . . . . . . . 231

xi



Table 5.13 List of epistemic games found in my data. Those games marked with an
“*” are slight variations of games that have been presented previously in
the literature. For full descriptions, see section 4.1. . . . . . . . . . . . . . 233

Table 6.1 The percent occurrence of the devices found in my data, as well as the
percent occurrence of the device classes as a whole. These percents are out
of a total count of 445. The programming-specific devices are indicated as
grey. Those devices which were identified by Sherin but did not appear in
my data are omitted from this table. . . . . . . . . . . . . . . . . . . . . . 271

Table 6.2 The percent occurrence of epistemic games found in my data, as well as
the percent occurrence of the frames as a whole. Percentages are out of a
total count of 4095. Those games which were first identified in this study
are indicated as gray. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

Table C.1 List of algebraic symbolic forms identified by Sherin (1996, p.75) . . . . . . 343
Table C.2 List of programming symbolic forms identified by Sherin (1996, p.312,

p.324) note that these are all of the forms identified by Sherin. Not all of
these appear in these data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

xii



LIST OF FIGURES

Figure 1.1 The knowledge base from which students draw can be considered to be
a combination of knowledge appropriate for computational modeling and
knowledge appropriate for analytic problem solving. . . . . . . . . . . . . 4

Figure 1.2 Examples of resources (a) in a causal association, (b) in a control rela-
tion with another association and, (c) in an association with a cluster of
resources that can be reliably activated together. . . . . . . . . . . . . . . 9

Figure 2.1 An example of the input/output screens from a projectile motion pro-
gram. (Redish and Wilson, 1993) . . . . . . . . . . . . . . . . . . . . . . . 29

Figure 2.2 An example of the Pascal source code from a projectile motion program.
(Redish and Wilson, 1993) . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2.3 A model of a runner and an accelerating bus in STELLA. At top: the
graphical relations. In the middle are the automatically generated differ-
ence equations. At the bottom is the resulting graph. (Schecker, 1993,
p.104) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Figure 2.4 A model of a meteor falling through Earth’s atmosphere in STELLA.
(Schecker, 1993, p.105) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Figure 2.5 A Boxer program modeling constant deceleration. The screen displays the
current values of three variables, the “tick” algorithm as nested boxes, and
the initialization of the variables. . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 2.6 A VPython program to model a constrained, 2-body gravitational inter-
action. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Figure 3.1 The Setup-Loop structure for a completed model a 2-body gravitational
interaction. This image has been left blurry so as to focus the reader’s
attention on the global setup-loop structure. . . . . . . . . . . . . . . . . . 98

Figure 3.2 Estelle, Roslyn, and Yolanda’s simulation of a spacecraft trajectory around
the Earth. The gravitational force was calculated outside of the loop, re-
sulting in a parabolic trajectory. Roslyn activates the “sequential process”
form to interpret how the trajectory was generated in the loop. . . . . . . 99

Figure 4.1 A schematic diagram of the students’ moves within the “Map Meaning to
Code” game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Figure 4.2 A schematic diagram of the students’ moves within the “Map Code to
Meaning” game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Figure 4.3 A schematic diagram of the students’ moves within the “Iterative Debug-
ging” Game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Figure 4.4 A diagram of an alpha particle impinging on a gold nucleus with a non-
zero impact parameter, b. Image taken from the Rutherford scattering
MWP instructions, which can be found in the appendix. . . . . . . . . . . 135

xiii



Figure 4.5 A schematic diagram of the students’ moves within the “Targeted Debug-
ging” Game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Figure 4.6 A schematic diagram of the students’ moves within the “Map Meaning to
Math” game, within the context of computational modeling. . . . . . . . . 143

Figure 4.7 Estelle, Roslyn, and Yolanda begin listing relevant equations in Python
syntax. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Figure 4.8 Estelle, Roslyn, and Yolanda have correctly generated the calculations for
the gravitational force but it is outside of the iterative while loop. . . . . 146

Figure 4.9 A schematic diagram of the students’ moves within the “Physical Mech-
anism” game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Figure 4.10 A schematic diagram of the students’ moves within the “Map Math to
Meaning” game (Tuminaro, 2004, p.114). . . . . . . . . . . . . . . . . . . 150

Figure 4.11 A schematic diagram of the students’ moves within the “Pictorial Anal-
ysis” epistemic game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Figure 4.12 Jeffrey, Maude, and Walter’s diagram of an alpha particle impinging on
a gold nucleus (top left), the two particles ricochetting off each other
(bottom left), the two particles’ scattering angles (center), and the initial
and final momenta indicated (right). . . . . . . . . . . . . . . . . . . . . . 154

Figure 4.13 Jeffrey, Maude, and Walter have listed the calculations that are missing
from their MWP of Rutherford Scattering. . . . . . . . . . . . . . . . . . 156

Figure 4.14 A schematic diagram of the students’ moves within the “List Making”
epistemic game. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Figure 4.15 A schematic diagram of the students’ moves within the “Transliterate
Solution Pattern” game, within the context of computational modeling. . 158

Figure 4.16 A schematic diagram of the students’ moves within the “Recursive Plug
and Chug” game, within the context of computational modeling. . . . . . 163

Figure 4.17 A comparison of the steps in (a) “Map Meaning to Math” (as defined by
Tuminaro (2004)) and (b) “Map Meaning to Code.” . . . . . . . . . . . . 184

Figure 5.1 Program code and visual output for the three MWPs developed for the
M&I computational activities. The pink boxes list the new lines of code
students need to generate and add to the MWPs in order for them to
model the appropriate behavior of the corresponding system. (Weather-
ford, 2011, p. 85) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Figure 5.2 A computer model of the QERL lab room in which the experimental labs
took place. The lab furniture includes four tables, each accommodating
three students, a whiteboard, and the group computer. Webcams were
mounted next to each group’s computer. An overhead PTZ camera can
be seen at the top of this figure (image taken from Weatherford, 2011, p.
91). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

Figure 5.3 This algebraic representation for the contents of an iterative loop was
inserted into the MWP instructions following the experimental lab. . . . . 206

xiv



Figure 5.4 Screenshots from the in vitro videos captured by the (a) webcam, (b)
ceiling-mounted PTZ camera, and (c) screen capture software used to
record monitor output. (Weatherford, 2011, p. 97). Note that the yellow
bubble appearing in the monitor output (c) indicates the location of the
cursor and was added through the screen capture software. Permission
was given by these students to show their faces. . . . . . . . . . . . . . . . 212

Figure 5.5 Screenshots from the in vivo videos captured by the (a) digital video
camera, (b) overhead webcam, and (c) screen capture software used to
record monitor output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

Figure 5.6 Screenshot of two frames from the same video file for a group working on
the Spacecraft-Earth MWP activity. The webcam video is inlayed into an
alternating feed from the ceiling mounted PTZ camera and the recording
of the monitor output (Weatherford, 2011, p. 98). . . . . . . . . . . . . . 213

Figure 5.7 The comparative segmentation between causal nets and forms. Note that
only “Form A” would register as co-occurring with this causal net; “Form
B” co-occurs with what the computer reads as a blank cell. . . . . . . . . 220

Figure 5.8 Two examples of semi-overlapping causal net and game segments. By
coding these each as single segments, there is an ambiguity over analyzing
co-occurrence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Figure 5.9 Maintaining a small segment-size for both games and causal nets allows
for a meaningful way to analyze co-occurrence. . . . . . . . . . . . . . . . 222

Figure 6.1 Howard, Tina, and Xavier have duplicated the initial velocity calculation
and have inserted the gravitational force directly into that line of code. . 243

Figure 6.2 Howard, Tina, and Xavier multiply the position update by fgrav as part
of the “Iterative Debugging” game. . . . . . . . . . . . . . . . . . . . . . . 246

Figure 6.3 Xavier writes the Momentum Principle on the group whiteboard – after
calling it the position update. . . . . . . . . . . . . . . . . . . . . . . . . . 246

Figure 6.4 Howard, Tina, and Xavier multiply the position update by fgrav as part
of the “Recursive Plug and Chug” game. . . . . . . . . . . . . . . . . . . . 248

Figure 6.5 Xavier has written down the energy principle and has begun eliminating
terms that are zero. This image shows the equation Kf−Ki+Uf−Ui = 0
and below that Kf + Uf = Ki + Uf . Uf has been crossed out. . . . . . . . 252

Figure 6.6 While playing “Map Meaning to Math” and approaching Rutherford scat-
tering as an analytic problem, Isis, Roslyn, and Zeke have inserted two
analytically derived equations before the line “t = 0.” . . . . . . . . . . . 256

Figure 6.7 Howard, Tina, and Xavier create a new variable, PAlpha (as opposed to
lower-case pAlpha), to alter the numerical momentum update to more
closely resemble the analytic update. They carry their new variable into
the position update. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

Figure 6.8 Estelle, Frank, and Madeline’s while loop prior to their incorporating the
momentum principle. At this point, only their separation vector, r, is
incorrectly defined. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

xv



Figure 6.9 The contents of Celia, Isis, and Madeline’s iterative while while loop as
they begin playing “Map Meaning to Code.” . . . . . . . . . . . . . . . . 269

Figure 6.10 Walter has drawn a picture of an alpha particle impinging on a gold
nucleus. Walter also indicates the impact parameter, b. For the benefit
of the reader, I have recreated this picture and the ones that follow. . . . 279

Figure 6.11 Walter has drawn a picture of the aftermath of a collision event. Note
that both particles have been deflected. . . . . . . . . . . . . . . . . . . . 279

Figure 6.12 Walter has added deflection angles for both the gold nucleus and the alpha
particle to his drawing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

Figure 6.13 Walter has indicated P1 and P2=0 on the “initial” portion of his diagram.
He has written “x” next to the x-components of both particles’ momenta. 281

Figure 6.14 Howard, Tina, and Xavier have entered a momentum update for both the
alpha particle and the gold nucleus, however both updates use the force
Felec; Based on how Felec is defined, the momentum update for the
gold nucleus should use (-Felec). . . . . . . . . . . . . . . . . . . . . . . 294

Figure 6.15 Harris and Mark have drawn their prediction for how real-world Ruther-
ford scattering should work. . . . . . . . . . . . . . . . . . . . . . . . . . . 308

Figure 6.16 Carrie, Harris, and Mark have drawn their prediction for what VPython
will display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

Figure 6.17 Carrie, Harris and Mark listed the quantities that they will need to add
to their MWP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

xvi



Chapter 1

Computational Modeling in Physics

1.1 Introduction

Computational modeling has become an integral component of contemporary physics over the

past few decades due, in part, to its usefulness in analyzing data and in modeling complex phe-

nomena. Add to this both the power to produce 3-D simulations that can then be graphically

manipulated and an alternate way to consider physics principles (iterative rather than analyt-

ical) and computer modeling presents itself as a powerful tool to use in introductory courses.

Indeed many researchers have begun arguing for its inclusion in the introductory physics class

(see, for example, Redish, 1988; Chabay and Sherwood, 2008).

Traditionally students in introductory physics courses encounter analytic physics problems

that focus on writing and solving systems of differential equations or imposing sets of boundary

conditions – techniques that generally involve a high degree of mathematical formalism and

often require difficult and complex mathematical techniques. Computer modeling, however,

focuses on step-by-step problem solving, a process that may be easier and more natural for

students (Johnson-Laird, 1986). Indeed, by de-emphasizing complex and difficult mathematical

techniques, physics curricula can focus on the power and centrality of fundamental physics

relations (Chabay and Sherwood, 2008).
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Despite these pedagogical benefits, however, generating a numerical solution can prove

challenging to novice students. Difficulties with computational modeling can stem from many

sources, including students’ conceptual and mathematical errors with the traditional content,

unfamiliarity with programming norms, and difficulty in transitioning from traditional analytic

problems to computational problems. Still, students have been observed to have many cogent

discussions concerning both programming and the physics.

It is of interest then, for both educators and researchers, to understand how students’

programming practices influence and are influenced by the background knowledge that the

students use. In order to understand this, I propose extending an existing framework of student

knowledge, Resource Theory, to the domain of computational modeling. Before discussing the

specifics of this research, however, let me first elaborate of some aspects of computational

modeling that set it apart from the more traditional analytic problems. This will help to

provide some context for the reader.

1.1.1 A Tale of Two Methods

In the introduction to his book on mathematical modeling, Gershenfeld (1999) ponders the

different ways one might model the vibrating string of a violin. One could attempt to apply

the fundamental principles of physics to generate an analytic solution, Gershenfeld suggests.

Alternatively, one could generate a numerical model to iteratively generate a solution1. These

two methods represent two important, yet fundamentally different ways of describing nature.

The analytic method has as its goal the generation of a global solution to the fundamental

equations of physics. That is, a solution that completely describes the behavior of a system of

interest. The numerical method, however, uses limited, local solutions repeated an arbitrarily

large number of times2 to generate a full description. The power of this procedure is that while
1Gershenfeld (1999) cites as a third method the generation of a descriptive model through observations,

however these models tend to be global in nature. Indeed, many theoretical models in physics had their origins
in empirical descriptions of observed phenomena, however this is beyond the scope of this review.

2There are, of course, practical limitations to the number of iterations that can be made, such as time and
computing power, but theoretically, a problem of interest can be broken into an arbitrarily large number of steps.
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a general closed-form solution only exists for a few physical situations – and many of these

require complex mathematical methods to solve – a local solution can be easily generated for

every dynamical situation. In his famous lectures, Richard Feynman (Feynman et al., 1963,

p. 9-4) even went so far as to use this method to prescribe meaning to Newton’s dynamical

equations: “What is the velocity and what is the position at a slightly later time t + ε? If we

can answer this question, our problem is solved.”

In his lectures, Feynman “solves” a few iterations of oscillatory motion before abandoning

this technique for the less tedious analytic method, but let us not dismiss Feynman’s insight on

account of his impatience. With the development of computers that can quickly and efficiently

execute algorithms, this method has become a viable option for predicting a particle’s motion.

Indeed, it is because this is such a powerful method that computer modeling has become a

fundamental tool for theoretical modeling in the physics community. Furthermore, because

computers present an alternate problem solving approach (iterative rather than analytical), as

well as the possibility of incorporating elements of visualization, many researchers have been

pushing for the inclusion of computational modeling in the introductory classroom.

1.1.2 Contemporary Instructional Models

One of the current instructional practices in introductory courses that utilize computational

modeling is to present students with a computational environment, such as Boxer or VPython,

and have the students construct a computational model of some particular situation by applying

the local solutions of dynamics equations. This process generally involves identifying the math-

ematical model for the system of interest, translating the equations into their local variations,

translating those into the proper programming syntax, and inputting these new equations into

the programming environment, along with appropriate initial conditions (Buffler et al., 2008).

The hope is that by analyzing problems in this manner, students will develop a deeper con-

ceptual understanding of the fundamental principles of physics and how their application can

generate solutions to a wide variety of situations (Chabay and Sherwood, 2008).
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Given the students’ limited exposure to computational modeling, however, these activities

can test their understanding both of physics and of programming. Indeed, there is a body of

research that has explored some of the difficulties that students might encounter (e.g. Kohlmyer,

2005; Buffler et al., 2008), revealing just how challenging the task of generating a computational

model can be for students. Within the data analyzed in this study, students have been observed

to misuse program syntax, ignore the iterative loop, and transliterate boundary conditions,

such as the condition for uniform circular motion, directly into the programming environment.

However, even while making these errors, students have been observed to talk quite cogently,

both about physics principles and about programming practices. Evidently, the knowledge that

students’ activate in these situations could be represented as a mixture of programming and

analytic knowledge, as in Figure 1.1:

Figure 1.1: The knowledge base from which students draw can be considered to be a com-
bination of knowledge appropriate for computational modeling and knowledge appropriate for
analytic problem solving.

Let me provide a more concrete example from my data. Consider the following interaction

in which Howard and Xavier begin to analyze the process of Rutherford scattering:3

3A note on transcriptions: In order to present a more precise picture of student conversations, I have adopted
many transcription conventions that may not be familiar to readers. A full set can be found in the appendix, but
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Howard: There’s going to be four- three Ks [g. holding up three fingers]

Xavier: Yeah.

Howard: There’s going to //be:: //initial for:::

Xavier: //K Au//

Howard: I mean four Ks. Initial for this, final for this [g. twice tapping the Au

particle drawn on the group whiteboard]. Initial for this, final for this [g. twice

tapping the drawn alpha particle]

Xavier: Alright, yea. Let’s just write this whole thing out. Yea, it is, so, K final

minus K initial [w. writing as he speaks], U final minus U initial. Right? Equals

zero. So, K final plus U final equals K initial plus U initial. And since there’s

Howard: Two K finals, two K //initials.//

Xavier: //Well,// there’s no- (1.0). Nah, so there’s [g. mim-

ing crossing out Uf] (3.0) is there any (3.0) there’s none of this initially, right? ’Cause

it’s, like, far away. You know what I’m saying? So it doesn’t come in, it wants to

repel it, right? [w. crosses out Uf, writes 0 next to it.]

Not only do Howard and Xavier seem to have a conceptual understanding of the physical

situation, including how energy is related to position, they also correctly progress through

the steps of an analytic solution with very little difficulty. This is precisely how we would

like students to approach this problem on pen-and-paper. However these two students are

tasked with completing a computational model and their approach is not productive to use in

a programming environment. Indeed, it is unclear from which portion of their knowledge base

students draw at any given moment during a problem task, nor is it clear how this knowledge

influences the students’ programming practices.

This seeming contradiction necessitates a deeper understanding of how students approach

let me briefly mention the ones I use here: Phonetically spoken letters have been capitalized; text in brackets
([...]) indicates a non-verbal component, such as a gesture ([g.]) or written text ([w.]); words or syllables followed
by the symbol, :::, indicate a drawn out sound; text in double-slashes (//...//) indicates a region in which two
students are talking at once; and the symbol (0.0) indicates a brief pause, in seconds.
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content-rich programming activities and what affect that content has on students programming

practices.

1.2 Research Questions

The main question we would like to address is the following:

What background knowledge do students use while generating compu-

tational models and how does this knowledge affect their solution ap-

proaches?

Understanding how students approach computational modeling can help us structure educa-

tional tasks and formulate instructional interventions for future implementations of these activ-

ities. We have already observed students misinterpreting aspects of computation, due in part

to the salience of analytic problem solving, while at the same time approaching the physics in

a sensible manner. We can begin to address the leading question by asking,

What background knowledge do students activate during computational

modeling tasks? In what contexts does this knowledge become activated?

and

What are the procedures that students use as they generate computa-

tional models?

That is, we would like to know how the knowledge base affects and is affected by the students’

computational modeling approaches. By tracking what content knowledge the students use and

what procedures they follow, we can begin to understand the interrelation between these aspects

of their modeling practices. Additionally, because computational modeling is a different envi-

ronment from the mathematics in which many physical situations and principles were initially

introduced, we can examine how situations and principles are discussed and determine whether

difficulties lie in the physics or the problem solving approach that is native to computation,

specifically iterations of local solutions.
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1.2.1 Motivating a New Framework

Unfortunately, the main bodies of literature that might shed light on how domain content

knowledge affects programming practices are lacking in this topic. Much research has come

out of the field of Physics Education Research on implementing computational modeling in

physics courses (e.g. Redish and Wilson, 1993; Sherin et al., 1993; Scherer et al., 2000), however

much of this research focused on motivation, logistics, or individual difficulties and strategies

that were observed. An additional body of literature that stems from much of the problem

solving literature looks at the programming practices of both novices and experts, focusing on

programming skills (e.g. Anderson, 1983; Pirolli and Recker, 1994) and on the comprehension

and composition of code (e.g. Ehrlich and Soloway, 1984; Linn et al., 1987; Pennington et al.,

1995). Very little of this research, however, has examined how students use subject domain

knowledge in their programming practices.

A resource framework, on the other hand, represents a stance on cognition that does allow

one to address how students use subject domain knowledge, and specifically physics content

knowledge. While the application of a resource framework has largely been restricted to stu-

dents solving conceptual and pen-and-paper physics problems, Sherin (1996) has equipped the

framework with a model for how students read programming representations (as well as alge-

braic equations, which are important for many computational models of physical phenomena).

It is of particular interest, then, how a resource framework might be extended to the domain of

computational modeling. It is of further interest how this framework might allow researchers

to address previously untenable questions about how students approach context-rich compu-

tational models. Thus, the goal of this study will be to use a resource framework to form

a descriptive model of students’ programming practices that explicitly takes into account the

physics domain knowledge that they use. We will explore many of the theoretical underpinnings

of resources and programming comprehension in Chapters 3 and 4. For now, however, let me

present an overview the components of a resource framework that will be necessary to form a

description of how students approach computational modeling activities.
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Table 1.1: An outline of a resource framework showing the tools from the resources literature
that will be used and the aspect of computational modeling that each tool will be used to
accommodate.

Component of Tool
Computational Modeling
The Knowledge Base Conceptual Resources (reasoning

primitives, causal nets, symbolic
forms, interpretive devices)

Programming Strategies Epistemic Games

Monitoring and Control Framing

1.3 Resources, Epistemic Games, and Frames: A Primer

Borrowing from the works of Schoenfeld (1992) and Tuminaro (2004), I identify three important

components of computational modeling practices that my theoretical framework must be able

to take into account: the knowledge base, programming strategies, and elements of monitoring

and control. These components are summarized in Table 1.1, along with the tools from the

resources literature which I will incorporate into my framework in order to describe each of

these components.

1.3.1 Resources

Resource theory models cognition as a network of knowledge elements called “Resources” (Ham-

mer, 2000). Resources can be activated, inhibited, or primed for future activation. Once ac-

tivated, a resource can then activate, inhibit, or prime other resources (see figure 1.2). The

activation state of any particular resource depends both on external stimuli and existing pat-

terns of activation. The knowledge base can thus be considered to be comprised of many

conceptual resources. The usefulness of using resources to model cognition lies in the extent to

which they can be identified in students’ dialogue. The approach taken by much of the resource

literature (e.g. diSessa, 1993b) is to conjecture the existence of resources based on observed
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Figure 1.2: Examples of resources (a) in a causal association, (b) in a control relation with
another association and, (c) in an association with a cluster of resources that can be reliably
activated together.

patterns in student dialogue; if a student uses a previously observed pattern of dialogue, such

as reasoning that “more means more,” it can be said that a particular resource has been acti-

vated. One of the fundamental insights of the resource framework is that the activation of a

resource involves a selection, be it intentional, tacit, or subconscious, from a broader set of re-

sources (Redish, 2004). The identification of an active resource or pattern of resources through

student’s dialogue, can thus shed light on how a student is reasoning about a particular physics

problem.

There appear in the literature four “flavors” of conceptual resources that will prove useful

in this study. Two conceptual resources relate to the background physics content that students

might invoke during the course of a computational modeling activity. The other two conceptual

resources concern how students interpret the algebraic and numerical representation of physics.

Table 1.2 contains a summary of these resources.

Content Resources

Reasoning Primitives (“primitives,” for short) are intuitive knowledge elements about phenom-

ena, such as springiness or bouncing, and they resemble heuristics or rules-of-thumb which can

be used to reason about the world (diSessa, 1993b; Redish, 2004). The indiscriminate use of

primitives tends to precede the development of more coherent understandings of physical situ-

ations and are observed to occur throughout introductory courses (e.g. diSessa, 1993b; Redish,

2004), including those that feature computational modeling activities (e.g. Sherin et al., 1993).
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Table 1.2: A knowledge base can be considered to be comprised of conceptual resources. These
are the conceptual resources tracked in this study, the portion of the knowledge base that each
one represents, and an example of each.

Conceptual Resource Knowledge Base Example
Reasoning Primitive Novice Intuition “Closer means hotter.”

Causal Net Knowledge about physics
principles or physics prob-
lems

The momentum Principle

Symbolic Form Knowledge about the struc-
ture of equations and pro-
grams

� + � + � + ...

Interpretational Device Strategies for reading mean-
ing into equations

“so, this sums up all the nu-
cleons in a gold nucleus.”

Let me provide one example before moving on: One of the most prominent primitives is

“more means more.” Instances of this primitive can include reasoning that “more effort means

more result,” or that “closer means stronger.” This primitive might be invoked to explain why

it gets hotter when you stand closer to a camp fire: “because closer means hotter.” However,

it might also be invoked to explain why it is hotter in the summer: “The Earth is closer to the

Sun.” In this case, the primitive leads to an incorrect conclusion.4

Resource Theory discards the idea of “concepts” as cognitive units in favor of associated

collections of resources called causal nets. The momentum principle, for example, can be

considered to be a causal net that includes the momentum resource, the equation ~Fnet =

d~p
dt , and heuristics for how to apply that equation, among other things. At the introductory

level of physics, students’ causal nets are roughly formed around different problem types, such

as “conservation problems” and “circular motion problems,” or around loose collections of
4It turns out that the Earth is slightly closer to the Sun during the summer months of the southern hemisphere.

Any increase in temperature that would result from this increase in proximity, however, is small compared to the
temperature increase that results from a decreased angle of incidence between the Sun and the Earth’s surface
during the summer months.
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primitives.

Forms and Devices

Symbolic forms (along with interpretational devices) describe how students understand symbolic

equations (Sherin, 1996). Equations are comprised of many distinct components, including

numbers, symbols, and symbol patterns. Symbolic forms combine students’ knowledge of these

symbol patterns with reasoning primitives that are associated with particular functions. By

way of example, if there are things that can be added up to form a whole, one might describe

this with a symbol pattern that looks like: � + � + � + .... Similarly, if this symbol pattern is

seen in an equation, one might be inclined to look for pieces of something that can be added

together. Importantly, forms can be used to describe symbolic patterns both within algebraic

expressions and with lines of programming code.

Interpretational devices (“devices,” for short) are the strategies that students use to extract

meaning from a symbol pattern. This is much in the same way that a literary device is used to

extract meaning from a selection of prose (Sherin, 1996). The form may contain the function,

but the use of an interpretational device adds meaning to the form. Often times, devices appear

as mental operations that students perform on equations; imagining what would happen if the

value of a particular variable was increased, for example. Clearly, devices and forms are two

interrelated resources. Cuing a device, for instance, may cause a student to look for a form.

Alternatively, seeing a form may trigger a device.

Let me provide a more concrete example from Sherin’s dissertation (Sherin, 1996, p.114,

edited here for clarity) to highlight what an interpretational device is and how it is distinguished

from a symbolic form:

x =
mg

k
(1.1)
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Jim: Okay,... as you have a more massive block hanging from the spring, [pointing

at a picture of a block] then your position, x, is going to increase, [pointing at x in

the diagram] which is what this is showing [gesturing toward m then k]. And then

if you have a stiffer spring, then your position is going to decrease [uses fingers to

indicate gap between mass and ceiling]. That’s why it’s in the denominator.

Clearly, this equation says nothing about blocks or springs, however Jim is using it to describe

the behavior of a block-spring system. Specifically, Jim imagines what would happen to the

position if the parameters of the equation were to be changed. Jim uses this particular imaginary

operation to activate two distinct forms: one that highlights the proportional relationship

between x andm, followed by one that highlights the inversely proportional relationship between

x and k.

1.3.2 Epistemic Games

Epistemic games (e-games or games, for short) are sequences of activities that students engage

in to fulfill a particular goal (Tuminaro, 2004; Collins and Ferguson, 1993). Each e-game is

comprised of a unique set of activities or “moves,” and is associated with both a knowledge

base and a target structure that guides inquiry. The knowledge base, or rather the specific set

of conceptual resources that the students can activate, is dictated by the particular game that

the students are playing. The decision to begin a particular game is related to how the students

frame a particular situation.

Let me use as an example the epistemic game that Collins and Ferguson (1993) called “List

making.” Creating a list is an attempt to answer a question, such as “what do I need at the

grocery store?” or “what are the fundamental forces in nature?” A person might enter the “list

making” game upon realizing that a list can help address the question at hand and the list itself

would be the target structure that guides the task. The knowledge base would be comprised

of the conceptual resources that one would activate in order to address question’s content and

the possible moves in this game might include adding an item, removing an item, or combining
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two items.

1.3.3 Framing

Framing is the process by which students answer the question, “What activity is it that we are

doing?” It is a dynamic process through which students form expectations about a situation

or an event, expectations that can change many times over the course of a problem task.

The concept of framing emerged from the linguistics community (see Tannen, 1994) and was

subsequently incorporated into Resource Theory (Hammer et al., 2005) to help describe how

students select sets of conceptual resources. Students’ framing of a situation dictates how they

interpret the events that unfold which in turn dictates what epistemic games the students decide

to play5 (Tuminaro, 2004).

1.3.4 Prelude to Extending the Resource Framework

With the push for including computational modeling in science classes, and physics classes

in particular, understanding how students approach context-rich computational models is of

critical importance. Using the components that we have briefly outlined, we will be in a solid

position to set up a theoretical framework which we might use to examine the role that subject

knowledge, specifically physics content knowledge, plays in students’ programming practices.

1.4 Curriculum and Programming Environment

It is worth taking some time, now, to acclimate the reader to Matter & Interactions, the

alternate, calculus-based physics curriculum that formed the broader context for the physics

content to which the participants in my data were exposed. We can conclude this discussion

with an introduction to the VPython programming language, which my participants used to

model physical situations.
5Likely, the selection of a particular game is not a conscious decision but rather a tacit one.
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1.4.1 Matter & Interactions

Matter & Interactions (M&I) (Chabay and Sherwood, 2010) is an innovative and contemporary

introductory physics textbook which fundamentally refocuses and re-sequences the traditional

course material (see Chabay and Sherwood, 2004, 2006, 2008). One of the motivations behind

this change was to engage students in the practice of “modeling,” whereby successive approx-

imations of real and complex physical systems are generated and refined. This reductionist

practice, which requires simplification, approximation, and estimation skills, among others, is

an important aspect of contemporary physics and it allows students to tackle difficult and

complex physical situations.

The Matter & Interactions curriculum was sequenced in such a way as to emphasize the

use of a small set of fundamental principles which could be used to model a wide range of

phenomena. Not only does this add a coherence to the introductory physics curriculum, it

also models the way that physics experts view their field. Within the first semester course,

which represents the instructional context of this study, students are taught how to apply

three fundamental principles: conservation of momentum (called “The Momentum Principle),

conservation of energy (called “The Energy Principle”), and conservation of angular momentum

(called “The Angular Momentum Principle”). See section 1.5 for a detailed discussion of these.

These three principles are general, in that they apply to every situation, and indeed they form

the basis for analyzing physical problems within the M&I curriculum. Additionally, students

are explicitly taught about the atomic model of matter, which can be used to model everything

from springs and contact forces to entropy and the properties of gases.

A centerpiece of the M&I curriculum is its use of computational modeling (Chabay and

Sherwood, 2008). By focusing on the general applicability of the fundamental principles, stu-

dents can use computers to model situations as diverse as gravitational orbital motion and heat

capacities of solids. Students learn about iterative predictions of motion and the numerical pro-

cedures for applying the fundamental principles, and the Momentum Principle in particular.
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1.4.2 VPython

VPython is a combination of the easy to use, object-oriented programming language Python

with a graphics module called Visual. Python is a programming environment that deempha-

sizes some of the syntactic details that can make other programming languages difficult to

learn. When combined with Visual, VPython can generate 3D graphics which can be manip-

ulated (i.e. zooming, rotating). These simulations can help students visualize abstract and

complex phenomena. Two features of VPython represent distinct advantages over other com-

putational modeling packages: First, Visual automatically generates 3D simulations based on

the computational model within the program. A sphere, for example, can be created simply by

using the command sphere(). This reduces the programming burden on the students. Second,

the Visual module allows students to use 3-component vectors in their computations. For these

reasons, VPython is a central modeling tool in the M&I curriculum (Chabay and Sherwood,

2008).

1.5 Terminology

I will use a specific terminology throughout this dissertation to refer to physics concepts and

the equations that represent those concepts. Additionally, many research subjects in this study

use much of this same terminology, which is drawn from the textbook Matter & Interactions

(Chabay and Sherwood, 2010). Because these physics concepts and this terminology may be

unfamiliar to some readers, I will provide a brief discussion here. Additionally, I will include

here the terms I will use to refer to the specific forms (Sherin, 1996) that some of these equations

can take.

When solving physics problems, the universe is generally divided into two pieces: the Sys-

tem and the Surroundings. The system is the object or objects of interest. For example,

when calculating the trajectory of a basketball shot during a free throw, one might consider the

basketball as the system. The surroundings are everything else in the universe. Generally these
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objects will have a negligible influence on the system, however many objects in the surroundings,

such as the Earth or the air in our basketball example, must be taken into account.

The initial state of a system is the set of relevant properties that define the system at a

time just before the interaction of interest. Similarly, the final state is the set of properties

that define a system at a time immediately after the interaction of interest. Returning to the

basketball example, in the initial state, the ball might have a mass of 628 grams, a speed of

zero meters per second, a temperature of twenty Kelven, etc... In the final state, the velocity of

the ball might now be < 4.5, 4.5, 0 > meters per second, with the other attributes unchanged.

The choice of system and surroundings in a physics problem, as well as the choice of initial

and final states is completely arbitrary, in that any choice can yield a physically accurate

description. However some choices can yield an easier analysis of the situation than others.

In most analytic problems treated in the introductory class, one or two choices of initial and

final states are sufficient for a complete analysis of a situation. This is not true for problems

in physics in which one generates a computational model. In these cases, the properties of a

system are calculated at many successive interim states until the final state is reached.

The Modern Mechanics portion of the Matter & Interactions curriculum focuses on three

fundamental principles that hold true in all circumstances. The two that are most promi-

nently used by the participants in this study are The Momentum Principle and the Energy

Principle6.

1. The Momentum Principle, sometimes called Newton’s Second Law or the Impulse-

Momentum theorem, is:

~pfinal = ~pinitial + ~Fnet ·∆t (1.2)

This says that the final momentum of a system is equal to the initial momentum of the

system plus the impulse applied to the system from the surroundings. This relation is
6A discussion of the third fundamental principle, the Angular Momentum Principle, can be found in the

Matter & Interactions text (Chabay and Sherwood, 2010).
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appropriate during time intervals where the net interaction from the surroundings, ~FNet,

can be considered to be constant. The product, ~FNet ·∆t, is called the impulse and is the

net interaction with the surroundings, or net force, times the duration of that interaction.

This equation holds valid at any physically attainable speed with the definition ~p = γm~v,

where γ = 1/
√

1− (vc )2 and is effectively equal to 1 whenever an object is moving at

less than 10% the speed of light, denoted as c. The net force is equal to the vector sum

of all forces being applied on the system by the surroundings. That these forces can all

be linearly summed is called the principle of superposition of forces or simply the

superposition principle. Mathematically, this can be written as ~Fnet = ~F1 + ~F2 + ....

Depending on the context, the momentum principle can take many different forms. The

form initially presented will be called the update form of the momentum principle. By

setting ~Fnet = 0, the above form becomes

~pfinal = ~pinitial. (1.3)

This form I will call the conservation form. Alternatively, setting ∆~p = ~pfinal − ~pinitial

the update form becomes

∆~p = ~Fnet ·∆t. (1.4)

This form I will call the difference form. Dividing the difference form by ∆t and taking

the limit as ∆t→ 0, this becomes the differential, or instantaneous form:

d~p

dt
= ~Fnet. (1.5)

When using the momentum principle in a numerical integration, it takes on the following
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form:

pobject = pobject + Fnet*deltat, (1.6)

which I will call the numerical update form or simply the momentum update. Of

note is the fact that this is not an algebraic equation of equality, but rather an instruction

of reassignment: take the value called pobject (pronounced p-object), add the value

Fnet*deltat, and save the resulting value as pobject.

One additional form of the momentum principle that readers might be familiar with is

the Newton’s 2nd form:

~F = m~a. (1.7)

It should be highly emphasized, however, that this is a special case of the differential

form. It is valid for only a limited number of cases and cannot accommodate situations

in which the mass might change, such as in rocketry, or when relativistic speeds are

involved. Additionally, this form obscures the fundamental role that momentum plays

in our understanding of interactions, as well as the fact that ~F in this equation is a

superposition of all forces. For these reasons, this form is not emphasized in the Matter

& Interactions text.

2. The Energy Principle, also known as the first law of thermodynamics, is

∆ESystem = WSurroundings +QSurroundings + Other energy transfers. (1.8)

This says that the change of energy in a system is equal to the energy that is added or

removed by the surroundings. W , called work, is the energy that is added or removed

through mechanical processes. Q is the energy that is added or removed due to a tem-

perature difference between the system and the surroundings. There are many types of
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energy that may need to be identified in a system in order to properly use the energy

principle.

Because the Energy Principle is a scalar formula, it is not productive to use for generating

3-D computational models at the introductory level.7 Rather, the Momentum Principle

is used for this. However, participants may reference the energy principle in their dis-

cussions and may reference two types of energy in particular: kinetic energy, which is

energy associated with motion, and potential energy which is energy associated with

interactions and configuration.

Although not considered to be a fundamental principle, the Position Update Formula

is an integral component of the computational models used in the Matter & Interactions cur-

riculum:

~rfinal = ~rinitial + ~vavg. ·∆t. (1.9)

This says that the final position of a system is equal to its initial position plus the displacement

of the system, which is equal to its average velocity times the duration of time. The velocity,

by definition, is the rate of change of the system’s position, ~v = d~r
dt . Often times, this equation

will appear with a scaled version of the momentum in place of the velocity. This follows from

the definition of momentum, ~p = m~v (with γ being approximately 1) and is entirely equivalent

to the original form of the position update:

~rfinal = ~rinitial + (
~pavg.

m
) ·∆t. (1.10)

When using the position update in a numerical integration, the position update takes on the
7It is possible to base a computational model on the energy principle, for instance by using Hamilton’s

equations of motion which are usually introduced in upper level courses.
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following form:

object.pos = object.pos + (pobject/mobject)*deltat (1.11)

which I will call the Numerical Position Update. Because this is the dominant form that

appears in the data, I will use the short-hand Position Update. In the event that there might

be confusion over what form to which I am referring, I will be explicit in my terminology. Like

the numerical update form of the momentum principle, this is not an algebraic equation of

equality. Rather, it is a statement of reassignment that says: take the old value of object.pos,

add to it the value (pobject/mobject)*deltat (mobject is pronounced m-object), and save

the resulting value as object.pos.

In nature, there are four fundamental interactions. Two of these four were used by the

participants in this study: Newton’s Gravitational Force, and the Coulomb Interaction8.

1. Newton’s Gravitational Force is:

~FA,B = −GmAmB

|~r|2 r̂ (1.12)

This says that the force on object A, due to object B, is proportional to the mass of both

objects, mA and mB, and is inversely proportional to the square of the separation between

the two objects, |~r|. The constant, G, is called the “universal gravitational constant” and

is numerically equal to 6.67× 10−11 Nm2

kg2 . The direction of the force on object A is along

the line of separation between the two objects and is directed toward object B. Object

B feels a similar force directed at object A. This interaction is responsible for the orbits

of planets about the Sun and for apples falling on the heads of prominent 17th century

natural philosophers.

When using the energy principle, a potential energy can be associated with the gravita-
8The other two interactions, the Strong Nuclear Force and the Weak Nuclear Force, require mathematics

beyond the level of introductory physics to study. A brief discussion of these can be found in the Matter &
Interactions text (Chabay and Sherwood, 2010).
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tional interaction. It has the form:

UA,B = −GmAmB

|~r| (1.13)

This says the interaction energy between object A and object B is proportional to the

mass, m, of both objects and inversely proportional to the separation between the two

objects. This equation is a scalar equation and has no direction.

2. The Coulomb Interaction, sometimes called the electric force or the electrostatic force,

has the form:

~FA,B =
1

4πε0
qAqB

|~r|2 r̂ (1.14)

This says that the force on object A due to object B is proportional to the electric charge

of both objects, qA and qB, and is inversely proportional to the square of the separation

between the two objects. The constant, 1
4πε0

, has a numerical value of 8.9 × 109 Nm2

C2 .

This interaction behaves much in the same way as the gravitational interaction and is

responsible for most of the phenomena we experience in everyday life (except, of course,

gravity), including electricity, elastic and spring interactions, the rigidity of solids, and

chemical reactions. When used with the momentum principle, the Coulomb interaction

can produce a model of particle scattering, such as the scattering of an alpha particle

from a gold nucleus. This particular event is called “Rutherford scattering.”

When using the energy principle, a potential energy can be associated with the Coulomb

interaction. It has the form:

UA,B =
1

4πε0
qAqB

|~r| (1.15)

This says that the interaction energy between object A and object B is proportional to

the charge, q, of both objects and inversely proportional to the separation between the
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two objects. This equation is a scalar equation and has no direction.

The concept of reciprocity is that pairwise interactions between objects, namely the gravi-

tational and Coulomb interactions, are equal and opposite. That is, for two interacting objects,

A and B, the force on A due to B is equal in magnitude but opposite in direction to the force

on B due to A. This is sometimes called Newton’s Third Law.

Finally, the the iterative loop, or loop for short, is the portion of a program in which lines

of code will be repeatedly executed until a specific condition is met. It is in this body of code

that update commands, such as the momentum and position updates, should be written. The

iterative loop is the engine that drives the program and, in VPython, controls the animations

which appear in the visual output. There are many types of iterative loops that one might use

depending on what ending condition is required. For the computational models used within

this data, an iterative while loop is used. The while loop repeats instructions while some

condition is evaluated to be true.

1.6 Dissertation Overview

Equipped with an understanding of what the question is, I will make a case throughout this

dissertation that a resources, epistemic games, and frames can be used as a framework to model

students’ programming practices in the context of physics problems. Below is the outline of

this argument.

In Chapter 2, I will review the literature from Physics Education Research and related fields,

specifically focusing on computational modeling in the classroom and models of programming

practices. Noticeably absent in the literature is a model of programming practices that explicitly

focuses on subject content knowledge. This chapter will also include relevant literature on

qualitative research.

In Chapters 3 and 4, I will formally extend resources into a framework that can model stu-

dents’ practices while working computational modeling activities. This extension was motivated

by much of the research that is presented in this dissertation and combines existing elements
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from within the literature with elements that were developed through analysis of the data. In

Chapter 3 I will focus on using resources as a framework to understand students’ programming

and physics knowledge base. In Chapter 4, I will focus on using epistemic games and frames to

analyze students’ computational modeling practices.

In Chapter 5, I will present the research study that is at the heart of this dissertation and

the data that led to the development of my theoretical framework. This chapter includes both

a description of the study design and the methodology that was used to analyze the data.

In Chapter 6, I will apply my theoretical framework to the data collected during the research

study in order to explore students’ programming practices within the context of a physics

course. Finally, in Chapter 7, I will discuss the conclusions of this study, including instructional

implications and future avenues of research.
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Chapter 2

Review of the Literature

2.1 Introduction

Due both to the prevalence of computational modeling in contemporary physics research and to

the novel way in which computation invites users to view the dynamical principles of physics,

computational modeling is becoming increasingly used in introductory physics courses. An

important question that must be addressed, however, is “what background physics knowledge do

novice students use when generating computational models?” Examining the cognitive resources

that students activate when they perform modeling tasks will provide a key insight in examining

the students’ modeling practices. The goal of this literature review, then, is to establish the need

to address the issue of background knowledge in the context of computational physics before

we set up Resource Theory as a natural framework in which this question can be addressed.

We begin by highlighting our instructional goals with a discussion of the pedagogical ad-

vantages of introducing computational modeling into the introductory classrooms. In section

2.2, we will summarize the previous literature on bringing computation into the introductory

physics classroom. We will then discuss computational environments that have been introduced

into the introductory physics classroom and the relevant research on student understanding that

has grown out of these movements. This section will focus only on those environments in which
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the students have access to the program code itself.

Next, we will discuss how students understand programming code. Section 2.3 begins with

an overview of the cognitive basis for many of the models of programming comprehension before

moving on to discuss those models, focusing on algorithmic thinking, reading comprehension,

program comprehension, and task identification. We will then compare these models to existing

literature on reading comprehension and mathematics reasoning. Finally, we will conclude this

chapter with a brief discussion of qualitative data and analysis methodologies.

2.2 Computer Modeling in Introductory Physics

Because we are ultimately interested in how students use computational modeling in the context

of a physics class, it is important to gain a sense of how computation has been incorporated

into the physics classroom over the years and what others have learned about how students

use it. First, however, we ought to address a pressing question: Why even bother introducing

computational modeling in the introductory course?

2.2.1 Computation in Introductory Physics

Computational modeling is becoming a major pillar of contemporary physics, on par even

with the traditional regimes of Theory and Experiment (Chabay and Sherwood, 2008). In

order for introductory physics courses to keep up with the practices of contemporary physics,

physics education researchers have begun arguing for the inclusion of computational modeling

in the introductory physics course (see, for example, Redish, 1988; Chabay and Sherwood,

2008). Redish (1988) argues that computation is the key to modernizing the introductory

physics curriculum. Computation allows students to approach the subject in a way that is

not constrained by the traditional approach, which assumes that students are tabula rasa, and

allows them to formulate their ideas in a coherent way (Redish, 1988). Just as computation

can help physicists model complex, real-world phenomena, so too can it help students model

phenomena beyond the traditional set of introductory problems.
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Sherin et al. (1993) note that computational modeling brings with it many pedagogical

advantages. They argue that activities that are formed around designing and building are

more natural and approachable for students. Furthermore, representing physical models in a

programming language allows students to focus on the causal nature of many physical rela-

tionships. Indeed the step-by-step reasoning that might occur as students read through code

is actually easier and more natural than global reasoning (Johnson-Laird, 1986). Sherin et al.

further add that the constraints of using a particular programming language force students to

formulate their ideas in precise and compact expressions. These precise formulations can help

mediate student interactions during a discussion, allowing them to further develop their ideas.

Importantly, computing iterative calculations represents a completely different way of solv-

ing problems from analytic methods and even a different way of looking at fundamental laws of

dynamics. Looking beyond the domain of physics, researchers have claimed that computation

even represents a novel way of thinking about problems. In the preface to their book, Abelson

and Sussman (1985) declare that the use of computers “is a revolution in the way we think

and in the way we express how we think,” (p.xvi). While math can provide a framework for

describing “what is,” for instance, computation can provide a framework for describing “how

to.” This form of cognition, commonly called “algorithmic reasoning,” involves the ability to

“apply known algorithms for their solution, how to devise a new algorithmic solution for a new

problem situation, to implement that solution, and then to run and test it on a computer,”

(Syslo and Kwiatkowska, 2008, p. 5)

Wing (2008), in her description of computational thinking, argues that programming has

become a necessary component of education, even at elementary levels, simply because it is

becoming ubiquitous. Computational thinking is everywhere, affecting every field. She observes

that the “evidence of computational thinking’s influence on other fields abounds: computational

thinking is transforming statistics... biology... [and] economics...” (Wing, 2008, p. 3719).

Furthermore, the act of programming itself, argues diSessa and Ableson (1986, p. 859), will

gain significance “not only from the carefully crafted works of a few professionals, but also from
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the casual jottings of ‘ordinary’ people.” This is especially true in the introductory physics

curricula in which students must gain competence in modeling, abstract visualizations, and

numerical problem-solving skills (Buffler et al., 2008).

2.2.2 Contemporary Curricula

For nearly half a century, the education literature has explored the instructional benefits that

computation can have in the classroom. Physics education researchers have investigated the

use of interactive computer simulations to enhance instruction (e.g. Christian and Belloni,

2004; Perkins et al., 2006; de Jong, 2006). Many others have explored the use of programming

languages as a novel representation for physics problems, using computational modeling to en-

hance the learning goals (e.g. Redish and Wilson, 1993; Chabay and Sherwood, 2000, 2008).

Finally, many researchers explicitly teach programming and computational methods in parallel

to physical principles (e.g. Koonin, 1988; Thompson, 1988). Because we are ultimately inter-

ested in the background knowledge that students use when modifying a computational model,

we will restrict ourselves to only examining those studies in which the students had access to

the underlying model itself.

2.2.3 Computer-Based Modeling Environments

Let us now discuss some of the more prominent modeling environments that have emerged

since computers became instructionally accessible. Along the way, we will discuss some of the

research that has come out of these movements.

M.U.P.P.E.T

In the early 1980’s, the University of Maryland began a program (Maryland University Project

in Physics Educational Technology) to investigate the implications for teaching physics if com-

putational modeling was included in the introductory physics curriculum (MacDonald et al.,

1988 July/Aug). They realized that using computation in the curriculum could afford the in-
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troductory courses many benefits, including a restructuring of the curriculum so that content

progresses more naturally, the inclusion of realistic and contemporary physics problems, and

the opportunity for students to engage in professionally appropriate skills (Redish and Wilson,

1993). The design of the M.U.P.P.E.T. curriculum followed three guiding principles: First,

computers must not be used simply to illustrate examples from the existing curriculum, but

rather they should be used to rethink the curriculum in order to highlight physics that can-

not be tackled analytically; second, the computer should not replace anything in the existing

curriculum, including the texts, the labs, and the instructor; and third, the students should

understand how the computer is running and not simply consider it as a black-box (Redish and

Wilson, 1993).

The implementation of M.U.P.P.E.T involved teaching students in the introductory physics

courses how to read, write, and run simple computer programs by providing them with small,

modular programs which the students could then piece together and expand upon in order to

generate more complex models (MacDonald et al., 1988 July/Aug). The programs themselves

were written in Pascal, which was deemed to be easier to use and understand than other

contemporary programming languages such as C or FORTRAN, and was chosen in order to

reduce the cognitive load of novice programmers (Redish and Wilson, 1993). It should be

noted, however, that Pascal still included a number of complications for students to encounter,

including the need for the explicit declaration of each variable, and the need to explicitly

program the display of graphics. Additionally, due to the slow processing speed of computers

in the 1980’s, it was necessary to use the more sophisticated Runge-Kutta algorithms in the

models. Redish and Wilson (1993) maintained, however, that the students must be able to parse

the code itself and understand the algorithmic procedures. The M.U.P.P.E.T environment did

include a suite of input/output utilities that could be used by the students, including input

screens, graph windows, menus, and parsing procedures. Figure 2.1 shows an example of the

I/O screens from a program modeling projectile motion. Figure 2.2 shows the Pascal source

code.
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Figure 2.1: An example of the input/output screens from a projectile motion program. (Re-
dish and Wilson, 1993)
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Figure 2.2: An example of the Pascal source code from a projectile motion program. (Redish
and Wilson, 1993)
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Redish and Wilson (1993) reported on the progress that physics students displayed following

the implementation of the M.U.P.P.E.T. environment. Students, for instance, were able to take

on projects in which they could explore complex systems, such as colliding galaxies and frisbee

flight. The goals of these projects were for beginning physics majors to gain a deeper sense of

scientific practices like model building, estimation and approximation, and question formulation.

Indeed two thirds of these students produced projects that were considered “valuable and

interesting.” Prior to the implementation of M.U.P.P.E.T., Redish and Wilson point out that

the students lacked many of these scientific skills and would dismiss physics as simply hunting

for exact answers.

Little, however, was reported about the fine-grained performance of students, leaving many

open questions: What aspects of M.U.P.P.E.T., for instance, had to be altered after the ini-

tial implementation? What ongoing difficulties did students have with computing novel prob-

lems? How did the students map physics meaning to the code? A further investigation of the

M.U.P.P.E.T. environment was conducted by Johnston and McPhedran (1993) at the University

of Sydney involving second and third year undergraduates. They were specifically interested

in answering the following questions: 1) Can the same subject material be learned in a com-

putationally oriented course at least as well as in a traditional lecture? 2) Can students, using

computational physics, solve a wider range of problems than is possible in a traditional course?

and 3) will students perceive a computationally-oriented course to be more “user friendly,”

and react more positively towards physics in general? They carried out three studies in which

second and third year undergraduate volunteers supplemented their upper-level course require-

ments with computation activities in the M.U.P.P.E.T. environment. Johnston and McPhedran

concluded that adding computation helped expand the breadth of what material could be cov-

ered and helped the students’ understanding of the “fuzzy bits of the course.” Additionally,

they concluded that students who had no prior programming experience performed as well as

those who did. Like MacDonald et al. (1988 July/Aug), however, they did not explore the

fine-grained performance of the students, noting only that the tutors supervising the task had
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to be vigilant in monitoring for bugs in the students’ code.

STELLA

STELLA (Structural Thinking Experimental Learning Laboratory with Animation)1 is a pro-

gramming environment that provides users with a graphical representation of variables and

their relationships as icons in a concept-map-like environment (Costanza, 1987). STELLA was

designed to minimize the mathematics and formula based view of physics and emphasize a

qualitative understanding of physical relations (Schecker, 1993). After the user establishes the

qualitative relations between the quantities of interest and their initial values, STELLA will

automatically translate the icons into the set of difference equations that make up the compu-

tational model and evolve the system. Figure 2.3 shows an example of this, with the graphical

relations followed by the numerical code and the resulting graph.

By reducing the burden of programming and mathematics on the students, (Schecker, 1993)

argues, the students will be able to focus on the physical relations within a system and how

the system evolves with time. Once students become familiar with the structure of a simple

model, they will be able to extend this to more complex systems, such as driven and damped

oscillators. One drawback, however, is that the possible models that can be generated in the

STELLA environment are constrained by the following small set of objects and relations: 1)

stocks, which represent state variables, 2) flows, which are the rates of change of the stocks and

are represented as inputs and outputs, 3) converters, which represent auxiliary variables that

affect the stocks and flows, and 4) connectors, which represent the relationships between the

stocks, flows, and converters. Each of these icons must then be quantified by the user in an

equation layer before the model can be run. In order for students to productively generate a

model in STELLA, they must be able to conceptualize the target system in terms of these four

productions. High school students, for instance, had difficulty representing rates of change as

concrete objects (Kurtz dos Santos and Ogborn, 1994). Nonetheless, generating concept-map-
1STELLA is sold by ISEE Systems (formally High Performance Systems). It was introduced in 1987.
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Figure 2.3: A model of a runner and an accelerating bus in STELLA. At top: the graphical
relations. In the middle are the automatically generated difference equations. At the bottom
is the resulting graph. (Schecker, 1993, p.104)
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like models can help improve students’ conceptual understanding of complex systems (Hogan

and Thomas, 2001).

Schecker (1993) designed a study to examine how students use STELLA to explore motion.

His goal was for students to develop the understanding that a wide variety of phenomena can

be modeled by using the same basic dynamical model. After a series of lectures on the motion

of parachutes and meteors, during which the students conducted a series of semi-quantitative

tests on the effects of velocity, shape, cross-sectional area, and air density on the air friction

on a paper cone, the students were able to construct a STELLA model of a parachutist within

20 minutes. Later, they were able to extend this model to a meteor falling through Earth’s

atmosphere (See figure 2.4). Although no statistical evidence was collected, Schecker was able

to draw the broad conclusion that the use of icon-oriented computational models enlarged the

set of phenomena that his students could reasonably work with and improved their qualitative

understanding of many key concepts.

In an effort to examine student’s use of quantitative computational modeling at a more

fine-grained level, Hogan and Thomas (2001) conducted an analysis of five pairs of high-school

students using STELLA to model ecological systems. Their goal was to understand the cognitive

behaviors of students approaching and accomplishing dynamic modeling tasks. By the end of the

study, they were able to identify many productive and less productive approaches for generating

quantitative models. Table 2.1 summarizes their findings. Generally they found that the more

productive groups tended to have more of a systematic view of what they were modeling, viewing

each element as a piece of the whole and using the model output as feedback on their progress.

The less productive groups tended to focus on the individual variable interactions. Hogan and

Thomas provide some instructional implications that came out of their study, namely: 1) make

sure that students are familiar with the target system that they are modeling, 2) focus on the

system output behavior, 3) provide explicit and ongoing emphasis on the system principles,

and 4) provide support for model quantization, that is, students should think about all of the

model’s equations working together.
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Figure 2.4: A model of a meteor falling through Earth’s atmosphere in STELLA. (Schecker,
1993, p.105)
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Table 2.1: Comparison of students’ more and less productive modeling approaches (Hogan and Thomas, 2001, p. 336)

Phases of Modeling More Productive Approaches Less Productive Approaches
Model Construction Thinking about system behavior and the

burden of interpreting model output while
specifying model parts and relationship

Tending to focus on representing real sys-
tem ingredients without anticipating sys-
tem behavior when constructing model
parts and relationships

Model Quantification Taking a budget view of all inputs and
outputs, and thinking about continuous
relationships, when choosing values and
building equations for model parts

Considering only one variable or set of
equations at a time, instead of thinking
about the dynamic interaction of all model
quantities over time, and using constants
to represent varying particular output

Model Interpretation Using output to explore the relationship
between how a model functions and how
it is structured and specified

Failing to investigate carefully why a
model yielded particular output

Model Revision Using output to guide a range of types on
revisions, including model parts, relation-
ships, and quantities

Not engaging in extensive model revisions
to learn more about how to affect and pro-
duce certain system behaviors
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Boxer

Boxer is a programming environment that takes advantage of the computer monitor as a tool

for presenting an expressive, two dimensional environment. Boxer’s character is determined by

two defining characteristics: Spatial Metaphor and Naive Realism (diSessa and Ableson, 1986).

Users are encouraged by the Spatial Metaphor to interpret the organizational structure of the

program in terms of its spatial arrangement. All objects are represented as pictorial boxes

(from which Boxer takes its name) on the computer screen which can contain text, graphics, or

other boxes. A user can gain access to the information contained in one of the boxes simply by

hovering the mouse over the box. Figure 2.5 shows an example of how nested boxes can create

a hierarchical, iterative computation that can be used to model physical situations such as the

constant deceleration of a moving cart. The second metaphor, Naive Realism, is the idea that

what is displayed on the visual output is the whole of the program. Users should be able to

“pretend that what they see on the screen is their computational world in its entirety,” (diSessa

and Ableson, 1986, p.861). Indeed, altering the spatial location of a box or the text contained

within will alter that variable. If the variable is altered through running the program, the text

in the box will also change.

Boxer is an outgrowth of an earlier programming language called Logo, itself a dialect of

LISP, which was developed by Seymour Papert in the late 1960’s and later described in the book

Mindstorms (Papert, 1980). Logo was designed around how people use conversational language

to describe movement in the real world; Papert’s goal was for children to learn programming

by using simple commands, such as forward and backward, to control the movement of an

icon, called a “turtle,” around a computer screen. Although Mindstorms did not focus on

programming physics, Papert was explicit in his goal of using Logo to educate children in the

use of programming. It is notable that Logo could use video displays rather than printers as

outputs. The technological capabilities and availability of video monitors in the late 1960’s,

however, prevented any widespread implementation during the initial development of Logo. It

wasn’t until the 1980’s with the increased availability of personal computers and the publishing
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Figure 2.5: A Boxer program modeling constant deceleration. The screen displays the current
values of three variables, the “tick” algorithm as nested boxes, and the initialization of the
variables.

of Mindstorms(Papert, 1980) that Logo came into prominence in educational settings. Recently,

Logo has been utilized by the LEGO Mindstorm community to teach K-12 students scientific

inquiry through the use of robotics (Williams et al., 2008).

In 1991, the Boxer research group at Berkeley investigated the use of computational mod-

eling as a tool for modeling physical phenomena in the high school classrooms (Sherin et al.,

1993). Their goals were to determine how they could support inquiry in the classroom and to

investigate the use of a novel representational system, programming environments in general

but Boxer specifically, to support learning. They argue that designing and building activi-

ties, particularly those done in collaboration with others, are both approachable for students

and particularly well suited to support student inquiry. Students in this course spent 5 weeks

learning the basics of boxer programming and an additional 10 weeks using Boxer to model

physical phenomena. Although the students encountered many examples, the course was cen-
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tered around modeling five particular situations: 1) a ball dropped from rest, 2) a ball dropped

from a moving platform, 3) a puck that is struck sharply while sliding along a frictionless sur-

face, 4) a ball that is thrown in an arc, and 5) a chair that is pushed across the floor at a

constant speed. These activities were supported by classroom discussions that were facilitated

by the instructor who would record syntax and ask follow-up questions. These discussions were

recorded by the researchers in order to analyze prominent interactions between the students

and the instructor (Sherin et al., 1993).

One particularly interesting episode occurred when two students appeared to “[run] the

program in their heads to see how it worked.” This discussion provided evidence for a particular

pattern of analysis which was called “tracing” by the researchers and was observed to occur

frequently throughout the class. This analysis strategy was hypothesized to help the students

answer the questions “What, exactly, does it [the code] do?” and “how is this different from

what we want?” Tracing is a prominent strategy, Sherin et al. (1993) suggest, because of the

causal nature of the programming code. Unlike algebraic equations which only state simple

equality, programming languages present relationships in a temporally ordered structure.

Sherin et al. (1993) note that other benefits were associated with using Boxer to model

physical systems. Students would regularly make simplifying assumptions while constructing

their models – assumptions that are not often seen when analyzing algebraic models. Air

resistance, for instance, was routinely omitted from the students’ models until the instructor

explicitly discussed it with the students. They attributed this difference in behavior to different

goals that the students may be working toward. While programming, for instance, Sherin et al.

suggest that the students are engaged in the more sophisticated behavior of designing rather

than simply trying to understand. Interestingly, such inferences about the students’ goals are

highly suggestive of co-author David Hammer’s later work in epistemic resources (e.g. Hammer

et al., 2005). Additionally, it is important to note that making such simplifying considerations

is an integral aspect of scientific reasoning.

Boxer also invited the students to use a deeper level of precision than they might otherwise
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use. This is due to the specific constraints that the programming language places on how

physical models can be represented – programs, after all, can only do what they are told to

do. Additionally, Boxer only supported a limited number of operations that the students could

use. This prompted many students into conversations about where to include commands of

movement – discussions, it should be noted, which were analogous to discussions over whether

forces cause or change motion. It was clear that throughout this course, the programming

context helped the students focus on the physics content (Sherin et al., 1993).

Importantly, Sherin used the observations of students using Boxer as the basis for the

computational portion of his Theory of Forms and Devices (Sherin, 1996). According to the

Theory, students map meaning onto math equations by identifying which symbol patterns,

called symbolic forms, comprise a particular equation. Students can then interpret the context

of the equation through strategies called interpretational Devices2. Sherin extended his theory

to include a set of computational forms and interpretational devices. The Theory of Forms and

Devices will be discussed in depth in Chapter 3.

VPython

By the early 2000’s, the object-oriented programming language Python had already become

popular in the scientific community due to its readability and scalability (Scherer et al., 2000).

Additionally, Python was argued to be quite well suited for use by inexperienced programmers

(Conway, 1997). The development of an interactive graphics module, called“Visual,” by David

Sherer and the rest of the VPython development team3 supported the scientific, 3-dimensional

visualization of computational models that could easily be constructed by novice programmers

(Scherer et al., 2000). Ruth Chabay and Bruce Sherwood quickly incorporated Visual-Python

(VPython, for short) into their introductory calculus-based physics course and reported, anec-

dotally, that roughly 75% of the students in their second-semester course were able to recall how
2Although Sherin (1996) originally used the term “representational device,” I borrow the more evocative term

“interpretational device” from Tuminaro (2004)
3The VPython development team included David Sherer, Ari Heitner, Ian Peters, David Anderson, Ruth

Chabay, and Bruce Sherwood
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to model the motion of a proton in the vicinity of an electric dipole within 15 minutes of being

asked (Chabay and Sherwood, 2000). Students in that class cited VPython as an improvement

over other programming languages4 for three reasons: 1) 3D graphics make it easier to visualize

physical systems5, 2) code does not need to be written to plot and erase since the Visual module

automatically creates and updates the display, and 3) the Visual module provides true vector

computations (Chabay and Sherwood, 2000). The continued development of VPython activi-

ties would eventually make computational physics a centerpiece of the Matter & Interactions

curriculum in both Modern Mechanics (Chabay and Sherwood, 2004) and Electric & Magnetic

Interactions (Chabay and Sherwood, 2006). Fig 2.6 shows an example of a VPython program

that the students might write during the course.

One of the central goals for including VPython in the Matter & Interactions curriculum was

to help students gain a firm conceptual understanding of the fundamental principles of physics

(Chabay and Sherwood, 2008). Traditionally, students would only encounter these principles

within the mathematical context of algebra and calculus. However, this limits the students’

analysis to the small collection of situations that have closed-form, global solutions (e.g. os-

cillatory motion, statics, and central motion, for the case of the Momentum Principle). With

VPython, students must focus on the step-by-step iteration of local solutions. Thus Chabay

and Sherwood (2008) argue that computational modeling activities in which students must

deploy fundamental principles in a step-by-step procedure ought to support the development

of their conceptual understanding. While there have been studies to examine the difficulties

that students have while completing computational modeling activities (e.g Kohlmyer, 2005;

Weatherford, 2011), there exists little account of how students’ conceptual understanding of

the fundamental principles guides their strategies in completing these activities.

Kohlmyer (2005) sought the answer to two questions concerning computational modeling:

Would students view computational modeling as a valid problem-solving tool? And what
4Most notably cT, which featured real-time, 2D graphics and was used in Chabay & Sherwood’s introductory

physics class prior to their use of VPython. (See http://cil.andrew.cm.edu/ct.html)
5Notably, mental rotations can be extremely difficult to perform without a visual aid but are integral in our

ability to reason about 3-D phenomena(Tversky, 2004).
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Figure 2.6: A VPython program to model a constrained, 2-body gravitational interaction.
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difficulties do students encounter while generating a computational model? To address the

first question, Kohlmyer (2005) presented individual student participants with three difficult

physics problems in an interview setting. These problems had no closed-form solution and thus

the simplest solution involved generating a computational model. The participants were not

informed of this, however a computer was present during the interview.

Participants were recruited from both the traditional calculus-based introductory physics

course (N=6) and the M&I introductory calculus-based physics course (N=5). Unsurprisingly,

none of the students from the traditional course, in which computational modeling was not

emphasized, chose to write a computer program to solve the problems. Indeed, it was unclear

whether updating momentums and positions was a task that was expected of students in their

traditional mechanics class. Some of these students did attempt to use integration to deal with

the changing forces, though not necessarily of a relevant quantity.

Of the five participants who were enrolled in the M&I course, only 2 attempted to generate

a computational solution to the problems. A third student did attempt to iterate one of the

problems by hand, however he was unable to complete this procedure. Generally, however, gen-

erating iterative solutions was not the participants’ first choice of procedures. Kohlmyer (2005)

provides examples of participants proposing the use of a computational model before quickly

abandoning it in favor of an analytic solution; “I’d rather try and do it this way first,” one

participant said (Kohlmyer, 2005, p.62). When asked about using a computer at the conclusion

of the interview, the two participants who did not attempt to generate an iterative solution

expressed discomfort about using computers to model physics phenomena. This points to an

important result from Kohlmyer’s 2005 first experiment: despite acknowledging the validity

of computational solutions, students were more frequently drawn to analytic problem-solving

methods. Kohlmyer (2005) proposed alleviating this apprehension toward computer modeling

and iterative problem solving by providing more opportunities in class or in lab for students

to make the decision of whether to use an analytic or computational method to complete a

problem.
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To address the second question, what difficulties do students in the M&I course encounter

while generating computational models in VPython, Kohlmyer (2005) presented computer mod-

eling problems in an interview setting to students enrolled in an M&I: Modern Mechanics course

during two different semesters. Many of the student difficulties reported by Kohlmyer involved

physics and modeling concepts rather than programming syntax. Specifically, Kohlmyer iden-

tified five categories of difficulties: 1) confusion over the program structure, which included

confusion over the placement of specific lines of code (e.g. inside or outside the iterative loop),

and whether or not to specify an object’s trajectory, 2) confusion over time steps, 3) confusion

over how to specify initial conditions, specifically their vector nature, 4) Confusion over calcu-

lating forces and expressing them as vectors, and 5) Confusion with updating momentum and

what form the momentum principle should take in a program. By coding the major interven-

tions by the interviewer based on their instructional goals, Kohlmyer was able to identify the

frequency with which these difficulties arose. Kohlmyer did point out, however, that the strate-

gies that students used when generating these computational models, including their planning,

assumptions, and evaluation, remains an open topic for investigation.

The detailed results from the first semester’s participants allowed Kohlmyer to redesign

many of the instructional materials and computational modeling activities used in the M&I:

Modern Mechanics labs6. Laboratory activities were designed to minimize the amount of new

information presented to the students during each computational activity and to reduce the

stumbling blocks that the participants encountered in the study. These redesigned activities

were evaluated by drawing the second set of participants from the semester during which these

activities were being implemented. Despite the reduced burden from the redesigned labs, how-

ever, students continued to be observed having difficulties with computational modeling. For

instance, Weatherford (2011) noted, based upon empirical anecdotes from teaching assistants,

that students’ epistemological focus was often characterized more by an incentive to generate

a working program than to gain any further conceptual understanding.
6These revisions were made at NCSU and were eventually propagated to other users of The Matter & Inter-

actions Curriculum.
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Much of the exposure that the student populations had to computational modeling occurred

in weekly laboratory sections (Kohlmyer, 2005; Weatherford, 2011). Additionally, without the

incentive of having to know it for homework or exams, students could easily rely on a more

experienced group member to complete those portions of the lab. Following from Kohlmyer’s

work, Caballero (2011) sought to improve students’ abilities to generate computational mod-

els of novel problems by developing a suite of homework problems that would increase every

student’s exposure to computational modeling. These problems would often be alterations of

models generated in lab; Caballero’s philosophy being that students would learn the generality

of the algorithmic method of solving problems and the centrality of the fundamental principles

(specifically the momentum principle) by altering existing bodies of code – a practice that is

common among many computer programmers. Each assignment would describe the new situa-

tion that would need to be modeled, along with the answer to a test case. Students could then

compare their results against the test answer as a means to debug their programs. Students

would then generate a gradable result by inputting an assigned set of new initial conditions. A

final problem was presented to students in a timed and proctored lab session in order to better

evaluate their performance. Caballero found that by the end of the semester, there was no sta-

tistical difference between students’ abilities to complete analytical or computational problems.

Most students who were unsuccessful in generating a computational model encountered difficul-

ties with the force calculations and the predictions of motion while fewer had trouble identifying

and assigning variables. Caballero suggests that one way to improve student performance might

be to explicitly train students in productive programming practices.

Building from Buffler et al.’s work in constructing computational activities and Kohlmyer’s

explorations of student difficulties, Weatherford (2011) explored the difficulties that students

have when interpreting the algorithms that form the basis of computational models. He observed

that students were able to successfully interpret individual lines of code within a computational

model, an observation consistent with Kohlmyer who observed students successfully ordering

lines of code. When asked to predict the resulting behavior of the model, however, it was unclear

45



whether the students’ predictions were based upon the expected behavior of an internalized

mathematical model or an actual analysis of the code. In order to examine this question,

Weatherford constructed a sequence of programs based on the tutorials developed by Kohlmyer

but which were incomplete, in the sense that they were lacking important physical relations,

though they could be successfully run from the onset. These new instructional devices, called

Minimally Working Programs (abbreviated as MWP), were first deployed to an experimental

laboratory section of Matter & Interactions: Modern Mechanics and subsequently to all M&I

labs at NCSU. Further details on the MWPs can be found in section 5.3.

In order to address his research questions, Weatherford observed two lab sections over the

course of a semester as they worked to complete the sequence of Minimally Working Programs

which he had developed7. Before viewing the animations and altering the programs, participants

were required to read through the code and predict the resulting behavior. By tracking the lines

of code that were explicitly mentioned or pointed to, Weatherford observed that students would

very often focus on the Objects and Initial Values sections when making their predictions,

largely ignoring the contents of the iterative loop. Additionally, participants would use the

presence of physical constants (such as the universal gravitational constant, G, or a spring

constant, ks) to justify their prediction that the animation would display objects interacting

accordingly. Exceptions would only occur when participants noticed missing lines of code within

the iterative loop. Further difficulties were seen when participants used existing knowledge of

the systems in question to predict the behavior of the corresponding computational models.

These real-world expectations “served to fill in the missing lines of code,” (Weatherford, 2011,

p.256).

Having students predict the behavior of real-world situations is not altogether detrimental

to their learning the physics content. Indeed future iterations of the M&I computational labs

included two side-by-side predictions: “Predict how the real system should behave” and “Predict

how the computational model will behave” Further modifications included additional scaffolding
7The data generated by Weatherford (2011) is further analyzed for this dissertation. Details can be found in

Chapter 5.
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to remind the students of the calculations in the iterative loop. Identifying the strategies that

students used and the difficulties that they then encountered while actively modifying the

MWPs, however, was beyond the scope of Weatherford’s study.

2.2.4 Summary of Research

We have discussed many different computational modeling environments as well as the promi-

nent research that has grown out of these movements. It is now worthwhile to summarize some

of these research findings and highlight the open questions that remain.

Two major themes have emerged from the research on computation in the physics classroom:

1) making computational modeling a viable enterprise in introductory physics and 2) exploring

how students understand and generate computational models. The earliest studies on using

computer modeling in the classroom (e.g. Papert, 1980; MacDonald et al., 1988 July/Aug) fo-

cused more on this first theme, as computers had only recently become accessible to the general

public, however other studies throughout the years have also addressed this. Early researchers

(e.g. Johnston and McPhedran, 1993; MacDonald et al., 1988 July/Aug) saw computation as a

novel way of solving physics problems and proceeded to demonstrate that computation could

be used to expand the set of problems physics instructors could reasonably expect students

to solve. Additionally, computation was seen to provide the students with numerous other

pedagogical benefits (see, for example Sherin et al., 1993), many of which we have previously

discussed. Alternatively, the question of whether or not programming presents students with

an unnecessary stumbling block was addressed by Johnston and McPhedran, who showed that

novice programmers could perform just as well as more experienced programers by the end of

the semester, and by Caballero (2011), who showed that, after a semester of instruction, stu-

dents’ success at computational modeling activities was equivalent to their success at standard

algebraic problems.

The second major theme, students’ understanding of computational modeling in the context

of physics, addresses a much bigger question, one that has yet to be fully examined, though many
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important pieces have been looked at. Sherin (1996) provided a theoretical look at how students

interpret lines of code while Weatherford (2011) examined how students could interpret entire

programs, finding that they would often appeal to real-world expectations when predicting the

program’s behavior. Hogan and Thomas (2001) examined the solution approaches that students

would take and saw that less productive students would focus on individual elements of programs

while the more productive students would focus on the program’s behavior as a whole, however

their study included only a few students. Sherin et al. (1993) observed that students had to

clearly express their ideas in order to translate them into code and would read through a program

in order to ascertain its behavior, a technique that was called “tracing.” Finally, there have

been studies that examined the difficulties that students have with computational modeling (see

Kohlmyer, 2005; Caballero, 2011). Beyond simple syntax and variable representation issues,

some of the major difficulties that were observed originated from confusion over the program

structure and confusion over the function of the iterative loop. Beyond Weatherford’s look at

how students interpreted whole programs, little has been done to look at what background

knowledge students invoke during the construction of a computational model and how that

knowledge affects and motivates particular strategies.

2.3 Program Comprehension

Let us now turn to the models of program comprehension that have emerged from both the

programming and the cognitive science literature. In the first part of this section, we will briefly

explore the cognitive basis for many of these models of programming comprehension. Following

that, we can move on to discuss more specific aspects of program comprehension. Along the

way, I will note where the research focuses on programming knowledge and where it focuses

on domain content knowledge (e.g. physics content). In the second part of this section, we

will discuss some parallels between program comprehension and reading comprehension. We

will then conclude this section by comparing models of programming comprehension against a

framework of problem solving borrowed from the mathematics comprehension literature.
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2.3.1 A Cognitive Background to Program Comprehension

Much of the research by cognitive psychologists from the mid-1970’s through the early 1990’s

modeled human cognition as if it were a computer; a system for processing information which

can receive sensory inputs, store objects in memory, and produce outputs (Newell and Simon,

1972). Information processing systems (IPS) were the foundation of much of the problem solv-

ing research throughout the 1970’s and 1980’s, however we will not delve too deeply into that

research here. An important branch of this research, however, was in modeling how people

generate and understand computer programs. By investigating the differences between novices

and experts in how they plan, generate, and debug programs, cognitive psychologists sought to

develop a model of problem solving in the domain of programming (see, for instance Ormerod,

1990). It is notable that many of these observations are consistent with resource models of

knowledge, however let us hold off on that discussion until Chapter 3. Because much of the

research in program comprehension has been influenced by the models of Information Process-

ing Systems, it is worth discussing them before discussing more specific models of program

comprehension.

Information Processing Systems and Performance

The goal of IPS theories is not to describe how the internal cognition of a human occurs but

rather to describe the mechanisms that produce the resulting behavior (Newell and Simon,

1972). That is, an IPS is designed to generate a model that can sufficiently reproduce the

outputs of a novice or expert, given a particular problem task, while omitting supposedly

extraneous variables like perception and affect. By eliminating these variables, Newell and

Simon effectively treat humans as problem solving machines; production systems that follow

specific rules.

We must keep in mind, however, that the key to a good IPS is its focus on the resulting

behavior and not the internal mechanism. Newell and Simon (1972) are careful to caution us

that “there may be nothing inside the system itself that corresponds to the program... only a
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mechanism that behaves in the manner described in the program,” (Newell and Simon, 1972,

p.33, emphasis added). By discarding any pretense of modeling a system’s actual internal

mechanism, the problem of learning becomes an important difficulty for IPS. Newell and Simon

dismiss this, arguing that learning is secondary to the performance of a system. Indeed, “if

performance is not well understood, it is somewhat premature to study learning,” (Newell and

Simon, 1972, p.8). However, by giving the performance of an individual precedence, Newell

and Simon are forced to interpret learning as the acquisition of a skill or repeatable behavior

rather than the acquisition of knowledge. Indeed, de Jong and Ferguson-Hessler (1986) argue

that attempting to identify the process of problem solving is quite different from identifying

the requisite structure of knowledge.

Production Systems

The external representations of an IPS are called production systems. They are the models that

an observer or researcher might contrive in order to recreate the output of the IPS. Again, it is

the output of the IPS that is important, not the actual process of arriving at that output (Newell

and Simon, 1972). To illustrate the difference between a production system and the system

itself, Newell and Simon (1972, p.44) diagram a possible set of productions for a thermostat:

temperature > 70o and temperature < 72o → stop.

temperature < 32o → call-repair-man; turn-on [electric heater].

temperature < 70o and furnace-state = off → turn-on [furnace].

temperature > 72o and furnace-state = on → turn-off [furnace].

The production representation, exemplified above, sets up a sequence of conditional lines, much

like the code in a computer program, that when executed will produce the output of a ther-

mostat. Of course, the actual internal mechanism of a thermostat might consist of a small vial

of mercury mounted on a metallic coil: As the temperature increases, the coil expands, tilting

the vial until the mercury flows to the other end, closing a circuit and turning off the furnace.
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This idea can be generalized to include human problem solvers.

Hierarchical Knowledge Representation

The ability to index and access relevant information is an important aspect in the ability to solve

problems, thus knowledge hierarchies represent an important component of IPS descriptions of

expertise (de Jong and Ferguson-Hessler, 1986). Eylon and Reif (1984) argue that, as one gains

expertise, knowledge becomes organized into a hierarchical structure. They further note that

these hierarchies can be contextually dependent. By way of example, information in physics

can be organized into a causal structure with theoretical principles, such as the momentum

principle, placed at the highest level while historical information is placed at a lower level. In

history, on the other hand, the hierarchy might be chronological in nature. Information retrieval

then proceeds in a “top-down” fashion, though this can occur according to breadth and depth.

Eylon and Reif suggest that instruction should thus be mindful of the organizational structure

of the content and not just the content itself. How such structures come to be organized and

accessed, however, is not clear from IPS models Newell and Simon (1972).

The Role of Problem Schemata

An alternate model represents Experiential knowledge as schemata, procedural memory struc-

tures that specify the relationships between various entities and scripts for how to act. A recur-

rent situation, such as visiting a restaurant, can be represented in memory as a single schema

of variables that contain relevant information. The schema will become active if enough of its

variables become filled (Chi and Glasser, 1985). For instance, if you walk into a building and

see booths, menus, and a maitre d’, your restaurant schema will become active.

The major purpose of a schema, according to Chi and Glasser, is to construct interpreta-

tions of novel situations that will guide actions. Returning to our example, your restaurant

schema informs you of whether to wait to be seated or to seat yourself and whether to pay a

cashier after ordering or to pay your waiter after eating. Schemata are also created to inform

51



specific situations (Chi and Glasser, 1985). For instance, you might have a different restaurant

schema for each restaurant you frequent. In the domain of physics, students create schemata for

problems that they have already encountered. These schemata contain information about the

problem including rules for the solution approach. New physics problems, whether algebraic or

computational, will be interpreted through these existing problem schemata.

A knowledge base thus can be viewed as being organized according to problem-based

schemata through which problem features must be interpreted in order to access the relevant

information and productions (de Jong and Ferguson-Hessler, 1986). This view accommodates

the observations of Larkin et al. (1980), in which experts tend to employ forward-reasoning

production chains, as well as the observations made by Chi et al. (1981) in which experts and

novices sorted problems based on their features. Indeed Chi et al. argued that by categorizing a

problem, it may become easier to access that problem’s associated schema. They go on to argue

that since experts tend to categorize problems based on content features, such as momentum,

they are able to cue background knowledge that novices to not possess.

Larkin (1983) proposes two different types of schema that people produce when encountering

problems: naive representations, which include familiar entities, and principle-based schemata8,

which include abstract entities, such as forces and energy, and which are closely associated with

physics principles. Upon encountering a novel problem, everyone - novices and experts - will

construct a naive representation. Experts, however, will progress to principle-based schema

and may even coordinate the construction of multiple schemata when encountering difficult

problems.

de Jong and Ferguson-Hessler (1986) point out that there is a distinction between describing

the solution process and making inferences about the structure of a knowledge base. They

further argue that a person who performs well on an exam can be modeled as having a mental

structure composed of many problem schemata. Problem-solving thus consists of identifying
8Although Larkin (1983) does not use the term “principle-based schema,” she does use the terms “force

schema” and “work-energy schema.” Sherin (1996) uses the term “principle-based schema” as a generalization
of Larkin’s work.
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relevant features – indeed this can be a highly efficient method. Notably, this stance contrasts

with hierarchical representations. For example, Ferguson-Hessler and de Jong (1987) note that

students learning about electric interactions would first create schema around formulas, such as

Coulomb’s Law. These formulas, however, occur at lower levels in hierarchical organizations.

As a learner progresses towards expertise, more schemata are generated and more abstraction

is possible. Indeed, Larkin et al. (1980) note that experts possess demonstrably large sets of

problem schemata, conjecturing that the ability to search pattern-indexed problem schemata

might be the source of physical intuition.

2.3.2 Program Composition and Comprehension

Let us now turn to some more specific models of programming comprehension. According to

Brooks (1983), computer programming is fundamentally a design task which involves two types

of activities: composition, which is the mapping of a particular function onto programming code,

and comprehension, which involves the interpretation of a function from the code. Furthermore,

these tasks are psychologically complex (Pennington and Grabowski, 1990), requiring both

domain knowledge and programming knowledge (Brooks, 1983).

Shneiderman and Mayer (1979) suggest that programming knowledge consists of a multilevel

body of knowledge which can be divided into two types. Semantic knowledge contains informa-

tion about programming structures and is generalizable across programming languages. The

lowest level of semantic knowledge contains basic information like variable assignment while

notions such as recursion and sorting appear at higher levels. Syntactic knowledge contains

knowledge about specific programming languages. These bodies of knowledge are generated

through experience as structures are generated in working memory and compared against sim-

ilar semantic structures in long-term memory.

Brooks (1983), in his discussion on program comprehension, focuses on the domain knowl-

edge required for successful comprehension and composition. Programming, according to

Brooks, involves the construction of a mapping from one knowledge domain, through many
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possible intermediary domains, to the domain of programming. “Seeing” recognizable equa-

tions in the code, for example, draws from the mathematics domain, while operational domains

might be used to assign attributes to objects. Thus, the comprehension of a program involves

a reconstruction of these mappings and is driven by the creation, confirmation, and refinement

of hypotheses. An important feature of Brooks’s model is that a successful mapping will re-

quire an understanding of the requisite sets of domain knowledge. Indeed “the difficulty of

comprehending a program will depend in part on the difficulty of comprehending the original

problem,” (Brooks, 1983, p. 551). This helps explain the variability among programmers in

comprehending different programs, regardless of the complexity of the algorithms themselves

and differences in comprehensibility of programs even when length and complexity are held

constant.

Skill Acquisition and Transfer in Programming

Anderson (1983) developed the ACT* theory of skill acquisition from the family of Adaptive

Character of Thought theories in order to explain how novices develop programming skills.

ACT* follows in the tradition of Information Processing System theories by modeling program-

ming skills as production rules that can be accessed in working memory. These production

rules allow access to a hierarchical network of “cognitive units,” such as “birds” or “spheres.”

The ACT* theory thus distinguishes between procedural and declarative knowledge and models

the development of task-specific productions as the operation of general, procedural strategies

over domain-specific, declarative knowledge. Problem solving, in this model, involves the use

of programming-specific background knowledge to interpret and explain available instructional

examples and compile new production rules (Pirolli and Recker, 1994). Pirolli and Recker also

suggest that domain knowledge might be activated during impasses along with problem solving

productions, however they are vague about how this process might occur. Productions, in this

context, are often referred to as “goals” and “sub-goals” (Pirolli and Anderson, 1985).

54



Pennington, Nicolich, and Rahm (1995) examine the transfer of cognitive sub-skills required

for program comprehension to the task of program composition by testing the Use Specificity

Principle derived from Anderson’s ACT* theory (Singley and Anderson, 1989). The Use Speci-

ficity Principle of knowledge claims that common sets of declarative knowledge can be complied

into different productions, depending on how that knowledge is to be used. That is, the use

of a particular production is based both on the domain content knowledge and the task envi-

ronment. This means that having a base set of declarative knowledge and a set of productions

applicable to one task does not mean that one would be able to complete a different task that

uses a similar declarative knowledge base. It is especially interesting, then, to consider that

comprehension and composition tasks often require common sets of declarative knowledge but

may require different productions (Pennington et al., 1995).

In order to investigate Use Specificity in knowledge transfer between comprehension and

composition tasks, Pennington et al. (1995) compared students’ performances on two subtasks

against computer predictions based within the ACT* framework. Again, Use Specificity predicts

that writing programs should not affect comprehension and understanding programs should

not affect writing acumen. Pennington et al. (1995), however, found, that there was transfer

between the tasks that their participants performed. Specifically, a greater transfer was observed

going from comprehension to composition tasks. They investigated this further by having

participants elaborate on programming tasks during think-aloud protocols and observed that

there was little difference between the declarative elaborations invoked by participants trained

in comprehension tasks and those trained in composition tasks.

Programming Actions

Because the act of programming is psychologically complex, many researchers break down pro-

gramming actions into tasks and subtasks of varying complexity (see, for example Shneiderman

and Mayer, 1979; Brooks, 1983; Anderson, 1983; Newell and Card, 1985). Newell and Card, for

instance, model a skilled user’s understanding of programming as a collection of four types of
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tasks: Goals, Operators (actions belonging to a user’s repertoire of skills), Methods (sequences

of subgoals and operators), and Selectional Rules (for choosing among different methods). This

G.O.M.S. model has been criticized for focusing on low-level actions, skilled users, and error-free

performance, however it has provided the field of human-computer interactions with a number

of tools with which to model computer users’ behavior and to engineer user interfaces (Ehrlich,

1996).

Shneiderman and Mayer describe programming in terms of Polya’s four stages of problem

solving (Polya, 1957): 1) Understanding the problem, 2) Devising a solution, 3) Carrying out

the plan, and 4) Checking the result. Pennington and Grabowski (1990) describe four similar

subtasks, however to each of these subtasks they associate a domain knowledge, a mental

representation, and an external representation, as adapted from Brooks’ model (see, table 2.2).

The simplicity of this table can be misleading, however; the act of programming often features

repeated cycling between these subtasks (Pennington and Grabowski, 1990).
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Table 2.2: Programming Tasks. Composition proceeds from the top down, comprehension proceeds from the bottom up (Pennington
and Grabowski, 1990, p. 47).

Programming
Subtasks

Knowledge Domains Mental
Representations

External Represen-
tations

Understanding
the Problem

Domain Knowledge Situation Model Requirements and Spec-
ifications Document

Design Design Strategies, Programming
Algorithms, and Design Language

Solution Model and
Plan Representation

Design Document

Coding Programming Language and
Programming Conventions

Program
Representation

Code

Maintenance All Knowledge Domains plus
Debugging and Testing Strategies

All Representations All Documents
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Two important features of this model should be pointed out. First is the prominence of

domain knowledge, which is put on equal footing with programming knowledge. Having a strong

understanding of the initial domain knowledge is critical to the successful comprehension of a

program. Indeed, even expert programmers may have difficulties in modeling complex systems if

they lack the requisite domain knowledge. Adelson and Soloway (1985), for instance, found that

inexperience in a particular domain inhibited a programmer’s ability to develop a “global model”

of their design. The examination of domain-specific knowledge used during programming tasks,

however, is far less prominent in the literature than examinations of programming skills.

The second feature of Pennington and Grabowski’s discussion of programming tasks is

its strong resemblance to the epistemic games of Tuminaro (2004) which describe problem

solving actions within the context of a Resource framework. Let us hold off on discussing

these similarities until chapter 3 when we will begin applying a resource framework to students’

computational modeling practices.

Programming Plans and Templates

With an eye on understanding programming expertise, Ehrlich and Soloway (1984) present a

model of program comprehension in which programmers focus on blocks of code rather than

individual lines within a program. Those program fragments to which a recognizable action

sequence can be attributed are called programming plans. In their model, Ehrlich and Soloway,

present two different types of plans: control flow plans, which involve looping structures, and

variable plans, which involve a variable’s role in a program; Whole programs are composed of

many such plans. Expertise is thus discussed by Ehrlich and Soloway in terms of the number

of plans that can be reliably identified and used by a programmer. Soloway and Ehrlich (1984)

identify a second type of knowledge, rules of programming discourse. These rules specify coding

conventions, such as naming a variable after the manner it would be used, and combine with

a knowledge of programming plans to allow a program to be intelligible. Indeed, Soloway and

Ehrlich observed that experts had a difficult time reading programs that did not follow these

58



rules of programming discourse. A similar observation was made by Kohlmyer (2005) when

novices were able to unscramble lines of a program. Evidently, students could readily identify

the proper structure of a program.

In an effort to understand sources of novice difficulties, Bonar and Soloway (1985) extend

this model to describe how novice programmers understand simple programs. In addition to

knowledge of programming plans, people also have knowledge of step-by-step natural language

procedures, such as making a choice or building a list. There are many similarities between

these plans and procedures, both surface and functional. As such, novice programmers may

be unable to distinguish between the two types. Bugs can be introduced into a program, for

instance, if a programming plan is written as if it were natural language or if a natural language

procedure is used in place of a programming plan.

Linn et al. (1987) and Linn and Clancy (1992) describe a similar organization of expert

programming knowledge, which they call templates. Templates are described as cohesive units

of programming knowledge that describe programming structures. These templates can describe

many levels of programming, including whole programs, structural elements, implementation

instructions, and debugging strategies. While experts have full use of these templates, novices,

tend to focus only on syntactic components. Indeed, Linn and Clancy suggest that instruction

focus on the process of implementation rather than the end product.

Interestingly, both plans (Ehrlich and Soloway, 1984) and templates (Linn et al., 1987) bear

a striking similarity to Sherin’s Programming Forms. Let us, however, hold off on discussing

this point until chapter 3.

Novice Intuitions

Weigand (2006) discusses novice programming by focusing on students’ procedural and declar-

ative intuitions of programming. The programming statement

x=1, (2.1)
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for example, might be associated with the intuition of “container.” That is, there exists a

container labeled x and in that container is the number 1. Although Weigand refers to incorrect

intuitions as “misconceptions,” they actually bear a closer resemblance to the novice intuitions

described by (diSessa, 1993b); they are localized, and are incorrect only in their implementation,

not in their existence. Indeed Weigand draws from diSessa in his examination of intuitions. Like

diSessa’s novice intuitions, programming intuitions generally center around sensible procedural

knowledge but lack the element of precise implementation.

2.3.3 Computational Thinking

More recent models of program comprehension have focused more on “computational thinking”

than on the comprehension of selections of code. The essence of computational thinking, ac-

cording to Wing (2008), is thinking in abstraction. We abstract many things in the world, math

being the most obvious example. What we call an algorithm is the abstraction of a step-by-step

procedure. Computational thinking requires keeping track of many layers of abstraction as well

as the relationships between those layers. By way of example, when I use VPython to model a

physical system, I must keep track of the theoretical physics model as an abstraction for natural

mechanics, the Python code as an abstraction of the physical model, and the Visual output as

an abstraction of the code’s execution. Wing is careful to point out the importance of selecting

the right abstraction for a given problem. “The abstraction process – deciding what details we

need to highlight and what details we can ignore – underlies computational thinking,” (Wing,

2008, p. 3718).

It is generally accepted that keeping track of different levels of abstraction can be a source

of difficulty for students (see, Pennington and Grabowski, 1990). Ginat (2006), for instance,

argues that novices tend to have a local view of algorithms when they should be taking a more

global view. Ginat (2006) observed that after being given the task of developing an algorithm

to generate ordered permutations, even talented novices would select familiar, and seemingly

suitable, algorithms based on the local patterns in the example. These algorithms, however,
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would not generate a full set of permutations for their task. “A particular pattern may only

seem suitable, in cases where sufficient insight is lacking, possibly due to improper, ‘local’ task

analysis,” (Ginat, 2006, p.134). Interestingly, when the participants noticed errors in their

approaches, they would appeal to local patches, rather than turning to a more global approach.

Similarly, Linn and Clancy (1992) note that students tend to focus on programming syntax

rather than global programming structures. This can lead to undirected practices of trial and

error while designing programs.

Sherin (1996) noticed a similar occurrence in his data. When attempting to interpret lines

of Boxer code, students would focus on specific lines, making implicit presumptions about the

behavior of the rest of the program. In some cases, students were observed employing algebraic

interpretational devices to interpret small groups of statements. These observations indicated

a tendency for students to make inferences about the global behavior of a program by looking

at only a small piece. Weatherford (2011) also observed this phenomenon as student groups in

his study would make inferences about the global behavior of his Minimally Working Programs

after only examining the setup conditions.

2.3.4 Cues from Reading Comprehension

Let us now turn to two important pieces of literature from outside the domain of program-

ming comprehension but which can, nonetheless, help us in framing the issue: Palinscar and

Brown’s discussion of reading comprehension and Schoenfeld’s discussion of problem solving in

mathematics.

It is generally agreed, according to Palinscar and Brown (1984), that reading comprehen-

sion is affected by three main factors9: 1) considerate texts, 2) compatibility of the reader’s

knowledge and the text content, and 3) the active strategies that the reader employs in order

to enhance understanding and avoid comprehension failures. In their seminal paper, Palinscar

and Brown sought to explore how to improve reading comprehension in students and even-
9We shall assume that students can fluently decode a text, noting that the ability to read is separate from

the ability to comprehend.
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tually employed the teaching strategy of Reciprocal Teaching, in which a student and teacher

take turns analyzing a selection of text. Let us, however, focus on how these three factors

come into play in computational modeling. It is clear that an important aspect of being able

to construct computational models is being able to read and interpret the code itself (see, for

example Weatherford, 2011).

Considerate Texts

“Student comprehension will be enhanced to the extent that the texts are well written” (Palin-

scar and Brown, 1984, p.118). That is, if the text is clearly written and follows familiar rules of

syntax and structure, a text might be considered to be accessible or user-friendly. Notably, this

aligns with the observations of Soloway and Ehrlich (1984) who saw that computer programs

which followed regular rules of syntax and structure were more comprehensible to experts. In-

deed, when presented with a program that broke these rules, Soloway and Ehrlich saw that

expert programmers experienced difficulty in reading the code. Palinscar and Brown (1984)

do note that sufficiently mature readers posses strategies for dealing with inconsiderate texts,

such as those that creatively violate syntax and structure rules or those that are simply poorly

written.

Compatibility between Knowledge and Content

“Comprehension is also influenced by extent of overlap between the readers’ prior knowledge

and the content of the text,” (Palinscar and Brown, 1984, p.118). Again, this aligns with the

observations of Soloway and Ehrlich (1984) and Ehrlich and Soloway (1984) who observed that

expert programmers tend to be able to recognize specific program structures more reliably and

more often than novices, as well as the models of Brooks (1983) who argued that the ability to

map background knowledge to code was an important component in program comprehension.

More recently, Kohlmyer (2005) identified that many difficulties that students encountered while

generating computational models involved confusion with the program structure and confusion
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over how to specify physical quantities (e.g. vectors, initial values) within the program code.

Reading Strategies

The final factor that Palinscar and Brown discuss is the set of strategies used by a reader to foster

comprehension. They claim that experts have many well-practiced comprehension strategies

that allow reading to progress smoothly until a triggering event signals a comprehension failure.

One example might be if a reader encounters too many unfamiliar terms to continue tolerating

ignorance. At that point, a reader must slow down to dedicate time and effort to debugging

strategies10. Even beyond debugging strategies, expert readers have different comprehension

strategies for different types of reading activities. Studying, for instance, involves constant

comprehension monitoring while pleasure-reading does not.

In order to help underperforming students develop better reading strategies, Palinscar and

Brown developed their technique of reciprocal teaching around a series of strategic comprehension-

fostering activities that would deliberately engage learners in the reading strategies that were

previously observed as being part of expert behaviors but rarely part novice behaviors. These

comprehension-fostering activities are summarizing, questioning, clarifying, and predicting.

Weatherford (2011) would eventually draw the explicit comparison between program com-

prehension and reading comprehension, adapting Palinscar and Brown’s strategic activities,

specifically predicting, into his set of Minimally Working Programs11. Interestingly, many of

the comprehension-fostering behaviors identified by Palinscar and Brown were originally ob-

served, in part, by Collins (Collins and Stevens, 1982), who would go on to develop epistemic

games a decade later (Collins and Ferguson, 1993). Indeed the different reading strategies ob-

served in expert and novice readers does suggest differing epistemic stances toward learning by

these students. This, of course, is a far cry from saying that the reading strategies outlined by

Palinscar and Brown are themselves epistemic games. This common thread, along with work
10Note that Palinscar and Brown (1984) use the term debugging in a different manner than Bonar and Soloway

(1985).
11The data in this study involve students modifying Minimally Working Programs.
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by Tuminaro (2004), suggests that Palinscar and Brown’s framework of reading comprehension

is not incompatible with a resource framework and contains instructional considerations that

we should not discount.

2.3.5 Cues from Mathematics Problem Solving

As we move to construct a model of students’ programming practices based within a resource

framework, it is worth appealing to a framework of mathematical problem solving. After con-

ducting an extensive review of the mathematics, cognition, and problem solving literature,

Schoenfeld (1992) outlined five important components of mathematical thinking and problem

solving. Because of the generality of these components, they are relevant to consider in the

context of computational modeling. By explicitly framing models of programming comprehen-

sion within these components, we will be in a position to set up a resource framework that can

describe computational modeling practices in Chapter 3.

1. The Knowledge Base: This refers to the content and procedural knowledge to which

students have access. During computational modeling activities, this knowledge base has

two important components: programming knowledge and domain content knowledge.

Shneiderman and Mayer (1979) breaks the programming component into syntactic and

semantic knowledge. Much of the literature on programming comprehension focuses on

the semantic component. As we have discussed, the more prominent of these models

include the programming plans and rules of programming discourse described by Soloway

and Ehrlich (1984) and Ehrlich and Soloway (1984), respectively, the templates described

by Linn et al. (1987), and the levels of abstraction of Brooks (1983). The programming

knowledge base can also include the process of computational thinking, such as the ability

to think abstractly and to think about step-by-step procedures (Syslo and Kwiatkowska,

2008; Wing, 2008).

The domain content knowledge within the context of a physics course includes both math

and physics. Little of the research on programming comprehension discusses this knowl-
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edge base explicitly. In their discussion on learning strategies in the domain of program-

ming, for example, Pirolli and Recker (1994) note only that “declarative knowledge of the

domain may also arise” as students enact productions to overcome impasses. This lack of

emphasis is, in part, symptomatic of the general IPS stance on content knowledge. Brooks

(1983) provides a notable exception to this stance, discussing domain content knowledge

as an important component for mapping a problem into a computational algorithm. Pen-

nington and Grabowski (1990) follow Brooks’s example and explicitly link their set of

programming strategies to a knowledge base. However, this is a general consideration

and does not address domain-specific content.

2. Problem Solving Strategies: These are the strategies and heuristics that students

employ as they solve problems. Much of the modern understanding of problem solving

can be traced back to the book How to Solve It (Polya, 1957). In the domain of pro-

gramming, these strategies, as we have discussed, are often broken down into goals and

subgoals (see Pirolli and Anderson, 1985; Anderson, 1983) or G.O.M.S. tasks (see Newell

and Card, 1985). Additionally, there are elements of plans (Soloway and Ehrlich, 1984)

and templates (Linn et al., 1987) which can be considered usage strategies.

3. Monitoring and Control: This concerns a problem solver’s self-awareness and control

over his or her actions. Beyond the selectional rules of G.O.M.S. (Newell and Card, 1985),

which were intended to apply to expert programmers (Ehrlich, 1996), there is little in the

literature concerning novice programming practices.

4. Beliefs and Affects: This refers to an individual’s feelings toward and beliefs about a

particular domain and influences how that individual approaches and utilizes strategies

and content knowledge. There is much research in the PER literature on the affective

domain, and recent research has even looked at students’ attitudes towards computer
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modeling (see Caballero, 2011). In general, the literature on program comprehension

does not address the affective domain.

5. Practices12: According to Schoenfeld (1992), practices refers to how the environments

in which mathematics (or in this context, programming) are taught influence the learning

process. While this is an important field of study, it is not necessary to include in a

framework designed simply to describe students’ computational modeling process. Thus

I will not address Schoenfeld’s practices any further.

2.3.6 Steps Towards a Resource Model of Cognition and Computation

Let us pause, now, to reflect on the body of research in program comprehension and how it fits

in with our previous discussions on models of cognition and computation in physics. From there,

we can take a brief detour through the literature related to the specifics of qualitative analyses

before delving into the research study and applying a resource framework to computational

activities in full.

When considering the programming comprehension literature in the context of Schoenfeld’s

outline of mathematical reasoning, it is evident that not every aspect of his outline is accom-

modated by the literature. The most significant omission is the physics content knowledge. Al-

though some researchers do suggest the importance of domain content knowledge (e.g. Brooks,

1983; Pirolli and Recker, 1994), they do not detail the specifics of this interaction. This is, in

part, due to the research in programming comprehension being rooted firmly in the traditions

of information processing systems (for an overview, see Ormerod, 1990). Students’ knowledge

in these models is thus represented as a collection schema from which programming-specific

productions can be generated.

Comparing program comprehension to reading comprehension (Palinscar and Brown, 1984)

reveals that simply understanding what is written in a computational model requires the invo-
12I use the term “practices” to describe the set of strategies, actions, and interpretations that students use

during modeling activities. Schoenfeld (1992) uses this term to mean instructional practices.
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cation of subject background knowledge13. It is clear, however, that there is little exploration

of background domain knowledge in the literature. For this reason, we will turn to a resource

model of knowledge, which will be discussed in Chapter 3.

2.4 Literature Concerning Qualitative Analysis

Before extending the tools of Resource Theory to the task of computational modeling, let us

discuss some some of the relevant research concerning qualitative studies. We will discuss, in

this section, both the nature of qualitative data and some analysis methodologies.

2.4.1 Qualitative Research in PER

Qualitative analyses have become mainstays of the education research fields and especially

physics education research. Qualitative analysis provides an important methodology for educa-

tion researchers who wish to create generalized descriptive models of selections of verbal data

(Otero and Harlow, 2009). While qualitative studies like this one lack the statistical powers of

large-scale quantitative studies, the goal of these studies is to produce a detailed account of a

few participants’ outlooks during a contextually-bound situation. The models that result from

a qualitative study are descriptive rather than predictive.

Importantly, qualitative research does not attempt to control variables and confirm results in

the way that quantitative studies might. Rather, it takes a more exploratory approach to data

analysis. Indeed, the results are often highly contextually dependent and may be difficult to

replicate. The reader should not take this to devalue qualitative research, however. Such studies

can provide detailed information about a situation and the participants within that situation.

These data can then be related back to theoretical models in order to make inferences about

similar situations.
13Incidentally, much of the research on computational modeling that has come out of the Physics Education

community (see section 2.2.3), while also lacking a sufficient examination of background knowledge invoked by
students, takes a more neutral stance toward student cognition. Of course the researchers behind Boxer and
M.U.P.P.E.T. would fall squarely on the side of network models of cognition, which will be discussed in Chapter
3.
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For thorough discussions of general methodological considerations relevant to qualitative

studies, see Otero and Harlow (2009) and Chi (1997). Let us now briefly discuss some specific

analysis tools relevant to this study.

2.4.2 Discourse Analysis

Discourse, according to Gee (2005) is a way of describing conversation by focusing on the

specific participants, goals, and vocabularies that are involved. Language provides a means of

creating significance, giving connecting ideas to one another, and even enacting social roles.

Discourse is the use of language to perform these functions. “Discourse Analysis,” then, is the

study of “language-in-use” (Gee, 2005, p.5).

Gee distinguishes between two types of discourse: “little-d” discourse, and “big-D” Dis-

course. “Little-d” discourse is the language that people use on site. That is, it is the common

practice of assigning immediate significance to actions and identities. Of course, these do not

occur in a vacuum; “big -D” Discourse refers to ongoing practices of communication. The use

of a particular Discourse can be indicative of a particular community. For example, physicists

share a common set of ideas, experiences, social interactions, and institutional norms. These

all comprise central aspects of a dialogue that allows one to enact the identity of “Physicist.”

Indeed, one’s ability to participate in the Discourse of Physics could be considered to be one

(but not the only) measure of expertise.

Students working on computational modeling activities in the introductory M&I physics

labs participate in a social-language through which they can enact multiple, often simultaneous,

discourses. First, the students can participate in an informal social discourse characteristic of

college-aged peers. This primarily involves off-task discussions. Second, they can participate

in a task-driven, collegial discourse. This primarily involves discussions about task logistics,

including navigation within the prescribed group roles. Most epistemological comments about

the framing of the activity (Hammer et al., 2005), such as when one student exclaimed “I doubt

they’d want us to solve it that way,” are part of this discourse. Finally, by negotiating the
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technical vocabulary of physics while addressing the computational tasks, the students attempt

to engage in the Discourse of physics (Harlow and Otero, 2006). Learning both the concept

and the Discourse are mutual pursuits (Vygotsky, 1986), however it is important to remember

that successful participation in this Discourse does not imply a conceptual understanding of

physics. That is, someone who can talk like a physicist does not necessarily possess a deep

conceptual understanding of the topic. Analyzing messy data, such as the verbal data of a

group of students, can become a tenable process by keeping track of tools of inquiry, including

discourse, social-languages, conversations, and intertextuality.

A similar method, called “verbal analysis” is described by Chi (1997). Quite simply, it

is a method for generating quantitative results from qualitative data. This process generally

involves developing and applying coding sets to a collection of verbal data. While discourse

analysis (Gee, 2005) is concerned with establishing relations and significance that are embedded

in language use, Chi explicitly states that verbal analysis is concerned with establishing what

a learner knows based on the language used. Both of these methods, however, follow similar

procedures drawn from social and behavioral sciences.

Chi does contrast “Verbal Analysis” with the methods of “Protocol Analysis” (Ericsson and

Simon, 1979). One primary difference is the methodology for collecting data. Protocol Analysis

utilizes think-aloud protocols, in which an interview subject is asked to talk aloud through a

problem-solving session. These talk-aloud protocols explicitly avoid meta-cognitive reflections,

such as justifications and rationalizations. Conversely, verbal analysis (and discourse analysis)

can accommodate these forms of vocalizations, and indeed must if they are to accommodate

data collected in an ecological setting (i.e. in the class). Furthermore, protocol analysis, which

is rooted within the IPS frameworks, focuses on capturing the process of solving a problem,

rather than the cognition behind the problem solution (Chi, 1997).
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2.4.3 Framing in Discourse

Framing, according to Tannen (1994) addresses the question of expectation. Specifically, it is

the process by which a person might answer the question, “what is it that is going on here?”

This notion of expectation emerged from many disparate disciplines, including anthropology,

psychiatry, psychology, and sociology. As such, many different terms were used to describe the

process of “framing,” though this particular term can be traced back to Bateson (1972). Im-

portantly, the idea of framing has been incorporated into the resources literature (e.g. Hammer

et al., 2005; Tuminaro, 2004). The term “framing,” in the context of Resource Theory, can be

traced back to the socio-linguist Deborah Tannen (e.g. Tannen, 1994).

The process of framing is an integral component to participating in activities and engaging

in social interactions. Different activities and social interactions are associated with different

frames, such as a “story-teller” frame or a “film-viewer” frame. Through these frames, we can

interpret how we must act, who the players are in an interaction, and with what objects we

might expect to interact. Tannen (1994) borrows an example from Schank and Abelson (1975)

to illustrate this idea:

“John went into the restaurant. He ordered a hamburger and a coke. He asked the

waitress for the check and left.”

Although there is no previous reference in this story to the fact that the restaurant has a

waitress, or what “the check” is, among other things, we, as readers, have no difficulty in

understanding this story. We implicitly understand that this operates within the “restaurant”

frame14 and thus we have formed expectations for with what and whom John might interact.

Notably, we have encountered a similar construct to frames in the schemata described by

Chi and Glasser (1985) and Larkin (1983). While schemata can form our expectations about the

world, Frames, are tacit expectations about particular interactions that must be continuously

negotiated through linguistic and paralinguistic (i.e. vocal tone, accent, volume) cues. Tannen
14Schank and Abelson (1975) use the term “script,” however for our purposes, we can follow Tannen’s lead

and treat this term as synonymous with “frame.”
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(1994) identifies 16 linguistic cues, sometimes called “Tannen words,” including repetition,

false starts, negation, and generalizations, which are associated with changing or maintaining a

particular frames. The appearance of these cues can indicate shifts between frames or, following

the work of Tuminaro (2004), shifts within frames.

2.4.4 Grounded Theory

Based largely on the work of Anselm Strauss (e.g. Corbin and Strauss, 2008), Grounded Theory

is a generative method of qualitative analysis through which a researcher might develop an

explanatory framework from a selection of data. The process of Grounded Theory involves

allowing a coding set for a selection of qualitative data to emerge from the data itself. Creating

such an open coding set can allow for the codes to characterize a specific selection of data. As

more data is added to the selection, existing codes can be applied and refined, and data can

be recoded. This iterative process continues until no new codes emerge and the definitions of

existing codes no longer change. These codes can then be grouped into a framework that can

guide further research (Corbin and Strauss, 2008). It was this method that was used by Hing-

Hickman (2011) to develop, from her data set of students working vector algebra problems, a

set of epistemic strategies which paralleled Tuminaro’s epistemic games.

2.5 Where does this leave us?

Let us pause, now, to reflect back on the body of literature that we have discussed in this review.

We have seen from the literature that introducing computational modeling into the physics

curriculum carries with it many pedagogical advantages. Much of the literature that examined

computation within physics courses, however, has either focused on the logistics of implementing

programming tasks in the physics classroom or on students’ programming practices. To be sure,

this was important research and pointed to many important considerations, including the notion

of having students “mentally run” programs and having them focus on the global structure of

the program. Little of this, however, explicitly addressed how these programming practices
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were influenced by the physics content.

Two exceptions to this, it should be noted, were made by Weatherford (2011) and Sherin

(1996). Sherin provided a description of how students read and interpret programming code

within the context of physics problems. Importantly, some of the programming constructs that

the students were sensitive to were tied to conceptual schema that included physics relations.

Weatherford examined how background physics content influenced students’ interpretations of

complete or semi-complete computational models. Neither of these studies, however, looked at

the students’ problem solving approaches.

We have also seen that the literature on program comprehension has focused on how novices

and experts read programming code and how to characterize the strategies that programmers

use read and construct computer programs. Little of this literature, however, is concerned with

how background content knowledge affects programming practices. This is in part due to the

literature’s grounding in IPS models, which treat programming knowledge as a collection of

problem-schemata from which systems of productions can be generated. There are researchers,

however, who suggest that background content knowledge is just as important as programming

knowledge (Brooks, 1983).

All of this points to a large hole in the literature concerning the interaction between stu-

dents’ programming practices and the physics content knowledge they invoke when generating

context-rich computational models. In order to begin addressing this open question, we will

turn to Resource Theory (Hammer, 2000) as a possible candidate to fill this hole. As we will see

in Chapter 3, Resource Theory can be used to accommodate many of the aspects of program-

ming that have been studied in the literature, including programming procedures and program

comprehension (Sherin, 1996). Indeed, in developing an alternate model for how students read

and comprehend programming code, Sherin has provided a springboard for fully extending Re-

source Theory as a framework for modeling how students engage in computational modeling

activities.
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Chapter 3

Resources: A Framework for

Analyzing Students’ Knowledge

Base

3.1 Introduction and Motivation

Now that we have familiarized ourselves with the literature on computational modeling and

on programming comprehension, it is time to develop a framework for understanding students’

programming practices and how those practices affect and are affected by the students’ domain

knowledge. Recall, from Section 2.3.5, that Schoenfeld (1992) outlined five generally accepted

components of reasoning. The first of these, the knowledge base, implies that a framework of

computational modeling practices must be rooted in a description of the students’ background

knowledge. This should certainly include a programming component, but following on the

implications of Brooks’s model of programming as a sequence of domain mappings (Brooks,

1983) and Palinscar and Brown’s note that reading comprehension is influenced by the reader’s

background knowledge, we must also require that there be included both a physics and a math

component. For this task, I turn to a resource model of knowledge.
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Resources were developed as a model for understanding student reasoning in the context

of physics (Hammer, 2000). Sherin’s theory of Forms and Devices, which describes how stu-

dents read mathematics equations and programming code (Sherin, 1996), would eventually be

incorporated into the resource framework. Thus, resources provide an elegant means for de-

scribing the full knowledge base that we would like to examine. In particular, I draw upon

four specific kinds of resources: Reasoning Primitives (see diSessa, 1993b; Redish, 2004) and

Causal Nets (diSessa and Sherin, 1998), which can be used to describe physics knowledge, and

Symbolic Forms and Interpretive Devices (Sherin, 1996), which can be used to describe math

and programming knowledge.

In addition to describing the first of Schoenfeld’s components, we must identify constructs

that can describe his second and third components in a manner that is consistent with a resource

description of the knowledge base. In order to address the second of Schoenfeld’s components,

problem solving strategies, I turn to Epistemic Games (Collins and Ferguson, 1993; Tuminaro,

2004). To address the third of Schoenfeld’s components, monitoring and control, I turn to the

process of framing (Tannen, 1994; Hammer et al., 2005)1. This framework is summarized in

Table 1.1, which I have reproduced here (Table 3.1) for the ease of the reader. I will hold off

on discussing epistemic games and framing until Chapter 4, preferring to spend this chapter

focusing on resources. I should note that unlike the resource description of the knowledge base,

neither epistemic games nor framing has been formally extended to the task of computational

modeling.

Chapter Overview

The first part of this chapter will be dedicated to laying the groundwork for a resource de-

scription of the knowledge base. In Section 3.2, I will outline the theoretical underpinnings

of resources. In doing so, I will contrast resources against an alternative model of knowledge:

Unitary Conceptions. In the second part of this chapter, I will discuss the four content re-
1Recall that I will not be addressing the final two of Schoenfeld’s components, affect and attitude and practices.
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Table 3.1: An outline of a resource framework showing the tools from the resources literature
that will be used and the aspect of computational modeling that each tool will be used to
accommodate.

Component of Tool
Computational Modeling
The Knowledge Base Conceptual Resources (primitives,

causal nets, forms, devices)

Problem Solving Strategies Epistemic Games

Monitoring and Control Framing

sources in more detail, providing examples from the literature as well as my own data. Section

3.3 will be primarily concerned with using resources to describe physics content. Section 3.4

will be concerned with using symbolic forms and interpretive devices to describe programming

knowledge.

Before moving on to the task of constructing this framework, however, let me briefly discuss

the data that are at the heart of this dissertation. This will help provide context for many of

the examples I will draw upon in this chapter and will help provide some motivation for my

constructing this framework. A more thorough discussion of the study design can be found in

Chapter 5.

The Data, in Brief

As part of a study on how students read and interpret computational models (Weatherford,

2011), 23 students enrolled in a first semester, M&I course were recruited to perform the lab

component of their course within the NCSU Physics Education research facilities where their

programming practices could be observed and filmed. Traditionally, the computational model-

ing activities that are assigned as part of the M&I labs require students to generate their models

from scratch. As part of this experimental study, however, three of the nine computational mod-

eling activities in this experimental lab were replaced with activities that featured Minimally
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Working Programs (MWPs), programs that could be opened and run without bugs but which

lacked important physical relations, such as force calculations (see Weatherford, 2011). During

each of these activities, the students were tasked with predicting the outcome of running the

initial MWP and then with completing the program so that it would properly model a given

physical situation. The two activities that will be the focus of this study involved completing

a model of Rutherford scattering (the “Rutherford scattering MWP”) and completing a model

of orbital motion (the “spacecraft Earth MWP”).

Motivation for a Framework

As this research study was underway preliminary observations of the participants’ programming

practices revealed the need to address a question that was beyond the scope of the original

study: How do students’ use their physics content knowledge as they modify their computational

models? Many of these students’ programming practices where highly dependent on the physics

content knowledge that they had been learning in class. While these students could talk very

cogently about energy and momentum conservation in collision problems, for example, they

had a great deal of difficulty in reconciling the procedures that they had been using on tests

and on homework with the procedures required of a computational model. It is worth noting

that while techniques of computational modeling were introduced in the lecture component of

these students’ course, they were not emphasized or reviewed as the semester progressed.

Because a resource framework was already equipped with a means for describing how stu-

dents read programming code (see Sherin, 1996), and a means for describing problem solving

practices (Tuminaro, 2004), it was decided that this framework could be used to fully model

students’ practices during computational modeling activities. Additionally, it would provide a

further validation for resources. The goal of this study, then, is to use a resource framework

to generate a descriptive model of students’ computational modeling practices that explicitly

takes into account the physics content knowledge that they use. By tracking the physics content,

the mathematics and programming interpretations, and the programming strategies that stu-
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dents invoke, we can begin to model how they understand computational models and diagnose

difficulties that they have.

3.2 Resources

The resource-based model of cognitive structure emerged out of the broader class of so called

“network models” of cognition. These models describe how we summon background knowledge

and use that knowledge to interpret various stimuli by representing our knowledge as a dy-

namic network of small, loosely connected, “pieces” of knowledge. These “pieces,” commonly

called nodes, can be activated or deactivated, depending on the situation, and are connected

to each other within the greater network through links. Nodes are commonly associated with

nominative elements of declarative knowledge, such as “a bird,” a “plane,” or “Superman”

(e.g. Thagard, 1992), though they can more generally represent procedures, theories, or even

executive cognitive functions.

Particularly satisfying is the resemblance that network models of cognition (and resources

in particular) bear to the actual neural structure of the brain (see Redish, 2004). Neurons

in the brain are electrically active cells that have many long protuberances, called axons and

dendrites. The axon of each neuron connects to the dendrites of thousands of other neurons

in the brain and spinal column (among other structures within the body) at regions called

synapses. Once activated, a neuron will discharge into the synapses, causing the other neurons

to which it is associated to become active or unactive. In this way, brain functions can be

modeled as a flow of information that results from the cascading activation of multiple neurons.

Similarly, network models view cognition as the cascading activation of multiple nodes, though

these need not be individual neurons.

The study of neural activation, and especially of neural lesions and obstructions caused, for

example, by strokes, can provide a great deal of information about how cognitive functions are

parsed within the brain (see, for example, Sacks, 1985; Ramachandran and Blakeslee, 1998).

Indeed, all cognitive functions can be assumed to emerge from this neural activity (see Redish,
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2004). However this picture is too small-grained to directly model the cognition that might

occur in a classroom environment (Redish, 2004). Nonetheless, network models of cognition,

along with the ideas of activation and association borrowed from neurology, are especially useful

in describing how we use background knowledge to think about new problems (e.g. Hammer

et al., 2005), or even novel representations of familiar problems (e.g. Sherin, 1996).

Resource theory emerged as the most prominent network model within the physics education

literature and has been used to encompass many of its theoretical predecessors (see Redish,

2004). Before moving into specifics of the resource-based model of knowledge structures, let

us first discuss another prominent model of knowledge to emerge from the physics education

literature: unitary frameworks. The emergence of network models – and resources in particular

– was in part a response to the prevalence of the unitary frameworks.

3.2.1 A Comparison Against Unitary Conceptions

Along with the extensive research into problem solving, much of the early research in physics

education focused on modeling conceptual understanding and the process of conceptual change.

In an effort to describe this, early researchers in physics education modeled students’ knowledge

of physics as being organized into unitary constructs, often called “concepts,” (e.g. McCloskey,

1983; Vosniadou, 1994). These constructs were proposed to be coherent and robust things,

subject only to wholesale change (hence the term “unitary”). That is, expert beliefs must

wholly replace novice beliefs. As one of the early proponents of unitary conceptions, Mc-

Closkey proposed that people interacting with the real world would abstract their experiences

into formal laws of motion. Often these laws do not align with scientifically accepted laws.

After interviewing students, for example, Caramazza et al. (1981) observed that many of their

explanations of projectile trajectories aligned more closely with pre-Galilean models of motion

than physically accepted Newtonian models. These alternative frameworks would come to be

called pre-conceptions, alternate conceptions, or naive-conceptions. McCloskey claimed that, in

order for instruction to be effective, students’ naive conceptions must be taken into account
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rather than simply assuming that their knowledge needs to be formalized.

Proponents of network models of cognition (e.g. diSessa, 1993b; Hammer, 1996), however,

objected to this aspect of unitary models in which treat prior-conceptions as things that interfere

with learning and must be wholly discarded in order to make room for correct conceptions. This

view of conceptual change, argues Smith et al. (1993/1994), conflicts with a constructivist view

of learning in which students build new knowledge out of prior knowledge. Additionally, this

view of conceptual change implicitly assumes that a pre-conception that is to be discarded

during learning contains no content that can be productively used. Hammer argued that “if

students construct new understandings out of their current knowledge, then there must be

aspects of their current knowledge that are useful for that construction,” (Hammer, 1996,

p.1319).

Chi (1992) presents a slightly different framework of concepts, modeling knowledge as be-

ing organized within hierarchical categories. Within Chi’s model, concepts, such as “Robin,”

“chicken,” and “eagle,” are unitary ideas that can be clustered together in categories, such as

“birds.” At some level, argues Chi, different categories become ontologically distinct. That

is, elements in one category share almost no similarities to objects in another. Conceptual

change within Chi’s framework involves a change in the relationships between concepts that ex-

ist within a rigid hierarchy. While this model is suggestive of the manifold network models (see

diSessa, 1993b; Hammer, 1996), Chi’s framework presumes both an implicit categorical hierar-

chy and the existence of unitary concepts, two features that are absent from network models.

diSessa and Sherin (1998) additionally point out that, within the body of literature, the term

“concept” is still poorly defined, citing both the theoretical imprecision and manifest variety

inherent in what we might call “concepts.” Indeed, “even if we can name [a cognitive] task with

a word of phrase... this does not mean that any unified mental structure, such as a concept,

is responsible for an individual’s ability to perform that task” (diSessa and Sherin, 1998, p.

1160). Furthermore, Hammer et al. (2005) point out that the model of unitary concepts cannot

properly accommodate the flexibility and variability observed in student reasoning.
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Notably, Chi and Slotta (1993) position this hierarchical model as an alternative to the

“knowledge in pieces” model supported in the early work of diSessa (1993b) and which would

become a theoretical predecessor to the Resource model of knowledge. Chi and Slotta argue,

in contrast to the fragmentary nature of diSessa’s phenomenological primitives, that intuitive

knowledge does indeed contain an underlying level of coherence and ontological organization.

Novices, for example, might view force, heat, or electrical current as material substances that

can be imparted to a physical body or used up – a view suggestive of a “matter” ontology.

While this coherence of naive physics knowledge “may not be theory-like in the nomological

sense, it is coherent in the sense that concepts are represented as members of particular on-

tological categories,” (Chi and Slotta, 1993, p.255). diSessa (1993a), however, cautions that

an ontological hierarchical view has many deficiencies. Notably, it lacks categories that can

adequately describe certain physical principles, such as entropy and relativity, from an expert’s

point of view. Further, it lacks a mechanism for the development of a new ontological category.

diSessa’s central critique can be captured in the following quote:

“Chi and Slotta offer no psychological motivation or description for ontologies, no

process model (How do they work?), no genetic accounts (How do naive ontologies

develop?), or functional accounts (What do they do?)” (diSessa, 1993a, p.273).

3.2.2 Theoretical Underpinnings of Resources

Let us turn, now, to discuss the resource picture of knowledge in more detail. Hammer (2000)

proposed that student knowledge is a manifold construct. That is, knowledge consists of many

patterns of activation rather than as a singular robust construct which has been “pre-compiled”

(Hammer et al., 2005, p.7). Hammer (2000) further describes resources as being linked together

in something of a network so that the activation of one can trigger or inhibit others (Hammer

et al., 2005). These networks of association can be dynamic and dependent on the situational

context. Importantly, learning, in this model of cognition, does not involve the acquisition of

a cognitive object, such as in the mental models framework of Vosniadou (1994), rather it is
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the cognitive state that emerges from the cascading activation of multiple resources. If two

“concepts” are similar, they may suggest the mutual activation of a set of resources.

Hammer (2000) proposes two types of resources: conceptual and epistemological2. Concep-

tual resources represent chunks of ideas or procedures which students have formed from their

prior experiences of interacting with the world. A continued interaction with the world will

trigger the cascading activation of these pieces to form a broader, emergent conception. Many

of the nodal structures that were present in the literature prior to the development of the re-

source model can be considered types of conceptual resources (see Redish, 2004), including the

more generally descriptive facets (Minstrell, 1992) and raw intuitions (Elby, 2001), as well as

the more technically defined phenomenological primitives (diSessa, 1993b) and causal networks

(diSessa and Sherin, 1998).

The second type of resource, epistemological resources, concern how people understand the

nature of knowledge itself; what it is, how it is formed, and where it comes from (Hammer, 2000).

Like conceptual resources, epistemic resources can be triggered or suppressed depending on the

situation. For example, when asked where a doll’s name came from, a little girl might say, “I

made it up!”, indicating that that knowledge was invented. Or when asked, “how do you know

that all objects fall at the same rate?”, a physics student might answer, “my teacher told me,”

indicating a belief that knowledge comes from authority. Observing what epistemic stance a

student takes toward learning (e.g. acceptance, puzzlement) or what epistemic activities he/she

engages in (e.g. checking, accumulation) can be quite suggestive as to what epistemological

resources have been activated (Hammer and Elby, 2003) and, importantly, what conceptual

resources have been activated (Tuminaro and Redish, 2007).

Resource Links

While numerous nodal elements have been absorbed into the Resource framework, the task of

describing a satisfactory model of links is still “a major area of research” (Wittmann, 2006).
2We should not assume that these are the only two types of resources that would be needed for a full description

of the mind, however these two are sufficient for our analysis and, luckily, both are well discussed in the literature.
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According to Redish (2004), the process of learning appears to be associated both with the

development of new links and the strengthening of existing links. Understanding this linking

process from a resource perspective would greatly aid researchers in developing new instructional

practices. For example, given a proper model of links, conceptual change can be neatly re-

imagined within a resource framework as a process of linking and re-linking nodes within the

network (e.g. diSessa and Sherin, 1998; Wittmann, 2006). Because of its less developed model

of links, however, Resource Theory must be considered more of a “theoretical framework,” than

a full theory (Redish, 2004).

Redish provides a hint of what resource links might be by anchoring the model in the neural

activity of the brain, noting that “all cognition takes place as a result of the functioning of

neurons in [an] individual’s brain” (Redish, 2004, p.5). To bridge the neurological considerations

to behavioral observations, Redish notes that the ideas of activation, association, and inhibition

from neuroscience are also established properties of memory (see, for example, Braddeley, 1998).

Because the activation of one memory can trigger the activation or priming of another, resources

can be thought to associate in a similar way3. While the biological organization of neurons

provides a neural basis for links, it does not tell us how or when the activation of one resource

will trigger the activation of another resource. Wittmann further criticizes this description

of resource links on the grounds that there exists no observational tools that can distinguish

how two resources might be linked or whether a resource is primed or simply inactive. It is

possible, however, to observe when a particular resource is activated and, more importantly,

what patterns are being activated. Rather than focus on linking mechanisms, then, it may be

more productive to focus on associated patterns of activation.

The most obvious examples of associated patterns of resources are the causal nets of diSessa

and Sherin (1998). We’ll discuss these in more detail in Section 3.3.2. Suffice it to say, these

function as coherent collections of activated resources. Two other constructs from outside the

network literature might also be reinterpreted as patterns of association: Both schema (see
3We must be careful, though: “can trigger” is intentionally vague language, implying an ambiguity in whether

or not there is an associated activation.
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Larkin, 1983; Ferguson-Hessler and de Jong, 1987) and mental models (e.g. Norman, 1983;

Johnson-Laird, 1986) describe frameworks through which knowledge – both conceptual and

procedural – might be organized. Principle-based schemata (Larkin, 1983) and problem-based

schemata (Ferguson-Hessler and de Jong, 1987), especially, suggest how different associations

of knowledge might determine which procedures become activated. Following the work of

D‘Andrade (1995), Redish (2004) proposes that mental models and schemata be associated

with patterns of resource activation and characterized along the dimensions of robustness,

unitarity, and coherence4.

Importantly, each of these frameworks features a description of how reasoning about a par-

ticular problem involves a context-dependent selection, whether explicit, tacit, or unconscious,

of a set of resources from a larger set (e.g. selecting the fast-food schema from the larger set of

restaurant schemata). This, of course, is the central insight of Resource Theory (Redish, 2004).

Each of these sets of resources, be they individual primitives or collections of procedures that

might, say, carry a tacit understanding of how a computer works, are considered to be useful

in some contexts. Reasoning involves the selection of those resources that might be useful in

a given context. This process, which can be associated with framing (Tannen, 1994), can then

cue the use of a particular discourse which can be observed in order to determine what sets of

background knowledge students are activating.

3.3 Background Knowledge: Causal Nets and Reasoning Prim-

itives

Now that we have discussed the theoretical basis of the resource model of knowledge, we can

begin to address the specific resources that will be used in this framework. One of the principle

motivations for using resources are their capacity for describing the knowledge base to which

students have access during computational modeling activities. There are four classes of re-
4Robustness refers to the likelihood that knowledge is activated in a variety of situations, Unitarity refers to

the extent to which collections of resources might be activated as a singular unit, and Coherence refers to the
extent to which diverse knowledge is tied together (Redish, 2004).
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Table 3.2: A knowledge base can be considered to be comprised of conceptual resources. These
are the conceptual resources tracked in this study, the portion of the knowledge base that each
one represents, and an example of each.

Conceptual Resource Knowledge Base Example
Reasoning Primitive Novice Intuition “Closer means hotter.”

Symbolic Form Knowledge about the struc-
ture of equations and pro-
grams

� + � + � + ...

Interpretive Devices Strategies for reading mean-
ing into equations

“so, this sums up all the nu-
cleons in a gold nucleus.”

Causal Net Knowledge about physics
principles or physics prob-
lems

The momentum Principle

sources that I will use to describe aspects of the knowledge base which students use. These are

summarized in Table 1.2, which I have reproduced here (Table 3.2) for the ease of the reader.

In this section, we will discuss the two classes of resources that students can activate as they

reason about the physical world: reasoning primitives and causal networks. In the next section,

we will discuss symbolic forms and interpretive devices, which describe how students read and

interpret both math equations and programming statements.

3.3.1 Reasoning Primitives

Reasoning Primitives (“primitives,” for short) represent intuitive knowledge about phenom-

ena and resemble heuristics or rules-of-thumb which can be used to reason about the world

(diSessa, 1993b; Redish, 2004). These knowledge elements are primitive both in the sense that

they lack sophistication and that they require no further justification5; they can be invoked

simply because “that’s how things work.” Reasoning primitives are not incorrect in and of

themselves, however they can be misused. The indiscriminate use of primitives tends to pre-
5Importantly, the word “primitive” is not meant to evoke a pejorative judgement of societal sophistication.
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cede the development of more coherent understandings of physical situations and are observed

to occur throughout introductory courses (e.g. diSessa, 1993b; Redish, 2004), including those

that feature computational modeling activities (e.g. Sherin et al., 1993).

The development of reasoning primitives grew out of an attempt to describe the appar-

ent “knowledge in pieces” that novices displayed, as opposed to experts’ connected knowledge

(diSessa, 1993b). diSessa (1983) observed that novices, in an attempt to describe the behavior

of natural phenomena, would latch onto particularly salient features of those phenomena, but

would then use these features to provide a sense of mechanism beyond their applicability. In

diSessa’s words, “physics-naive students begin with a rich but heterarchical collection of recog-

nizable phenomena in terms of which they see the world and sometimes explain it” (diSessa,

1983, p.16). These experimentally learned pieces of knowledge that may well have originated

from higher-level processing, however they are used as base explanations for physical phenom-

ena. diSessa (1993b) originally called these knowledge elements phenomenological primitives

(“p-prims,” for short) to emphasize their descriptive origin. Many of these, however, are highly

specific to particular situations or problem representations. Redish (2004) would later propose

that p-prims can be considered to be facets of generalized “reasoning primitives.”

Primitives are small in grain size, possibly behavioral, structures of knowledge. They provide

a sense of mechanism for various phenomena, though they do not themselves have to represent

any physical principle or idea. Primitives can be activated in situations were they are deemed

to be relevant and, once active, provide a base, or rather “primitive,” explanation for a given

phenomenon. Importantly, primitives are self-explanatory; “Something happens ‘because that’s

the way things are’”(diSessa, 1993b, p. 112). primitives are not inherently incorrect, however

they can be inappropriately activated. As one progresses towards expertise, the cuing priority6

of abstract reasoning primitives diminishes in favor of formalized theories. Students in intro-

ductory physics courses, however, are surely not yet at this point. For this reason, reasoning

primitives are important components of their knowledge base that might affect programming
6cuing priority refers to the probability that a particular resource will become active in a given context.
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practices.

diSessa provided an extensive list of primitives that he identified through his research. Due

to the contextual dependance of these primitives, one should not expect to see a full set of

primitives within any given selection of data. It is highly unlikely, for example, that students

modeling a collision problem would use the idea of “springiness” in their reasoning (though we

should be ready to code such an occurrence). It is important, however, to keep track of those

primitives that diSessa identified as they might be used in student reasoning. Importantly,

diSessa notes that his list is non-exhaustive. Any new primitive that might be identified with

a body of data should satisfy diSessa’s list of qualifications for consideration. Let me discuss

one primitive that I identified in my data but was not described by diSessa (1993b). A full list

of primitives found in my data can be found in the appendix.

Charges Attract/Repel

“Charges attract/repel” expresses the simple descriptive idea that opposite things are drawn to

one another while similar things are repelled from one another – or alternatively, that things are

attracted because they are opposite and that things repel because they are the same. This idea

satisfies many of the principles described by diSessa (1993b) for consideration as a primitive.

“Charges attract/repel” contains no information about an underlying mechanism beneath its

descriptive nature (e.g. the electric force in the case of electric charges) but may still be offered

as an explanation for a phenomenon. Because of the lack of an explanatory mechanism, this idea

contains no information about how the interaction might affect the individual objects after their

attraction or repulsion. In physics, this idea generally comes into play when discussing electric

charges but it can be mis-applied to other physical situations. For example, students have been

observed to apply this type of reasoning to magnets, even considering an interaction between a

magnetic pole and a static charge (Maloney, 1985). This idea can also be seen in the oft-stated

relationship cliché “opposites attract.” An example of “charges attract/repel” was found in

the literature (e.g. Radula, 2005), however Radula presents this reasoning primitive only as a
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possibility within a broader discussion on electrostatic misconceptions. Little discussion was

given over to the primitive itself.

Let me provide an example from my data:

Estelle: Would they both repel because they’re both positively charged?

Madeline: Ahh, that makes sense.

Frank: Positively charged... so that would make sense that they repel each other.

This exchange occurs while Estelle, Madeline, and Frank are attempting to predict the visual

output of their Rutherford scattering MWP. In this example, it is self evident to the students

that the two charges repel; “They’re both positively charged,” the students reason. The stu-

dents, here, do not consider reasoning from physics principles. Instead, this simple heuristic

turns out to be sufficient for these students as they generate a prediction; indeed they do not

invoke a physics principle (beyond reading through the lines of code) until after they have

run the program for the first time. The superficiality of this idea, along with its simplicity,

primitive nature, wide application, and built-in vocabulary, satisfies many of the principles for

consideration as a primitive given by diSessa (1993b).

3.3.2 Causal Nets

Causal Nets represent broad collections of knowledge and were defined out of an attempt to re-

think conceptual change (diSessa and Sherin, 1998). Finding the conceptual change literature

lacking in a proper definition of “concept,” diSessa and Sherin (1998) sought to generate their

own definition. They note that a proper definition of “concept” ought to account for standards

of what it means to know a concept, describe a wide variety of qualitatively different concepts

(dogs and numbers, for instance), describe conceptual change in a way that accounts for the

operation, emergence, and change of concepts, and should describe the process of student

thinking before, after, and during conceptual change. diSessa and Sherin propose coordination
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classes as types of concepts that might be useful for science learning. Redish (2004) redefined7

coordination classes as “a specific collection of knowledge and strategies that allow us to read

out (‘see’) a distinctive class of information about the world.” In this sense, a coordination class

allows one to “coordinate” empirical information from the world.

Simply being able to gather information, however, is not sufficient to build understanding.

Indeed, gathering enough information to make inferences about the real world implies a “pool

of knowledge relevant to defining a coordination class” (diSessa and Sherin, 1998, p.1174). This

class of background knowledge is called a causal net. Causal nets correspond roughly to the set

of expectations one might have about causality and they take the place of theories in theory-

based ideas of categories. Physical quantities, for instance, would be considered coordination

classes while overarching connections, such as the Momentum Principle, would be considered

causal nets.

Reasoning primitives, while not considered to be coordination classes due to their small

grain-size, are certainly integral to causal nets, especially considering that novice understanding

can be considered to consist of a rich compilation of reasoning primitives. Indeed, diSessa

and Sherin note that a collection of primitives can form a person’s first causal net, providing

for a naive sense of mechanism. Additionally, just as novices can form causal nets around

primitives, experts can form causal nets around physical principles. Equations, also, are not to

be considered coordination classes in and of themselves. They are, however, integral parts of

causal nets in that they can allow a student to coordinate between two different quantities.

It is worth noting that the ability to coordinate information as described by diSessa and

Sherin is similar to the account of principle-based schemata given by Larkin (1983). Different

classes of principles are associated with different schema, for example, the force schema or the

work-energy schema. Experts, according to Larkin can coordinate between different schema

when attempting to solve difficult problems. Causal nets, in a sense, take the place of principle-
7diSessa and Sherin (1998) originally defined coordination classes as “a systematic collection of strategies for

reading a certain type of information about the world,” however I use Redish’s definition so that his inclusion of
“knowledge” can serve as a direct reference to conceptual resources.
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based schemata within network theories. The main difference, however, is that causal nets can

contain declarative knowledge while schemata generally only contain procedural knowledge.

Additionally, while the principle-based schemata of Larkin (1983), might be able to accom-

modate the content conversations that accompany specific procedures, they alone would not

be able to address any on-point conversations that diverge from the standard problem-based

schema8. Sherin (1996) further notes that Larkin constrains herself to considering internal

problem representations in the context of physics (expert or otherwise) while Sherin suggests

that some interpretations need not be content-based.

Causal Nets as Tools for Identifying Physics Knowledge

In order to examine students’ use of content knowledge, I adopt the use of causal nets within

my framework. I take a slightly different stance from diSessa and Sherin (1998), however, and

claim that, in addition to physics principles, novice causal nets can be formed around common

problems in a manner similar to the problem-based schemata described by Ferguson-Hessler

and de Jong (1987). This follows from Redish’s claim that schema, like causal nets, can be

considered to be patterns of associated resources.

The astute reader might object to the fact that taking causal nets to include both physics

problems and physics principles results in a significant amount of over-specification for the

physics content that students use. I argue, however, that, just as experts can discuss physics

problems in the context of particular principles, students often discuss physics principles in the

context of particular problems. It thus makes sense to keep track of problem representations

of content. Indeed, allowing for multiple associations of physics content is supported by the

original conception of Resource Theory as a manifold network in which individual resources can

form dynamic patterns of association that are highly dependent on the context of a situation

(Hammer, 2000).
8A notable example comes from three research participants, Jeffrey, Maude, and Walter. These three precede

their modeling of Rutherford scattering with a brief discussion on the history and significance of both Rutherford’s
gold foil experiment and J.J. Thompson’s discovery of the electron. To be sure, this is relevant content knowledge
but it is clearly not part of a solution procedure.
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Keeping track of the types of physics problems can be an important way of determining

how students are understanding their task. While it is important to recognize that a student

is making use of the momentum principle, say, it will also be informative to determine the

context in which the momentum principle is being used. Let me briefly describe two analytic

problem types that the students in my study had experience solving prior to their computational

modeling tasks: “Uniform Circular Motion” and “Collision Problems.” These problem types

played an important part in students’ reasoning about how to complete their MWPs. The

reader, however, should keep in mind the context dependence of the content resources used for

these problems. Indeed, had the students in my study been tasked with modeling, say, nuclear

decay, I might instead be discussing here problems involving first order differential equations.

Uniform Circular Motion

A subset of curving motion problems, the idea of solving uniform circular motion problems is

to impose the boundary condition

dR

dt
= 0 (3.1)

that is, the particle in question is restricted to move along a curving path. With this restriction,

a central force, such as a gravitational force, is constant and acts perpendicular to the particle’s

motion. Thus it contributes only to a change in the direction of motion, not to a change in

speed. Solving the momentum principle with this boundary condition produces the following,

derived, equation:

Fgravity =
mv2

R
(3.2)

This says that the strength of the gravitational force (left hand side) is equal to the rate of

change in the direction of momentum (right hand side). This is a particularly salient equation

judging by the ease with which students recall it, such as when a participant in my study,
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Roslyn, exclaimed “Oh, gosh, is that like the M V squared over R?” It should be emphasized,

however, that imposing boundary conditions of this sort is unproductive in a computational

model which is meant to generate a trajectory based on initial conditions.

Collision Problems

The idea behind solving an analytic collision problem is to apply the conservation forms of the

three fundamental principles9 to the initial and final state of the system:

~pf = ~pi (3.3)

Ef = Ei (3.4)

By taking the temporal boundaries to be far enough before and after the collision, one can

effectively remove the burden of considering the actual interaction between the colliding parti-

cles. This is a powerful consequence of the conservation forms of the fundamental principles.

By eliminating the interaction from the analysis, however, we lose the ability to generate a

full trajectory. Furthermore, the use of the final state as a boundary condition in this analysis

presumes a knowledge of the final dynamical variables. This, of course, may not be the case.

Indeed, computational models of collisions, such as the Rutherford scattering MWP, utilize the

interactions in order to generate final values of dynamic quantities.

3.4 Comprehension and Composition: Forms and Devices

An essential component of understanding how students generate computational models – and

thus an essential component of a framework for modeling programming practices – is to un-

derstand how students read programs. This aspect of comprehension has been explored in the

programming and cognition literature, most notably in the models of programming plans (e.g.
9The Angular Momentum Principle, like the momentum and energy principles, dictates that there is a third

quantity called angular momentum, which is also conserved during an interaction. By the time of the Rutherford
scattering MWP, however, the students would have only just encountered angular momentum in class.
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Ehrlich and Soloway, 1984; Bonar and Soloway, 1985) and templates (e.g. Linn et al., 1987;

Linn and Clancy, 1992). In his Theory of Forms and Devices, however, Sherin provided an

alternate way of modeling how students read programming code.

Motivated by the idea that programming languages can be used in physics as equivalent

representational systems to algebraic (i.e. pen-and-paper) systems, Sherin (1996) formulated

the Theory of Forms and Devices in order to understand the role that equations play in stu-

dents’ understanding of physics. Traditionally, physics has been dominated by one primary

symbolic representational system: Algebraic Notation10. Indeed, this representational system

is so important to physics that most statements made about physical systems, most reasoning

done about nature, must be done through the lens of mathematical symbols. To quote no less

an authority than Richard Feynman:

“It is impossible to explain honestly the beauties of the laws of nature in a way that

people can feel, without their having some deep understanding in mathematics. I

am sorry, but this seems to be the case” (Feynman, 1965, p. 39).

.

A computer program is, at its heart, also an external representational system. That is, it is

an abstraction of a particular process. In the context of physics, programming can be seen as a

means of representing a physical system that is entirely equivalent to an algebraic representation

Sherin (1996). To be sure, algebraic-like equations appear in programming code, however this

representation has a wholly different character. While the algebraic representation of physics

tends to emphasize balancing and equilibrium, the programming representation emphasizes

processes and causation (Sherin, 1996) – “algorithmic reasoning,” as some call it (Syslo and

Kwiatkowska, 2008). Sherin’s goal was to ascertain the benefits of these two representational

systems in comparison with one another. The result of this analysis was a framework for

understanding how people “see” symbol patterns and read meaning into those patterns.
10This is meant to include the full range of equations that a physicist might write. Sherin also deliberately

restricted himself from examining other representational systems such as graphs and pictures.
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3.4.1 Foundations of Forms and Devices

When a person looks at a piece of literature, there are many features at various grain-sizes that

might be “seen:” lines, letters, words, sentences, paragraphs, etc... Similarly, when a person,

physicist or novice, looks at an equation, there are many features to be “seen.” Sherin (1996)

borrows the term registration from Roschelle (1991) to describe this parsimonious way in which

someone might carve his or her sensory information into parts. There are many important

registrations that might be read from a set of equations: individual symbols, such as “t,” “p,”

or “+,” numbers, such as “1,” “8,” or “336,” whole equations, such as “∆~p = ~FNet∗∆t,” groups

of symbols, such as “∆~p” or “( pm),” and symbol patterns, which can be taken to be regular

arrangements of symbols that themselves carry meaning. These symbol patterns, which Sherin

(1996) calls forms, form the crux of Sherin’s framework. Students, according to Sherin (2001),

learn to read a large vocabulary of ideas from various symbol patterns by associating each

pattern with a simple conceptual schema that contains the “idea” of the form. For example, a

student who encounters the symbol pattern,

�±�±�± ..., (3.5)

which Sherin (1996) calls “competing terms,” may interpret it as indicating competing in-

fluences: forces, say. This is similar to the idea that students possess a set of problem-based-

schemata from which they can identify whole equations and directly associate them with physics

principles or problem types (Chi et al., 1981; Larkin et al., 1980), however Sherin’s model is

not limited to a search within equation space nor is it associated with any physics principle

or problem class (Sherin, 2001). Rather, Sherin’s conceptual schemata are closely tied with

reasoning primitives.

Sherin (1996) identified a number of symbolic forms in his data and he organized them

into clusters which represent groups of forms that tend to involve ontologically similar entities.

For example, forms in the “competing terms” cluster tend to involve directional influences,
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Table 3.3: List of algebraic symbolic forms identified by Sherin (1996, p.75)
Competing Terms Cluster Terms are Amounts Cluster
Competing Terms �±�±�... Parts-of-a-Whole [� + � + �...]

Opposition �−� Base ± Change [�±∆]
Balancing � = � Whole - Part [�−�]
Canceling �−� = 0 Same Amount � = �

Dependence Cluster Coefficient Cluster
Dependence [...x...] Coefficient [x�]

No Dependance [...] Scaling [n�]
Sole Dependance [...x...] Other
Multiplication Cluster Identity x = ...

Intensive · Extensive x× y Dying Away [e−x...]
Extensive · Extensive x× y

Proportionality Cluster
Prop+ [ ...x...... ] Ratio [xy ]
Prop− [ ...

...x... ] Canceling(B) [ ...x......x... ]

like forces or momenta. Forms in the “terms are amounts” cluster, on the other hand, tend to

involve material quantities11. Table 3.3 contains the list of algebraic forms that Sherin identified

in his data corpus. Definitions of the forms that were identified in my data can be found in

the appendix, however a cursory glance at the form names will reveal that their functions are

fairly self-explanatory.

3.4.2 Programming as a Representational System

If algebraic forms are meant to answer questions like “how does a student know to write +

instead of ×?” then computational forms are meant to address questions like “how does a

student know to put a particular statement at that location in the program?” (Sherin, 1996,

p. 311). To be sure, algebra-like statements do occur in programming code – and algebraic

forms can be invoked during programming activities – however there are some major differences
11I use the word “tend” to imply that these clusters are not restricted to directional and material entities,

respectively. The expression ~Fnet = ~F1 + ~F2 + ..., for instance, contains directional entities but might be seen as
“parts of a whole” by virtue of the entities adding up to a “net” amount.
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between programming physics and algebra physics that necessitate a set of programming-specific

forms and devices. Specifically, Sherin argues that “Programming physics privileges a different

intuitive vocabulary.” While algebra physics tends to use a language of balance and equilibrium,

programming physics tends to use a language of processes.

Let me provide two examples of this. First, programming code tends to be “directed,” that

is, equations represented in a program are not symmetric. Consider the equation for a spring

force:

~F = −ksxx̂ (3.6)

Algebraically, this reads the same forwards as backwards; ~F is the same as −ksxx̂. Computa-

tionally, however, this statement would be read as a directed statement of assignment: compute

the value −ksxx̂ and save it as ~F . While this may simply be a semantic detail with an equa-

tion like the spring force, above, it can create real differences in the way update equations are

represented in the code. Take the update form of the momentum principle:

p = p + Fnet*deltat (3.7)

Algebraically, this is complete nonsense (ignoring the trivial case of when the impulse is zero).

When read as a statement of assignment, however, it is quite obvious: take the value p, add

the value Fnet*deltat, and save the whole thing as p. This is not a foreign procedure for

students; they do this whenever they save a document on a computer under the same name

that it had had before any changes were made. The difficulty comes in misreading an equation

of reassignment as an algebraic equation.

The second example is the strict ordering that governs line placement in a program. Specif-

ically, if a variable is used in one line, the computer requires that it be defined in a previous

line. Indeed, “programming is tyrannical in enforcing line ordering,” (Sherin, 1996, p.293).

An excellent example from my data is the full VPython calculation for Newton’s gravitational
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interaction:

r = craft.pos-Earth.pos

rhat = r/mag(r)

Fgrav = G*mEarth*mCraft*rhat/mag(r)**2 (3.8)

First r is computed using Earth.pos and craft.pos (presumably these have been previously

defined). r is then used to compute rhat. And finally, both r and rhat are used to compute

Fgrav (again, presumably mEarth, mCraft, and G have been previously defined). Thus, while

the Theory of Forms and Devices as applied to an algebraic representation was focused on

individual equations, computational forms and devices focus on how students interpret line-

spanning structures.

3.4.3 Symbolic Forms

Let me now discuss the programming-specific symbolic forms that Sherin (1996) observed in his

programming data. These are summarized in table 3.4. While students in both Sherin’s data

and my own data made use of algebraic forms and devices, I will primarily focus on those forms

which are programming specific. While Sherin represented his forms in Boxer programming

language, I will present the forms in Python so as to be consistent with what my students have

read.

Setup-Loop

The iterative loop is an important landmark in a program. It is the driving engine of a computa-

tional model and is thus an important component of a program’s global structure. Furthermore,

it is easily differentiated from the rest of the program. In VPython, for instance, the iterative

loop begins with a clear marker, “while t<60:,” and the statements within the loop are in-

dented. Indeed, the identification of the iterative loop played an important part in the student
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Table 3.4: List of programming symbolic forms identified by Sherin (1996). These forms
are presented, here, according to Python syntax, though their content remains unaltered from
Sherin’s definitions.

Process Cluster
[ ... ] [a = ...]

Sequential Process [ ... ] Setup-Loop [b = ...]
[ ... ] [repeat ...]

Variation [ ... ] Constancy [x = ...]
[x = ...] [ ... ]

Dependance Cluster
[b = ...a ...]

Serial Dependance [c = ...b ...]
[d = ...c ...]

...

discussions that came both from Sherin’s data and my own data. Three of the five programming

forms that Sherin identified are associated with a line’s placement in relation to the iterative

loop. These three forms, together with “sequential process,” which is also associated with the

global program structure, form the “Process Cluster.”

Students who use the “Setup-Loop” form see the program as being decomposed into two

portions: one that initializes parameters and gets things ready for motion, and a “repeat” state-

ment (“while,” in the VPython MWPs assigned to the students in this study) that repeatedly

executes a set of procedures. That is, “Setup-Loop” creates a clear distinction between what is

inside the loop and what is outside the loop (see figure 3.1). Take, for example, Howard, Tina

and Xavier’s conversation from my data:

Howard: It wouldn’t do anything yet, right? ’cause we’re not using it, ’cause we

have to use U electric somewhere.

Tina: Yea, you’re just defining it, right?

Howard: Yea.

Xavier: and that would... change... well we should have it defined and then we
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Figure 3.1: The Setup-Loop structure for a completed model a 2-body gravitational inter-
action. This image has been left blurry so as to focus the reader’s attention on the global
setup-loop structure.

should have...

Never mind that Uelectric is an inappropriate physical quantity to use, in this context. These

three students clearly distinguish where it should be defined and where it should be used. Notice,

also, the casualness in the way that Howard says “use,” as if everything should be initialized

and then set to run, like a wind-up toy. Sherin (1996) noticed a similar flow of conversation

from his students. Indeed, this division between the setup of the program and the iterative loop

is seen by the students as a meaningful pattern, just as they might view any of the algebraic

forms as meaningful symbol patterns (Sherin, 1996).

Sequential Process

When the “Sequential Process” form is active, students will imagine a process as consisting of

two or more sequential pieces, each of which corresponds to a particular segment of motion.

These segments are related in that they are ordered. In some respects, the “Setup-Loop” form

can be thought to be a special case of the “Sequential Process” form. However, in the “Setup-

Loop” form, the iterative loop takes on special significance whereas in the “Sequential Process”
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Figure 3.2: Estelle, Roslyn, and Yolanda’s simulation of a spacecraft trajectory around the
Earth. The gravitational force was calculated outside of the loop, resulting in a parabolic
trajectory. Roslyn activates the “sequential process” form to interpret how the trajectory was
generated in the loop.

form, the iterative loop is equally as important as the other segments.

Let me provide an example. Estelle, Roslyn, and Yolanda have just modified their spacecraft

Earth MWP, however they neglected to place their force calculations inside the iterative loop.

A still of the resulting animation can be seen in figure 3.2. Observing that the first portion of

the trajectory looks correct, Roslyn asks,

Roslyn: So, do you do it midway through and down? Because it’s working from

this side to the top. You’ve got to do from top to-

Roslyn appears to have mentally divided the trajectory into two pieces: the first half “from

this side to the top,” which works and the second half, “from the top,” which doesn’t. Subtly,

Roslyn also seems to have mentally divided the iterative loop into two pieces too. “Do you

do it midway through?” she asks, as if the first half of the loop controlled the first half of the

trajectory. Roslyn, here, has appealed to the “Sequential Process” form. Notice, also, that
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Roslyn assigns these two pieces, apart from their order, identical importance. Indeed, it is just

as important that the spacecraft successfully completes the first half of its orbit around the

Earth as it is that it completes the second half of its orbit.

Let me provide another example of “Sequential Process.” Roslyn, again, uses this form

during the Rutherford scattering activity as her group is trying to determine what equations

they should enter into their MWP.

Roslyn: Do you think you, say, have [the alpha particle] come to there, and then

at that point the V equals zero, and then you have it go back? Is there something

you can do with that?

Roslyn, here, has mentally divided the trajectory of the alpha particle into three pieces: before

the collision, after the collision, and the instant of physical contact. Roslyn suggestion implies

that there should be different sets of code for each part of the trajectory. For example, at the

point of contact, they should have “V equals zero.” Note that in both examples, Roslyn has

focused on the trajectory of the particle and not on (long-range) interactions. Indeed the use

of this particular form was indicative that the students were focusing on “making” an object

move rather than focusing on how to use the iterative loop to update dynamical variables.

Variation and Constancy

Like “Setup-Loop,” the “Variation” and “Constancy” forms are intimately related to the loop.

Rather than create a distinction between these two regions of code, however, both “Variation”

and “Constancy” pertain to the contents of these regions of code. The “variation” form asso-

ciates the contents of the iterative loop with quantities that change over the course of a physical

model while “Constancy” is associated with quantities that are defined and remain static over

the course of a physical model.

Students in both this study and in Sherin’s would frequently engage in discussions about

where in the program to place a line of code; inside the loop or with the constants. Discussions

like these support the observation made by Sherin (1996) that forms guide students’ decisions
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on where to place lines of code in the same way that they might guide a student to write “+”

rather than “×.” Consider the following interaction between Paine and Yolanda:

Paine: So where do we put this [the Coulomb force]?

Yolanda: I’d put it in the bottom.

Paine: In the loop?

Yolanda: It’s going to change.

Paine: How do you know that? The charges don’t change. What changes?

Yolanda: But the distance, the distance changes.

Yolanda instructs Paine to insert the Coulomb force into the loop because “it’s going to change.”

How did she know that this is where that line ought to be placed? Sherin suggests that Yolanda

had the “Variation” form activated. Paine, on the other hand, had the “Constancy” form

activated, focusing on the fact that neither of the two charges would change. Both of these

students recognized that things that change belong inside the loop while things that remain

constant belong outside of the loop.

One important aspect of the “Variation” and “Constancy” forms is that they only constrain

where in the program a particular line should be placed, they do not specify where it should be

placed. Observe that Yolanda only suggested that the Coulomb force be put “in the bottom,”

but she did not specify where in “the bottom” it should go. That not all features of a program

structure are specified by a particular form is similar to how not every feature of an algebraic

expression is specified by an algebraic form.

Serial Dependence

The final programming form, “Serial Dependence” also concerns the placement of lines. Unlike

the other programming forms, however, “Serial Dependence” is associated with a conceptual

schema that is primarily concerned with the relationship between physical quantities rather

than a particular process. For this reason “Serial Dependence” is placed in the “Dependence”
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cluster along with the algebraic forms that dictate whether one quantity is dependent on some

other quantity.

When writing equations in computer programs, often times the equations appear as chains

of dependent quantities. Consider, again, the gravitational force:

r = craft.pos-Earth.pos

rhat = r/mag(r)

Fgrav = G*mEarth*mCraft*rhat/mag(r)**2 (3.9)

Fgrav is dependent on rhat, rhat, in turn, is dependent on r, and so forth. This form appeared

frequently in Sherin’s data. Indeed, students in my data were also very sensitive to this form.

For example, Celia and Yolanda use it when discussing r̂:

Yolanda: So, we need to define R hat.

Celia: Yea, so I guess you can do that right after R.

Estelle, also considering r and r̂:

Estelle: I think we have to do R before we can do the R vector.

Howard, Tina and Xavier even propagate a bug through their sequence of calculations in order

to preserve “Serial Dependence:”

Xavier: Capital that would change it [t. capitalizes pAlpha in the momentum up-

date].

Howard: I think so.

...

Howard: Alright, yea, and then change this to capital P too [t. capitalizes pAlpha

102



in the position update].

This last example is evidence that even students generating bugs in their programming are still

sensitive to the “Serial Dependence” form. Howard consciously thought to change the later

variable so that it would be able to use their changed variable. As Sherin (1996) points out,

this is not a form that appears in algebra physics. After all, it makes no difference if you write

down a force law first or the momentum principle first. The point of all of this, however, is to

demonstrate that students are highly sensitive to “Serial Dependence” and use it frequently,

even when they are barely aware of general programming practices.

3.4.4 Interpretive Devices

While forms contain information about what a particular symbol pattern is meant to convey,

students must draw upon another class of knowledge in order to extract meaning from these

forms and embed them within the context of a problem. Motivated by the idea of literary

devices which students use to extract meaning from prose, Sherin (1996) proposes a set of

reasoning strategies, called Interpretive Devices12, that students use in order to determine

what an equation means within the context of a problem. This may be a vague distinction,

so let us turn to an example from Sherin’s study (Sherin, 1996, p.114) that can help illustrate

these two types of knowledge:

x =
mg

k
(3.10)

Jim: Okay,... as you have a more massive block hanging from the spring, [g. a

picture of a block] then you’re position, x, is going to increase, [g. x in diagram]

which is what this is showing [g. m then k]. And then if you have a stiffer spring,
12While Sherin (1996) used the term “representational devices,” I borrow the more evocative term from Tu-

minaro (2004).
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Table 3.5: List of algebraic interpretive devices identified by Sherin (1996, p.117); *Intuitive
Devices identified by Tuminaro (2004, p.92).

Narrative Static
Changing Parameters Specific Moment
Physical Change Generic Moment
Changing Situation Steady State
Special Case Static Forces
Restricted Value Conservation
Specific Value Accounting
Limiting Case Intuitive*
Relative Values Feature Analysis

Ignoring

then you’re position is going to decrease [g. uses fingers to indicate gap between

mass and ceiling]. That why it’s in the denominator. [sic]

Jim, in this example, has activated two forms. He sees the relationship between x and m in

terms of “proportionality plus” and the relationship between x and k in terms of “proportion-

ality minus.” But Jim does more than simply identify these forms; he describes what would

happen to the situation as the parameters are changed. This is an interpretive device called

“changing parameters.” Sherin (1996) identified three classes of Interpretive Devices: the “nar-

rative class” involves strategies in which elements of an equation are imagined to vary (as in

our example above), the “static class” involves strategies in which equations are mapped onto

a static situation, and the “special case class” involves strategies in which the values are con-

strained in some way. Tuminaro (2004) identified an additional class, called the “intuitive device

class” in which students abstract everyday reasoning strategies onto mathematics equations.

Table 3.5 has a list of the Interpretive Devices that both Sherin (1996) and Tuminaro (2004)

found in their respective data. Definitions for the forms that were found in my data can be

found in the appendix. Notably, devices are important knowledge elements for the construction

of new equations (Sherin, 1996), an aspect that will come into play during activities in which

students are tasked with generating computational models.
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Like forms, Sherin (1996) identified a group of Interpretive Devices associated with program-

ming physics. These devices are associated with the causal nature of program code, specifically

the ideas of sequential execution and repeated execution. In addition to the programming-

specific devices identified by Sherin (1996), an interpretive devices identified by Tuminaro

(2004), “Feature Analysis,” proved to be important in my data. While it is not, strictly, a

computational device, its appearance influenced procedures in a far more conspicuous manner

than other algebraic devices, so it is worth discussing here. Table 3.4.4 contains a list of the

interpretive devices that played prominent roles in students comprehension of programming

code.

Table 3.6: Sherin (1996) identified two programming-specific Interpretive Devices: “Tracing”
and “Recurrence.” The device “Feature Analysis,” which was identified by Tuminaro (2004),
turns out to also play a prominent role in computational modeling.

Narrative Class
Tracing

Static Class
Recurrence

Intuitive Class
Feature Analysis

Tracing

“Tracing” is the process by which a person mentally runs a program; thinking through it line by

line and explicitly considering how the program would be executed by a computer. “Tracing”

joins other forms in the narrative cluster due to its means of describing a process through

which something occurs (Sherin, 1996). This device is similar to the algebraic narrative device

“Physical Change,” in which a student might interpret some entity as changing over the course

of an interaction. However a student using “Physical Change” in the context of computational

modeling may only look at one or two lines of code and interpret these to indicate motion.
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“Tracing,” on the other hand, involves an explicit consideration for how the computer will

execute the code, often involving a narration through the structure of the code. Importantly,

“Tracing” can be counted as a programming device due to the fact that it does not occur during

algebraic reasoning.

Let me turn to Howard, Tina and Xavier for an example of “Tracing.” After defining an

electric potential energy in their Rutherford Scattering MWP, the three students pause to

debate on how it should be used:

Howard: Would that do anything? It wouldn’t do anything yet, right? ’Cause

we’re not using it. ’Cause we have to use U electric somewhere

Tina: Yea, we’re just defining it, right?

Howard: Yea.

Xavier: and that would (2.5) change (2.0) well, we should have it defined and then

we should have U electric plus change in kinetic is equal to zero, right? Within the

loop.

Xavier’s comment here is key: “we should have it defined and then we should have... within

the loop.” In this interpretation, Xavier has identified that the program will first need to have

Uelec defined and then it can use it later in a computation. Although he hasn’t considered

each individual line, Xavier has acknowledged the process by which the computer will execute

the program. Indeed, Sherin (1996) notes that “Tracing” need not follow individual lines; it

can be parsed into chunks. Another important point is Xavier’s use of the phrase “and then.”

Sherin (1996) noted that instances of “Tracing” in his data frequently occurred with chained

statements of “and then.” Note, also, that this is not occurring through “real time” as the

“Physical Change” interpretation might imply. Rather, this is occurring through computational

steps. “Tracing,” in effect, forces students to consider each instant of time as a sequence of

computational steps.
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Recurrence

“Recurrence” is the interpretive devices used to describe how a loop operates. Specifically, this

device is invoked in order to describe an entity in the loop “at each interval.” That is, this

device is used to explicitly acknowledge that a line of code will be repeated as the program

runs.

Sherin (1996) described “recurrence” as being part of the static cluster of devices. These

devices involve the general interpretation of an equation or part of an equation as being true at a

particular moment in the trajectory of an object, such as with the devices “specific moment” and

“conservation,” or being true at every moment in the trajectory of an object, such as with the

device “generic moment.” In a similar fashion, “recurrence,” involves interpreting an equation

as being true at each instant. This is subtly distinct from being true “at every moment.” While

that implies an equation as being continually true, “recurrence” implies a discretely repeated

calculation. Indeed, it is inappropriate to think of a programming equation as a continuously

obeyed constraint, but rather as an instruction that is carried out as one item in a sequence

that can be repeated.

Consider Eugene comparing the momentum principle to the position update formula.

cart.pos = cart.pos + (pcart/mcart)*deltat (3.11)

Eugene: We have to put a momentum update in [the iterative loop] that’s kind of

the same form as this position update so that this force of the air against it gets

factored in at every interval delta T.

Notice that Eugene describes the force of air being factored in at every interval. It is clear that

he understands that these equations will be repeated throughout the execution of the program,

factoring in the force of the air each time. Incidentally, Eugene notes that the momentum update

and the position update have similar forms; evidently, they must perform similar functions.

It was very common in my data for students to refer to entities within the iterative loop as
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being “updated.”

Estelle: Maybe we just put R, ... like that T down at the bottom [of the loop], like

R plus change in R.

Frank: Delta R.

Estelle: and that would update it.

Frank: We have to put in a delta R and say what delta R is.

Estelle: well, they don’t have a delta T, yea they do, um...

Frank: um

Estelle: maybe it will just update it... If it is moving anyway, it will update it.

Oh, look [g. position update] see, alpha position is being updated right before it.

Although Estelle seems to be a little confused on how the computer knows to update something,

she does seem clear that the code will be updated in discrete intervals and not simply changed.

This is supported by the group’s earlier discussion of the discrete changes “delta T” and “delta

R.” Indeed, the particular use of the verb “update” over the colloquial synonym “change”

suggests the use of the interpretive devices “recurrence” throughout my data. It should be

noted that students using the noun “update” as a name for particular lines of code (e.g. “the

momentum update”) cannot be taken as an instance of the device “recurrence” as that is the

proper name for those lines of code. The use of the verb “update,” however, does suggest

consideration for what a line of code does.

Feature Analysis

Let me open the discussion of “Feature Analysis” with a brief excerpt of Paine and Zeke’s efforts

to interpret their spacecraft Earth MWP.

Paine: [it’s] going to be a craft going around the Earth.

Zeke: [indicating this on the whiteboard] craft going to be going around it, or
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something.

Paine: that’s what I was thinking, (0.5) wait, is gravity in here whatsoever?

Zeke: Yeah, it’s right here [pointing to the gravitational constant G] isn’t it?

To be fair to Paine and Zeke, they quickly realized their error, however this type of overgen-

eralization was not an isolated incident. Attributing the presence of gravity to G, or circular

motion to the curve() command, or oscillatory motion to the helix object, occurred multiple

times throughout the data. Weatherford (2011), in his analysis of this same data, noted that

students would frequently let real world expectations inform their predictions about how the

MWPs would run. But this sort of behavior is not restricted to this study alone. Recall that

Sherin (1996) observed that students would often focus on individual lines of Boxer code, us-

ing these to make implicit assumptions about the rest of the program. Further, Ginat (2006)

observed that students would make global judgements about program behavior based on local

patterns of code. Looking beyond even computational modeling, recall that Chi et al. (1981)

observed that students would sort problems based only on their surface features, likely recalling

previous problems that had similar features.

Buffler et al. (2008) argues in his model of program comprehension that students can al-

low real world expectations to influence their interpretations of the programming code when

generating a conceptual model of the program itself. We must keep in mind, however, that

these interpretations weren’t imported ad hoc, rather they were triggered by a particular local

pattern of code. This suggests the presence of an interpretive devices by which students make

global judgements of a program’s behavior based only on localized features.

Tuminaro (2004), in his dissertation, identified just such an interpretive devices, which he

called “feature analysis.” Tuminaro defined this device as a form of pattern recognition by which

students would evaluate stimulus features individually. By way of example, one of Tuminaro’s

participants used “feature analysis” to claim that two objects had different values of momenta

due to the fact that they had both different masses and different speeds. Of course the two
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values of momenta turned out to be the same, but this event suggested that the participant was

analyzing the components of the momenta individually, inferring a global judgement about the

system. This form of pattern recognition is very suggestive of the behavioral patterns observed

from students making global judgements about individual programming lines. Tuminaro, how-

ever, identified this device in his observations of students solving algebraic problems, so we

must be careful about using “feature analysis” in this situation. I claim that it does turn out

to be the appropriate device to describe these situations and I turn to another example that

Tuminaro provides to demonstrate this.

“Feature analysis,” according to Tuminaro, is an intuitive interpretive devices that people

use when comparing two stimuli. Tuminaro abstracted this device from situations where one

might have to determine whether two faces are the same. If the faces have the same eyes,

nose, and mouth, say, then there is a high confidence that they are the same. But what about

situations where a face has a particularly distinguishing feature? A distinctive pair of glasses,

say, or an oddly shaped birth mark? Might someone be able to identify a face based solely on

this singular feature? Oliver Sacks (1985) gives a compelling description of just such a situation

in the opening chapter of The Man Who Mistook His Wife for a Hat :

“[Dr. P.’s] responses were very curious. His eyes would dart from one thing to an-

other, picking up tiny features, individual features, as they had done with my face”

(Sacks, 1985, p.10).

“I decided I would show him a volume of cartoons which I had in my briefcase.

Here, again, for the most part, he did well. Churchill’s cigar, Schnozzle’s nose: as

soon as he had picked out a key feature he could identify the face” (Sacks, 1985,

p.12).

Dr. P., in this example, had no sense of the whole picture; he could only identify faces once he

had picked out a particularly salient feature: Churchill’s cigar, or Einstein’s hair. A rose, to Dr.

P. was “about six inches in length... a convoluted red form with a linear green attachment,”
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(Sacks, 1985, p.13). Of course the students in this study and others clearly do not suffer from

the tragic cognitive disorder that plagued Dr. P., however they do seem to share one trait:

Much in the same way that Dr. P. viewed faces and roses only as a collection of features,

occasionally latching onto a particular key feature that he might associate with a whole, novice

programmers (like the students in this study) focus on local patterns of code, occasionally

latching on to familiar patterns from which they can form global inferences about the whole

program (see, Sherin, 1996; Weatherford, 2011; Ginat, 2006).

I propose, then, that “Feature Analysis” is the active device in situations where students

make global inferences about program behavior from local programming elements. Returning

to our example, Paine eventually identifies that making such an inappropriate global judgement

is precisely what Zeke has done:

Paine: the only reason you thought it [the spacecraft] was going around [the Earth]

was it said G equals.

That is, the presence of G caused Zeke to interpret the program as a model of orbital dynamics.

Let me provide another example:

Frank: curve... is that how it’s [the alpha particle] moving... trail, trail alpha...

that’s what it’s going to follow.

The curve() object in VPython is simply a breadcrumb trail that is created in the visual

output.13 An additional command (.append(pos = object.pos)) that is placed inside the

iterative loop instructs the computer to place a new crumb at the current location of the object.

Frank clearly is unaware of what this command does, but rather than ignore it, Frank associates

it with the path that the spacecraft will trace out. Rather than imagining the trail as being the

result of the particle trajectory, Frank imagines that it generates the trajectory. Like Zeke and

the constant, G, Frank is using the interpretive devices “feature analysis” to overgeneralize a line

of code into a global inference about the program’s resulting behavior. Another interpretation
13Due, in part, to the results from Weatherford (2011), the “curve” object was replaced in latter versions of

VPython with a “trail” attribute.
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of this example is that Frank is confusing natural language with a programming plan (Bonar and

Soloway, 1985), however we must keep in mind that the programming plans of IPS models can

be reinterpreted as programming forms and devices (Sherin, 1996) (see section 2.3). “Feature

Analysis,” thus, is the interpretive device that can be attributed to these situations.

3.4.5 Interpreting Programs like Math

The programming symbolic forms and Interpretive Devices which we have thus far discussed

are invoked in order to understand the functionality of line-spanning structures, such as loops

(Sherin, 1996). However, we would be remiss to leave this section before discussing an impor-

tant issue: individual lines of programming can be interpreted as if they were mathematical

equations. This is especially true for computational models of physics phenomena in which

the lines of code truly are mappings of analytic equations. Furthermore, Sherin (1996) points

out that individual lines are one of the most common elements of a program that students can

interpret.

Consider Estelle, Frank, and Madeline’s construction of the Coulomb Force:

Estelle: Do we write that in there [the loop]?

Frank: So, F electric equals, what was that number? oofpez? [t. types this]14

Felectric = (oofpez)*

Madeline: Yeah

Frank: oofpez times, uh

Madeline:Q Au times, Q alpha,

Frank: Q Au times Q alpha [t. types as he talks]

Felectric = (oofpez)*((qAu*qalpha)

Madeline: divided by,

Frank: Another one [parenthesis] in there [t. adds another parentheses]
14One Over Four Pi Epsilon Zero is an acronym for the dimensional constant in the Coulomb interaction.
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Felectric = (oofpez)*((qAu*qalpha)/(

Estelle: Is that, I think that’s going to update, right? Is that going to be changing?

Because it’s [the alpha particle] going to be closer [to the gold nucleus].

In this example a single line of programming code was constructed and interpreted much in

the same way that an algebraic equation might be constructed and interpreted. First, Frank

makes use of the symbolic forms “Identity” (“F electric equals) and “Coefficient” (“what was

that number? oofpez?”)

Identity : x =...

Coefficient : [x�]

The “Identity” form is used to specify how to compute an unknown quantity. Indeed, it can

be implicated in nearly any algebra equation that has a single value on the left-hand side.

“Coefficient” is used to specify the multiplication of a dimensional scaling factor15. Madeline

then makes use of the form “Extensive Extensive Multiplication” as she tells Frank to multiply

the two charges together.

Extensive Extensive: x× y

And finally, Madeline invokes the use of the “Prop –” form when she says “divided by.”

Prop – : [ ...
...x... ]

Although these students are clearly recalling an equation that they have seen in class, they

are not doing so all at once. Rather, they are recalling salient elements one at a time. These

elements, of course, are symbolic forms. In addition to the algebraic forms, Estelle makes use

of the non-programming specific device “Physical Change” when she describes the Coulomb

force as changing because “[the alpha particle is] going to be closer [to the gold nucleus].” The

point, here, is that these students are utilizing non-programming specific forms and devices to
15The form, “Scaling” (n�), is used for dimensionless scaling factors.
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compose a line of programming code. Their use of these forms and devices suggests that at

least part of students’ understanding of computational models is tied to their understanding of

algebraic equations.

This indicates a significant benefit in utilizing the Theory of Forms and Devices (Sherin,

1996) as the component of the resource framework that describes how students read and in-

terpret programming code. In addition to the line-spanning structures, forms and devices can

accommodate the mathematics knowledge that students draw from to understand programming

lines, such as the one constructed above.

It is important to note, though, that similarities between algebra physics and computational

physics can produce errors in student reasoning. Consider the numerical update form of the

momentum principle:

p = p + Fnet*deltat (3.12)

The algebraic version of this equation can be interpreted in accordance with the “Base Plus

Change” form,

Base Plus Change: ...= � + ∆

which corresponds to the relation between two quantities, one that is the “base,” and the

other that is added or subtracted from that base to produce an increased or decreased quan-

tity (Sherin, 1996). The numerical update, however, while bearing a similarity to “Base Plus

Change,” really ought to be interpreted according to the “Variation” programming form:

Variation:
[ ... ]

[x = ... ]

Which says that a variable that is defined elsewhere is redefined. While Bonar and Soloway

(1985) might describe this situation as interpreting programming code as part of a natural

language, Sherin’s explanation of this particular bug is far more specific.
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Importantly, this overlap in the way that students interpret programming structures and

algebraic structures suggest programming subtleties may not reveal themselves to students who

are making use of strategies that are more appropriate for analytic physics problems. Indeed,

as I discuss in the following chapter, students regularly engage in strategies that are more

appropriate for analytic problems and don’t appear at all concerned that they are entering

these equations into a computer program.

3.4.6 Alternate Interpretations

As we discussed in Chapter 2, there is much literature on the composition of programming

code. Linn et al. (1987), for example, describe experts’ use of different levels of programming

structures and how those structures are implemented through internal schema called templates.

And Ehrlich and Soloway (1984) and Bonar and Soloway (1985) describe more specific aspects

of program comprehension in terms of a knowledge of schematic programming structures, called

programming plans. Importantly, Sherin (1996) notes that these elements of program compre-

hension are consistent with his theory of Forms and Devices. Both forms and plans, according

to Sherin, represent schematic program structures. Additionally, Bonar and Soloway’s descrip-

tions of novice bug generation echo Sherin’s descriptions of students applying inappropriate

interpretive devices to an equation form. Sherin points out, however, that while plans tend

to be quite specific and complex in their function, programming forms are intentionally sim-

plistic and general. Templates, on the other hand, are defined to be much more general, but

Sherin suggests that the forms that fall within the process cluster16 might be considered to be

a particular template sub-category. Additionally, Sherin points out that templates tend to be

associated with a particular goal, that is, they are used in a program to serve a specific function.

Programming forms, however, correspond to how a process is conceptualized.
16The process forms include “variation,” “constancy,” “setup-loop,” and “sequential process.”
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Interpretive Devices and Algorithmic Thinking

Recall that “algorithmic thinking,” according to Syslo and Kwiatkowska, involves an under-

standing of repetitive, step-by-step procedures. This type of abstract thinking can be a difficult

skill for students to develop (Pennington and Grabowski, 1990). Indeed many researchers have

observed students adopting a local view of their program, ignoring its global structure (e.g.

Linn and Clancy, 1992; Hogan and Thomas, 2001; Ginat, 2006).

Although other elements of a resource framework can accommodate these aspects of algo-

rithmic reasoning that involve invoking known algorithms, this idea of step-by-step reasoning is

reflected in the Interpretive Devices of Sherin (1996). Furthermore Sherin et al. (1993) observed

that students who didn’t make use of the “tracing” device would often adopt local stances to

their computational models.

Intuitive Programming Knowledge

An additional type of conceptual resource that Tuminaro (2004) provided for in his frame-

work of students’ mathematics practices was Intuitive Mathematics Knowledge. These intuitive

resources cover basic mathematical knowledge, such as counting, ordering, and grouping. Be-

cause my data features a population of subjects enrolled in a calculus-based physics course,

these resources were deemed too primitive to provide a meaningful description of these stu-

dents’ practices. That is, we took as an assumption that this population of students can count

and order with little difficulty.

Because this study draws heavily on the framework of Tuminaro (2004), and because the

pool of students from which the participants in this study were drawn (freshman and sophomore

undergraduates) generally does not have much programming experience, one might reasonably

ask why I have chosen not to focus on Intuitive Programming Devices. To be sure, these are

important components of students’ programming knowledge which can affect their program-

ming practices. Weigand (2006), for example, discusses novice difficulties in transferring their

intuitive understandings for solving algorithmic tasks into computational algorithms. These
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intuitions include generating a list of sequential steps and distinguishing between variable as-

signment and other possible meanings of “=”.

Many of these aspects, however, are contained within Sherin’s programming forms. Fur-

thermore, the sophistication of the students’ mathematics practices combined with their novice

understanding of physics content can lead to difficulties that might obfuscate the presence of

difficulties associated with these novice programming intuitions that aren’t accommodated by

forms. For these reasons, I chose not to focus on a knowledge base that explicitly includes

novice programming intuitions.
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Chapter 4

Epistemic Games and Frames: A

Framework for Analyzing Students’

Programming Practices

Now that we’ve discussed the knowledge base that students might use over the course of a

computational modeling activity, let us turn to the problem solving strategies that they might

use. Over the course of solving a physics problem, students will engage in a series of locally

coherent, goal-oriented activities called epistemic games (Tuminaro and Redish, 2007). These

activities are games in the sense that a series of maneuvers, or “moves,” can be performed

to accomplish a goal, and epistemic in the sense that engaging in these games can be highly

indicative of one’s particular stance toward learning. Importantly, these games can both inform

and restrict what conceptual resources a student might activate. That is, a coherent activity

or set of moves is associated with “particular kinds of knowledge and processes associated with

that knowledge” (Tuminaro and Redish, 2007, p. 4). Associated with epistemic games is the

process of framing through which people manage their expectations of a situation and select

epistemic games in which to engage and thus knowledge bases to access (see, Tannen, 1994;

Hammer et al., 2005; Tuminaro and Redish, 2007). Unlike the resource description of the
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knowledge base, neither epistemic games nor framing has been formally extended to the task

of computational modeling. Doing so will be part of our upcoming task.

In this chapter, I will focus on extending a resource framework to problem solving strategies

and elements of monitoring and control. In Section 4.1, I will formally introduce epistemic

games and their relation to the knowledge base, as described by resources. In this section, I

will also present the set of epistemic games that were identified in my data – including those

that have not been identified previously in the literature. In Section 4.2, I will discuss framing

and its relation to epistemic games. In this section, I will also suggest a possible means for

extending this framework to other representational systems.

4.1 Programming Strategies: Epistemic Games

Epistemic games were originally proposed by Collins and Ferguson (1993) as a way to describe

the activities that experts engage in while solving problems. Tuminaro (2004), building upon

the cognitive model of resources (Hammer, 2000; Hammer and Elby, 2003), recast e-games as

a framework to analyze the approaches that novice physics students take towards completing a

mathematical physics task. While there had been much literature on general problem solving

approaches (e.g. Polya, 1957), Tuminaro noted that there was little discussion on the actual

path that students took towards a solution from the two key bodies of literature, observational

studies (e.g. Larkin et al., 1980; Schoenfeld, 1992) and cognitive models (e.g. Larkin, 1983).

To fill this gap in the literature, Tuminaro developed a set of epistemic games from detailed

observations of students working algebraic physics problems (see Table 4.1).

It is noteworthy that, while the framework of e-games was developed by Tuminaro (2004)

to analyze the reasoning strategies used by students working specifically on algebraic physics

problems, much of the base of his research, namely the Theory of Forms and Devices (Sherin,

1996, 2001), was designed to extend to the domain of computational physics. This implies that

Tuminaro’s e-game framework ought to provide a means of analyzing the reasoning strategies

of students working on computational physics problems.
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Table 4.1: Set of Epistemic Games for approaching algebraic physics problems (Tuminaro,
2004, p.106).

Set of Epistemic Games
Mapping Meaning to Mathematics
Mapping Mathematics to Meaning
Physical Mechanism Game
Pictorial Analysis
Recursive Plug-and-Chug
Transliteration to Mathematics

4.1.1 A Comparison Against Programming Comprehension

As we discussed in Section 2.3.2, there is much research on the general problem solving ap-

proaches that students take while generating computational models (e.g. Pirolli and Anderson,

1985; Pennington and Grabowski, 1990; Ehrlich, 1996), however many of these focus on ide-

alized models and expert reasoning, providing little discussion about the paths that novices

might take. Further, beyond Brooks’s and Pennington and Grabowski’s discussion of domain

mapping and Pirolli and Recker’s hint that content knowledge might be accessed along with

programming productions, there is little discussion on how domain content knowledge might

affect students’ programming practices while generating computational models. Despite these

differences, however, there are many similarities between epistemic games and the types of

strategies discussed in the literature.

Many researchers describe students’ programming actions in terms of sequences of pro-

duction rules or as applications of known programming structures (i.e. plans and templates).

Newell and Card (1985), for example, modeled programming as a process of G.O.M.S.1, while

Pirolli and Anderson (1985) describe student’s programming approaches as structured around

“goals” and “sub-goals.” The students in these studies would create programming code in order

to enact these goals. Interestingly, epistemic games also feature goals as part of their ontology.
1Recall that this stands for Goals, Operators (actions belonging to a user’s repertoire of skills), Methods

(sequences of subgoals and operators), and Selectional Rules (for choosing among different methods) through
which programmers can enact a problem solution.
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Additionally, “list-making,” which Bonar and Soloway (1985) cite as an example of a natural

programming language plan, is one of the central e-games described by Collins and Ferguson.

Pennington and Grabowski (1990) discuss four program actions that students progress

through as they compose programming code2. Importantly, their model of programming ac-

tions, which is based on Brooks’s discussion of program comprehension, bares a strong resem-

blance to epistemic games. Specifically, programming tasks in Pennington and Grabowski’s

model feature a specific set of moves that might be used by programmers, a domain knowledge

associated with each move, and target structures that guide inquiry – all aspects of e-games.

There are some minor distinctions between these models that should be mentioned. Tuminaro

presents the moves of his e-games in a rather linear fashion while Pennington and Grabowski

emphasize that programmers will repeatedly circle back though moves. Interestingly, Hing-

Hickman (2011), in her study of students’ epistemic strategies observed similar behavior as stu-

dents would regularly move back and forth between e-games, often leaving them prematurely.

Another difference is that Tuminaro (2004) makes explicit connections to epistemological con-

siderations while Pennington and Grabowski (1990) have no such concern. Still, this suggests

that epistemic games could take the place of programming actions within a resource framework

of programming practices.

4.1.2 Identification Criteria

Epistemic games are defined by unique sets of structural and ontological components (Collins

and Ferguson, 1993). While many of these components may be shared across multiple games,

no two games share an identical set of components. Thus, the identification of a particular

combination of components is tantamount to identifying a particular epistemic game.
2Recall, from table 2.2 that Pennington and Grabowski’s four programming actions are “Understanding the

Problem,” “Design,” “Coding,” and “Maintenance.”
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Structural Components

Each epistemic game has two structural components: a sequence of epistemic moves and a set

of entry and ending conditions. The epistemic moves make up the activities in which students

engage as they play an epistemic game, such as writing an equation or evaluating their solution.

Each game has a particular sequence of legal moves. In the game “list-making,” for example,

legal moves include adding an item to the list, or combining two items into one.

The entry and ending conditions specify when a game is to be played and when it is brought

to conclusion. Deciding that a list could be used to address a question, for example, would be

an entry condition into the game “list-making.” The decision to begin or end an epistemic game

is associated with the expectations that students have about their task as well as their epistemic

beliefs about the nature of a problem solving (Tuminaro, 2004). I will discuss this more in the

following section when I introduce framing.

Ontological Components

Epistemic games also have two ontological components: a knowledge base and an epistemic

form. The knowledge base is the set of conceptual resources that can be activated along side

the pattern of activities. Within the domain of computational modeling, the knowledge base

is comprised of programming knowledge as well as knowledge of the domain content (Brooks,

1983), in the case of my study, domain content knowledge includes physics and math. Impor-

tantly, not every game provides access to the full knowledge base. For example, the interpretive

devices “tracing” and “recurrence” are restricted to epistemic games associated with program-

ming thus their use can be indicative of this particular set of games. The epistemic form is a

target structure, such as a list or a mathematical description of some physical phenomenon, that

guides inquiry. The use of a particular structure, a list, say, can be indicative of a particular

game. Table 4.2 summarizes the ontological and structural components of an e-game.
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Table 4.2: The ontological and structural components of an epistemic game (Tuminaro and
Redish, 2007)

Ontological Components Structural Components
Knowledge
Base

Cognitive resources
associated with the
game

Entry and
Ending
Conditions

Conditions for when to be-
gin and end playing a par-
ticular game

Epistemic
Form

Target structure that
guides inquiry

Moves Activities that occur dur-
ing the course of an e-game

Observed Epistemic Games

The set of epistemic games developed by Tuminaro was identified through a series of observa-

tional categorizations; students were seen to repeat certain patterns of moves throughout their

problem solving approach. These patterns of moves would eventually be grouped into the epis-

temic games. A similar procedure was followed by Hing-Hickman (2011) when she identified a

set of epistemic strategies students engaged in while solving vector physics problems. Because

Hing-Hickman identified a similar set of games as Tuminaro, we can take that as validation for

his work. I will continue to use Tuminaro’s terminology, epistemic games.

It is of note that Hing-Hickman observed that the participants in her study would frequently

abandon their games, producing what Hing-Hickman termed “epistemic strands.” Students

might abandon an epistemic game for a number of reasons, including the activation of new

cognitive resources due to some external stimulus (e.g. a picture, or equation), or their arrival

at an impasse. I observed this occurrence as well, however I will focus, here, only on the

complete games that have been observed.

Following much of the methodology of Hing-Hickman, I identified a set of epistemic games

that students engage in while modifying computational models (see section 5.7.5 for the details

of their development). Although I found examples of each of the games that had previously
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been identified, I also identified four games that appear to be native to programming physics

and two variants of existing games. This constitutes the component of the resource framework

that did not exist before, but was necessary to fully extend the framework into the domain of

computational modeling activities. It is reassuring that many of the games that I identified

echo those that were identified by Tuminaro and Hing-Hickman. Rather than present these

games in the results section, I will include them here to emphasize the coherence of a resource

framework that can model student practices in computational modeling activities. Table 4.1.2

contains a list of all epistemic games that were observed in my study as well as their component

moves. The reader should not worry about knowing what these mean, right now. This table

should be used as a comparative guide for this section.
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Table 4.3: A list of epistemic games and their component moves that were observed in this study. “Variants” are games that have been
previously identified, but appeared in a slightly different form due to the computational context of this study. The game “Transliterate
Solution Pattern” was renamed in this study from “Transliterate to Math.”

New Games Identified in This Study Variants of Existing Games
Map Meaning Map Code Iterative Targeted Map Meaning to Physical

to Code to Meaning Debugging Debugging Math (in Code) Mechanism
1. Formulate Story 1. Identify Target 1. Unsatisfactory 1. Unsatisfactory 1. Formulate Story 1. Formulate Story
2. Identify Relevant Concept Run Attempt Run Attempt 2. Identify Relevant 2. Interpret Code

Equations 2. Identify Program 2. Identify Feature 2. Evaluate Code Entities 3. Run Program
3. Plan Program Structure of Code (and Error 3. Translate Entities and Evaluate

Structure Containing to Modify Message) to Code Output
4. Map Equations Target Concepts 3. Run Program and 3. Identify Bug 4. Relate Entities in

to Code 3. Tell Story Evaluate Output Accordance with
5. Run Program and Using Code 4a. Repeat, or Physical Theory

Evaluate Solution 4. Run Program and 4b. Abandon for 5. Run Program and
Evaluate Story Another Game Evaluate Solution

Existing Games Observed in This Study
Map Math Pictorial List Transliterate Recursive Plug
to Meaning Analysis Making Solution Pattern and Chug

1. Identify Target 1. Identify Target 1. Identify Task 1. Identify Target 1. Identify Target Entities
Concept Concept 2. Identify Target Quantity 2. Identify Target Equations

2. Find Equation 2. Choose External Entities 2. Find a 3. Insert Known Values
Relating Target to Representation and Equations Solution Pattern 4a. Evaluate and
Other Concepts 3. Tell Story Based 3. List Target 3. Map Quantities Run Program, or

3. Tell Story Using on External Entities in Current Problem 4b. Find Equation Relating
This Relationship Representation and Equations into Solution Pattern Unknown Variables and

4. Evaluate Story 4. Fill in Slots 4. Evaluate List 4. Evaluate Mapping 5. Repeat
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4.1.3 E-Games for Computation

In this subsection, I will discuss those games which were newly identified in my data. In

the following subsections, I will discuss those games that were identified previously by other

researchers. Taken together, these games span the activities that were observed in my data

set. I do not claim that these games span the space of possible problem solving activities by

students generating computational models in the context of a physics class, however they do

form a descriptive framework for the data that I observed and can be used as a roadmap for

identifying games in other sets of data.

Map Meaning to Code

Let me begin this discussion with an example from my data. Here, Celia, Paine, and Yolanda

have just run their Rutherford Scattering MWP for the first time and have discovered that the

visual output did not match their prediction.

Celia: [reading instructions] List the quantities needed to calculate the interactions.

So, like, I dunno, kinetic energy, potential energy?

Paine: What’s it supposed to do?

Yolanda: Well, it should bounce off. Like, it should have, like if the ball had mass,

it wouldn’t plow straight through it.

Celia: Yea, I think it was supposed to probably do what we predicted it to-

Yolanda: Probably.

Celia: Okay. So basically we’re adding new stuff.

Yolanda: So, the collision.

Celia: Potential and kinetic energy, (1.0) maybe?

Yolanda: //yeah//

Celia: //like,// as it gets closer the kinetic energy::: increases, but (2.0) kinetic

energy increases but potential (1.5) decreases? Something, I don’t know.

...

126



Celia: We did this in class.

Paine: Potential, it’s one over isn’t it the one where Q one Q two over (4.0) that’s

what he’s [the TA] saying over there.

Celia: Um, that’s the::: yea, that’s like the potential energy of uh::: electric poten-

tial energy.

At this point in their discussion, the students have decided that the situation that they must

model is a collision between an alpha particle and a gold nucleus. They’ve determined that they

should use the energy principle to describe this motion and they have recalled the Coulomb

potential energy. The students have also justified this procedure to themselves, noting that

“[they’ve done] this in class” and that “that’s what [the TA’s] saying over there.” It’s worth

noting that, although the energy principle is not appropriate (at this level of instruction) to

use in generating a dynamic computational model, these students are considering it in a way

that is physically appropriate. Eventually, the students will spontaneously recognize that they

need to use the Coulomb force and the momentum principle.

Although Celia has briefly mentioned modifying the program at this point (“so basically

we’re adding new stuff”), the game that the students appear to be playing is “Map Meaning to

Math,” a game that Tuminaro (2004) identified as involving the generation of a mathematical

solution from a conceptual story3. After the group confirms to themselves that they should

use the Coulomb potential energy (charges are already defined in the program), however, they

begin to perform an epistemic move that is not a part of the “Map Meaning to Math” game.

Celia: So, yeah, it will be potential energy.

Paine: So, where do we put this?

Yolanda: I’d put it in the bottom.

Celia: You already //know the kinetic// energy

Paine: //In the loop?//
3See subsection 4.1.4 for a further discussion of “Map Meaning to Math.”
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Yolanda: It’s going to change.

Paine: How do you know that? The charges don’t change. What changes?

Yolanda: But the distance, the distance changes.

Paine and Yolanda, here, are planning how they should structure their program. Specifically,

they discuss where they should place the Coulomb potential energy equation and why it should

be written there. During this planning move, the students make use of the “Variation” and

“Constancy” forms, two resources that are not part of the knowledge base for “Map Meaning

to Math.” One might argue that they have shifted from the “Map Meaning to Math” game to

another game, however Celia’s earlier comment about adding new stuff into the program links

this move with their previous moves. It seems that these students are playing a new epistemic

game: “Map Meaning to Code.”

“Map Meaning to Code” was the most cognitively sophisticated game that I identified for

two reasons. First, in order to play this game, students needed to have a working knowledge not

just of the physical situation, but also of mathematics and programming procedures. Within the

context of resources, the knowledge base for “Map Meaning to Code” includes appropriate causal

nets for the physical situation, knowledge of algebraic forms and devices, and, importantly,

knowledge of programming forms and devices. Indeed, this last portion of the knowledge base

is one thing that distinguished this game from “Map Meaning to Math.” Second, this game was

the most productive for the students to play. The TA’s leading questions often prompted the

students to play this game and this was the game during which most students completed their

working model (minor debugging issues aside). It is worth noting, also, that this epistemic game

bears a resemblance to sequences of programming actions that have been generally identified

with expert practices within the Program Comprehension literature (e.g. Newell and Card,

1985; Pennington and Grabowski, 1990).

There are five basic moves within the epistemic game “Map Meaning to Code:” 1) Formulate

story, 2) identify relevant entities and equations, 3) plan program structure, 4) map equations to
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Figure 4.1: A schematic diagram of the students’ moves within the “Map Meaning to Code”
game.

code, and 5) run program and evaluate solution. Figure 4.1 contains a graphical representation

of the moves within “Map Meaning to Code.” It is during the “plan program structure” move

that largely distinguishes this game from “Map Meaning to Math.” It is during this move in

which the students activate programming forms and devices to determine how their physical

model should be represented in the code.

Map Code to Meaning

The ontological components of “Map Code to Meaning” are identical to those of “Map Meaning

to Code.” The students make use of content resources, specifically physics causal nets, and both
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programming and algebraic forms and devices. The distinction between this game and “Map

Meaning to Code” is the sequence of moves. In “Map Meaning to Code,” the goal is to construct

a computational model based on a conceptual story. In “Map Code to Meaning,” the goal is to

interpret the functionality of an existing body of code and use that to generate a story.

Let me provide an example from my data. Jeffrey, Maude, and Walter, here, have just

opened up their Rutherford Scattering MWP and have been instructed to generate a prediction

of the visual output.

Walter: Uh, okay, so gold atom’s a sphere. Radius, sphere, trail (2.5) Okay (5.0)

so this is the momentum update, right?

Jeffrey: Mmm-hmm.

Walter: What about that [g.m the trail command] No, that’s the po::sition update.

Jeffrey: What are you pointing at?

Walter: This one here [g.m alpha position update].

Jeffrey: Okay, yeah.

Walter: [g.m moving mouse curser down as he reads] Alpha dot pos equals alpha

dot pos plus P alpha dot, yea, ’cause that’s the velocity, times the- right?

Jeffrey: Mm-hmm.

Walter: So, this is position update. They don’t have momentum update, do they?

Jeffrey: Nope.

Walter: So, we need to add momentum update [w. writing this]. let’s see, defi-

nitely need (??)(4.0) calculate the::: force, maybe?

Jeffrey: Um. momentum of each particle, update.

Walter: Yea.

Jeffrey: And then we’d have to do::: electric force.

... [brief discussion on atomic nucleons and the electric interaction] ...

Walter: Ah, so T equals T plus delta T. So, they’ve updated the time.

Jeffrey: Mm-hmm.
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Walter: And they’ve updated the trails. It looks like what this is, uh-

Jeffrey: So, we’ve got, basically the graphic end of things taken care of-

Walter: Basically, yea, we just-

Jeffrey: We just need the actual physics.

There are two important points to make about Jeffrey and Walter’s read through this program.

First, they make use of both programming-specific devices, “Tracing” and “Recurrence.” As

Walter reads through the program, he uses the mouse to point at each line of code, moving the

cursor down through the program. As he does this he uses the phrase “and then.” Additionally,

he is able to identify aspects of the program that are missing. Both of these are evidence of

“Tracing.” Furthermore, Walter notes that both the time and the trail have been “updated.”

Note his use of the verb form of “update.” Walter, here, is using the “Recurrence” device.

Also of note is the fact that both Walter and Jeffrey are able to identify which programming

lines are dedicated to the simulation and which belong to the physical model. While this does

not indicate a particular form, it does suggest their use of syntactic programming knowledge.

The second point, is that Walter and Jeffrey are readily able to identify which components

of the physical model are missing. This would not be possible if they were not accessing the

momentum principle or electric interaction causal nets.

Jeffrey and Walter, here, are playing “Map Code to Meaning.” Although there are elements

of planning here, Jeffrey and Walter are not actively constructing new code. Their goal is

simply to understand the functionality of this particular bloc of code. They conclude this game

with a quick evaluation of what programming lines they have and which ones they need.

There are four basic moves within “Map Code to Meaning:” 1) while reading the code,

identify a target concept, 2) identify the programming structure containing that concept (e.g.

constants section, while loop), 3) tell story using the code, and 4) run the program and evaluate

story. A schematic representation of “Map Code to Meaning” can be found in figure 4.2. Note

that step 3) can simply be a tacit acknowledgement that a line of code will be updated or

131



Figure 4.2: A schematic diagram of the students’ moves within the “Map Code to Meaning”
game.

iterated. However, this point should not deemphasize the importance of this step.

It is worth noting that Tuminaro’s “Map Math to Meaning” game begins with a more

active equation search than my “Map Code to Meaning.” I should emphasize, however, that

this element did not occur in my data due to my student participants being given an initial

computational model. The students in Tuminaro’s study were not given an initial equation.

One might imagine that the move “find an equation relating target to other ‘concepts’” would

have been eliminated had Tuminaro (2004) provided his students with semi-complete examples.

Similarly, one could imagine that, had the students in my data been given blank programs rather

than MWPs, a component of searching for a programming structure would have emerged from

my data.
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Iterative Debugging

The ease with which students can run their program as a means for evaluating their code

often prompted them into playing a computational e-game called “Iterative Debugging.” When

faced with an output (Visual or otherwise) that displays erratic behavior, doesn’t run, or

simply does not match their expectations, sophisticated students will attempt to locate the

programming bugs that might have caused the resulting behavior (see the following game,

“Targeted Debugging”). Many students, however, will begin to manipulate their code and

perform run and check maneuvers without any real consideration for the physics content or for

the structure of their program. These students’ goal is to stumble onto a functional program,

though their alterations invariably result in a further erroneous output, prompting the students

into yet another iteration of debugging.

Students playing “Iterative Debugging” do not generally draw from their domain content

knowledge nor do they activate the forms and devices associated with programming knowledge.

Rather, they rely primarily on their syntactic knowledge of both physics and programming sym-

bols to make the program alterations, which can include changing variable names, manipulating

the order in which lines are placed, and even deleting whole lines of code. This lack of considera-

tion for the physics content and program structure, coupled with a focus on task completion and

the immediacy of an automated evaluation leads to the characteristic guess-and-check maneu-

vers. Says one student from my data: “You can try whatever. I mean, add something in there

and run it; If it doesn’t work, try something else.” Indeed, it is because of this characteristic

repetition that I call this game “Iterative Debugging.”

“Iterative Debugging” features three basic moves: 1) receive an unsatisfactory output, 2)

identify a program feature to modify, and 3) run the program to check the code. Unlike the

other epistemic games (save “Recursive Plug and Chug”), these moves are repeated until an

end condition is met. This target condition, of course, is a working program – and indeed this

would constitute a satisfactory end condition – however this condition was never met in my

data. Generally, this game would be repeated somewhere between 2 and 5 times until either
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Figure 4.3: A schematic diagram of the students’ moves within the “Iterative Debugging”
Game.

a particular resource activation during the “modify” step triggered a different game or the TA

put a stop to the game. Importantly, “Iterative Debugging” lacks any meaningful effort to

search for an actual bug. A schematic representation is shown in figure 4.3.

Interestingly, anecdotal evidence by research colleagues suggests that this game may also be

played by students using online homework delivery systems, such as Webassign4. Oftentimes

students are allowed multiple submissions on online assignments in order to reduce the negative

impact of simple calculation errors, such as neglecting a minus sign or accidentally hitting the

wrong calculator button. While many students do certainly check back over their calculations

and solution approach after receiving a negative mark on a problem, others have been observed

to use their multiple submissions to make repeated surface alterations to their result – multi-

plying by a different coefficient, say, or inserting a minus sign – in the hopes of stumbling into
4www.webassign.net
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a correct numerical value. Each negative feedback leads to another surface alteration. Like

the version observed during computational modeling activities, “Iterative Debugging” in this

context is driven both by the ease and immediacy of feedback and motivated by the twin goals

of success and effort minimization rather than genuine comprehension.

Let me provide an example of “Iterative Debugging.” After students generated a complete

working model of Rutherford scattering, they were asked to to explore the effect displacement

from a head-on collision had on the resulting scattering angle. This simply involved substituting

a positive “impact parameter,” b, into the y-component of the alpha particle’s initial position.

To help them visualize the situation, the students were also given the diagram in figure 4.4

Figure 4.4: A diagram of an alpha particle impinging on a gold nucleus with a non-zero impact
parameter, b. Image taken from the Rutherford scattering MWP instructions, which can be
found in the appendix.

Isis, Roslyn, and Zeke had a great deal of difficulty determining how to incorporate this new

variable, b, into their program.

Isis: Wait, if we use B to change the initial position, B is the distance between, the

centers.

Zeke: [t. multiplies b by the x-component the alpha’s position.]

alpha=sphere(pos=(b*-1e-13,0,0))

Zeke: We’ll see what it does [runs program]
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Isis: wait, I don’t think it’s multiplied by that. I think it’s, like, subtracted by that

position.

Zeke: Okay, do what?

Isis: I think its like um, that, like that position, like, minus B or something. Or B

minus that position. Yeah, try B minus that.

Zeke: [t.mod changes the operator from multiplication to subtraction]

alpha=sphere(pos=(b- -1e-13,0,0))

Zeke: Like that? [runs program]

Isis: Yeah. Wait, no, put parentheses.

Zeke: [t.mod adds parentheses]

alpha=sphere(pos=(b-(-1e-13),0,0))

Zeke: Alright, b minus.

Isis: Yea.

Zeke: I don’t know if that will work or not [runs program] Here we go. No, it

changed it to- but to the other side.

Isis: It puts it on the other side of the gold?

Zeke: [runs program]

I should emphasize that this appears to be as much an issue with visualization and vector

notation as it is with any programming issues the group might have. Still, each unsatisfactory

run attempt provokes yet another round of surface changes and immediate run attempts. In

all, they made 5 run attempts within the span of just over 3 minutes and not a single change

was motivated by any real consideration for the physical meaning of b. For instance, note Isis’s

quick change of suggestion from “position, like, minus B” to “B minus position.” This group is

simply trying out algebraic operators.

136



Let me provide a second example of “Iterative Debugging.” After Howard, Tina, and Xavier

had inserted the momentum principle into their model (with a little help from the TA), they ran

their program to find that it still did not produce a simulation that matches their expectations.

Indeed, the group had miscalculated their position vector, which resulted in an attractive electric

force rather than a repulsive one. Rather than search for the bug, however, Howard, Tina, and

Xavier begin to play the “Iterative Debugging” game.

Xavier: Why did it- yea, it zoomed away a lot faster, or whatever.

Howard: Try moving the position [update] up, down below the momentum

Xavier: Alright, so put it down below this one [momentum update]? [t.mod moves

position update below momentum update]

pAlpha =pAlpha+Felec*deltat

Alpha.pos=Alpha.pos+(pAlpha/massAlpha)*deltat

Howard: And try running that.

Xavier: What, right now?

Howard: Uh huh. [Xavier runs program] Look how fast it-

Xavier: Yea.

Tina: Maybe we should change the name of that?

Howard: P alpha 2?

Tina: Maybe, since we’ve already got a P alpha? Capital that would change it,

wouldn’t it? [t.mod capitalizes the first pAlpha]

PAlpha =pAlpha+Felec*deltat

Alpha.pos=Alpha.pos+(pAlpha/massAlpha)*deltat

Howard: I think so.

Xavier: [runs program]

Tina: It changed something.
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Howard: Alright, yea, do that and then change this to capital P too.

Xavier: Which one?

Howard: the P alpha down here [in the position update].

Xavier: This one?

Howard: Yea. Yea, try that.

Xavier: [t.mod capitalizes pAlpha in the position update]

PAlpha =pAlpha+Felec*deltat

Alpha.pos=Alpha.pos+(PAlpha/massAlpha)*deltat

Xavier: [runs program] Oh, it bounced off.

Howard: Yea, but then it continued.

Xavier: Try, Try that again [runs program].

Although the first surface alteration – changing line order – produced a sequence of program-

ming commands that better conforms to what an experienced programmer might write (specif-

ically the Euler-Cromer algorithm), this was purely accidental as the move was motivated by a

“try-it-and-see attitude.” Also of note, the second to last iteration of this game was motivated

by the “Serial Dependence” form, that is, Howard identified that if they were creating a capital

P alpha in their momentum update, they should use that same variable in the position update.

Still, the moves in this game are characteristic of “Iterative Debugging;” after watching an un-

satisfactory simulation, the group makes a surface change to their program, altering line order

and changing variable names, in this case, and then runs their program to check their alteration.

Like the previous group, these students made 5 run attempts in just under 3 minutes, excluding

the initial unsatisfactory run.

One important feature of “Iterative Debugging” that doesn’t come out of the sequence of

moves is where the game falls in the overall sequence of games that students play. Howard,

Tina, and Xavier had been playing the much more productive game “Map Math to Meaning”

prior to playing this game. And while the TA had been present during part of that game, the
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bulk of the conversation was led by the students. The TA only helped them use the update

form of the momentum principle. They were satisfied with his aid and were confident in their

program which, apart from their reversal of the position vector, was correctly written. When it

did not run according to their expectations, however, they immediately shifted into “Iterative

Debugging.” Indeed this game often followed instances of students playing more productive

games which, unfortunately, ended with an unsatisfactory run attempt.

It is of note that expert programmers can adopt “try-it-and-see” attitudes when experiment-

ing with new bodies of code. For example, they might alter a variable and run the program to

see how it changed. I want to emphasize, however, that this is not “iterative debugging.” The

difference lies in the goal. For the expert programmer, the goal is to determine how the program

works. The surface alterations for the expert are deliberate and made within the confines of

learned programming practices (e.g. Soloway and Ehrlich’s rules of programming discourse).

For a novice playing “iterative debugging,” on the other hand, the goal is to generate a “correct”

program:

Zeke: Try running it now. Maybe we’ll get lucky and it will work and we’ll be

done.

Targeted Debugging

The antithesis, as it were, to “Iterative Debugging,” “Targeted Debugging” also begins with

an unsatisfactory run attempt. However, students playing the “Targeted Debugging” epistemic

game give time and effort into determining the source of their bug. Often, this includes at-

tempting to decode error messages that the programming environment might be displaying.

These are generally discounted during “Iterative Debugging.”

“Targeted Debugging” features three moves: 1) receive an unsatisfactory output, 2) evaluate

the code and any error messages that might occur, and 3) identify the bug and move on

to a game that will provide a fix. This is a sophisticated game, requiring the students to

use a knowledge base that includes their syntactic programming knowledge, their physics and
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Figure 4.5: A schematic diagram of the students’ moves within the “Targeted Debugging”
Game.

mathematics content knowledge, and their knowledge of mathematical and programming forms

and devices. Furthermore, once the bug has been identified, the students were observed to

progress into games that required similar knowledge bases – namely “Map Code to Meaning”

and... Figure 4.5 shows a schematic diagram of “Targeted Debugging.”

Let me provide an example of “Targeted Debugging.” Howard, Tina, and Xavier, here, have

neglected to include a directional component (i.e. rhat) in their gravitational force calculation

prior to running their program, leaving it as a scalar “floating point” variable. They received

the following error:

Traceback (most recent call last):

File "c:\[file name removed to preserve participant privacy].py", line 29, in

<module>

pcraft = pcraft + fgrav*deltat

TypeError: unsupported operand type(s) for +: ‘vector’ and ‘float’

which simply indicated that they had tried to add a vector to a scalar, which is an illegal
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operation both mathematically and computationally.

Howard: Hold on, what does that error say?

Xavier: Yea, it said an operand plus in the vector.. line 29

Howard: P craft.

Xavier: Too many spaces in there?

Howard: Nah, spaces shouldn’t be a problem, (1.0) right?

Xavier: You don’t have a space right there [g. computer screen]. (3.0) We have a

space right here, though [g. computer screen].

Tina: I don’t think that really matters.

Howard: Wait, F net, in the:: position update is a vector and that’s not a vector

[g. screen], (2.0) see? F grav isn’t a vector. So should we multiply that by, by

//our velocity?//

Xavier: //our R.//

Howard: or- OH R hat.

Xavier: //yeah, R hat.//

Tina:// F grav times R hat?//

As these students progress through “Targeted Debugging,” they begin to activate resources

for program syntax, Forces, the Momentum Principle (although Howard calls it the “position

update” he is clearly looking at that line of code), and even vectors. And while alternate ideas

were discussed, this game lacked the patterns of guessing and checking that is indicative of the

“Iterative Debugging” game. Once the students correctly identified the bug, excitedly talking

over each other as they did, they proceeded into the “Map Code to Meaning” game, identifying

the relevant relation, correctly placing it in the code, evaluating their code, and running the

program. Cue Xavier after the successful run: “Oh, we’re good!”

One might argue that the subsequent steps of actively fixing the bug should also be part

of the “Targeted Debugging” game. I should point out, however, that the goal of this game is
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to identify the source of the bug and possible debugging procedures. Furthermore, the process

that these students follow after playing “Targeted Debugging” matches both the structural and

ontological components of “Map Code to Meaning.” It is therefore reasonable to consider this

sequence of moves as a separate game from “Targeted Debugging.”

4.1.4 Modified E-Games

Every epistemic game that has been previously identified in the literature (Tuminaro, 2004;

Hing-Hickman, 2011) was observed in my data. Some of these appeared as defined, while a few

others appeared as variations of those previously defined. These variations, however, were due

to the context of the activities and were not sufficiently distinct to be coded as independent

games. The fact that each of these games was previously identified in the context of algebra

physics speaks to the salience of those procedures, even when confronted with a representational

system that is as visually distinct as program code.

Two games were observed in my data that were similar enough to games identified by

Tuminaro (2004) not to warrant the creation of new games, however their appearance diverged

slightly from the descriptions given by Tuminaro (2004). Let me present those games in this

subsection. In the following subsection, I will discuss those games that appeared as defined.

Map Meaning to Math (in Code)

“Map Meaning to Math” is one the most sophisticated games identified by Tuminaro (2004).

This game consists of five basic moves: 1) formulate a story, 2) translate quantities in phys-

ical story into mathematical entities, 3) relate entities in accordance with physical story, 4)

manipulate symbols, and 5) evaluate story. In order to play this game, students must have

a conceptual understanding of their story, be able to represent their story in terms of math-

ematical symbols and physical relations, and then be able to progress toward a quantitative

solution. The students’ knowledge base comes from the their physics content knowledge and

knowledge of reasoning primitives, but also from their understanding of mathematical relations
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Figure 4.6: A schematic diagram of the students’ moves within the “Map Meaning to Math”
game, within the context of computational modeling.

as evidenced by their use of mathematical forms and devices.

When constructing a computational model, however, students may play a variation of the

“Map Meaning to Math” game. In this variation, the second move, “translate quantities into

mathematical entities,” is replaced by the similar move “translate entities to code.” In order

to perform this move, the students must draw from a knowledge base that extends beyond

what is required to play the basic “Map Meaning to Math” game. This extended knowledge

base includes syntactic programming knowledge, that is knowledge of how to represent en-

tities in a programming environment, and the “serial dependence” and “sequential process”

forms. Importantly, knowledge of a program’s global structure, computational devices, and the
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computational forms “Variation,” “Constancy,” and “Setup-Loop” are absent from this game’s

knowledge base. Despite the students’ sophisticated treatment of the problem and its math-

ematical representation, the program is essentially treated as an input environment in which

mathematical equations can be entered, provided they are syntactically correct. Figure 4.6

contains a graphical representation of this game.

Let me provide an example of students playing “Map Meaning to Math.” Estelle, Roslyn,

and Yolanda, here, have already formulated their story (with a little help from the TA) and

have listed some relevant equations on their whiteboard (see figure 4.7). Interestingly, they

wrote these equations in correct Python syntax. They now proceed to step (2).

Figure 4.7: Estelle, Roslyn, and Yolanda begin listing relevant equations in Python syntax.

Roslyn: [t. r = craft.pos-Earth.pos in constants section]

Estelle: Um, Earth dot pos, then R mag equals S Q R T.

Roslyn: Um [t. rmag=sqrt()].

...

Roslyn: [to TA, passing by] X dot position or position dot X? I think it’s R dot X.

TA: Yea.

Roslyn: Oh, yea. R dot X. Oh, [to TA] thank you. And then plus R dot Y, star

star...

Estelle: Plus R dot Z star star two. And then-

Roslyn: That’s right. And then we need the-

Yolanda: Your F net, which is G times M planet times M craft divided by-
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Two things should be noted at this point. First, is the students’ care over the syntax of their

equations, even correctly noting Python’s “**” notation for squaring a variable. The other thing

to note is that, beyond some care over the ordering of the lines of code, there is a complete

absence of any discussion about where the code should go within the global structure of the

program. Rather, Roslyn, the group recorder, simply begins typing the equations into the

constants section of the MWP (see Figure 4.8 for the code resulting from this interaction). Did

she think that these new lines of code represented constants of motion? It’s impossible to know.

Considering the lack of discussion surrounding global line placement, however, the more likely

situation is that Roslyn was not accessing structural knowledge about the program and instead

simply found a convenient location to begin typing. In another example of this game during

the Rutherford Scattering lab activity, a group enters their calculations at the end of the loop,

after the clock update. While this happened to be a more appropriate location for their code

then the location chosen by Roslyn, et al., there was no indication that this was anything other

than a convenient location to begin typing. Says Paine, “you can just put it at the bottom,

down there.”

Estelle, Roslyn, and Yolanda continue to enter in code for “rhat=r/rmag” and “Fmag =

G*(mEarth*mcraft)/((rmag)**2)” before beginning to relate the equations together in a phys-

ically appropriate manner (combining moves (3) and (4), here).

Yolanda: Your F grav.

Estelle: F grav is F mag.

Yolanda: Minus F mag times R hat.

Roslyn: [t. Fgrav=(-Fmag)*(rhat)]

Estelle: That’s right.

By the time the students have reached this point, they have correctly written code to

calculate the gravitational force on the spacecraft due to the Earth. They correctly wrote
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Figure 4.8: Estelle, Roslyn, and Yolanda have correctly generated the calculations for the
gravitational force but it is outside of the iterative while loop.

the gravitational force equation, including multiplying it by the unit vector, rhat, and taking

the magnitude of r before squaring it and dividing by it. They also correctly defined the r

vector as “craft.pos-Earth.pos” as opposed to the other way around, which is a common

error (see, for instance Kohlmyer, 2005). And, of course, they were extremely deliberate with

their syntax. Unfortunately, all of this code was written outside of the iterative loop without

any consideration for the global program structure (see figure 4.8). Although the students’

evaluation step, here, involves only a simple “that’s right,” and not a run program action, they

did perform a run-check earlier in their discussion, which, of course, resulted in a visual output

that behaved in the same way as the original MWP.

Physical Mechanism

In the “Physical Mechanism” game identified by Tuminaro (2004), the students worked through

two moves, 1) formulate story and 2) evaluate story, in order to come up with a sensible

description of a problem statement. The knowledge base that the students accessed was their

physics content knowledge, however their goal was simply to tell a story, thus no forms or

devices were invoked. The target structure of “Physical Mechanism” is the story that the

students are trying to formulate.

In my data, I observed students playing a similar game. Because the students started their

MWP activities with a working program, an additional move, called “Interpret Code,” occurred

after the “formulate story” move. This move involved the students supporting their story with
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Figure 4.9: A schematic diagram of the students’ moves within the “Physical Mechanism”
game.

elements of their program. This move rarely involved the use of computational forms or devices.

Indeed, the students playing this game would generally not look beyond the declaration of the

iterative loop. Instead, the students would identify familiar symbols, such as mEarth, vcraft,

or G, and used these to back up their initial story. One interpretive devices that the students

did make use of during this game was the “Feature Analysis” device. Indeed, using familiar

symbols to generalize a whole story is the basic process of “feature analysis.” The students

would then perform an evaluation step that involved running their program and comparing the

output with their story. Figure 4.9 contains a schematic diagram of the “Physical Mechanism”

game as it was seen during computational modeling activities.

Let me provide an example of students playing “Physical Mechanism.” Frank, Paine, and

Zeke, here, are reading through their spacecraft Earth MWP in order to predict the result of

the visual output.

Paine: Alright, well, we have the Earth. [w. draws a circle] Earth. Well, at least

we know that.

Zeke: //We’ve got a craft//
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Frank: //We’ve got a craft//

Paine: And we’ve got a craft [w. draws a smaller circle above the first]. Which

way do you think it’s going?

Zeke: Look’s like it’s positive? So, be going clockwise?

... [Zeke and Paine discuss the while end condition but do not read into the loop.]

...

Paine: It’s a Moon. It’s probably the moon, dude. Going around the Earth.

Zeke: Yea, I think that’s what it is. [both laugh] A moon going around the Earth.

Paine: Which way is it going? It’s uh, it’s. What’s its velocity? V craft, twelve

hundred. So it’s just-

Zeke: Positive, so it’d be-

Paine: Going up.

Zeke: Going this way, right? [g. gesturing in a clockwise path around Earth].

Paine: It’s in the positive Y direction. Frank: Do we have to write this down,

what our prediction is?

Zeke: I think so, yea.

Frank: Alright, well let’s just make a random prediction then look at it.

Frank, Paine, and Zeke have decided upon a particular story: a moon going around the Earth

in a clockwise direction. This is a very specific story. However there is nothing in the program,

except for the word “Earth,” to suggest such a story. Indeed, by the time the students run

the program (a few lines after Frank suggests making a random prediction) they have not

made any attempt to discuss the contents of the iterative loop. Furthermore, these students

have not made any use of either programming forms or devices. Rather, they have taken cues

from particular elements of the program, namely the creation of a sphere named “Earth,” to

inform their story. That these elements are near the beginning of the program may not be

a coincidence. As they continue reading, they draw upon the definition of the initial velocity
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to determine in which direction the moon circles the Earth. Again, the initial velocity says

nothing about circling anything.

It is also interesting that this game effectively ends after Frank suggests that they “just make

a random prediction.” Clearly, the goal of these students was simply to generate a qualitative

story. Once Frank suggests a random prediction, they write one on their whiteboard and run

the program. Except for the students’ use of the MWP to confirm their story, this sequence of

moves aligns with the “Physical Mechanism” game proposed by Tuminaro (2004).

4.1.5 Previously Identified E-Games

As previously noted, a number of epistemic games that were previously identified also appeared

in my data. In this subsection I will discuss those games that appeared as defined.

Map Math to Meaning

“Map Math to Meaning” was one the most sophisticated games that Tuminaro (2004) identified

in his data, behind only “Map Meaning to Math.” In this game, students identify a series of

relevant equations and then develop a conceptual story based in those equations. While the

ontological components of this game are similar to those of “Map Meaning to Math,” it is

the structural components that distinguish the two games. “Map Math to Meaning” features

four basic moves: 1) identify the target concept or concepts, 2) find an equation relating these

concepts to one another, 3) use these equations to tell a conceptual story, and 4) evaluate this

story. The knowledge base for this game is drawn from the students’ physics content knowledge,

their understanding of forms and devices, and their knowledge of basic mathematical relations.

The specific content knowledge varies from problem to problem. A graphical representation of

this game can be found in figure 4.10.

Let me provide an example of students playing “Map Math to Meaning” in my data.

Howard, Tina and Xavier, here, are in the process of predicting the outcome of running their

Rutherford Scattering MWP. While Howard is preoccupied with formulating a conceptual pre-
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Figure 4.10: A schematic diagram of the students’ moves within the “Map Math to Meaning”
game (Tuminaro, 2004, p.114).

diction, Xavier recognizes the charge, q, in the program and begins recalling equations. Even-

tually, Howard and Tina join him.

Xavier: Is it, it’s the Q one- it’s nine E nine [w. writing the equation as he speaks]

Q one Q two over R::: squared or R regular:::? Is it R mag? [w. finishes writing

equation. It is the equation for the coulomb potential energy] What do you think?

I dunno, is that right (??)

Howard: Well, our prediction is:: it’s going to bounce off?

Xavier: Well, when you start, so it’s going to be, like, delta E [w. ∆E = 0].

Howard: We just predict what it’s going to look like, so it’s just going to bounce

off, right? since this [g. ∆E = 0, on whiteboard] is (??)

Xavier: Yea, once it gets closer.
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Howard: This is going to move a little bit [g. Au particle drawn on whiteboard].

Xavier: [w. “∆K + ∆U =” beneath ∆E = 0] I don’t even know if we have to do

all of this, have to just-

Howard: [reading notes] It’s R squared. Wait, what are we looking- it’s force

electric or U electric?

Xavier: Potential electric. It’s just R (0.0) R mag? R? [w.mod erases modulus

bars around ~r in coulomb equation] So

Howard: Probably R mag ’cause you can’t divide by a vector.

Xavier: [w.mod replaces modulus bars] Yea, so once it gets close enough, it’s gonna

have, it’s going to push away. So, what do you think?

Tina: Sounds good.

Xavier, and eventually Howard, begin identifying relevant equations that might apply to colli-

sion problems, namely the coulomb interaction and conservation of energy. Notably, they don’t

progress beyond stating these equations. Indeed manipulating these equations is a move that

is part of other games (both “Map Meaning to Math” and “Recursive Plug and Chug”) but

not part of “Map Math to Meaning.” Early in this conversation, Howard uses conservation of

energy, pointing to the equation “∆E = 0,” to tell the story of a collision. Xavier eventually

joins him in this step once the coulomb interaction has been written down, noting that one of

the particles will push away from the other. Finally, Tina provides the evaluation step: “sounds

good.”

It is notable that this particular game occurred during the prediction phase of this group’s

lab activity. Howard, Tina, and Xavier have not yet begun modifying their program and so they

have not yet gotten to the point of needing to activate much programming knowledge. Xavier

had mentioned (before the above conversation excerpt) that the gold nucleus in their MWP was

sitting still and while it is unclear whether he was noticing the absence of a position update or

simply observing the gold’s initial velocity, it is the latter that seems most likely, considering

both the epistemic game they are playing and a separate analysis of this same prediction
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step (see Weatherford, 2011). Because programming tasks require the use of programming

knowledge, resources that are absent from the “Map Math to Meaning” knowledge base, this

game’s presence in my data is suggestive of the salience that analytic problems have over

computational methods.

Pictorial Analysis

In the “Pictorial Analysis” e-game, the students generate a diagram or schematic of a physical

situation. Unlike a simple picture or cartoon, this diagram should include spatial information

or specify relationships and interactions between entities. In physics, common diagrams can

include free-body diagrams or circuit diagrams.

There are four moves within the “Pictorial Analysis” game: 1) identify relevant concepts

and relations, 2) select a particular external representation (e.g. a free-body-diagram) 3) use

the diagram to tell a story, and 4) fill in missing elements, or “slots” based on that story. Figure

4.11 contains a schematic representation of the “Pictorial Analysis” e-game.

The epistemic form for “Pictorial Analysis,” of course, is the diagram itself. Indeed, this

is the defining feature of this particular epistemic game. The knowledge base for “Pictorial

Analysis” includes physics content knowledge as well as knowledge for how to draw a particular

physical representation. In my data, students would also draw from their syntactic programming

knowledge and their knowledge of programming forms and devices. As part of the MWP tasks

assigned to the students, they were asked to predict the results of running their MWPs and

create a pictorial representation. This required the students to read and interpret their code as

part of the “identify relevant concepts” move.

Let me provide an example. Jeffrey, Maude, and Walter, are considering the situation of

Rutherford scattering. Interestingly, they have not yet read through their MWP at this point.

Walter: So, what we have is, we have a situation, we have the alpha particle and

the gold nucleus [w. draws two dots to represent these particles], okay? And say

this thing’s coming in at some angle [w. draws arrow from alpha to gold]. And the
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Figure 4.11: A schematic diagram of the students’ moves within the “Pictorial Analysis”
epistemic game.

distance from here to the center is B, right? [w. indicating the impact parameter].

So, that’s B, the impact parameter. Alright? And this is the center of our gold

atom [w. draws a circle with a dot at the center]. And so, what happens after this

is, of course, the thing is going to be deflected somewhat downward [g. indicating

the gold nucleus].

Jeffrey: If they hit.

Walter: Right, well, I drew it so that they nick //each other// [g. indicating the

trajectory arrow in the diagram].

Jeffrey: //yeah//

Walter: [laughing] and then this one, the alpha particle, is going to be deflected

up. [w. draws a diagram indicating the particle’s trajectories after the collision].

Right?
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Figure 4.12: Jeffrey, Maude, and Walter’s diagram of an alpha particle impinging on a gold
nucleus (top left), the two particles ricochetting off each other (bottom left), the two particles’
scattering angles (center), and the initial and final momenta indicated (right).

Maude: Mmm-hmm

Walter: So, we have an angle there, that we call phi [w. drawing an angle of de-

flection for the gold]. And an angle here, which we call theta [w. drawing an impact

parameter for the alpha particle]. Right?

Walter has identified the collision between a gold nucleus and an alpha particle as the target

concept. He then begins drawing a picture of the situation as he narrates the collision process.

Finally, he begins labeling physical aspects of the picture, including the scattering angles and

the initial and final momenta. Evidently, Walter is playing “Pictorial Analysis.”

List Making

“List Making” was one of the original epistemic games identified by Collins and Ferguson (1993).

It is a game that many people play, even outside of the context of a physics or computational

modeling problem. The purpose of this game is to answer a question, such as “what do I want

at the grocery store?” or “what are the fundamental interactions in nature?” Indeed, the target

structure of “List Making” is the list itself. The knowledge base for “List Making” is the content

knowledge for whatever domain the question addresses.
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While Collins and Ferguson (1993) provided a general set of moves for “List Making,”

Hing-Hickman (2011) developed a set of epistemic moves that are more specific to the domain

of physics. Hing-Hickman (2011) based her set of moves for the “List Making” game on obser-

vations of her study participants working on algebraic physics problems that involved vector

algebra. However, the lists that her participants generated were little more than transcriptions

of problem descriptions, for example, listing the values given in the problem statement. My

students, however, were observed to generate lists as a means of sorting information and plan-

ning a solution approach. Consider Jeffrey, Maude, and Walter as they are reading through

their Rutherford scattering MWP:

Walter: They don’t have the momentum update, do they?

Jeffrey: Nope.

Walter: So, we need to add momentum update [w. writing this on the whiteboard]

(8.0) Let’s see, definitely (need) (4.0) calculate the force, maybe?

Jeffrey: Um, momentum of each particle, update.

Walter: Yea.

Jeffrey: And then we’d have to do::: electric force?

Although Walter has only written down one item at this point, together he and Jeffrey have

also proposed both the second momentum update and the electric force. After briefly discussing

the nucleons in alpha particles and gold nuclei, they return to their task:

Walter: Electric repulsion. So we need to include electric repulsion [w. electric

repulsion].

Jeffrey: Do you think the lab goes that in-depth though?

Walter: Uh, well, it says we’re supposed to::: um, make the program.

...

Walter: Is that, is that two things the only two things we need to put in?

Jeffrey: Well (0.5) let’s take a quick read incase we got it right. Position update
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from the particles,

Walter: Okay. So, [g. computer screen] that’s for the alpha particle, right? so we

need second position update [w. 2nd position update]

Figure 4.13: Jeffrey, Maude, and Walter have listed the calculations that are missing from
their MWP of Rutherford Scattering.

Figure 4.13 contains an image of Jeffrey and Walter’s list at the end of their conversation.

Clearly, these students are not simply listing information that is included in a problem statement

– indeed, they are explicitly writing down information that is not contained within their MWP.

Jeffrey and Walter are using this list as a way of planning what they need to fix their MWP (cue

Jeffrey: “we just need the actual physics”). For this reason, I have delineated a set of epistemic

steps that are physics specific, like those of Hing-Hickman (2011), but are more general in the

sense that they can accommodate lists that have different purposes, like those of Collins and

Ferguson (1993).

The steps of “List Making” are 1) identify task, 2) identify target entities and equations, 3)

list target entities and equations, and 4) evaluate list. Looking back at Jeffrey and Walter, they

have identified a task (Walter: “it says we’re supposed to make the program”), have considered

and written down a number of possible target entities, and have even paused to make sure that

their list is complete (Jeffrey: “Let’s take a quick read to make sure we got it right.”)
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Figure 4.14: A schematic diagram of the students’ moves within the “List Making” epistemic
game.

Transliterate Solution Pattern

During this game, students would identify a problem that had already been solved in some

capacity and attempt to map that solution onto the existing problem, often focusing only on

the surface similarities, such as similar variables, hence the term “transliterate.” In the works

of both Tuminaro (2004) and Hing-Hickman (2011), this game was called “Transliterate to

Math.” This naming convention, however, takes on an ambiguity when students are explicitly

faced with multiple representational systems, as they are during computational modeling tasks

(i.e. mathematics and programming). The name “Transliterate Solution Pattern” maintains

the idea of directly transliterating entities from one problem solution onto another with a

sensitivity only to the final solution pattern rather than to the content of either problem and,

frankly, more clearly indicates what this game entails. This name is also chosen to distinguish
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Figure 4.15: A schematic diagram of the students’ moves within the “Transliterate Solution
Pattern” game, within the context of computational modeling.

this game from another game identified in this study, “Transliterate Solution Procedure,” in

which the students transliterated a solution approach rather than the final solution pattern.

There are four basic moves within the “Transliterate Solution Pattern” game:5 1) students

identify a quantity or equation within their problem, 2) they identify another problem with a

similar solution pattern (due to the presence of similar quantities or equations), 3) they map

that solution pattern onto their current problem, and 4) they evaluate their mapping.

Because a common programming practice involves developing a familiarity with various

programming structures and algorithms, we must be careful how we identify “Transliterate

Solution Pattern.” Let me provide examples of two different pattern sources that students used

to guide their solution approach.
5Hing-Hickman (2011) included five moves, splitting the third move into two component moves:“write equation

given in reference material” and “substitute given information into current problem target solution.”
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After the TA helps Estelle, Frank, and Madeline modify their Rutherford Scattering MWP

to model the motion of the alpha particle, he informs them that they must also model the

motion and interactions of the gold nucleus.

Frank: So::: now we have to do the:: P of the gold. I guess we do the:: //same

thing.//

Madeline: //The same thing,// but change it.

Frank: Yea, just do F electric times the P Au?

Madeline: Yea.

Frank: Do we have P Au?

Madeline: Yea, it’s uh:::, no, we don’t actually. Wait

Estelle: Where does, where does P alph- oh wait, we have P Au under initial values.

Madeline: Oh yea, there it is, okay. I couldn’t find it.

Frank: //Okay, so we have to do:: P Au equals// P Au plus F electric times delta

T. [t. typing as he speaks]

Madeline: //I thought I saw it. P Au equals//

Madeline: And that should be it, right?

Frank: Yeah::: [runs program].

Frank types the momentum update for the gold nucleus on the line immediately following

the momentum update for the alpha particle. It is clear that this group is transcribing an

existing equation but changing variables names so that it matches a different situation. Tellingly,

Frank uses the same force in the gold update as had been used in the alpha update. By not

acknowledging the reciprocity between the force of the gold on the alpha particle and the force

of the alpha on the gold nucleus, Frank and his group have given away the fact that they

are simply playing the “Transliterate Solution Pattern” game. What is interesting about this

example, however, is that the solution pattern that they found (hinted at by the TA) already

existed within their program.

A second source of solution patterns came from old programs. Students were regularly
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encouraged to use programs that they had previously written. Consider Frank, Paine, and

Zeke as they work on their spacecraft Earth MWP. The TA suggests that they look back at a

previous program in which they had calculated the gravitational force.

Zeke: Just copy and paste that.

Paine: [g.m highlights definition of separation vector in old program]

Zeke: All the way down to (1.0) all the way down to (1.0) yea, just right there.

Paine: [g.m Highlights entire force calculation in old code].

Zeke: I think that’s it. Just copy and paste that in there.

Paine: [laughs] I mean, that should work.

Frank: It should.

Paine: Where do we add it to? the constants?

Zeke: Yea, just bring the constants. Control V.

Paine: [t. pastes block of code into the constants section.]

The reader should note, here, that region of the program in which Paine pasted the block of

code is labeled with the comment “#CONSTANTS”. Because Paine and Zeke could be referring

to that label, we cannot say for sure that they are considering the structure of the code at this

point. After briefly discussing moving the block of code into the loop, the group runs their

program but it produces an error message. They quickly recognize that they need to map the

solution into their current program, including changing the old “planet” variables to match

the “Earth” variables in the spacecraft Earth MWP.

Frank: That didn’t work.

Zeke: Yea, we did nothing.

Paine: You got to put it in the thing [the loop] though.

Zeke: Where did we put it in the other [program]?

Frank: Maybe we have to put it after

Zeke: We put it right after craft.

Frank: I think you have to- I think it has to, like, have the information in front of
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it. Like-

Zeke: Alright-

Frank: So, we have to put it possibly at the bottom.

Paine: Well, it’s already copied. Delete it and put it here? [t. deletes block

of code and pastes it in the section marked “#OBJECTS AND INITIAL VALUES.”] It

shouldn’t, it shouldn’t be craft and planet, though, it gotta be Earth.

Zeke: Yea, gotta make it Earth. Planet.

This group is completely focused on mapping the old problem solution into their current model.

This includes matching the placement of the block of code and matching the variable names. It

is clear that the group is not thinking about the global structure of the program here, beyond

utilizing the “Serial Dependence” form. Even this form, however, is at the service of their

mapping. Indeed, the fact that Paine moves the pasted block of code from the “constants”

section of the setup into the “objects and initial values” section of the setup is evidence that

they are not thinking about either the program structure or the physics content of that block

of code.

We must be careful before dismissing this strategy in computational modeling. Indeed,

utilizing existing algorithms is a strategy used by expert programmers. For example Caballero

et al. (2011), designed a set of computational modeling assignments with the idea that students

should be able to identify, modify, and use regularly occurring algorithms like update formulae.

In this way they would develop expert programming practices. And consider Eugene thinking

about a computational model of the motion of a fan-cart:

Eugene: We have to put a momentum update in [the loop] that’s, like, kind of the

same form as this position update...”

Eugene has identified a solution pattern, however this move is far from pattern matching.

Indeed, Eugene was performing a move that is far more in line with the “Map Meaning to
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Code” game. One key to identifying this distinction is in Eugene’s use of the phrase “kind

of.” He has recognized that this should not be a straight transliteration, but rather that there

should be a process of mapping involved relating the entities in the selection of code to each

other. It is this move that indicates that Eugene is not simply playing “Transliterate Solution

Pattern.” We must thus be careful when coding for simple pattern matching.

Recursive Plug and Chug

Students playing “Recursive Plug and Chug,” a game originally identified by Tuminaro (2004),

hunt for equations, manipulate variables, and plug in known values, often with little conceptual

understanding for either the physical situation or the program structure. Indeed, using known

values in place of variables is an even more fruitless maneuver in programming than it might

be in an analytic problem; after all, the computer cannot update a number the way it can

update a variable. Students playing “Recursive Plug and Chug” do not generally draw from

their domain content knowledge nor do they activate the forms and devices associated with

programming knowledge. Rather, they primarily rely on their syntactic knowledge of both

physics and programming symbols to manipulate equations and substitute values into variables.

“Recursive Plug and Chug” has four basic moves: 1) identify target entities, 2) relate those

entities with an equation, 3) insert known values, and 4) find an equation relating the unknown

values. Unlike other epistemic games (save “Iterative Debugging”), these moves are repeated

until an end condition is met. In Tuminaro’s research, this end condition was the point at

which a singular numerical value could be calculated. In principle, the end condition for the

students in my data corpus is a functional program, however students playing “Recursive Plug

and Chug” would not have activated the appropriate content or programming resources to

allow them to assess whether their model is functional without running it. Instead, students

generally play through one or two iterations of “Recursive Plug and Chug” before performing a

“run program” evaluation check. Figure 4.16 provides a schematic representation of “Recursive

Plug and Chug.”
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Figure 4.16: A schematic diagram of the students’ moves within the “Recursive Plug and
Chug” game, within the context of computational modeling.

Let me provide an example of students playing this game. It is worth noting that Howard,

Tina, and Xavier, in this example, have entered this conversation playing “Map Meaning to

Code.” It is through this game that they identified both the need for the Coulomb interaction

and its location in the loop. A shift occurs, however, when they come to the separation vector,

~r. This shift is marked by frequent and long pauses and drawn out filler words (primarily

“um”). Again, one of the distinctive moves to pay attention to is the insertion of known values

within the iterative loop.

Xavier: Uh.

Howard: We have our Q’s, right? So just write-

Xavier: Um.
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Howard: What’s one over four epsilon, is that //nine E nine?//

Xavier: //nine E nine.// Yea, it’s nine E nine.

Howard: Alright.

Xavier: So what is it? What do I call this? Force what? or F?

Howard: U electric.

Xavier: Oh, U electric [t. ”Uelectric=” in loop]

Howard: So nine E nine times Q Au times Q [t. Xavier types this] (3.0) Q Au(5.0)

Q alpha.

Tina: Times

Xavier: Times Q alpha [t. typing this] (3.0) And then that’s the, uh, divided by::

Howard: The distance between

Tina: How do we know that?

Xavier: Divided by::: (3.0) Uh:::

Howard: Where’s the position vectors? (1.5) Right there.

Xavier: So I need to divide it by::: uh-

Howard: One E thirteen, negative thirteen.

Tina: Where is the radius?

Howard: But wouldn’t the vectors be from the //center of mass?//

Xavier: //center of mass.//

Howard: For both of them?

Xavier: So, it would just be one E

Howard: Negative fifteen.

Xavier: One E negative fifteen [t. 1e-15 in the denominator of the coulomb poten-

tial]

Tina: Not negative one?

Xavier: No, well, I think it’s just the value.
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First, let me discuss some of the numbers this group use. The variable oofpez (One Over Four

Pi Epsilon Zero) has already been created in the MWP and assigned the appropriate value,

however the group’s use of 9e9 is entirely appropriate as this is only a dimensional constant,

not a variable. The trouble comes when the group comes to the variable r. They first decide

to use the value 1e-13. This is the initial position of the alpha particle with respect to the

gold nucleus. Howard then suggests that they use the center of mass distance for both of the

particles. At this point, they then settle on the value 1e-15, which corresponds to half the

radius of the alpha particle.

That this group is entering in known numerical values in place of variables that would

normally be updated in the loop is suggestive of their playing “Recursive Plug and Chug.”

Indeed, Xavier gives the game away by telling Tina “I think it’s just the value.” However the

particular values that they choose is indicative of their not considering their story in a critical

manner. The group’s starting value of 1e13, which corresponds to the initial center-to-center

separation distance of the two particles, is at least the correct physical value. However Tina

quickly chimes in, asking “where is the radius?” Why she says this is unclear. However, it

is likely not a coincidence that “radius” begins with the same letter that is used to represent

separation. Indeed such disregard for the physical meaning of symbols is characteristic of the

“Recursive Plug and Chug” game: “students usually just rely on their syntactic understanding

of physics symbols without attempting to understand these symbols conceptually” (Tuminaro,

2004, p.127). At this point, Howard and Xavier settle on the value, 1e-15, which they seem

to have taken from the value of the alpha particle’s radius, which was initially defined in the

MWP as 2e-15. Why the group used this value is unclear. What is clear, however, is that

Howard, Tina, and Xavier are focused on rote equation solving, rather than considering either

the physical situation or the program structure.

Let me provide another example of a group inserting known values into their Coulomb force

equation. Jeffrey, Maude, and Walter, however, are more explicit about what value they are

using:
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Walter: Okay, and then we have, uh, the charge of the gold times the charge of the

alpha particle, right? [w. writing in his notebook] And then we have that over-

Maude: R squared.

Walter: Right. (3.0) Okay, so, what are we going to use as out R? Would it be

Jeffrey: R’s going to be-

Walter: Since it hits the, uh, alpha particle, it’d be the radius of the alpha particle?

Jeffrey: That, //Yea we do.//

Maude: //Don’t we just use// what they-

Walter: Eight O E to the negative fifteen.

Maude: They give you radiuses, right? [g. computer screen]

Walter: Well, okay, we should add both together. [g. points at lines indicating the

center-to-center distance]

Maude: Well, it’s a straight line, so shouldn’t we just (1.5) um-

Walter: Did we?

Maude: I don’t really know what //we’re suppos-//

Walter: //it’s eight E to the // negative fifteen plus two E to

the negative fifteen. Or one E to the negative fourteen.

Jeffrey: Yep.

Prior to this interaction, it looks as if this group is about to begin playing “Map Meaning to

Math,” especially considering Jeffrey and Walter’s discussion of the physical situation at hand.

However, they are clearly playing “Recursive Plug and Chug” at this point. There a number of

factors indicating this. First is the way Walter and then Maude refer to the parameters of the

Coulomb force. Walter says “we have” the charges of the particle and “we have” them over some

other variable. By “we have,” Walter indicates that they know the values of those parameters.

The second factor is Maude’s statement, “I don’t really know what we’re supposed-” (if Walter

hadn’t interrupted her, Maude presumably would have concluded this statement with “to be

doing”) indicating that she, at least, lacks a conceptual understanding of the situation. And of
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course, these students are inserting values into their equations in place of the more appropriate

programming variables, indicating that they are not activating programming knowledge.

4.2 Monitoring and Control: Framing

In the previous section, we have seen the epistemic games that students play during computa-

tional modeling activities. Because many of these games feature similar structural components

and knowledge bases, the question of why a student or group of students might choose to play

a particular game must be addressed. In order to answer this question, I turn to the concept

of framing (Tannen, 1994).

Framing addresses the question of expectation: “what is it that is going on here?” More

precisely, it is the process by which an individual interprets his or her surroundings based on

existing expectations and then uses this information to decide how to act. This process is

ongoing and tacit. Indeed, an individual might shift frames multiple times during the course

of a particular activity. Within the context of resources, Hammer et al. (2005) adopted the

idea of framing in order to describe how an individual might activate a set of locally coherent

resources in response to a social or physical experience. Indeed, an important strength of

the resource framework is its ability to explain the contextually sensitive nature of students’

reasoning. Redish (2004) noted that there are many components that dictate how an individual

might frame a situation, including social interactions, external influences (“What material will

I be using and how will I be using it?”), personal affect (“How do I feel about this task?”), and

personal epistemology, that is, one’s own understanding of the learning process. For example,

students sitting in a physics class may each have a different set of locally coherent resources

activated and thus each have a different set of, say, social or epistemic expectations (Hammer

et al., 2005).
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Evidence of Expectations

Framing is an ongoing process, meaning that people are constantly monitoring their environ-

ment for confirmation that their perceptions are correct. Tannen (1994) identified a list of

linguistic cues through which people reveal whether their expectations about the context of an

activity or social interaction are or are not being met. This list is presented in table 4.4. I will

specify the definitions of these so called “Tannen words,” as we encounter them throughout this

section.

Table 4.4: Linguistic cues that can serve as evidence of student expectations (Tannen, 1994).
Linguistic Evidence of Expectations

Omission Repetition
False Starts Backtracking
Hedging Words Negatives
Contrasting Connectives Modals
Inexact Statements Generalizations
Inferences Evaluative Language
Interpretation Moral Judgement
Incorrect Statements Addition

Framing and Epistemic Games

In a manner similar to Hammer et al.’s use, Tuminaro (2004) used framing as a means to

describe how students selected which epistemic game to play. Tuminaro identified three frames

into which each of the six epistemic games he identified could be categorized: “Qualitative

Sense-Making,” “Quantitative Sense-Making,” and “Rote Equation Chasing.” To these three

frames, I introduce a fourth: “Numerical Sense-Making.” Three of the four epistemic games I

have identified occur within this frame. The other game, “Iterative Debugging,” occurs within

the “Rote Equation Chasing” game. Table 4.5 shows the organization of the epistemic games

within each of the four frames.
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Table 4.5: The seven epistemic games previously identified to occur during physics problem
solving (Tuminaro, 2004; Hing-Hickman, 2011) and the four identified in this study, organized
into four frames. Those games identified in this study, along with the numerical sense-making
frame, are indicated as red. Games that appeared as variants due to the programming context
are indicated with a “*”

Quantitative Sense-Making Numerical Sense-Making
Map Meaning to Math* Map Meaning to Code
Map Math to Meaning Map Code to Meaning

Targeted Debugging
Qualitative Sense-Making Rote Equation Chasing

Physical Mechanism* Recursive Plug and Chug
Pictorial Analysis Transliterate Solution Pattern
List-Making Iterative Debugging

I will spend the rest of this subsection discussing each of the four epistemic frames in detail,

along with the games that are played within these frames. Much of this discussion will focus on

the games that were first identified within this study and the games that appeared in a slightly

altered form. For a more in depth discussion on those games that were previously identified,

see Tuminaro (2004) and Hing-Hickman (2011). I will conclude this subsection with a brief

discussion on extending this framework to other representational systems.

4.2.1 Quantitative Sense-Making Frame

Students adopting the “Quantitative Sense-Making” frame carry the expectations that their

strategies will involve mathematical reasoning. Specifically, students will look to use mathe-

matics equations and formal mathematical procedures while maintaining this frame. Within

the context of the M&I curriculum, this can include solving algebraic and simple differential

equations or considering constraints and boundary conditions that are unnecessary in compu-

tational modeling. Importantly, students operating in this frame look for things to make sense.

Tuminaro (2004) identified two games that occur within this frame: “Map Meaning to Math”

and “Map Math to Meaning.”
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Map Meaning to Math (in code)

As we have already discussed, “Map Meaning to Math” was the most cognitively sophisticated

game that Tuminaro identified in his data. He provided evidence in his study that “Map

Meaning to Math” occurred within the “Quantitative Sense-Making” frame. Because I identified

a slightly altered version of this game, I must be careful to confirm that this still occurs within

“Quantitative Sense-Making.”

Let us return to Estelle, Roslyn, and Yolanda. These three have entered the correct lines

of code into the program to compute the gravitational force on the spacecraft due to the

Earth, however they have entered these equations into the “constants” section of their MWP,

evidence that they were playing “Map Meaning to Math.” After running their program, they

were surprised to find that it didn’t model a gravitational interaction. Consider their followup

conversation:

Estelle: I don’t know how to make [the spacecraft] go that way, though.

Yolanda: I’m not sure how to use that information.

Estelle: Like, I know we have, we have gravity force now. So we just want the

earth to pull on it to go that way. Instead of keeping- instead of, like, going up

indefinitely. But I don’t know where in this program we’re supposed to do that.

First, note Estelle’s use of the word “but.” This is a contrastive connective that indicates

the denial of an expectation (Tannen, 1994, p. 44). In this case, Estelle recognizes what

the outcome of their program should be, however she doesn’t understand how to use their

earlier work to “make the [spacecraft] go that way.” Notice also Estelle’s use of the modal

word “supposed.” Again, according to Tannen this word is being used to express a denial of

expectations. Together, these two linguistic cues suggest that Estelle had expected that her

group’s earlier work involved the correct procedure.

Further indication of Estelle’s expectations can be gleaned from her false start: “Instead

of keeping- instead of, like, going up indefinitely.” Tannen says that false starts, which are

statements that are made and then repudiated, are revealing of expectations. In this case,
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Estelle began with the word “Keeping,” a word that is suggestive of constancy. Indeed, the

group’s force calculations were written in the constants section of their MWP. This indicates a

lack of consideration for step-by-step or iterative procedures. This can be taken to be evidence

that, even though these three students had correctly written their calculations in VPython

syntax, they were still operating in the “Quantitative Sense-Making” frame.

Map Math to Meaning

The second game that Tuminaro identified as being part of the “Quantitative Sense-Making”

frame is “Map Math to Meaning.” Again, this game involves the generation of a mathematical

equation and then using that equation to develop a conceptual story. Like “Map Meaning to

Math,” this game involves the expectations that formal mathematics will be needed to generate

a sensible solution. For this reason, Tuminaro argues for its inclusion within the “Quantitative

Sense-Making” frame.

4.2.2 Numerical Sense-Making Frame

Students adopting the “Numerical Sense-Making” frame carry the expectations that solutions

will involve step-by-step processes and that the program structure will carry importance. More

specifically, students expect that problems and solutions should make sense within the context

of a step-by-step algorithm, hence the qualifier “numerical.” Three of the games that I identified

in my data take place within the “Numerical Sense-Making” frame: “Map Meaning to Code,”

“Map Code to Meaning,” and “Targeted debugging.”

One of the major distinctions between the games in this frame and the games that occur

in the “Quantitative Sense-Making” frame is the invocation of the programming interpretive

devices and the programming symbolic forms, “Constancy,” “Variation,” and “Setup-Loop.”

Notably, the presence of a computer program does not necessarily trigger the “Numerical Sense-

Making” frame. Consider the game “Transliterate Meaning to Math (in code).” While the

students playing this game do make use of the program code, and they do activate the symbolic
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forms “Serial Dependence” and “Sequential Process,” they are doing so largely to enable their

mapping of an algebraic solution into the code. These students make little acknowledgement

of global program structures and they do not activate the interpretive devices “Tracing” and

“Recurrence,” important indicators of algorithmic reasoning and, hence, the “Numerical Sense-

Making” frame.

Map Meaning to Code

Let’s consider Celia, Paine, and Yolanda playing “Map Meaning to Code” as they complete

their computational model of Rutherford Scattering.

Celia: Wait, is there a different position, like a different (??) for the other one?

Maybe we should update the position of the Au. Like, do one of these [g.m alpha

position update].

Yolanda: Let’s do that. Try that.

Celia: ’Cause that will give it a final and initial

Paine: [t. begins typing Au position update]

Celia: Same thing [referencing Paine typing the second pAu in the equation]

Au.pos = Au.pos + (pAu

Paine: That’s just going to be zero. The momentum of the Au is zero.

Yolanda: Maybe it just wasn’t defined?

Celia: You can try it

Paine: [t. completes the equation]

Au.pos = Au.pos +(pAu/massAu)*deltat

[Enter TA]

Celia: Is this sort of right what we’re doing? We decided to update the position

there
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TA: Okay.

Celia: like, up here. And then-

TA: Yeah, good.

Celia: And we added another P Au down there.

Celia’s comments throughout this interaction indicate that she is considering how this program

is executed in a step-by-step fashion. First, I should point out Celia’s repeated use of the

word “update.” Although it was common to call elements of the program update lines (e.g.

the momentum update), Celia is clearly not using this word as part of a name. One might

argue that Celia is simply suggesting that they change how the gold’s position is defined in

the program, however “update” is a very peculiar word to spontaneously use as a synonym

for “change.” Celia uses it twice. Tannen (1994, p. 41) suggests that repetition is evidence of

reestablishing the point of a frame. Furthermore, a delayed repetition, as Celia has done, can

be used to emphasize a key idea and can be taken as evidence of maintaining a frame.

It is also notable that, as Paine is typing the momentum update into the program, Celia

reminds him to use the correct form. Specifically, she tells him that the term following the

equal sign should be the “same thing” as the leading term. Evidently, Celia was using the

“variation” form and was thus taking into account how the program should be structured. In

all, this is evidence that Celia was operating within the “Numerical Sense-Making” frame.

Map Code to Meaning

In the game, “Map Code to Meaning” students begin identifying a relevant selection of code

and interpreting what its functionality will be. Although the target of this game is to generate

a story, that story explicitly considers the functionality of the program.

Let us consider, again, Jeffrey and Walter as they first read through their Rutherford scat-

tering MWP.

Walter: [g.m moving mouse curser down as he reads] Alpha dot pos equals alpha

dot pos plus P alpha dot, yea, ’cause that’s the velocity, times the- right?
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Jeffrey: Mm-hmm

Walter: So, this is position update. They don’t have momentum update, do they?

Jeffrey: Nope

Walter: So, we need to add momentum update [w. writing this]. let’s see, defi-

nitely need (??)(4.0) calculate the::: force, maybe?

Jeffrey: Um. momentum of each particle, update.

Walter: Yea.

Jeffrey: And then we’d have to do::: electric force

... [brief discussion on atomic nucleons and the electric interaction] ...

Walter: Ah, so T equals T plus delta T. So, they’ve updated the time.

Jeffrey: Mm-hmm

Walter: And they’ve updated the trails. It looks like what this is, uh-

Jeffrey: So, we’ve got, basically the graphic end of things taken care of.

Walter: Basically, yea, we just-

Jeffrey: We just need the actual physics.

Walter and Jeffrey, here, are trying to develop a coherent picture of the functionality of this

program. As they do so, they begin making use of both the “Tracing” and “Recurrence” de-

vices. This suggests that they are explicitly considering the step-by-step nature of the program.

Furthermore, note how Jeffrey and Walter expresses their upcoming tasks: “basically, yea, we

just,” “we just need the actual physics.” The word “just,” according to Tannen (1994, p. 45), is

a hedging word that indicates the measuring of an idea against what is expected. Prior to this

interaction, these students had been trying to solve a self-generated analytic problem. By using

the word “just,” they acknowledge that they need to maintain the “Numerical Sense-Making”

frame and not return to their analytic problem. This is evidence that “Map Code to Meaning”

occurs with the “Numerical Sense-Making” frame.
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Targeted Debugging

Recall that “Targeted Debugging” involves identifying the meaning of an error message and

seeking out the source of the offending bug in a methodical way. In order to play this game,

students must be able to make sense of the lines in their code. This requires having activated

both content resources and programming resources, such as forms, devices, and even syntac-

tic knowledge. I have already established that “Map Meaning to Code” and “Map Code to

Meaning” occur within the “Numerical Sense-Making” frame, so it is suggestive that “Targeted

Debugging” also occurs within this frame. Let us first consider an example.

Consider, again, Howard, Tina, and Xavier as they play “Targeted Debugging.”

Howard: Hold on, what does that error say?

Xavier: Yea, it said an operand plus in the vector. Line 29.

Howard: P craft.

Xavier: Too many spaces in there?

Howard: Nah, spaces shouldn’t be a problem, (1.0) right?

Xavier: You don’t have a space right there [g. computer screen] (3.0) We have a

space right here, though [g. computer screen].

Tina: I don’t think that really matters.

Howard: Wait, F net, in the::: position update is a vector and that’s not a vector

[g. screen].

Although Howard does not explicitly use a programming form here, he clearly is making use of

syntactic knowledge (“spaces shouldn’t be a problem”). Furthermore, Howard’s use of the word

“wait” preceding both his use of content resources and his examination of the error message

can be taken to be evidence that he was reading through the program to determine the source

of the bug. Indeed, Tannen notes that backtracking like this indicates that Howard wants to

maintain a particular frame.
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Another example of this group trying to maintain their frame occurs after Xavier’s question

“too many spaces in there?” This comment is suggestive of Xavier’s shifting into the “Iterative

Debugging” game which, I will establish in the next subsection, is part of the “Rote Equation-

Chasing” framw. His suggestion, however, suggestion is met by negatives from both Howard

and Tina (“I don’t think that really matters.”). Tina even uses the hedging word “really.”

These both point to Howard and Tina trying to maintain a particular frame.

Finally, at the conclusion of this game, Howard, Tina, and Xavier immediately shift into

playing “Map Code to Meaning,” a game that I have already established occurs within the

“Numerical Sense-Making” frame. Evidence that they have not switched frames, however, lies

in Howard’s repeated use of the word “vector.” Tannen suggests that repetition can be used

to establish a key point in a frame. In this case, Howard has identified why the computer has

produced an error message. That Howard is maintaining the frame is evidence that “Targeted

Debugging” occurs within the “Numerical Sense-Making” frame.

4.2.3 Rote Equation Chasing Frame

When adopting the “Rote Equation Chasing” frame, students have the expectations that prob-

lem solving in physics involves identifying a particular equation from a list of other, presumably

memorized, equations and plugging in values in order to solve for a particular entity (Tuminaro,

2004). In this sense, the process of physics problem solving is essentially reduced to glorified

equation manipulation. Importantly, students operating in this frame have no expectations

that solutions should make sense.

There are many factors that might lead a student to enter the “Rote Equation Chasing”

frame. First, a student might naturally believe that physics is all about problem memorization,

equation chasing, and symbol manipulation. Indeed, many simplistic problems can be reduced

to the procedure of identifying the appropriate equation from the textbook or worked example

and then manipulating it in order to solve for a desired entity. In this case, the decision to enter

the frame is based upon internal expectations and epistemological assumptions about learning
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and problem solving.

A student may also enter the “Rote Equation Chasing” frame if the necessary resources

for prompting another frame are not activated. Tuminaro uses the example of a problem that

does not cue appropriate sense-making resources, leaving a student to resort to “Rote Equation

Chasing.” This scenario is particularly relevant to computational modeling. Recall that many

observations (e.g. Linn and Clancy, 1992; Sherin, 1996; Ginat, 2006) suggest that novices can

view programs as a set of local patterns and syntactic elements, rather than as a global whole.

If a student fails to look beyond a particular local pattern, important resources may not become

active and the student will tacitly enter the “Rote Equation Chasing Frame.” One particular

precursor to this is when a student reaches an impasse. If the appropriate resources have not

been cued for the student to methodically overcome the impasse, he or she may simply resort

to “Rote Equation Chasing.”

One final way a student might enter the “Rote Equation Chasing” frame that Tuminaro

did not mention is the failure to produce an expected result while playing an epistemic game

within a sense-making frame. Rather than methodically trying to resolve the discrepancy

between expectation and result, a student may simply resort to surface manipulations of an

equation or computational algorithm. This is driven, in part, by a lack a patience and a need

to get the answer. Recall Zeke playing iterative debugging:

Zeke: Try running [the program] now. Maybe well get lucky and it will work and

we‘ll be done.

Indeed this emphasis of achieving an answer or result over making sense of a situation, is a

hallmark of the “Rote Equation Chasing” frame, as described by Tuminaro.

This new entrance to the “Rote Equation Chasing” frame is due to the immediacy of eval-

uation provided by the programming environment, but not by algebraic environments such as

the one used by the participants observed in Tuminaro’s study. Still, one might imagine an

erroneous calculator result prompting the “Rote Equation Chasing” frame.
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Iterative Debugging

Evidence suggests that the epistemic game “Iterative Debugging” occurs within the “Rote Plug

and Chug” frame. Let us return to Isis, Roslyn, and Zeke attempting to incorporate the impact

parameter, b, into their model of Rutherford Scattering.

Zeke: [t. multiplies b by the x-component of the alpha’s position]

alpha=sphere(pos=(b*-1e-13,0,0))

Zeke: We’ll see what it does [runs program]

Isis: Wait, I don’t think it’s multiplied. I think it’s, like, subtracted by that position.

Zeke: Okay, do what?

Isis: I think it’s like, um, that, like that position like minus B or something. Or B

minus that position. Yeah, try B minus that.

Zeke: Alright, B minus.

alpha=sphere(pos=(b- -1e-13,0,0))

Zeke and Isis, here, are simply trying out algebraic operators, one after another. Although this

task requires that they simply use b as the y-component of the initial alpha position, these

students have no preoccupation with making sense of the meaning of this value. Indeed, the

way that Isis casually switches her suggestion of operation (“position minus B, or something.

Or B minus that position. Yeah, try B minus that.”) suggests that her goal is to find the correct

solution through a process of trial and error.

A second point is the ease and casualness with which students are willing to approach a

solution using the trial-and-error method of “Iterative Debugging.” Isis, above, concludes her

suggestion with the statement “Yea, try B minus that.” The word “try,” here, being indicative

of a possible future trial. Indeed, a better example of this is from Tina as her group tries to

incorporate the force, Fgrav, into their model of gravitational interaction:
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Xavier: Need to, like, times F grav?

Tina: Just try it. Just try everything.

All: [laugh]

This was partly meant as a joke, as evidenced by the group’s laughter. However the casualness

of the statement, along with the very real procedure that the group was following, suggests

that they were simply chasing an answer by means of trial-and-error, rather than trying to

make sense of the situation. There are also two important linguistic cues, here. Tina’s use of a

false start, according to Tannen (1994), indicates an altered expectation. Indeed, Tina switches

from expecting to try one thing to expecting that only one try will be insufficient. Further,

Tina’s use of the hedging word “just,” according to Tannen, indicates that she is measuring

her statement against what is expected. Tina, again, is indicating her expectation that they

will have to continue to make minor alterations until a solution is found. For these reasons,

“Iterative Debugging” occurs within the “Rote Equation Chasing Frame.”

“Recursive Plug and Chug” and “Transliterate Solution Pattern”

Tuminaro (2004) categorized two of his games within the “Rote Equation Chasing” frame:

“Recursive Plug and Chug” and “Transliterate Solution Pattern6.” Like “Iterative Debugging,”

the goals of “Recursive Plug and Chug” and “Transliterate Solution Pattern” are not to make

sense of a particular problem or situation, but rather to generate an answer.

While playing the “Recursive Plug and Chug” epistemic game, Tuminaro noted that stu-

dents lacked a sensitivity to the meaning of variables within equations or even if a particular

equation would be useful in generating a solution. A particularly prominent example from

Tuminaro’s dissertation involves a group of students tasked with finding the difference in air

pressure between the floor and ceiling in a typical dorm room. The students quickly select the
6Tuminaro (2004) used the name “Transliterate to Math” for this game. In order to avoid confusion that

might arise from the use of multiple representations, I have adopted the “Transliterate Solution Pattern.” Beyond
the name change, this game is as originally described by Tuminaro.
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ideal gas law,

P =
nRT

V
(4.1)

but identify R as the radius of the room7 and ignore the fact that P in the above equation

does not yield a difference in pressure. At this point, the students hunt for another equation to

use to solve for the unknowns. This process, according to Tuminaro, is inconsistent with sense

making.

In addition to precluding conceptual sense-making, “Rote Equation Chasing” can preclude

programming sense-making. A symptom of this occurred within my own data. Let us return

to Howard, Tina, and Xavier as they generate a line of code to compute the electric potential:

Howard: So nine E nine times Q Au times Q [t. Xavier types this] (3.0) Q Au(5.0)

Q alpha.

Tina: Times.

Xavier: Times Q alpha [t. typing this] (3.0)

Uelec = 9e9*qAu*qAlpha/

Xavier:And then that’s the, uh, divided by::

Howard: The distance between-

Tina: How do we know that?

Xavier: Divided by::: (3.0) Uh:::

Howard: Where’s the position vectors? (1.5) Right there.

Xavier: So I need to divide it by::: uh-

Howard: One E thirteen, negative thirteen.

Tina: Where is the radius?

Howard: But wouldn’t the vectors be from the //center of mass?//
7R is the Ideal Gas Constant, and is equal to the product of the Boltzmann gas constant, kB , and Avogadro’s

number, NA. It’s value is roughly 8.314e75 J/K mol.
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Xavier: //center of mass.//

Howard: For both of them?

Xavier: So, it would just be one E.

Howard: Negative fifteen.

Xavier: One E negative fifteen [t. types this value in the denominator].

Uelec = 9e9*qAu*qAlpha/1e-15

In generating a line of code for a computational model, variables should be used exclusively.

There are two reasons for this. First, if the variable is to be held as a constant parameter, it

is easier to use this variable throughout the program but define it near the beginning. In this

way, the parameter can easily be altered. This reason is associated with the general rules of

programming discourse but not with the general functionality of a program. For a variable that

represents a dynamic quantity, such as the separation distance in the above group’s model of

Rutherford scattering, it is completely inappropriate to use a numerical value, as this cannot

change in the iterative loop. With this in mind, note Xavier’s use of the modal word “just”

as he suggests inputting the numeric value 1e − 15. Evidently, the students expect that that

they should be inputting specific values into the program. This suggests that they are in the

“Rote Equation Chasing” frame. It of note, also, that it is generally considered to be poor

practice to replace a variable with a number before the desired entity is to be calculated in an

analytic problem. That Howard, Tina, and Xavier are doing this further suggests that they are

operating in the “Rote Equation Chasing” frame.

Tuminaro (2004) also describes the game “Transliterate Solution Pattern” as occurring

within the “Rote Equation Chasing” game. Recall that this game involves students identifying

another solution pattern and mapping that pattern onto the current problem task. Importantly,

this mapping does not require any conceptual understanding of either the problem task or of

the mapped problem solution. For this reason, Tuminaro identified this game as taking place

within the “Rote Equation Chasing” frame.
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4.2.4 Qualitative Sense-Making Frame

Students adopting the “Qualitative Sense-Making” frame have no expectations that their prob-

lem solution will involve either formal mathematics equations, or step-by-step reasoning. Stu-

dents may need to use informal mathematics reasoning, or read programming code, but their

expectation is that they will not have to use either of these in a formalized manner. The solu-

tion shouldm however, make sense. There are three epistemic games in this frame: “Physical

Mechanism,” “Pictorial Analysis,” and “List Making.”

Physical Mechanism

Tuminaro (2004) identified “Physical Mechanism” as occurring within the “Qualitative Mech-

anism” game. First, he argued that the point of the game was to simply tell a story. Indeed,

the only two steps that Tuminaro (2004) defined the game as having were “formulate story”

and “evaluate story.” Additionally, students in Tuminaro’s study would reference using math

in pejorative terms: “do we even need to do all the calculations?”

Because I identified a variant of “Physical Mechanism” in my own data, I must be careful

before following Tuminaro’s assessment. Let us return to Frank, Paine, and Zeke interpreting

their spacecraft Earth MWP.

Paine: It’s a Moon. It’s probably the moon, dude. Going around the Earth.

Zeke: Yea, I think that’s what it is. [both laugh] A moon going around the Earth.

Paine: Which way is it going? It’s uh, it’s. What’s its velocity? V craft, twelve

hundred. So it’s just-

Zeke: Positive, so it’d be-

Paine: Going up.

Zeke: Going this way, right? [g. gesturing in a clockwise path around Earth]

Paine: It’s in the positive Y direction.

Frank: Do we have to write this down, what our prediction is?

Zeke: I think so, yea.

182



Frank: Alright, well let’s just make a random prediction then look at it.

The first thing to point out is Paine’s statement as he comes up with the story. His repetition

of the word “Moon” is an indication of expectation, according to Tannen (1994). Indeed Paine,

here, has come upon the story that is the goal of the “Physical Mechanism” game. The second

aspect of this particular game to notice is how Frank brings it to a close. His use of the word

“random” appears to be a pejorative, in this context. Furthermore, he uses it to add value to

the word “prediction,” a further indication, according to Tannen (1994), that the goal of this

game is only to generate a story. Thus, like the “Physical Mechanism” game that Tuminaro

(2004) identified, this modified “Physical Mechanism” game occurs within the “Qualitative

Sense-Making” frame.

Pictorial Analysis and List Making

Both “Pictorial Analysis” and “List Making” occur within the “Qualitative Sense-Making”

frame (Tuminaro, 2004). Indeed, neither of these two games require the explicit use of either

formalized mathematics, or step-by-step numerical procedures. One might object that “List

Making” might involve generating a list of formal mathematics principles, say, but the list

maker, in this situation, is hardly using this information. The list is simply a qualitative

organization of quantitative information.

A possible example of a “Pictorial Analysis” game that might be considered to occur within

the “Quantitative Sense-Making” frame is graph-making. Indeed, Sherin (1996) noted that

this practice may even involve its own set of symbolic forms. Because none of the participants

in my data corpus were required to generate hand-drawn graphs, we need not discuss these

any further. Thus “Pictorial Analysis,” along with “List Making,” can be considered to occur

within the “Qualitative Sense-Making” frame.
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Figure 4.17: A comparison of the steps in (a) “Map Meaning to Math” (as defined by Tumi-
naro (2004)) and (b) “Map Meaning to Code.”

4.2.5 Towards a Unified Framework

Some of the games that were identified in this study bare a striking similarity to games that

were identified by Tuminaro (2004). It is no coincidence that these games are specific to the

target representation. For example, Figure 4.17 compares the sequence of moves for a) “Map

Meaning to Math,” which Tuminaro (2004) identified, and b)“Map Meaning to Code,” which

I identified. The similarity between these two games’ structure suggests that they might be

combined into a more general game titled “Map Meaning to Target Representation” (see table

4.6).

An important distinction between these games, besides their target representation, is the
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Table 4.6: A possible unification of representation-specific epistemic games.
Math Game Programming Game Unified Game
Map Meaning to Math Map Meaning to Code Map Meaning to Target Representation
Map Math to Meaning Map Code to Meaning Map Target Representation to Meaning

frame in which they are played. “Map Meaning to Math” is played in the “Quantitative Sense-

Making” frame while “Map Meaning to Code” is played in the “Numerical Sense-Making” frame.

One solution, perhaps, is to free the epistemic games’ ties to individual frames and analyze the

particular combination of frame and representational system. During a computational modeling

task, for instance, a student playing “Map Meaning to Target Representation” in the “Numerical

Sense-Making” frame would make considerable progress, while a student playing the same game

in the “Quantitative Sense-Making” frame would be preoccupied with generating analytical

solutions. Similarly, during a pen-and-paper problem, someone playing “Map Meaning to Target

Representation” in the “Numerical Sense-Making” frame would find themselves growing quite

tired of iterating by hand. Recall Feynman’s impatience at doing just this.

A unified approach will have to be taken if this framework is to be generalized to other

representational systems (graphs, say), however, I will leave this task to future research. For

now I will leave these as separate sets of games tied to specific frames.

4.3 Using the Resource Framework

At this point, I have now taken great pains to detail how the tools of Resource Theory can

be used to describe how students approach computational modeling activities. Along the way,

I have filled in necessary components that did not previously exist, namely a set of epistemic

games associated with programming physics and a frame within which some of these games

occur.

With the resource framework in hand, we can now proceed to analyze students computa-

tional modeling practices. In the following chapter, I will discuss the formal study in more detail
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followed by the analysis methodology derived from the framework I have just developed. In

chapter 6 I will use this framework, along with the analysis methodology discussed in Chapter

5 to analyze the programming practices that were observed in the data.
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Chapter 5

Study Design and Methodology

5.1 Introduction

In an effort to observe how students go about solving programming tasks within an ecological

laboratory setting, and specifically how they interpret incomplete - yet functional - compu-

tational models, Weatherford (2011) designed a pair of experimental lab sections that could

take place and be observed from within the NCSU physics department’s education research

facilities. Twenty three students enrolled in these lab sections and were filmed throughout the

entire, semester-long laboratory sequence. As this experimental lab was underway, however,

a second research question emerged that was beyond the scope of the original study: how do

students use their physics knowledge as they alter and complete these computational models?

In order to address this question, this study will draw upon the data that were collected during

the experimental lab sections, as well as data that were collected during a subsequent semester

in which the lab activities had been modified based on findings from the original experimental

lab sections.

In this chapter, I will describe the experimental laboratory sections and the subsequent

in vivo sections in detail, as well as the methodology used in this study to analyze the data

generated from those labs. The chapter begins with a description of the laboratory environment
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that was common across all observed sections. We will then detail the Minimally Working

Programs, including the motivation behind their development and their implementation in

both the experimental lab sections and the subsequent in vivo lab sections. Finally, we will

describe the methodology used for analyzing the data.

5.2 Matter & Interactions Labs

Traditionally, introductory physics courses are associated with laboratory sections during which

students, often working in pairs, perform small-scale experiments. These experiments are in-

tended to reinforce ideas introduced in class as well as stand as examples of those ideas. A

number of difficulties, however, are associated with traditional lab sections, namely the “cookie-

cutter” nature of the experiments, where students are given precise instructions that leave little

room for creative thought or problem solving, and a lack of synchronicity with the lectures.

The Matter & Interactions (M&I) curriculum (Chabay and Sherwood, 2010) seeks to alle-

viate some of these problems, in part, by introducing two new types of lab activities: “White-

board problems,” that is, difficult group problem solving sessions, and Computer Modeling

problems (Beichner et al., 2010). The latter use VPython (Chabay and Sherwood, 2000, 2008)

to model a number of physical systems, such as a mass on a spring or two particles colliding. As

discussed in section 2.2.3, VPython combines the easy-to-use programming language Python

with the Visual package, which automatically renders 3-D animations of the computational

model in real-time.

5.2.1 Laboratory Environment

All M&I lab sections meet weekly for 110 minutes. During this time, up to 24 students work in

groups of 2-3 to complete activities intended to give them practice analyzing data, using physics

principles, modeling natural phenomena, and solving problems. Students are generally assigned

one to two activities during a standard lab session. During these sessions, the students have

access to their textbooks, their course notes, a computer with internet support, a whiteboard,
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and whiteboard markers. A single TA is present for the duration of these labs. The TA’s role

is to help coach the students through conceptual difficulties while providing technical help with

the equipment and programming environment.

The Webassign online homework delivery system1 is utilized in all M&I lab sections at North

Carolina State University. Experiment instructions, problem statements, and skeleton programs

can be downloaded through the interface. Students can then submit numerical answers, free

response essays, and even spreadsheets, graphs, and completed programs. The TA then has

access to these and can submit grades through Webassign.

5.2.2 Group Roles

In general, in order for a group of people working towards a shared goal to maintain productivity

and functionality, certain tasks must be performed and monitored (for example, see Johnson

et al., 1986). To provide some examples: records of group activity must be kept, organization

must be maintained, and critical thinking must be utilized. In order to foster functionality and

productivity in the M&I labs, group roles, borrowed largely from the works of Johnson et al.

and Heller and Hollabaugh (1992), are prescribed to the students: Manager, Recorder, and

Skeptic. Each role is responsible for a particular aspect of a group’s functionality, thus ensuring

both a co-dependence between individual group members and functionality of the group as a

whole. Each week, students rotate roles so that everyone has a chance to perform each function

and no student is left too far outside or inside his/her own comfort level. Before describing

the roles in more detail, it should be noted that group size is also a variable that is tightly

controlled in M&I labs. Too many group members can result in one or more students not fully

participating in the ongoing task. Too few can result in a lack of ideas and critical thinking.

Three students is the ideal size that is maintained in the labs (Heller and Hollabaugh, 1992),

though groups of 2 or 4 are acceptable, depending on lab enrolement.
1www.webassign.net
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Manager

The role of the manager is to plan out strategies, ensure that all goals are being addressed within

the time allotted, and to make sure that everyone is conceptually engaged. The manager is not

meant to be the “boss” or “leader” of the group, but simply the person responsible for keeping

everyone on task.

Recorder

The role of the recorder is to keep track of measurements and observations, to plot data,

and to keep track of proposed solutions. The recorder is also responsible for typing during

programming assignments and logging into and submitting results through Webassign.

Skeptic

The role of the skeptic is to question the progress of the group, anticipate difficulties that

might arise, and suggest alternative approaches. While the manager is responsible for ensuring

the completion of goals, the skeptic is responsible for ensuring that the goals are thoroughly

understood by the other group members.

5.3 Minimally Working Programs

Minimally Working Programs are a new instructional device developed from the dissertation

work of Shawn Weatherford (Weatherford, 2011). A MWP is a functional computational model

in the sense that when run, it will display a time-varying simulation. However, these programs

lack important physical relations, including force calculations, position updates, and the Mo-

mentum Principle. Rather than being tasked with the generation of a whole computational

model, the students were given a minimally working program and were tasked with identifying

which physical relations had been omitted and then adding those relations into the program to

complete the model. These programs were written in the VPython programming environment
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which, when run, produces a visual simulation concurrently with its execution of the code.

5.3.1 Motivation

In an effort to understand how students use their background physics knowledge to interpret

lines of code in a computational model, Weatherford (2011) examined what the students pre-

dicted would be the behavior of the visual simulation of a model of 2-body orbital motion2.

Weatherford, however, saw little evidence that the students were drawing upon the information

contained within the iterative loop in order to make their predictions. While students could

accurately predict the behavior of a physically accurate model, it was unclear whether they

were, in fact, drawing upon an operational model of planetary motion or of the Momentum

Principle that they had remembered from class.

One of the primary instructional goals of the Matter & Interactions curriculum (Chabay

and Sherwood, 2010) is for students to gain an understanding of the dynamic nature of the Mo-

mentum Principle. While being able to identify the Momentum Principle in the code is a step

in the right direction, simply recalling what the Principle is supposed to do does not reveal any-

thing about the students’ ability to think about it dynamically. Weatherford (2011) suspected

that eliminating important lines of code would draw their attention during their prediction and

provide clearer evidence of the students dynamical understanding of the Momentum Principle.

Anecdotally, another difficulty emerged when the students in the Matter & Interactions labs

were expected to generate full computational models using the scaffolded instructions developed

by Kohlmyer (2005). Often, students’ goals were directed towards generating a model that

would run without syntax error, paying little attention to whether it was physically accurate.

Students, in these situations, would focus more on the programming syntax, rather than on

how physical interactions were being mapped onto the code. By having students start with a

runnable model, Weatherford hoped that students would focus on the physics rather than the
2This was actually a model of a constrained 2-body motion: The larger body, the Earth, did not have a

position update associated with it and was effectively “nailed” down. The complete Rutherford scattering MWP
does not have this constraint.
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programming.

Weatherford (2011) constructed an initial MWP by removing the gravitational force calcula-

tion, the calculation of the relative position vector, and the momentum update from an existing

model of 2-body orbital motion. The remaining code, which created objects in a 3-D virtual

world, defined relevant physical parameters, and animated the objects, was left in the program.

When run, this program would generate a visual output with no errors, as before. However,

this computational model lacks a force calculation and does not update the momentum of the

spacecraft. As a result, the spacecraft that should orbit the planet now moves in a straight

path at constant speed.

In order to focus the students’ attention on the physics contained within the computational

models rather than on real-life phenomena, a series of tasks were developed to be deployed

alongside the MWPs. These tasks, drawn from Palinscar and Brown’s instructional framework

(Palinscar and Brown, 1984), required students to read through the code of the MWP and use

their understanding of the code to make a prediction for how the visual output will appear. The

students could then run the program and use the visual output to evaluate their prediction.

After this, they were asked to modify the code until it accurately modeld the target system.

5.3.2 The Programs

Three MWPs were developed by Weatherford (2011) to be deployed in the introductory mechan-

ics Matter & Interactions laboratories. This study focuses on the first of these MWPs, which

constituted the students’ first exposure to a dynamics model featuring a position-dependent

(and thus time-dependent) force3 and the last of the MWPs, which was given towards the end

of the semester when the students, in principle, should have acquired a measure of familiarity

with computational modeling. For the sake of completeness, I will include here descriptions of

all three MWPs.
3An initial program modeled a fan cart with a constant force acting on it. Another program featured gravita-

tional force calculations but was not dynamic. Neither of these programs were MWPs, but both preceded them
in the sequence of lab activities.
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The first MWP, as discussed above, is a model of 2-body orbital motion. The second is a

model of a mass on a vertical spring in harmonic motion. The third is a model of Rutherford

scattering, which involves an alpha particle scattering off of a gold nucleus due to the electric

interaction. While the first two MWPs were based on existing VPython programs that had

been developed for the introductory M&I laboratory by Kohlmyer (2005) for his dissertation

work, the third MWP, the model of Rutherford scattering, was designed specifically for the

experimental lab. In addition to modeling different physical situations at very different scales

(both physical dimension and time-step), the three MWPs differed in what lines of code were

omitted. Table 5.1 lists the physical situation each MWP models, as well as the calculations

that were omitted or left included in the program. Figure 5.1 shows the code for the three

MWPs along with the visual output and the omitted lines of code. Each minimally working

program, as well as the accompanying instructions, can be found in the appendix.
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Table 5.1: Comparison of the physical system to the features of the computational model which are included or omitted from the
minimally working programs (Weatherford, 2011).

Physical System Computational Model Omits Computational Model Includes
Spacecraft interacts with Earth Gravitational Force acting on spacecraft Update of the spacecraft position using a

constant velocity
Update of the spacecraft momentum

Ball attached to an oscillating verti-
cal spring

The spring Interaction Gravitational force on the ball due to the
Earth
The Momentum Principle
Update of the ball’s position using values
of the updated momentum

Scattering of an alpha particle off of
a gold nucleus

Electrostatic force acting on the alpha
particle due to the gold nucleus

Update of the alpha particle position using
a constant velocity

Electrostatic force acting on the gold nu-
cleus due to the alpha particle
Momentum principle for each particle
Position update for the gold nucleus

194



Figure 4.3: The program code and visual output for the three MWPs developed to be included in computational activities.
The pink box lists the new lines of code students need to generate and add to the program such that the MWP predicts an
appropriate behavior of the corresponding physical system.

Figure 5.1: Program code and visual output for the three MWPs developed for the M&I computational activities. The pink boxes
list the new lines of code students need to generate and add to the MWPs in order for them to model the appropriate behavior of the
corresponding system. (Weatherford, 2011, p. 85)
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Spacecraft-Earth

As discussed above, the spacecraft-Earth MWP omits the gravitational interaction on the space-

craft due to the Earth and the update of the spacecraft’s momentum. Once completed, this

program models a constrained 2-body system. The students were not required to consider the

reciprocal gravitational interaction on the Earth by the spacecraft, the momentum update of

the Earth, or the position update of the Earth.

Spring-Mass

The Spring-Mass MWP omits the line of code that makes the helix object behave like an ideal

macroscopic spring, namely the force calculation of Hooke’s law4. For simplicity, the spring

is modeled to be massless. Unlike the Spacecraft-Earth MWP, the Spring-Mass MWP does

include a momentum update associated with the mass at the end of the spring, as well as a

calculation of the gravitational force near the surface of the Earth. The line of code that updates

the length of the helix object is also omitted, causing the spring to appear “unattached” to the

ball in the visual animation.

Rutherford Scattering

The Rutherford scattering MWP omitted the calculation of the electrostatic interaction between

the gold nucleus and the alpha particle, the calculation of the relative position vector, the

position update of the gold nucleus, and the momentum updates of both the gold and alpha

particles. Unlike the the Earth-spacecraft MWP, which modeled a constrained 2-body problem,

the Rutherford scattering MWP required students to consider the reciprocal force on the gold

nucleus and its resulting motion.
4Hooke’s Law describes the relation between the stretch or compression of a spring, ~s, and the force it exerts

on the surroundings. This relation is given by ~Fspring = −ks~s. The constant ks represents the stiffness of the
spring and L0 represents the rest length.
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5.4 Experimental (In Vitro) Lab

In order to examine how students interpret incomplete, yet functional computational models,

Weatherford (2011) designed a study in which students could be observed working on MWPs

within the context of a course laboratory environment. Two experimental lab sections were

set up during the fall of 2009 and were designed to conform to a number of parameters: The

participants were to receive the same instruction as other students who did not participate in

the experimental lab, the participants were to receive an equivalent laboratory experience to

those who chose not to participate, the risks associated with participating in the experimental

lab (i.e. being exposed to difficult and untested tasks and having their likeness presented in

research conferences and journals) were to be balanced by having a skilled TA and having labs

scheduled at a desirable time, the recording equipment was to be unobtrusive to the students,

and technical glitches with the recording equipment would not obstruct the execution of the

lab itself.

As the experimental lab was underway, students were observed to have a number of diffi-

culties with completing their models. Nonetheless, they were observed to talk cogently about a

number of physics concepts presented in class. Because Weatherford was only concerned with

examining how students interpret computational models, these observations suggested the need

for a further study to address how students alter and complete these computational models.

Because of the nature of the question, data would be used from the experimental (In Vitro)

experiment as well as from students enrolled in a subsequent (In Vivo) semester after alter-

ations suggested by the experimental lab had been made. The details of the In Vivo lab will

be discussed in the following section.

5.4.1 Qualitative Education Research Labs

Both experimental lab sections took place in the Qualitative Education Research Labs (QERL)

at North Carolina State University. In addition to having two rooms suitable for individual

interviews, the QERL features a large room that can accommodate data collection with large
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groups. The experimental lab sections were held in this larger room (which I will call the “Lab

Room”). The QERL also features an observation room from which a researcher can look into

all three interview rooms via one-way mirrors.

The lab room is fitted with four hard-wired, table-top microphones and four overhead pan-

tilt-zoom (PTZ) cameras that can be operated from the observation room. These signals are

all sent to a computer bank located in the observation room were the data can be processed

and stored. In addition to the overhead cameras, webcams were mounted on each of four group

computers in order to capture gestures and reactions that would otherwise be hidden from

the overhead cameras. Each of these webcams also featured a microphone that was used to

record a second independent audio track for each group. The webcams were run by the groups’

individual computers. Finally, screen capture software was installed and run on each computer

in the lab. A graphical rendering of the lab room can be found in Figure 5.2.

Figure 4.5: Computer model of the QERL lab environment. The lab furniture includes four
tables, each accommodating three participants per table, a workstation and a whiteboard.

space, depicting four mobile square tables with tabletop space for a computer workstation and

a portable whiteboard. Each table has enough room for three participants to sit comfortably,

in rolling chairs, which allows students to gather around the computer screen or whiteboard.

There is enough room in the aisle for the teaching assistant to move through the lab space,

and a rolling whiteboard for use by the teaching assistant to aide in communicating with the

participants.

The room modeled in Figure 4.5 is equipped with two-way mirrors along one interior wall,

permitting an observer on the other side of the partition to watch participants completing the

activities. This observation room houses the audiovisual controllers as well as the hard drives

used to record and store all audiovisual data. While in the observation control center, a single

researcher can monitor the field-of-view of each camera, the audio feed from each microphone,

and control and merge all incoming audiovisual feeds to send to hard drives for recording.

91

Figure 5.2: A computer model of the QERL lab room in which the experimental labs took
place. The lab furniture includes four tables, each accommodating three students, a whiteboard,
and the group computer. Webcams were mounted next to each group’s computer. An overhead
PTZ camera can be seen at the top of this figure (image taken from Weatherford, 2011, p. 91).
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During the lab sessions, a researcher would control the pan-tilt-zoom operations of the

overhead cameras and would monitor the data feeds from these. Following each lab, the webcam

and screen capture data would be sent to the computer bank in the observation room to be

processed and stored. All together, this recording setup generated roughly 12 hours of video

footage for every hour of lab. At the conclusion of the experimental lab, the three sets of video

data for each group (overhead, webcam, and screen capture) were edited together along with

the independent audio track to create composite videos.

5.4.2 Participants

The participants for the experimental lab were drawn from students enrolled in the first semester

calculus-based physics courses that used the Matter & Interactions curriculum during the fall

2009 semester. This pool of students predominantly consisted of freshman and sophomore

science and engineering majors5. Due to the confidentiality requirements of the Internal Revue

Board, however, such specifics about the participants are not known. Physics majors were

absent from this population because physics majors at NCSU are required to take a different

set of introductory physics classes. The TA for these two labs was one of the principle researchers

involved in this study and is not counted among the participants.

Because the experimental labs were intended to be equivalent to standard M&I labs in as

many ways as possible, the two Experimental Lab sections were listed along with other lab

sections on the NCSU course catalogue prior to the Fall 2009 semester. Students registered

for the Experimental sections in precisely the same way that they might have signed up for

a standard section. Because there was no distinguishing information about the experimental

nature of the lab sections on the University’s course listings, each student who signed up for

one of the experimental sections was notified via email, by one of the principle investigators,

of the experimental nature of the labs, namely that they would be video and audio recorded

for the purposes of research. Attached to this email was a consent form detailing the benefits
5North Carolina State offers programs in mechanical, chemical, biological, biomedical, materials, textiles,

nuclear, civil, and computer engineering.
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Table 5.2: Gender demographics of students enrolled in the experimental laboratory sections
Gender Section E1 Section E2 Total
Female 8 6 14
Male 4 5 9

and risks of this study (see the Appendix for these documents). Students then had the option

of transferring to one of 16 standard sections prior to the start of the 2009 Fall semester if

they did not wish to participate in one of the experimental sections. The process of registering

for classes is fluid with many students signing up for the experimental lab and subsequently

dropping the course prior to the beginning of the 2009 fall semester. There is no data to

indicate the motivation behind dropping the section. As an incentive to the students, the

experimental labs were situated centrally on campus and took place at desirable times of the

week. Additionally, they featured an experienced, native English-speaking TA. In this way

we recruited 23 undergraduate students divided between two lab sections, holding 12 and 11

students, respectively.

Table 5.2 shows the number of males and females in each section of the experimental lab.

These demographics did not entirely reflect the general population of students enrolled in the

first semester of Matter & Interactions during the fall of 2009, nor they were they entirely in

line with the general population at NC State, which features a 55-45 male to female ratio.

On the first day of lab, the participants were once again informed that they would be

recorded for the duration of the lab. They were explicitly shown the location of all cameras

and microphones and were invited into the observation room, which is separated from the lab

room by a one-way mirror. The researcher in charge of operation of the cameras was introduced

to the students at this time6. Separate permission was required of the participants to allow

researchers in the Physics Education Research and Development group at NC State to use the
6Anecdotal evidence suggests that ecological validity was maintained despite the students’ obvious awareness

of their being filmed. Indeed, when compared against the extensive teaching experience of both myself and
the TA, the presence of recording equipment caused no discernible alterations in the students’ problem solving
behavior.
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Table 5.3: Student groups during the spacecraft Earth MWP and the Rutherford scattering
MWP

Celia Estelle Howard Frank
Spacecraft Earth Isis Roslyn Tina Paine

Madeline Yolanda Xavier Zeke
Estelle Howard Celia Isis

Rutherford Scattering Frank Tina Paine Roslyn
Madeline Xavier Yolanda Zeke

video and audio data in presentations and publications.

All participants were assigned gender-appropriate pseudonyms to use for the duration of the

labs. In addition to name tags, students were instructed to use these pseudonyms when selecting

group roles on Webassign, and to refer to each other by their pseudonyms. Additionally, the

TA addressed the students by their pseudonyms throughout the labs. The researchers recorded

appropriate pseudonyms on transcripts when given names were inadvertently used. All consent

forms are included in the appendix.

As was customary in the standard M&I lab sections, the students in the in vitro sections

were assigned to work in groups of three. Every three to four weeks, the students were arranged

into new groups so that they could gain experience working with many of their lab mates.

5.4.3 Incorporating MWPs into the Experimental Lab

The experimental labs were designed to emulate the standard labs in as many ways as possible

(see Weatherford, 2011). Students met weekly for 110 minutes and worked in groups of 2-3,

typically on one or two activities. Most of these activities were present in both the standard

and experimental labs, however some of the instructional materials were significantly altered.

For instance, some instructional documents from the experimental sections included directions

to view instructional YouTube videos introducing various elements needed to use VPython,

including the visual module, and the structure of an iterative loop. Table 5.4 lists the schedule

of lab activities for both the traditional sections and the experimental sections. Activities which
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Table 5.4: Lab schedule for the experimental and general lab sections during the Fall 2009
semester. Instructional documents altered to make use of YouTube instructional videos are
indicated with “*”(Weatherford, 2011, p.95).

Lab Week Experimental Lab Sections General Lab Sections
1 Group Roles Group Roles

Intro to Python* Intro to VPython
2 Fancart Experiment Fancart Experiment
3 Impulse Experiment Impulse Experiment

Fancart VPython* Fancart VPython
4 Macroscopic Springs Macroscopic Springs

Gravitational Force VPython* Gravitational Force VPython
5 Young’s Modulus Experiment Young’s Modulus Experiment

Spacecraft-Earth MWP Spacecraft-Earth VPython
6 Spacecraft-Moon VPython Spacecraft-Moon VPython

Projectile Motion Lab Projectile Motion Lab
7 Adding Energy Graphs in VPython Adding Energy Graphs in VPython

Fission Whiteboard Problem Fission Whiteboard Problem
8 Spring-Mass MWP Air Resistance Experiment

Spectra Lab Spectra Lab
9 Jump-Up Lab Jump-Up Lab

Multiparticle Whiteboard Problem Multiparticle Whiteboard Problem
10 Rutherford Scattering MWP Spring-Mass MWP
11 Angular Momentum Lab Angular Momentum Lab
12 Statistical Mechanics VPython Statistical Mechanics VPython

were significantly altered for the experimental labs are indicated on the table.

In the experimental lab sections, three MWP’s were inserted into the lab schedule. Students

were instructed to read the MWPs and make a prediction about the visual output. Once this

was done, the students could run the program and then modify it so as to properly model the

intended situation. The first MWP, Spacecraft-Earth, replaced a similar program in the tradi-

tional sections. The second, Spring-Mass, was intended to also replace an equivalent program,

however due to time constraints, the lab coordinator elected to skip the Spring-Mass activity for

the traditional labs. In previous offerings of Modern Mechanics, the academic calendar allowed

enough time to complete both the Spring-Mass VPython activity an an Air Resistance activ-

ity. Time constraints in the fall 2009 semester, however, prevented both activities from being
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scheduled. The course coordinator elected to skip the Spring-Mass activity in the traditional

sections while allowing the experimental sections to skip the Air Resistance activity. To ensure

that none of the participants in the experimental labs would be at a disadvantage, the course

coordinator agreed to not write any test questions that drew content from the Air Resistance

activity.

Further time constraints forced the lab coordinator to alter the lab schedule mid-semester.

Due to pacing of the course, the Angular Momentum activity was moved from week 10 to week

11. This left a hole in the schedules for both the traditional and the experimental lab sections.

A third MWP, Rutherford Scattering, was developed to fill the hole in the experimental lab

schedule. The course coordinator elected to fill the hole in the traditional section’s schedule

with a version of the Spring-Mass MWP that had been modified from the original in order to

reflect initial observations that had been made when it was implemented in the experimental

labs. A list of the full lab schedules for both the traditional and experimental lab sections can

be found in table 5.4.

5.4.4 Instructional Context

It is worth discussing the instructional context in which the experimental labs took place. Many

of the students’ programming practices were highly influenced, not just by the course content,

but also by the instructional norms established in their lectures and by the assignment norms

established by the course coordinator.

Traditionally, the Matter & Interactions curriculum only uses one lecture to discuss iterative

loops prior to their initial use in the labs. After this introduction, however, the topic is not again

broached outside of the course laboratory sessions. Historically, this was due to early adopters

feeling uncomfortable with the practices of computational modeling. In addition to the lecture

norms, the vast bulk of the homework assignments and test problems associated with the Matter

& Interactions curriculum at the time of this study were predominantly analytic in nature. It

has been suggested that increased exposure to computational modeling might improve students’
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proficiency with and opinions of computational modeling. Indeed, this was one of the results

that Caballero et al. (2011) found when he provided frequent modeling activities as homework

assignments. Within the context of this study, after the one-lecture introduction, the students’

exposure to computational modeling was limited to their time in the course lab.

More specifically, it is worth noting that the spacecraft Earth MWP occurred at a time

during the curriculum after which the students had been introduced to the fundamental in-

teractions and the differential form of the momentum principle. Uniform circular motion and

the spring oscillator were both given as an examples for applying the full differential form.

The Rutherford Scattering MWP occurred after the students had been given the tools to treat

analytic collision problems (i.e. the conservation forms of the three fundamental principles).

At this point in the course, most of the assignments used the energy principle, thus this was

the established way to begin analysis.

5.5 (In Vivo) Lab

A number of alterations were made to the MWPs following their initial implementation in the

experimental (in vitro) labs in order to improve the clarity of the instructions and to eliminate

difficulties that arose. These revised MWPs were then formally deployed in the general Matter

& Interactions labs. As part of a study on TA-student interactions in the introductory physics

labs (Westlander, 2011), a set of videos were taken of 7 student groups working on the revised

Rutherford Scattering MWP in a standard (in vivo) M&I lab section during the spring 2010

semester.7 These videos afforded us the opportunity to gain a deeper understanding of how

students’ knowledge of physics affects their approach to computational modeling by comparing

students who used the original Rutherford Scatting MWP and the revised version.
7Due to equipment and software issues, only four of the seven screen capture videos could be fully viewed and

analyzed at the time of this analysis.
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5.5.1 Modifications to the Rutherford Scattering MWP

The modifications made to the three minimally working programs after their initial implemen-

tation are summarized in table 5.5. Because data were taken of students modifying the revised

Rutherford Scattering MWP, let me discuss briefly those changes that were made to that MWP.

First, in the program itself, the mention of energy was eliminated. Rather than setting an

initial kinetic energy, as is done in actual experiments, and defining the initial momentum as

a function of the kinetic energy, the initial momentum was simply stated. This modification

was made to minimize elements that could potentially mislead students into using the energy

principle to analyze the situation. Again, because the energy principle is used primarily to

describe global conservational constraints (at the introductory level), it is inappropriate to use

in a computational model based upon numerical integration.

Second, the instructions were altered so as to include a second prediction to be made

prior to running the program: “create a whiteboard prediction of how you expect the system

should behave in the real world according to physics principles.” Recall that the students in the

experimental labs were only asked to predict what the program’s visual output would be. Most

of these groups, however, incorrectly predicted how the real system would behave. By having

two side-by-side predictions, students could focus on the differences between what the program

does and what it should be doing, and the alterations that would need to be made. Additionally,

the instructions of all three MWPs were altered to include an algebraic representation of an

iterative loop (see figure 5.3). The goal of this was to direct the students’ attention to the

repetitive nature of computational algorithms.
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Figure 5.3: This algebraic representation for the contents of an iterative loop was inserted
into the MWP instructions following the experimental lab.
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Table 5.5: A summary of the differences between the MWPs and accompanying instructions given to the experimental lab sections and
those given to the general M&I lab sections beginning in the spring 2010 semester.

MWP Experimental Lab General Lab
Spacecraft-Earth MWP vector(0,1200,0) set as initial

vcraft
vector(0,2e3,0) set as initial
vcraft

Mass-Spring MWP No Alterations
Rutherford Scattering MWP The initial kinetic energy of the al-

pha particle was given. The initial
momentum was given as a function
of the kinetic energy

The initial momentum of the alpha
particle was given.

Changes Across all MWPs Students required to predict what
they would see in the visualization
once they run the program

Students required to predict both
how they expect the system should
behave in the real world and what,
based on the code, they would see in
the visual output once they run the
program.
An algebraic representation of an it-
erative loop was presented to the
students.
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5.5.2 Incorporating MWPs into the general lab sections

The three MWPs were designed so that they could be easily inserted into the standard M&I

lab sections at the conclusion of the experimental lab. Based on preliminary observations of

student difficulties during the experimental lab (see Weatherford, 2011), the three programs

and their accompanying instructions were revised (see table 5.5) and incorporated into all M&I

lab sections at NCSU beginning in the 2010 spring semester. The Spacecraft-Earth MWP

replaced the existing gravitation VPython activity and the Spring-Mass MWP replaced the

existing oscillatory motion VPython activity. The Rutherford Scattering MWP, having been

developed specially for the experimental labs, was added to the set of activities to be deployed in

a semester’s lab schedule as time allows. Table 5.6 compares the lab schedule from the general

M&I lab sections that were run concurrently with the experimental labs8 with the lab schedule

from the M&I labs run during the subsequent spring 2010 semester (which includes the in vivo

labs). While there is a measure of malleability inherent in schedules of this sort, this second

schedule can be taken to be representative of the labs that followed the experimental lab (at

least through the spring 2012 semester, when this dissertation was brought to conclusion).

5.5.3 Participants

The participants for the study on TA-student interactions (Westlander, 2011) included both

students enrolled in the first semester, calculus-based physics courses that used the Matter

and Interactions curriculum during the spring 2010 semester and the graduate TAs assigned

to teach the associated lab sections. The student participants were drawn from an equivalent

pool of students as were the participants in the in vitro labs (see Section 5.4.2 for details on

this population), the major difference being that these students were enrolled in M&I: Modern

Mechanics during the spring semester rather than the fall semester. The TA participants

predominantly consisted of first and second year graduate students enrolled in the physics
8Note that, due to a change in pace during the fall 2009 M&I courses, the course coordinator elected to insert

a revised version of the spring-mass MWP, which had debuted in the experimental lab a few months earlier, into
the standard M&I lab sections.
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Table 5.6: Lab schedule for the fall 2009 (run concurrently with the In Vitro lab) and spring
2010 general M&I lab sections at NCSU. MWPs are highlighted in red. The fall ’09 column is
recreated here from Table 5.4 for easy reference.

Lab Week Standard Lab Sections (Fall ’09) Standard Lab Sections (Spring ’10)
1 Group Roles Group Roles

Intro to Python Intro to VPython
2 Fancart Experiment Fancart Experiment
3 Impulse Experiment Impulse Experiment

Fancart VPython Fancart VPython
4 Macroscopic Springs Macroscopic Springs

Gravitational Force VPython Gravitational Force VPython
5 Young’s Modulus Experiment Young’s Modulus Experiment

Spacecraft-Earth VPython Spacecraft-Earth MWP
6 Spacecraft-Moon VPython Spacecraft-Moon VPython

Projectile Motion Lab Circular Pendulum Lab
7 Adding Energy Graphs in VPython Adding Energy Graphs in VPython

Fission Whiteboard Problem Energy and Projectiles Experiment
8 Air Resistance Experiment Spring-Mass MWP

Spectra Lab
9 Jump-Up Lab Air Resistance Lab

Multi-particle Whiteboard Problem Spectra Lab
10 Spring-Mass MWP Rutherford Scattering MWP
11 Angular Momentum Lab Angular Momentum Lab
12 Statistical Mechanics VPython Statistical Mechanics VPython
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Table 5.7: Gender distributions of the participatory groups from each in vivo section used in
this analysis

Section S1 S2 S3 S4
Gender FMM FMM MMM FMM

graduate program at NCSU. Due to the confidentiality requirements of the IRB, however,

specifics about the participants are not known.

The TA participants were recruited for this study during a weekly TA meeting that occurred

mid-way through the spring ’10 semester. The TAs who volunteered to participate were given

consent forms informing them of any risks and benefits associated with the study. Students

enrolled in any participatory TA’s lab section were notified via email about the nature of the

study. Attached to this email was a consent form detailing the risks and benefits of the study.

TAs who opted not to participate did not have their labs recorded. Students enrolled in a

participatory lab section who nevertheless opted not to participate would not be assigned to a

group located within range of the video recording equipment. Prior to the commencement of

the study on TA-student interactions, the PI of that study visited the labs of all participatory

TAs to inform them and their students again of the nature of the study and to collect all signed

consent forms. Students and TAs had the option to opt-out of the study at any time. Minors

were not allowed to participate in this study. These documents can all be found in the Appendix

of this dissertation.

Table 5.7 shows the gender distribution of student participants in the in vivo labs. These

demographics showed a 3-1 ratio of males to females, however due to the small number of

students and the fact that each group represented only an eighth of each lab section (each had

a maximum of 24 students), these demographics cannot be compared to the general gender

distributions for the first semester of Matter & Interactions during the spring of 2010 semester

nor the general population at NC State, which features a 55-45 male to female ratio. Two of

these four groups were encouraged by their TAs to copy large sections of prior programs into
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Table 5.8: Student groups during the Rutherford scattering MWP in the in vivo lab
Jeffrey Carrie

Rutherford Scattering Maude Harris
Walter Mark

their Rutherford Scattering MWPs and thus spent little time discussing the physics content or

trying to figure out the program. Because of this, this analysis focuses on the other two groups,

S2 and S4, who did spend much of their time discussing physics content and how that should

be represented in the computational model.

5.6 Texture of the Data

The data set for this study of students modifying computational models consists of 3 video feeds

per In Vitro student group for both the Spacecraft-Earth MWP and the Rutherford Scattering

MWP and 3 video feeds per In Vivo student group for the Rutherford Scattering MWP.

Each lab table in the In Vitro lab featured three video recording devices. First, a webcam

was set up to capture gestures, body language, and facial expressions of the student participants

(Figure 5.4 (a)). These webcams were mounted on vertical poles located behind the monitor of

each group. Second, ceiling mounted PTZ camera were located directly above each group and

were trained on the group whiteboards (Figure 5.4(b)). These cameras could capture drawings

and graphs as well as gestures. A second researcher could control these cameras to focus on

prominent events during each group’s session. Finally, screen capture software was running

on each group’s computer (Figure 5.4(c)). This captured the monitor output from each group

as well as the audio signal from the webcams. Additionally, a small table-top microphone

was placed on each group’s lab bench to capture the conversations of each group and their

interactions with the TA.

Because the In Vivo lab sections did not take place in the Qualitative Education Research

Labs, an ad hoc recording set up was constructed in the standard lab rooms. This setup was
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study, this variance in group membership may confound conclusions drawn from an analysis

of how different groups complete the programs over the course of the semester. This possible

confound in the study design will be address further in Chapter 6.

4.2.5 Texture of the Data

A tabletop conference microphone was placed at each table to capture all conversations in the

immediate vicinity. A webcam was mounted on a vertical pole attached to the table, positioned

behind the monitor facing towards the participants to capture body language, gestures, teaching

assistant interactions with each group of students, and a limited omnidirectional sound field

(Figure 4.6(a)). A ceiling-mounted camera directly over the tabletop whiteboard with pan-

tilt-zoom functionality recorded video of participants pointing on the board, to the screen,

and the writings or drawings on whiteboards (Figure 4.6(b)). Screen-capture software on each

workstation recorded the monitor output and the audio captured by the webcam (Figure 4.6(c)).

These three audiovisual feeds constitute the raw data available for further analysis. The data

set consists of three video feeds per student group per MWP activity (weeks 5, 8, & 10).

After the end of the semester, the three video feeds recorded per participant group were

combined into one video file, making use of cuts between video feeds based on the visual

information presented on a video frame. Figure 4.7 shows an example of one of the video feeds

Figure 4.6: Screenshots of the video captured by the (a) webcam, (b) over the head, pan-tilt-
zoom camera, and (c) the software used to record the monitor output.
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Figure 5.4: Screenshots from the in vitro videos captured by the (a) webcam, (b) ceiling-
mounted PTZ camera, and (c) screen capture software used to record monitor output. (Weath-
erford, 2011, p. 97). Note that the yellow bubble appearing in the monitor output (c) indicates
the location of the cursor and was added through the screen capture software. Permission was
given by these students to show their faces.

devised to operate on two principles: It had to be unobtrusive to both the students and TAs

and it had to emulate the texture of the In Vitro data as much as possible, as that was deemed

to capture the full picture of student interactions.

In place of the front-facing webcam, a digital video recorder was mounted behind the group

(Figure 5.5 (a)). Although this camera could not capture facial expressions, it was able to

capture many gestures and body language that the overhead webcam could not. The signal from

this camera was sent to a researcher’s computer. In place of the ceiling-mounted PTZ camera,

a webcam was suspended above the participating group so as to capture any markings on their

whiteboard (Figure 5.5 (b)). The signal from this webcam was recorded by software installed

on the group’s lab computer. Finally, screen capture software was installed on the participating

group’s work computer. Audio was collected by a table-top microphone connected into the

researcher’s computer (figure 5.5 (c)). Following each in vivo lab, these data were transferred

to a secure hard drive on the QERL server, which is kept under lock and key. These data,

together with the data from the in vitro lab, constitute the raw data that were accumulated

and that are stored in the QERL for future analysis.

At the completion of both semesters in which data were collected, for each experiment that

would be analyzed for research purposes, the three video feeds for each student group were

212



Figure 5.5: Screenshots from the in vivo videos captured by the (a) digital video camera, (b)
overhead webcam, and (c) screen capture software used to record monitor output.

edited into a single movie along with the audio feed from the table-top microphone (Figure

5.6). Cuts were made between the video feeds from the camera trained on the whiteboards and

the screen recording software. The frontal shots from the In Vitro lab and rear shots from the

In Vivo lab were reduced in size and inlayed in the corner of each movie so as to minimally

obstruct pertinent visual data. Each video file was given a unique identifying number and

stored on a secure hard drive for future analysis.

Figure 4.7: Screenshot of two frames from the same video file for a group working on the
Spacecraft-Earth MWP activity. The webcam video feed is inlayed into an alternating feed
between the over-the-head video and the recording of the monitor output.

from the Spacecraft-Earth MWP activity. Each video file was given a unique identifier and

transferred to a secure hard drive for storage until analysis could begin.

4.3 Methodology for Data Analysis

During analysis, the primary task is to identify what participants are doing at any one moment

in time and gather evidence of how participants use the program code to inform an under-

standing, a prerequisite for students completing the tasks. Comparing what participants say

about the program to the literal substance of the program code provides data of what extra

information the participants must provide to develop an understanding of what’s before them.

The primary challenge is to identify which of these statements correspond to physics knowledge

and compare differences among participant groups and among MWP activities. Searching for

these statements assumes that participants are actively engaged in the task and are interpret-

ing the program code for comprehension. Each pass of the video data focused on extracting

different types of information from a participant’s actions or speech. For example, a single pass

may identify the instructional task participants were completing. A subsequent pass may only
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Figure 5.6: Screenshot of two frames from the same video file for a group working on the
Spacecraft-Earth MWP activity. The webcam video is inlayed into an alternating feed from
the ceiling mounted PTZ camera and the recording of the monitor output (Weatherford, 2011,
p. 98).
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5.7 Analysis Methodology

The primary goal of this analysis is to examine what physics content knowledge participants

invoke as they complete Minimally Working Programs and how that knowledge informs their

strategies. Again, this is beyond the scope of the Weatherford study, which examined how

students interpreted computational models. In order to address this, I will turn to Resource

Theory. Many of the existing components of Resource Theory helped drive the analysis of

the data presented herein, however much of this analysis motivated the development of other

aspects of the resource framework. In particular, this analysis produced a set of computa-

tional epistemic games which Resource Theory had been previously lacking. Using the resource

framework that was developed in chapter 3, I identified three aspects of students’ programming

practices that required analysis: The physics domain knowledge the students activated (one

coding dimension), how the students read and interpreted the program structure and Python

programming language (two coding dimensions), and the strategies that the students used to

approach the MWP tasks (one coding dimension). These coding dimensions were influenced

by the resource framework and led to further developments of the framework. In this section I

will primarily focus on the analysis methodology, the transcription of the video data, and other

general methodological considerations.

5.7.1 Methodological Considerations

Assumptions

The usefulness of using Resources Theory as a model of knowledge and as a diagnostic tool lies

in the extent to which resources can be identified in the students’ dialogue. I must therefore

address two assumptions I make about students’ underlying cognition and its relation to their

dialogue. First, I assume that students’ discussions accurately reflect the thoughts actively

being attended by the individual students. There is support for this assertion (see, Ericsson

and Simon, 1979; Chi, 1997). According to Ericsson and Simon, for example, the cognitive
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functions which govern a person’s vocalizations draw information from the short term memory

of the brain, which is also the location of information that is being actively attended. All of this

is to say that when a student mentions “the momentum principle,” it is reasonable to assume

that that student is thinking about the momentum principle, or some approximation thereof.

Ericsson and Simon note that students are unable to report on the process by which they might

attend to a particular idea due to the fact that people don’t have internal access to that aspect

of their own cognition. This, however, does not affect our analysis as we only intend to use the

dialogue to determine that a piece of information was being used, a stance that is supported

by Chi.

Furthermore, Gee (2005) suggests that language is used, in part, to emphasize connections

in the world and to give ideas significance. If a student is considering an element of background

knowledge, the method for giving that idea significance and for connecting it to the topic

of discussion is by talking about it with the other group members. Identifying background

knowledge within the discourse can thus be taken to be indicative that that knowledge was

thought about.

The second assumption I make more specifically relates resources to cognition, namely that

the patterns that emerge within student discourse can be taken as indications of activated

patterns of resources. Note that this is distinct from the previous assumption that vocalization

is indicative of cognition. This is also not the same as assuming simply that patterns can emerge

from discourse – indeed that is something that can simply be observed. As discussed in Section

3.2.2, we can take as support for this assumption the observational approach adopted by the

developers of Resource Theory and its theoretical predecessors (see diSessa, 1993b; Hammer,

2000; Redish, 2004).

Discourse Analysis

The goal of this study is to use the Resource framework to form a descriptive model of students’

programming practices that explicitly takes into account the physics domain knowledge that
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they use. The analysis methodology will thus follow in the methods of discourse analysis (see

Otero and Harlow, 2009; Gee, 2005) and verbal analysis (see Chi, 1997) while keeping in mind

the implications of the Resource framework.

We wish to generate a descriptive model for how the students in our study use their back-

ground physics knowledge to modify working, yet incomplete, computational models in a natural

laboratory setting. The goal of this study is not to confirm a hypothesis, but rather to generate

an explanatory model with which I can address specific research questions.

Transcriptions

Due to the rich nature of the video data, it was necessary to transcribe the interactions before

any deep analysis could occur. Each video file was transcribed to capture the dialogue of anyone

appearing on screen. This included the TAs while they interacted with the group, but eliminated

vocalizations that carried over from other groups. Important non-verbal communication was

also included in the transcript, primarily gestures and written information. Gestures might

include pointing at an element of the program or whiteboard diagram, miming the behavior

of an object, or using the mouse to highlight a selection of code. Written information could

include diagrams, equations, lists written on the group whiteboard, and alterations made by

the group Recorder to the program. While the standard set of punctuation (periods, commas,

quotation marks, etc...) is sufficient for written dialogue, it is insufficient to accommodate the

range of speech patterns and gestures that a student group might exhibit. Because of this,

I adapted a set of transcription punctuation from both Otero and Harlow (2009) and Sherin

(1996). A list of these can be found in the appendix.

The principle transcription for each video segmented the dialogue based on individual ex-

changes. That is, a new segment occurred at each turn of speaker. Any of these segments

that were larger in grain-size than a single statement were further divided. Segmenting in this

way, first by turns of dialogue and then by statement, naturally produced a grain size in which

each segment contains, at most, a single idea. Two coding dimensions, forms and devices (see
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below) occurred at this grain size. This grain-size, however, proved to be too small to capture

the other two coding dimensions, Content Knowledge and e-games, and were recombined during

the coding. This process will be discussed in the subsections on content codes and on e-game

codes, below.

Unit of Analysis

First, I should clarify my terminology. “Unit of Analysis” can take on different meanings within

different fields. In the field of Physics Education Research, which draws from the traditions of

cognitive psychology, social psychology, and educational research, the term “unit of analysis”

refers to the actors that contribute to an analysis (for example, see Babbie, 1983).

My unit of analysis is the group of students working on completing a computational model.

These actors all have similar educational backgrounds (by virtue of their being in the same

class), are all working to accomplish the same goal, and are all engaging in the same discourse

that they use to enact their lab activity. Furthermore, Hmelo-Silver (2003), building upon the

ideas of Vygotsky (1986), suggests that a group of multiple students can function to generate

a “socially constructed knowledge,” whereby the students’ ideas become objects of discussion,

negotiation and refinement. This process, according to Hmelo-Silver who observed students

running computer simulations, involves group consensus building, and negotiations of shared

meaning. This is in line with Gee’s model of actors participating in a shared “social language.”

Occasionally, individual group members access different pools of knowledge or pursue different

goals from their group mates; these students can be observed to separate from their group, as

indicated in a shift in the language that they use (and specifically, the epistemic moves that

they make (Tuminaro, 2004)). Generally, however, the group functions as a unit.

The TAs had access to different pools of knowledge and were pursuing a different set of

goals from the students. As actors in the social interactions within the course lab, the TAs had

different roles. Because of this, they were not considered to be part of the unit of analysis. The

TAs were individuals with whom the groups could interact with, however their knowledge base

217



is relevant to this study only as far as they affected the practices of the students.

Data Sampling

Between the three MWP tasks and the two lab sections in the in vitro labs and the 4 groups from

the in vivo labs, we amassed over 30 hours of video footage of students modifying incomplete

computational models. It was decided early on to focus only on the first and the last of the

MWP activities; the first occurred after some initial exposure to VPython and computational

physics but it was the students’ initial exposure to a time-varying force that needed to be

calculated inside of the iterative loop. The final MWP occurred during the tenth lab session

and was the students’ eighth exposure to VPython in ten weeks (excluding spring break). While

it would be tempting to include the middle MWP activity in order to support a longitudinal

study over the duration of the in vitro lab, both the lab activity and the then-current classroom

content represent major variables that are changed from lab to lab and that affect the students’

problem approaches, obfuscating many of the changes that might occur simply from experience.

Video footage of students performing the final MWP in the in vivo labs was included to allow

for a contrast between different versions of the activity. Although an analysis of the students

completing the Spring-Mass MWP would reveal interesting information about how they use

the content knowledge of spring interactions in a computational context, its absence does not

hinder this study’s demonstration that Resource Theory can be used to describe computational

modeling activities. Furthermore, the analysis of only one additional MWP activity would

likely add little to the baseline analysis of how students use content knowledge, in general, in a

computational context.

The in vitro data set was reduced further by focusing only on the first of two lab sections.

While an analysis of the second lab section would certainly yield more data, eight groups versus

four does not add much statistical significance to this data. Additionally, initial observations

showed that these student groups behaved in a similar fashion to those groups in the first lab,

thus adding nothing truly novel to this analysis.
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Two groups from the in vivo lab sections spent their lab time transliterating old program

code into their Rutherford Scattering MWPs at the behest of their TA. Their discussion con-

tained few relevant content resources (i.e. physics content, forms, devices), instead focusing on

copy-and-pasting large swaths of code and then identifying what variables would need to be

altered. While this does constitute the epistemic game “Transliterate Solution Pattern,” the

group’s lack of any real discussion of the physics or of the computational model prompted me

to exclude them from the following analysis.

Finally, predicting the visual output and modifying the MWPs were not the only tasks the

students had to perform. The Spacecraft-Earth activity required the students to add an arrow

object that would visually represent the spacecraft’s momentum and an “if” condition that

would end the program if the spacecraft “crashed” into the Earth (i.e. if their center-to-center

separation became less than the sum of their radii). The Rutherford-Scattering activity required

the students to incorporate energy graphs into their model and to modify the impact parameter.

Because this study is primarily concerned with how the students invoke background physics

knowledge as they build complete computational models, the videos of students performing

these later activities, which largely involved pasting lines of code from the instructions into the

program, were removed from the analysis.

On the Meaning of “Percent Occurrence”

Due to the varying segment sizes of the four coding dimensions, it is worth discussing how

percent occurrence co-occurrence were computed in order to add meaning to any reported

statistics. The original transcripts were segmented according to turn-of-speech and statement.

These segments each contained no more than one idea and lasted between 1 second and 30

seconds. This was the grain size at which forms and devices occurred. Both causal nets and

e-games occurred at larger grain sizes. For causal nets, the original segments were merged into

larger segments at the grain-size of “content conversations.” These could last anywhere from

a few seconds to a few minutes at a time. For games, the original segments were merged into
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larger segments at the “solution approach” grain size. These could last anywhere from a minute

or two to tens of minutes at a time (though game fragments could last for shorter amounts of

time). To add some contextual details for the reader, the spacecraft Earth MWP took, on

average, 40 minutes for the students in my study to complete while the Rutherford scattering

MWP took the students 45 minutes to complete, on average (excluding additional tasks such

as adding energy graphs)9.

Figure 5.7: The comparative segmentation between causal nets and forms. Note that only
“Form A” would register as co-occurring with this causal net; “Form B” co-occurs with what
the computer reads as a blank cell.

These differing segmentation sizes proved problematic for calculating the co-occurrence of

coding dimensions. Figure 5.7 shows an example of two forms co-occurring with the use of a

causal net. Only the first of these forms would register as co-occurring by data table analysis

software. Furthermore, there would have been an ambiguity concerning the co-occurrence

between causal nets and games due to those larger sets of segments not necessarily coinciding.

For example, students playing “Map Meaning to Code” might alternate between using the

“momentum principle” causal net and the “electric interaction” causal net. Alternatively,

students making exclusive use of the “circular motion” causal net might alternate between the
9See Sherin (1996, p. 148) for a further discussion on the time scales at which thought, problem solving, and

learning occur.
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“Pictorial Analysis” and “Physical Mechanism” games. Consider the two examples in Figure

5.8. Should either of these pairs be coded as co-occurring? If so, by how much are these

segments co-occurring?

Figure 5.8: Two examples of semi-overlapping causal net and game segments. By coding
these each as single segments, there is an ambiguity over analyzing co-occurrence.

The solution to this was to maintain a segmentation at the “turn-of-speech/statement”

grain-size for all coding dimensions for the analysis of the data. Each of these segments within

the larger causal net and game segments would be assigned the appropriate code (see, Figure

5.9). This provided a meaningful way to measure for the co-occurrence of forms and devices

with causal nets and games as well as a meaningful way of measuring the amount of overlap

between causal nets and games. This segmentation was maintained during the analysis of simple

percent occurrence so that the reader could easily compare the measures of occurrence with the

measures of co-occurrence.

The reported percentages for causal nets and games should thus be read as indicating the

percentage “turn-of-speech/statement” segments which occurred during a particular game or

causal net out of the total number of segments that were coded for that coding dimension. These

percentages can roughly be correlated to the percentage of time spent discussing a particular

causal net or engaging in a particular game, however the reader should keep in mind that,

because the transcripts were originally segmented by turn-of-speech and then by statement,
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Figure 5.9: Maintaining a small segment-size for both games and causal nets allows for a
meaningful way to analyze co-occurrence.

the amount of time that each segment covers varies. The reader should also keep in mind

that, in general, both causal nets and epistemic games occur at larger grain-sizes than singular

statements.

5.7.2 Physics Content Coding Pass: Causal Nets and Reasoning Primitives

The “content knowledge” coding dimension identifies what physics background knowledge the

students invoked during the computational modeling tasks. This coding dimension focuses on

reasoning primitives and causal nets.

Because this study is concerned with how students’ background knowledge affects their solu-

tion approach, it was decided that coding for individual coordination classes (e.g. momentum,

conservation, particle) would yield information at too fine a grain size to meaningfully capture

students’ programming practices. Additionally, this code would have been obscured by the stu-

dents’ fluid use of words like “force” and “potential” (Harlow and Otero, 2006). Causal nets, on

the other hand, better capture the scope of the students’ discussions, taking into account their

use of equations and procedural schemata in addition to content ideas. Initial observations,

as well as anecdotal evidence, suggested that students approached the computational model-

ing activities with the expectations (tacit or otherwise) of using both coherent problem-based

schemata and principle-based schemata in their problem approach. Associating novice causal
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Table 5.9: Examples of “content knowledge” resources
Resource Knowledge Base Example
Reasoning Primitive Novice Heuristics “more means more”
Coordination Class Concepts Momentum
Causal Net Pool of knowledge The Momentum Principle

nets with problem categories (e.g. Larkin et al., 1980; de Jong and Ferguson-Hessler, 1986), in

addition to deeper principles, provides a practical way to define the causal net coding set in

keeping with their original definition as a “pool of knowledge” through which students might

interpret the world (diSessa and Sherin, 1998). Thus, coding for causal nets, which include

physics principles, like “the Momentum Principle” and “conservation,” and problem types, like

“circular motion” or “collision problems,” would yield information about the students’ physics

content knowledge.

It is also of interest to determine if, instead of basing their programming practices on causal

nets, the students were using intuitive beliefs or heuristics, i.e. reasoning primitives. It turns out

that one coding dimension was sufficient to capture both the reasoning primitives that students

invoked and the causal nets that they used; while primitives and causal nets represent different

levels of resource activation – and indeed a causal net might include aspects of some primitives

– the occurrence of a singular reasoning primitive in the students’ dialogue was separate from

the occurrence of a principle or problem-based causal net. That is, student would reference

either physical theories and problem classes or use intuitive reasoning primitives. Ultimately,

a few recurring patterns appeared to more closely align with coordination classes than with

either causal nets or reasoning primitives. Beyond the theoretical distinction, however, this

bore no impact on the analysis since we were interested that particular resources were being

used. These content resources are summarized in Table 5.7.2 for easy reference.
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Development

The literature on reasoning primitives provides an extensive list of primitives that have been

identified previously in students’ reasoning (see diSessa, 1993b). For this study, these primitives

were taken as a tacit, a priori set of codes to be used. While reading the transcript, any instance

of a student using an existing reasoning primitive was coded with the name of that primitive.

Table 5.10 contains a list of the primitives found in the data; a full set of definitions can be

found in the appendix. One important aspect of the existing list of primitives that required

special attention during the coding process is that this list is explicitly non-exhaustive. That

is, there exists the possibility of identifying a new primitive reasoning strategy within the data.

Because this process requires a more generative approach to coding (see Otero and Harlow,

2009), the identification of new primitives came about alongside definition of the causal net

codes.

Unlike primitives, an existing list of causal nets does not appear in the literature (cf. diSessa,

1993b; Sherin, 1996). Indeed, there might be a causal net associated with every broad network

of concepts that might be productively used. Following the methodology described by Otero

and Harlow (2009), a generative approach was taken to code causal nets. While reading the

transcript, any time the students referenced physics knowledge that had not yet been mentioned

(either as a primitive or a previously identified causal net), a new code was created. With

attention given to how the students encountered the course material (see Chabay and Sherwood,

2010), similar references were grouped together. Any segments in which content knowledge was

not invoked (generally off-task discussions or conversations about the computer software) were

left uncoded. This process continued until all segments had been coded (or identified as not

containing content knowledge) and a set of mutually distinguishable codes were in hand. While

different codes might represent overlapping physics (such as the codes conservation laws and

The Momentum Principle), each code represented a different application of a physics principle,

often a problem type, that the students might be referencing.

There emerged from this generative process three codes that could not be ascribed to causal
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nets due to their limited scope. One of these, “charges attract/repel,” represents a reasoning

primitive not identified by diSessa (1993b), though it should be noted that diSessa’s original

study focused on macroscopic phenomena. The other two,“physical collision” and “momen-

tum,” are associated with coordination classes. The momentum coordination class has been

discussed previously in the literature (see diSessa and Sherin, 1998) and was invoked in this

study as a code for instances when students were discussing momentum in the absence of any

broader framework, such as the Momentum Principle or Conservation Laws, but were clearly

still invoking background physics knowledge.

A number of codes occurred with less than 1% frequency across all groups and labs. Rather

than group these into an “other” category, they were preserved in order to emphasize the fact

that these ideas were used at some point by the students. Table 5.10 contains a list of all causal

nets, primitives, and coordination classes identified in the data. It should be emphasized that

this set of content codes is highly dependent on both the physics problems being modeled, the

student population that were observed in this study, and the instructional context in which

these labs occured. If this analysis included students generating a model of a spring-mass

system, say, one should expect the presence of codes such as the “springiness” primitive or a

“spring interaction” causal net. Additionally, if another group of students were to model these

same situations, a slightly different set of content codes might present themselves. One of the

points of this study, however, is to demonstrate the methodology for generating these codes

and how they can be used to help describe students’ programming practices, both of which are

independent of the content.

Although the transcripts were segmented at the level of statement (and turn-of-speech),

causal nets occurred at the larger segment-size of content conversations. Students might spend

a few seconds to a few minutes talking about a single problem type or physical principle before

switching to a new content topic. These selections of topical dialogue should be considered to

be the natural segment-size for causal nets and reasoning primitive. Once an initial coding pass

was completed at the original segment size, selections of the transcript that were associated with
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Table 5.10: List of causal nets, coordination classes, and reasoning primitives identified in the
data. Reported is the percent of occurrence in the Spacecraft Earth MWP task (SE) and the
Rutherford Scattering MWP task (RS).

Causal Nets Reasoning Primitives
SE RS SE RS

8.85% 0.15% Curving Motion 0% 0.54% Bouncing
0% 9.56% Conservation Laws 0% 0.84% Charges Attract/Repel
0% 2.66% Collision Problem 0% 0.05% Force as Deflector
0% 27.45% Electric Interaction 0.13% 0.25% Force as Mover
0% 5.08% Energy 0% 0.10% Intrinsic Resistance

48.21% 0.94% Gravitation 0% 0.15% More Means More
17.05% 10.69% Kinematics 0.13% 0% Rigidity
10.64% 20.31% Momentum Principle Coordination Classes
0.13% 0% Near-Earth Gravitation SE RS
0.13% 0% Air Resistance 0.13% 1.87% Momentum
14.23% 10.84% Vector Algebra 0.64% 8.53% Physical Collision

one code were grouped together into a single segment. Selections of dialogue that were coded

as content-free, but deemed to be part of the whole content conversation were also grouped in

these macro-segments. The segments that emerged from this grouping each featured a singular

“content topic.” That is, each segment was associated with a single causal net or primitive.

Because of the agreement between myself and the independent researcher, large groups of

her coded segments could be grouped together much in the same way that my codes could.

5.7.3 Program Comprehension Coding Pass I: Registrations

The “Registrations” coding dimension identifies what equations and symbol patterns the stu-

dents read from and input into the program code. As we have discussed, this aspect of pro-

gramming comprehension is accommodated by symbolic forms (Sherin, 1996). In addition to

forms, symbols can appear together as whole equations. Because both forms and equations

represent types of registrations (see Roschelle, 1991) that students can see, they can both be

captured by a single coding dimension. Importantly, the simple use of mathematics was not

sufficient to be coded as a form (Sherin, 1996). Once an equation was generated or identified,
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any sort of rote manipulation and substitution, what Sherin calls “substitution and execution

machinery,” was left uncoded unless a student explicitly discussed it in terms of a form.

Like primitives, the literature on symbolic forms provides an extensive list of forms that

have been previously identified in students’ reasoning (Sherin, 1996). For this study, these

forms are taken as a tacit, a priori set of codes to be used. While reading the transcript, any

instance of a student using or reading a form identified by Sherin (1996) was coded as such.

Segments in which students did not reference a symbolic pattern were left uncoded. Table 5.11

contains a list of the forms and equation registrations found in the data; a full set of definitions

and morphologies can be found in the appendix. I should note that the list of symbolic forms

is limited to algebraic and programming structures. Indeed, much of the students’ dialogue

reflected the need to extend the Theory of Forms and Devices into the domain of vector algebra.

This task, however, is beyond the scope of this dissertation and is left for future work.

One difficulty that emerged was that forms can be “dense,” in the sense that students might

see multiple forms within a single equation. By way of example, consider the Coulomb force,

which was used in the model of Rutherford scattering:

~F =
1

4πε0
q1q2

r2
r̂. (5.1)

A student might see the charge dependance as “proportionality-plus,”

Prop +: [ ...x...... ],

the distance dependance as “proportionality-minus,”

Prop –: [ ...
...x... ],

and the charge multiplication as “extensive extensive multiplication,”

Extensive Extensive: x× y,

among other possible forms. In addition to generating more stringent coding definitions, I

dealt with the density issue in three ways. First, I split up some segments that contained
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Table 5.11: List of algebraic and computational forms and equation registrations found in
the data. Reported values are the percent occurrence during the Spacecraft Earth MWP task
(SE) and the Rutherford Scattering MWP task (RS) out of all occurrences. For definitions and
morphologies of these forms, see the appendix.

Algebraic Forms Programming-Specific
Forms

SE RS SE RS
8.02% 9.28% Competing Terms 11.32% 12.45% Serial Dependence
1.89% 2.74% Opposition 1.42% 1.05% Sequential Process

0% 1.48% Balancing 3.77% 4.22% Setup-Loop
0% 0.63% Canceling 15.09% 11.18% Variation

1.42% 2.53% Parts of a Whole 7.08% 6.75% Constancy
5.19% 8.23% Base Plus Change
0.94% 4.43% Same Amount Equation
15.09% 5.91% Extensive Extensive Registrations
1.89% 0.84% Proportionality Plus SE RS
4.72% 7.81% Proportionality Minus 2.36% 5.91% Correct
0.94% 1.17% Ratio 1.42% 0.84% Incorrect
0.47% 1.27% Scaling 5.19% 2.53% Incomplete
4.25% 2.74% Coefficient
7.55% 5.49% Dependence

0% 0.42% No Dependence
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sequential references to different forms. Second, I discarded as a potential code the symbolic

form “identity,”

Identity : x = ...,

and restricted the use of the form “dependence,”

Dependence: [...x...].

Identity is a form that can be seen in any equation that has only one variable on the left hand

side. Force equations, momentum definitions, and even the difference form of the Momentum

Principle, for instance, can all be seen as involving the “identity” form. Indeed, Sherin (1996),

himself, acknowledged that “identity” was so ubiquitous that it was only identified as an in-

dependent form late in his study. The purpose of my study, however, is not to test for the

existence of this form. Rather, I assumed its existence was a given so that the coding emphasis

could shift to other forms that might have deeper implications in how students read the code.

The form “dependence” is similarly ubiquitous, appearing in any equation that has a variable

on the right hand side. Rather than discard it, however, I restricted its use only to situations

when students explicitly declared that some quantity “depended on” another quantity or when

no other form could be ascribed to a students’ statement. This generally occurred when stu-

dents focused on a squared quantity without acknowledging a specific proportionality10. Again,

the purpose behind this was to shift the coding emphasis onto codes that have more content

implications (e.g. “base plus change,” “balancing,” or “parts of a whole.”)

The third way I dealt with the density issue of forms was to introduce a set of equation

registrations as codes for when students recalled whole equations. This had the added bene-

fit of distinguishing when students were simply recalling equations or were actually dissecting

their functionality. Because there might be dozens of physics equations accessible to the stu-

dent population under study, and many more permutations of these equations, it would be
10Students in Sherin’s data tended to obscure the fact that a quantity might be squared when discussing that

quantity’s place in the numerator or denominator of an equation, thus there was no explicit “squared” form
(Sherin, 1996).
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tedious to code for all of these. Rather, the set of equation registrations included only three

codes: “Correct,” “Incorrect,” and “Incomplete.” An equation that was correctly recalled was

coded as “correct.” An equation that was incorrectly recalled or improperly used was coded

as “incorrect.” An equation that was only partially recalled (e.g. “It was that q1 q2 over R

squared equation, right?”) was coded as “incomplete.” Once an equation was introduced into

the discussion, further analysis of it by the students could be handled by the forms coding set.

The actual equation that was recalled would be analyzed during the qualitative analysis.

5.7.4 Program Comprehension Coding Pass II: Interpretational Devices

The “Interpretational devices” coding dimension identifies how equations, symbol patterns, and

bodies of programming code are interpreted by the students. Within the literature on Resource

Theory, there exists an extensive list of interpretational devices that have been previously

identified in students’ reasoning (Sherin, 1996; Tuminaro, 2004). As with symbolic forms, a

few devices were identified by Sherin as being specific to programming physics, making this an

important dimension to track. The devices that have been previously identified in the literature

were taken as an a priori set of codes for this study. While reading the transcript, any instance

of a student using an interpretational device defined by either Sherin or Tuminaro was coded

as such. Segments in which students were not interpreting equations were left uncoded. Table

5.12 contains a list of the devices found in this data; a full set of definitions can be found in

the appendix.

5.7.5 Programming Practices Coding Pass: Epistemic Games and Moves

The “Games” coding dimension identifies the practices and actions the students engage in as

they complete the Minimally Working Programs. Within the literature on Resource Theory,

strategies are represented as epistemic games. These games describe a coherent set of moves

that students will work through on their way to a specific target, which, in most cases in

my study, is a working program. These games also dictate what content, programming, and
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Table 5.12: List of algebraic and programming-specific devices found in my data. Reported
values are the percent occurrences during the Spacecraft Earth MWP task (SE) and the Ruther-
ford Scattering MWP task (RS) out of all occurences. For definitions, see the appendix.

Algebraic Devices
SE RS SE RS

0.00% 1.95% Changing Parameters 10.95% 11.69% Specific Moment
1.46% 14.29% Changing Situation 10.22% 4.87% Generic Moment
18.98% 15.58% Physical Change 7.30% 0.00% Steady State
13.87% 8.77% Specific Value 2.19% 7.47% Conservation
0.00% 1.62% Limiting Case 0.00% 4.87% Accounting
9.49% 6.17% Restricted Value 9.49% 1.62% Feature Analysis
0.73% 3.25% Relative Values 9.49% 4.55% Ignoring

Programming Devices
2.19% 3.25% Tracing 3.65% 10.06% Recurrence

mathematics knowledge the students are able to readily access.

Development

Although a set of epistemic games exists in the literature (Tuminaro, 2004; Hing-Hickman,

2011), they were created to describe students’ practices while working algebra-based physics

problems. We cannot, therefore, assume that these games apply to computational physics.

Further, we cannot make the assumption that the games that do apply to computational physics

represent direct one-to-one mappings of the algebraic games. That is, while both Tuminaro and

Hing-Hickman observed their student participants play, say, a game called “Map Meaning to

Mathematics,” we cannot assume that a similar computational modeling game, which we might

call “Map Meaning to Code,” exists. Thus it was decided to use as an initial coding dimension,

epistemic moves. Repeated patterns of these moves could eventually be used to determine a

set of epistemic games native to computational modeling.

The set of moves, as described by Tuminaro, were used as an a priori set of codes, however

a generative approach (see Otero and Harlow, 2009) was taken to fill out the set; while reading

the transcript, anytime the students performed a move as described by Tuminaro, such as
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“formulating a story” or “writing an equation,” that selection of conversation would be coded

as such. Anytime the students engaged in an action that had not been previously defined, such

as “manipulate lines of code” or “plan program structure,” a new code would be created and the

selection of dialogue would be coded as such. A second read-through of the data was conducted

in order to combine similar codes and re-code dialogue according to the coding definitions that

had coalesced by the end of the first read-through. This iterative coding process followed the

methodology of Corbin and Strauss (2008). In this way, a natural segmentation arose from my

data: the solution move. Each segment contained one move type, as indicated by the students’

actions or explicitly stated goals.

With these moves coded, repeated patterns were observed to occur in the data. Keeping in

mind both the general epistemic structure of the existing set of games and prominent external

targets (e.g. diagrams and lists) (Tuminaro, 2004; Hing-Hickman, 2011), and following much of

the methodology of Hing-Hickman, these patterns were selectively combined into the epistemic

game “macro-codes.” Many games that were observed aligned with those identified by Tumi-

naro and Hing-Hickman. Still others were observed to occur with slight variation from those

described in the literature. And indeed new games that are native to computational modeling

were observed. Many times during the lab activities, the students were off task and could not

be said to be actively pursuing a problem solution. The segments that corresponded to these

events were left uncoded.

Full descriptions and examples of the epistemic games that were identified in this data have

already been presented in section 4.1. However, let me present here a brief table of the identified

games.

5.7.6 Agreement

An important step towards generating a descriptive model for a body of data is to determine

how reliably and objectively a coding set can be applied. In other words, reliability is a way

to assess the repeatability of a set of measurements. One way to calculate this reliability is to
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Table 5.13: List of epistemic games found in my data. Those games marked with an “*”
are slight variations of games that have been presented previously in the literature. For full
descriptions, see section 4.1.

Computationally Native Previously Identified
Map Meaning to Code *Map Meaning to Math
Map Code to Meaning Map Math to Meaning
Transliterate Solution Procedure *Physical Mechanism
Targeted Debugging List Making
Iterative Debugging Transliterate Solution Pattern

(Formally “Transliterate to Math”)
Recursive Plug and Chug

provide a second researcher with a sample of your data, generally 10% of the full corpus, and

have her code that data using the definitions of your coding set. This sample is selected so as to

include instances of each code. By comparing the degree of similarity between two independent

coding passes, a researcher can establish a level of confidence in the subsequent analysis or, in

the event of high disagreement, establish a starting point for refining the coding set (see Otero

and Harlow, 2009).

Cohen’s Kappa is a measure of coding agreement between separate coders. Unlike simple

agreement, Cohen’s Kappa accounts for random agreement between coders that might occur

due to chance. In the event that two coders agree fewer times than would be predicted by

chance, the Cohen’s Kappa value will be negative. Its maximum value is 1.0, which indicates

complete agreement. Generally, however, a value of 0.75 is considered to indicate excellent

agreement beyond chance and was used as a target when arranging inter-rater reliability. For

more information about reliability and Cohen’s Kappa, see Banerjee et al. (1999).

Content Agreement

During the development of the initial content coding set, an independent researcher was invited

to read through selections of transcripts and code that data according to the preliminary def-

initions. Coding disagreements between myself and the independent coder led to redefinitions
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of some codes and the creation and combination of others. This process continued until the

independent researcher’s codes agreed with mine 85% of time prior to discussion, yielding a

Kappa value of .74, and 89% of the time after discussion, yielding a Kappa value of .88. Con-

sidering that much of the final disagreement resulted from accidental neglect of some of the less

frequently occurring codes (19, in all) and individual segments of filler dialogue (e.g. “yea,”

“okay”) that occurred within the broader content conversations but either not coded by myself

or by the other researcher, I believe that this level of agreement is satisfactory.

Forms Agreement

During the development of the forms coding set, an independent researcher was invited to

look through a sample of my data and code it according to my preliminary coding definitions,

which were adapted from Sherin (1996). Initial coding disagreements led to refinements of

my definitions and the eventual adoption of the equation registrations and de-emphasis of the

“identity” and “dependence” forms. While additional coding passes with the independent

coder only resulted in Kappa values approaching .7, discussions revealed that much of the

disagreement occurred for “density” issues. That is, the independent researcher and I would

identify two forms that could reasonably be seen in a particular symbol pattern, however the

accompanying dialogue provided only an ambiguous identification. After such discussions, our

agreement yielded Kappa values of upwards of .93. The reader should keep in mind that

although the pre-discussion level of agreement fell below the target value of .75, the achieved

value of .7 can still be considered “very good agreement” (Banerjee et al., 1999). It is important

to note that the “density” issue occurred largely with the algebraic forms. When considering

the computational forms only, our pre-discussion level of agreement was much higher. Indeed,

the last of these coding passes yielded a Kappa value of .78 prior to discussion. Thus, I believe

that this is a satisfactory level of agreement.
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Devices Agreement

During the development of the devices coding set, an independent researcher was invited to code

a sample of my data according to preliminary coding definitions which were adapted from Sherin

(1996). Initial coding disagreements led to refinements of my definitions. Additional coding

passes occurred, each one resulting in my refining my coding definitions further. Eventually

the independent coder and I reached a level agreement 66% of the time. At this point, we

determined three sources of error: First, some dialogue was awkwardly divided between multiple

segments. Both the independent coder and I applied the same device to this dialogue, but

to different segments within the dialogue. Second, after reviewing the video footage, a set of

gestures that had been ambiguously transcribed led to our agreement for one group of segments.

An additional viewing of the video yielded dialogue that had originally been transcribed as

“inaudible.” This new dialogue, together with the existing student conversations, eliminated

the disagreement between myself and the independent coder. Finally, the coder was coding off-

definition for one code. After resolving these issues, our codes agreed 84% of the time yielding

a Kappa value of .76. Considering that the final disagreements were associated with inexact

segmentation and transcription, I believe that this level of agreement is satisfactory.

Games Agreement

After the development of the epistemic moves coding set, an independent researcher was invited

to look through a sample of my data and code it according to my preliminary coding definitions.

Initial disagreements led to my refining some definitions and my combining, developing, and

discarding other codes. At this point we identified two systematic errors: First, the indepen-

dent researcher was consistently coding off-definition for the move “Manipulate Symbols.” This

move was intended to capture aimless manipulations of the code. The independent researcher,

however, was using this code anytime the students were altering blocks of code, even if those

alterations had a directed purpose. The second error concerned a consistent disagreement over

the distinction between the moves “Watch Simulation” and “Evaluate Story.” This error was
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resolved by combining “Watch Simulation” into the “Evaluation” move. With the elimination

of these systematic errors, the resulting Kappa value was .74. A subsequent discussion revealed

that other disagreements resulted from the transcript missing some contextual details that were

apparent in the video footage. After reviewing the video, the independent researcher agreed

with my code. After these changes were made, our codes agreed 82% of the time, yielding

a Kappa value of .80. Considering that the final errors were either systematic in nature, or

would not have occurred provided a full viewing of the video footage, I believe that this level

of agreement is satisfactory.

Once reliability was achieved on the “Moves” coding set, regularly occurring patterns of

moves were identified and assigned codes aligning with epistemic games. After the development

of this coding set, an independent researcher looked through a sample of the data and sorted

it according to the “games” coding definitions. The initial coding pass yielded a Kappa value

of .74. A subsequent discussion, however, revealed a confusion on the part of the independent

researcher over how to read some of the sample data. Before having discussed any specific

disagreements, the independent researcher spontaneously recoded some of the data. After this

recoding, our codes agreed 88% of the time, yielding a Kappa value of .87. A full discussion

on our disagreements revealed an additional disagreement that stemmed from a confusion over

how the sample data was presented. In all, this reveals an excellent level of agreement.

5.7.7 Validation

Considering the prominence forms, devices, and phenomenological primitives in the literature,

the coding sets that were developed from these can be considered to be valid. Indeed, my

observations of many of the same forms and devices within my own data can serve as further

validation for Sherin’s work. Furthermore, each of the epistemic games that Tuminaro and

Hing-Hickman identified in their data was again observed within my own data. This can be

taken to be validation of my work and further validation of their work. Apart from the problem

representation, two of the four games that I newly identified, “Map Meaning to Code” and “Map
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Code to Meaning,” parallel two of the games that Tuminaro identified in his study. One of the

games that I identified, “Targeted Debugging,” follows aspects of the maintenance strategies

discussed in the program comprehension literature. Finally, students have been observed to

perform a sequence of moves similar to “Iterative Debugging” in other contexts, such as when

using online homework delivery systems. These can be considered to be measures of validation

for those games which I identified.

Although considering physics content in terms of both principle-based and problem-based

representations has been discussed in the literature (Larkin et al., 1980; Larkin, 1983; de Jong

and Ferguson-Hessler, 1986), a set of causal net codes does not exist in the literature. Thus

these did need to be validated. An independent physics educator was invited to examine the

set of physics principles and problem types that I used as causal net codes. He verified that

these represented a set of classifications that spanned the space of topics which introductory

physics students modeling gravitation and Rutherford scattering might discuss. After this,

the independent educator successfully matched each of these physics topics with the unnamed

coding definitions for their respective causal nets. In this way, I established a measure of validity

between the causal net codes and the physics topics I intended to track.
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Chapter 6

Results

6.1 Introduction

Now that we have a framework in place for analyzing physics students’ programming practices

and we have familiarized ourselves with the data source, we can now begin analyze these

students’ programming practices in full. Because the data in this study is qualitative in nature,

the bulk of this chapter will be given over to discussing the qualitative details of the students’

solution approaches. I will include some of the statistical results from the coding analysis when

they can be used to help illustrate the results from the qualitative analysis. In Sections 6.2

and 6.3 I will discuss some of the more salient resources that the students used in my data set,

as well as difficulties that occurred when these resources were not activated. I will focus on

physics resources in Section 6.2 and on programming resources in Section 6.3. In Section 6.4 I

will turn to the topic of framing in order to discuss programming practices that arose due to one

or more students framing the task in a way that prevented access to important elements of the

knowledge base. In Sections 6.5 and 6.6 I will provide some more details about the epistemic

games and frames that the students used and how the TAs influenced these. Finally, in Section

6.7, I will present an example of good computational modeling practices. Due to the bulk of

textual data that was collected during this study, I will not discuss the entirety of the groups’
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solution approaches. Rather, I will present some of the highlights.

6.2 Content Resources

Let us begin this chapter with a discussion of the content resources that the students used and

some difficulties that arose when these were not activated. Again, one of the powers of this

framework is that we can focus on what the students do or do not do rather than what they

do wrong.

6.2.1 Physical Collision

Frequently1 during the Rutherford scattering MWP activity, students would make use of a

particular model of a physical collision to reason about particle scattering. This resource

is patterned after two colliding billiard balls (or rather, a ping-pong ball bouncing off of a

bowling ball). Indeed, many students in the M&I labs likely witnessed this very demonstration

by the time of the Rutherford Scattering MWP. It is of note that “physical collision” was

invoked once during the spacecraft Earth MWP activity – before the ping-pong ball/bowling

ball demonstration occurred in class – suggesting a particular robustness of this model. It

might be argued that students who make use of this model of a physical collision are simply

activating some combination of the reasoning primitives “bouncing,” “rigidity,” or “recoil”

(diSessa, 1993b). These primitives may indeed be involved in this idea, however the apparent

simplicity of this model belies a sophisticated set of reasoning maneuvers that it might enable.

Let me provide an example from my data:

Roslyn: Are we trying to make it bounce off?

Isis: Yea, I think so. That’s what happens when an alpha particle hits a gold nu-

cleus, right? It bounces off?

[agreement and laughter by all three group members]
1See table 5.10 for a comparison of the percent occurrence across all content codes.
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Zeke: Either it bounces off or it sticks to it, it’s the only two options.

To these students, the salient feature of the Rutherford scattering task is that the two particles

bounce off one another. It is interesting to note, however, that Zeke also references the case of

a minimally elastic collision, encountered by the students on class homework problems. Indeed,

this model can accommodate various mass ratios, impact speeds, impact parameters, and even

various degrees of elasticity/inelasticity, as in the above example. One might argue that this

idea should be considered to be a coherent mental model (Johnson-Laird, 2006)2. Recall,

however, that (Redish, 2004) proposed that mental models should be considered to be a type of

associated pattern or resources. Importantly, this model connects to the broader causal nets of

energy, momentum, and angular momentum conservation. Indeed, experts might rely on this

very model when setting up an analytic conservation problem.

This collision model does have two properties that can cause novices to stumble in their

reasoning: 1) the impinging objects are non-interacting until the point of collision and 2) at col-

lision, they make physical contact. While this might be perfectly appropriate when considering

macroscopic objects (billiard balls, say), this model falls apart when considering objects that

have significant long-range interactions (e.g. massive astronomical objects or charged particles)

and objects that can’t really be defined to have physical boundaries (electrons and protons are

excellent examples of this). Despite these limitations, students in my data would often base

sophisticated discussions of Rutherford scattering around this resource.

6.2.2 The Momentum Principle

The momentum principle was a particularly salient resource, particularly in its difference form.

Students would readily recite the equation “delta P equals F net delta T.” Although this

equation is linked to many analytic solution procedures, I claim that students condense this

equation into a singular resource associated with the broader “momentum principle” causal net
2Indeed Zeke, in the above example, attempts to reason using a possibility set generated from this model (see

Gaffney, 2010).
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which they can easily recall. This would suggest that parsing the momentum principle into its

component parts would prove to be a difficult task for students. Consider Estelle, Frank, and

Madeline:

Frank: Okay, that gives us F electric. And now we have to do the ch::ange in

momentum.

Estelle: yea.

Frank: so we have to do (1.5) delta:: P [t. deltap=]

Madeline: equals F net delta T

Frank: equals F electric delta T [t. continues typing the momentum principle]

deltap=Felectric*deltat

Madeline: oh, yeah.

Notice that they have activated the momentum principle as a singular unit rather than

as a collection of forms. This is supported by Madeline finishing the statement of the equa-

tion that Frank started and the fact that they eventually input the whole equation “deltap

= Felectric*deltat” into their program without bothering to expand it into a more com-

putationally appropriate form. Despite Estelle, Frank, and Madeline’s eventual difficulty, this

demonstrates that the students generally know to start with the momentum principle. Fur-

thermore, Frank notes that they need to “do the change in momentum,” suggesting that he

is activating more than just an equation. That students can readily activate this resource can

be an important instructional point when using computational models as an instructional tool;

indeed it is the momentum principle over other fundamental physics principles that is used

to generate iterative models of dynamic motion at the introductory level3. Difficulties can

emerge, however, when students only use the difference form of the momentum principle or do

not activate the momentum principle causal net at all.
3Again, iterative models can be generated through the use of Hamilton’s equations of motion, however these

are generally not mentioned at the introductory level.
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The Relationship Between the Gravitational Force and Motion

Let us turn to an example in which a student group did not activate the momentum principle

causal net, leaving them unable to link interactions with motion in a physically sensible manner.

Although this issue was content based, it led to sufficient confusion that students turned to

playing the low-level epistemic games “Iterative Debugging” and “Recursive Plug and Chug.”

Howard, Tina, and Xavier begin modifying their spacecraft-Earth MWP by noting, of the

initial run, that “the reason it [the spacecraft] went straight up is there is, there is no force

acting on it.” This was an excellent observation and the students proceeded to determine the

gravitational force equation, along with the position vector, ~r. Never mind that they neglected

to consider that the force is a vector, that they placed it above the loop (the magnitude of

the central force in circular motion is a constant), and that they squared the vector r in the

force equation (a subtlety of algebra that the students might not be sensitive to at this point in

their college career); this group promptly identified what the force was and why they needed it.

However, because they do not activate the momentum principle in any form at this juncture,

they are unable to progress in their model. This is evident as the group begins to play “Recursive

Plug and Chug.”

Howard: Let’s RUN it. Wait no, we’ve got to put that [the gravitational force]

into the-

Xavier: Yea, we need to put-

Howard: Wait, try moving velocity craft below it and just put F grav into, um-

Tina: Huh?

Howard: Do control C.

Tina: [t. copies the line vcraft = vector(0,1200,0)]

Howard: and then move it below F grav, then put it- control V.

Tina: [t. pastes the line below the fgrav calculation]

Howard: and then put um (1.0) uh::: put F grav into the X [g. the just pasted

vcraft line]. Let’s see what happens then.
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Tina: [t.types this]

vcraft = vector(fgrav,1200,0)

Howard, who is doing the bulk of the talking here, seems not to be accessing any physics causal

nets, let alone the Momentum Principle, nor is he accessing reasoning primitives. He does

not discuss the role of the gravitational force and doesn’t seem to recognize that the vcraft

command is being used to set an initial velocity and not as a dynamic variable. Rather, he

prefers instead to play the “Plug and Chug” e-game, manipulating symbols to achieve the goal

of simply putting the force calculation somewhere (anywhere). Neither Howard nor Xavier

indicate that they know how to use the gravitational force to change the craft’s velocity. Figure

6.1 shows the relevant portion of the group’s code at this point in their conversation.

Figure 6.1: Howard, Tina, and Xavier have duplicated the initial velocity calculation and
have inserted the gravitational force directly into that line of code.

When the group runs the program, they encounter an error – they need to save the program

– but after fixing this, the Visual output is identical to the original, unaltered output. Confused,

the group spends the next minute in near silence (aside from Xavier’s suggestion that they find

“rmag” and some expressions of frustration) poking around the instructions. But then Howard

overhears the TA telling another group about the iterative loop.

Howard: In the loop [laughs] put it in the loop.

...
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Howard: So, yea, we have to put the whole velocity of the craft in the loop? That

doesn’t sound right but worth a try, right?

Tina: [t. highlights the line vcraft = vector (fgrav, 1200, 0)]

Although their solution is to move the altered vcraft line into the loop, there is no activation

of Physics causal nets, nor is there any real activation of computational forms or devices.

By this point, the group has progressed to the “Iterative Debugging” game, simply opting

to manipulate code because it’s “worth a try.” It is interesting that Howard displays some

confusion over moving the velocity into the loop. His qualifying statement (“that doesn’t sound

right”) indicates that this manipulation runs contrary to Howard’s expectations (Tannen, 1994),

however it is unclear whether his confusion is over moving the velocity or over the need to use

the loop.

Before they get a chance to alter the code, the group summons the TA who asks them

to summarize their progress. While Xavier reveals a previously unspoken disagreement over

Howard’s approach, Howard further indicates the disconnect between force and motion:

Xavier: ’Cause we want it to rotate around but you don’t need, I don’t think you

need to put it in there. It’s just the velocity, the initial velocity won’t change, it’s

just the gravity will make it change.

Howard: Well, are we trying to make it [the craft] go around it [the Earth] //the

whole time? Or just a curve?//

Xavier: //So you need to put it, you need to put F grav//

Xavier: You need to put F grav into the loop somehow, I dunno, but

TA: The goal is to have the craft interact with the Earth

Howard: Just interact?

It is interesting that Howard seems to distinguish between circular motion and interaction

through his use of a modal as he asks “just interact?” Considering that the group had been

focused on orbital motion perhaps Howard was simply confused by the TA’s phrasing. It is
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also possible that gravitational interaction problems and circular motion problems represent

two different causal nets for Howard and he thought that the TA was suggesting that they use

the other one. Unfortunately, we can’t say more, except that the Momentum Principle causal

net seems to continue to be difficult for these students to activate.

The TA explains to the group why the gravitational force calculation needs to be in the

loop and they follow his suggestions before moving into the game “Iterative Debugging.” Tina

eventually decides that they need to use the gravitational force somewhere rather than simply

defining it.

Tina: But, okay, question: It, are, if you’re doing this [g.m highlighting the Fgrav

line], you’re, like, defining that that’s what this is.

Don’t we need to //put, like, this in// a //proc- [begins to say “process”]// like

into something?

Xavier: //need to define//

Howard: //yea::h//

Tina: Like, this isn’t telling it to do anything, it’s just defining what fgrav is, right?

Howard: Yea

Xavier: So, what do we have to put it into?

Tina: Like, the craft position, maybe? [m. hovers cursor over the position update]

For this brief sequence, Tina leads her group in playing “Map Code to Meaning” her false starts

and use of negatives indicating her shift in frame (Tannen, 1994). Tina identifies important

aspects of their program and discuses how those components ought to relate to their story,

however, her group continues to not activate the momentum principle causal net. They are

unsure how to use the gravitational force and, as they fall back into playing the epistemic

game “Iterative Debugging,” the group settles on Tina’s suggestion by multiplying the position

update by the gravitational force (cue Howard: “just try it, just try everything”). Over the

course of the next ten minutes, the TA helps the group fix the bug just introduced and they
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Figure 6.2: Howard, Tina, and Xavier multiply the position update by fgrav as part of the
“Iterative Debugging” game.

manage to (incorrectly) fill in an equation for the magnitude of the separation vector (rmag =

sqrt(((r.x**2, r.y**2, r.z**2)))), but they still can’t figure out how to use Fgrav, even

attempting to Google the answer at one point. After one unsatisfactory run attempt, however,

the group finally seems to inadvertently activate the momentum principle causal net:

Howard: You just didn’t, um, use it. We didn’t somehow influence the position of

the craft.

Xavier: Alright. Position update. This was what they were saying over here.

So::: position final equals momentum initial plus //F net delta T.// [w. pf = pi +

Fnet*∆t]

Howard: //F net delta T.//

Figure 6.3: Xavier writes the Momentum Principle on the group whiteboard – after calling it
the position update.
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Judging by the way that Howard doubles Xavier in reciting “F net delta T,” it is suggestive that

the two of them are, in fact, recalling the momentum principle equation as a singular resource,

however it does not seem like they recognize this fact. Howard calls this equation the “position

update” and then starts writing it down by reciting “position final equals momentum initial...”

This event suggests that Xavier might have inadvertently used the letter “p” for position but

then upon recognizing the formula, was able to access the momentum principle resource, mid-

sentence. Another possibility is that Xavier has conflated the momentum principle with the

position update and their prior difficulties arose from not distinguishing between these two

equations. Despite calling this equation the “position update,” it is clear that, at some level,

both Howard and Xavier have at least activated the equation portion of the momentum principle

resource. This confusion, however, prompts further moves as the group moves into another

round of “plug and chug.”

Xavier: [after writing down the momentum principle] So, we have our momentum

initial, //so,//

Howard: //Add it// into our F net

Xavier: alright, we go down here [m. scrolling down into the loop], //do::://

Howard: [g. position update in the while loop] //just multiply by,// add in, um,

F grav in there.

Xavier: right here? [m. the position update]

Howard: Yea, right before it. Multiply=

Tina: Hey, I said that.

Howard: Yea, she said that.

Xavier: [t.mod multiplies the position update by Fgrav]

craft.pos=craft.pos+Fgrac*(pcraft/mcraft)*deltat

Howard: Delta T.

Tina: Delta T is at the end.
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Xavier: Where? yea, delta T.

Howard: Run it.

Figure 6.4: Howard, Tina, and Xavier multiply the position update by fgrav as part of the
“Recursive Plug and Chug” game.

Clearly confused with the distinction between the position update and the momentum principle,

the group simply multiplies Fgrav back into the position update. It might be argued that they

are attempting to algebraically manipulate these two equations together in this move, however

what this group does seems far too arbitrary, especially considering the impulsiveness with

which Howard interrupted Xavier with the comment “just multiply by...”

Once the group runs the program, however, the bug that they had introduced by using

incorrect VPython syntax for their rmag equation produced a startling Visual output which

attracted the attention of the TA. He then walked them through the process of defining their

momentum principle and using that as the proper way of including the gravitational force.

There were elements of this group’s conversation what indicate an understanding of both the

physics and the functionality of the program. They correctly identify the need for a gravitational

force and write the equation into the program (save for a syntax error, its placement outside

of the loop, and its not being a vector equation). Later in the conversation, Tina also correctly

decides that they shouldn’t just define the gravitational force, but they should use it. The two

instances are also two of the three times the group plays an epistemic game more sophisticated

then “Iterative Debugging” or “Recursive Plug and Chug,” (the third time was when they wrote

the equation for rmag). When first writing the gravitational force equation, the group engage

in the game “Map Meaning to Math” and when the realize that they should use it somehow,
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they play “Map Code to Meaning.”

It is notable that besides some minimal sensitivity to local line ordering as indicated through

their use of the “Serial Dependence” form, these students don’t seem to acknowledge the struc-

ture of the program. This is evident through the single use of each of the two computational

devices “Tracing” and “Recurrence,” both by Tina. Indeed, as the TA demonstrates how to

set up the numerical update form of the momentum principle, Howard questions its form:

Howard: P craft [referring to its second appearance in the update form]? But we

already have a P craft.

TA: That’s okay.

Howard: It doesn’t matter?

TA: It’s fine.

Howard: Alright...

The major difficulty that these students have is in recognizing that they even need to use the

Momentum Principle to relate their force equation to the position of their craft. Without this

key resource, they are left indiscriminately manipulating symbols and code, hoping to stumble

into a solution.

6.2.3 Conservation Laws

By the time the students in both the in vitro and the in vivo labs were tasked with completing

the Rutherford scattering MWP, they had already had experience utilizing both the momentum

principle and the energy principle (sometimes in conjunction with each other) to analyze colli-

sion problems. This introduces an important point about the interaction between programming

and physics: what form should a fundamental principle take in a computational model? Apart

from the continued use of the update form of the momentum principle in labs, this is an issue

that may not have been made clear to the students during the particular semester in which the

experimental lab sessions had occurred. While both the momentum and the energy principle
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can be used in their conservation forms to solve collision problems, only the update form of

the momentum principle is appropriate for use in generating computational models4. Due to

their association with different problems, however, the activation of a particular conservation

principle, or even the use of a particular form of a principle, can be highly dependent on the

context in which a problem is presented. It is not be surprising, then, that presenting a col-

lision problem to the students would cause them to activate the “Energy” and “Conservation

Problems” causal nets. That the Rutherford scattering MWP included an initial value for the

kinetic energy of the alpha particle compounded the issue. Indeed, the students in my data

frequently5 activated the causal nets associated with conservation problems, due in part to

the recently with which they learned procedures associated with the energy principle and the

connection between conservation laws and the “physical collision” resource.

Although these analytic treatments are unsuitable for use in dynamic computational models,

the students were nonetheless able to use them in sophisticated ways. Let us look at two

examples: students using conservation of energy and students using conservation of momentum.

Conservation of Energy

Let us begin by returning to Howard, Tina, and Xavier’s use of conservation of energy to analyze

their Rutherford scattering MWP. This group had had some early difficulties in mapping energy

equations into their program and inputting known values rather than using variables, however,

once Howard recalls the analytic treatment for collision problems, the other group members

readily join him in his approach.

Howard: There’s going to be four- three Ks [g. holding up three fingers].

Xavier: Yeah.

Howard: There’s going to //be:: //initial for:::

Xavier: //K Au//
4As mentioned before, the energy principle can be used to generate a three dimensional, dynamic model,

however this requires the use of upper-level techniques, namely Hamilton’s equations of motion, which are
equivalent to the momentum principle but derived from the energy principle.

5See Table 5.10 for a summary of the percent occurrences of each content code.
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Howard: I mean four Ks. Initial for this, final for this [g. twice tapping the Au

particle drawn on the group whiteboard]. Initial for this, final for this [g. twice

tapping the drawn alpha particle].

Xavier: Alright, yea. Let’s just write this whole thing out...

It is notable that Howard, here, isn’t simply recalling a procedure from another problem, he is

applying the procedures of conservation of energy to this problem, identifying that since there

are two particles, there will be two sets of final and initial kinetic energy terms. At this point,

there still seems to be some confusion over how to use these in the program. Xavier proposes that

they use the (presumably familiar) analytic approach. Indeed, Xavier’s use of the modal “just”

indicates that he is more comfortable operating in the “Quantitative Sense-Making” frame

(Tannen, 1994). This is highly suggestive of both the salience of analytic solution approaches

and the discomfort students have with the numerical approach. To further underscore the

familiarity that Xavier has with the analytic procedure, his use of the word “just,” along with

the evaluative word “whole,” indicates that he is prepared to begin this procedure from the

beginning rather than, say, trying to recall a derived equation, an important problem solving

stance.

As this group begins applying the analytic approach, they do so playing the “Map Meaning

to Math” game (not the programming variant), which Tuminaro (2004) identified as the most

cognitively complex game.

Xavier: [continuing from above] ...yea, it is, so, K final minus K initial [w. writing

as he speaks], U final minus U initial. Right? Equals zero. So, K final plus U final

equals K initial plus U initial. And since there’s

Howard: Two K finals, two K //initials.//

Xavier: //Well,// there’s no- (1.0). Nah, so there’s [g. mim-

ing crossing out Uf] (3.0) is there any (3.0) there’s none of this initially, right? ’Cause

it’s, like, far away. You know what I’m saying? So it doesn’t come in, it wants to
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repel it, right? [w. crosses out Uf, writes 0 next to it.]

Figure 6.5: Xavier has written down the energy principle and has begun eliminating terms that
are zero. This image shows the equationKf−Ki+Uf−Ui = 0 and below thatKf+Uf = Ki+Uf .
Uf has been crossed out.

Howard: I don’t think that’s zero. If anything this would be zero [g. the Ui term]

wouldn’t it? ’Cause that’s after the collision. They’re gonna’ [g. moves hands apart,

miming particles after a collision]

Tina: I thought, like, when things were further apart [g. holding her hands apart]

they have the most potential. And, like, as they come together [g. bringing her

hands together] then their potential-

Xavier: Well, if they’re too far away, they don’t have any potential.

Howard: Yea, when it’s infinitely far away then //the U equals zero.//

Xavier: //yea that’s what I was thinking//

[g. the Uf term] that’s what I was thinking.

Tina: How do we know far away they are?

Howard: We don’t.

Xavier: Alright, so we’re trying to determine everything we need to put in so we

can run the program.
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Although the TA intervenes following this exchange, it is important to point out that the

students have begun to identify that their analytic treatment has not progressed the way that

they had expected. They identified – correctly – that both the initial and final potential energies

will be zero, however this eliminates the important electric interaction from their analysis. The

confusion over this is revealed through Howard’s use of negatives and repetition as he objects

to Xavier’s assertion that Uf should be zero (see, Tannen, 1994). These reveal both Howard’s

expectations that the familiar quantitative analysis should be used for this activity and that

the electric interactions should also be used.

Before moving on, I must note the sophistication of what these students are doing. After

writing down the conservation form of the energy principle decomposed into kinetic and po-

tential components, the students discuss which terms ought to be zero. They are not simply

recalling a procedure here. They are critically engaging the physical situation and using that

to decide which terms ought to be thrown out. Howard even considers the abstract limiting

case of the particles being infinitely far away. Indeed, by the end of this conversation, they

have progressed nearly all the way through the epistemic game “Map Meaning to Math.” This

is precisely the type of reasoning we would like to see students exhibit.

Conservation of Momentum

Let us now examine a situation in which students activated the momentum conservation causal

net. Isis, Roslyn, and Zeke quickly key into the procedures associated with this causal net, as

soon as they identify that a collision is supposed to take place.

Isis: Yea, okay, so the initial momentum of the, of the alpha particle would equal

the final momentum of the alpha particle.

Zeke: [w. ∆pAu + ∆palpha]

Isis: In an elastic collision. And if it bounces off then it’s elastic.

Zeke: So, we need to make it do something whenever it- whenever it hits this [g.
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to diagram of gold nucleus]. we have to make it react with it.

Isis: Yeah.

Zeke: So, uh

Roslyn: And K. The K’s have to equal.

Isis: The- okay.

Zeke: [w. ∆Ki = ∆Kf ] Delta K initial equals Delta K final.

It is of note that Isis and Zeke approach the conservation forms of both the energy principle and

the momentum principle before deciding to focus on momentum conservation. This suggests

that both sets of conservation principles and the procedures that are associated with them form

closely related causal nets. Indeed, we will look at this connection in more detail in the next

subsection. It is also notable that these students have justified their use of the energy principle

by activating the “physical collision” resource, deciding that Rutherford scattering will be an

elastic collision. Interestingly, they are focused on the motion of the particles, declaring that

they need to “make it do something... whenever it hits [the gold].” Despite this initial focus,

however, Isis, Roslyn, and Zeke begin analyzing the situation using conservation of momentum,

playing “Map Meaning to Math.”

Isis: Um, I think that the velocities are dealing with right before the collision and

right after the collision so we don’t include //that// stopping.

Roslyn: //have it-// So, how should we do that?

Isis: So, P final equals P initial [w. pf = pi]

Roslyn: Uh-huh

Isis: We have P final of the::: Au plus the P final of the, um, alpha particle [w.

pAu + palpha].

Roslyn: Uh-huh.

Isis: Equals P initial of Au [w. adds = pAu].

Roslyn: Uh-huh.
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Isis: Because the al- I meant, I meant the alpha particle [w. makes the correction,

changing the right-hand side to palpha] because the gold is initially at rest, because

this initial velocity is zero.

Note the sophistication of Isis’ reasoning. First she identifies a set of initial and final states

for their analysis, noting that they don’t need to consider the moment of impact itself. She

then allows the conceptual story to guide how she writes the momentum conservation equation.

At this point, the group begins algebraically solving for variables. Interestingly, they begin

entering these equations into their computational model.

Isis: Okay, so, we need to:: calculate the final momentum of the gold, which is::

Zeke: [t. “PfinalAU=” before loop]

Roslyn: (7.0) Which were the two initials-

Isis: Huh?

Roslyn: Added up. It’s the two P initials.

Isis: Oh, yea, you’re right.

Zeke: Is that what these are? The P alpha in the- so I just do

Roslyn:P Au, and then wherever the other P is.

Zeke: [t. begins typing this] Just like that?

PfinalAU=pAu+pAlpha

Isis: Yea. Wait, you know what?

Roslyn: You have to do a P final, you have to make it- that- like, P final is (2.0)

isn’t it, like P final is the mass and the velocity of the two added together.

Roslyn here seems to have recalled an aspect of this procedure associated with minimally elastic

collisions. Despite this error, however, the group continues using procedures associated with

conservation of momentum in a sensible manner.
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Figure 6.6: While playing “Map Meaning to Math” and approaching Rutherford scattering
as an analytic problem, Isis, Roslyn, and Zeke have inserted two analytically derived equations
before the line “t = 0.”

It should be emphasized that each of the procedures which I have highlighted in this sub-

section would likely result in high marks on a pen-and-paper problem, say, during an exam.

In each of these examples, the students were choosing a system, and initial and final states,

selecting one (or more) fundamental principle(s) to use, and aligning these equations with the

problem at hand. Isis, for example, identified initial and final states. Howard and Tina used

limits to identify the values of initial and final potential energy terms. Each of these, however,

utilizes a boundary condition that is unproductive to use in a computational model

6.2.4 Curving Motion

Let us turn to examples of students activating procedures associated with curving motion and

uniform circular motion. There are two aspects of this casual net that students would readily

activate: holding the magnitude of the central force constant and using (at least part of) the

formula for the perpendicular component of the changing momentum, d~p
dt |⊥ = mv2

r .

M V squared over R

As her group is deciding how to model orbital motion in their spacecraft Earth MWP, Roslyn

recalls using the formula for d~p
dt |⊥ .

Roslyn: oh gosh, is that like the M V squared over R?

TA: Y’all talk about it [heads to another group].

Estelle: Okay.
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Roslyn: Is that the, uh, derivative one, do you think?

Estelle: I think we need-

Yolanda: Derivative? What are you talking about?

Roslyn: You know, like

Estelle: Change in P?

Roslyn: The parallel force and the perpendicular force? Are we doing the perpen-

dicular force where-

Estelle: Nah, I don’t think so. ’Cause we didn’t learn how to do that on this

program.

Although Roslyn seems unsure about whether to use this equation, she does mention the pro-

cedures used for deriving it, suggesting a set of reliably activated resources. Indeed, using the

differential form of the momentum principle to find the parallel and perpendicular components

of the force is a perfectly sensible way to analyze orbital motion. Interestingly, Roslyn’s group

members dismiss her suggestion, not because it is incorrect, but because they “didn’t learn

how to do that [in the] program.” Indeed, Estelle’s use of negatives (“Nah, I don’t think so,”)

suggest that she, too, has access to the uniform circular motion causal net, but she has more

exacting application heuristics associated with it. Estelle and Yolanda’s responses to Roslyn’s

suggestions also suggest that they are framing the problem differently than Roslyn. Let us

return to the issue of framing at a later point in this chapter.

Constant Fgrav

Let us turn to an example in which students who activate the “curving motion” causal net

focus on holding the central force to a constant magnitude. After running their spacecraft

Earth MWP for the first time, Frank, Paine, and Zeke set about determining how they need to

fix it.

Paine: You want it to interact with the Earth, you want the gravity to pull it in.
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Zeke: Yea, I guess the gravity.

Paine: I don’t know how, how do you do that now?

Zeke: ’Cause tha- we are supposed to do- wait, I think- go back to the code. We

need’a put G in there somewhere.

Paine: G is over here. It’s gotta be in here [g.m indicating the loop with the mouse

cursor].

Zeke: [reading] rate.

Paine: I mean the vector. It’s not even going to stop moving. It’s going to be

moving the same speed, right? Or is it?

Zeke: It would make it-

Paine: What’s the formula for gravitational force?

There are two things of which to take note. First is Paine’s initial analysis of the situation.

He uses the phrase “interact with” when describing the Earth’s influence on the spacecraft.

Although this is the common term used in the M&I textbook, it is notable that Paine is using

it correctly. Furthermore, Paine easily describes gravity as “pulling in.” Together, these suggest

that Paine has a conceptual understanding of this situation. The second thing to note, however,

are the hints of the circular motion causal net. Notice that Paine suggests that the spacecraft

is going to be “moving at the same speed.” This is a condition that is only true for uniform

circular motion. Given Paine’s initial sophistication, his mention of the speed being constant

is likely not a mistake. Zeke agrees that gravity should be used, however his numerous false

starts (see Tannen, 1994) (“’cause tha- we are supposed to do- wait, I think-...”) indicate that

he is basing his expectations on something external to the code. This is further supported by

his focus on the constant G.

The group continues, identifying the gravitational force law, however after discussing where

to put it in the loop, they decide to place it in the constants section.

Zeke: I think we add it right here after the delta T [g. indicating the term in the

position update], like enter
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Frank: okay

Zeke: We need- make a line right like this [t. hits the carriage return to make a

new line after the position update.] Put it right there.

Paine: //Fnet?//

Frank: //We have to// define the vector between them.

Paine: Is that //right?//

Zeke: //We// gotta make some kind of (2.5)

Paine: [t. Fnet beneath the position update] (2.0) [t. deletes Fnet] (4.0) We can

make more constants dude.

Zeke: I think we have to write F net as a constant, or, I dunno.

Paine: Yea, we can write F net as a constant, dude.

What is notable about this exchange is that Zeke and Paine are not confused about why

something should be in the loop, they are confused about whether or not Fnet is a constant.

There is a significant amount of deliberation as Paine begins to enter Fnet into the loop, however

he eventually decides that it is, in fact, a constant and thus belongs outside of the loop. It is

worth noting that in the case of uniform circular motion, the magnitude of Fnet is constant.

Considering Paine’s earlier comments, he is likely considering this as he deliberates typing it

into the loop. Importantly, while this group is considering where in the program elements of the

physical model belong, they are not considering how the structure is connected to the function.

That is, they are not considering the program as a set of step-by-step procedures. This is highly

suggestive that this group is now playing “Map Meaning to Math;” they understand elements of

the analytic solution approach (e.g. calculating a separation vector, defining F , etc.), however

they are not considering how to generate a computational model with that information. Indeed,

Paine confesses this upfront: “I don’t know how, how do you do that now?”
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6.3 Programming Resources

Activating resources associated with the structure of a computational model (the programming-

specific forms and devices), and the functionality of the iterative loop in particular, are im-

portant in students’ ability to program. Let us turn to some situations in which important

programming resources were not activated.

6.3.1 The Numerical Update

The distinction between the an algebraic update, such as

~pfinal = ~pinitial + ~Fnet ·∆t (6.1)

and a numerical update, such as

pAlpha = pAlpha + Fnet*deltat (6.2)

is a subtle but important one – one that causes difficulty for students. The algebraic update, for

example, is a statement of equality and can be interpreted according to the “Base Plus Change”

form (... = �+∆). “Base Plus Change,” according to Sherin (1996) corresponds to the relation

between two quantities, one that is the “base” and a second that is added to (or subtracted

from) that base to produce an increased (or reduced) quantity. The numerical update, on the

other hand, is a directed statement of assignment. While it resembles “Base Plus Change,”

and does indeed feature a similar conceptual schema, it really should be interpreted according

to the “Variation” programming form. Indeed, students who try to read the numeric update

only according to “Base Plus Change” can become confused; after all, the numerical update is

a nonsense equation when interpreted purely algebraically.
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Why Can’t You Name It Anything You Want?

Howard, Tina, and Xavier face a confusion over the numerical update while modifying their

Rutherford Scattering MWP. They seem to understand the need for an equation that resembles

“base plus change,” however they are confused over the need to use the same variable twice.

After entering the Coulomb force into their code, the TA happens to arrive as they are ready

to enter the momentum principle into their program.

TA: So, we need a line here that updates the momentum due to this [Coulomb]

force.

Xavier: So, delta P equals F net delta T [g. the difference form of the momentum

principle Xavier previously wrote on the group whiteboard]

TA: That’s the momentum principle, but it’s not the update form of it. Remember

what the update form of the momentum principle looks like?

Xavier: uh::: (3.0) uh, //P final//

Howard: //P alpha//

TA: P final, yea. P alpha equals-

Xavier: P initial plus F net delta T. [w. pf = pi + Fnet∆T ]

TA: Exactly, yup. Alright, so in VPython code, what represents P I? [g. tapping

pi]

Xavier: Uh::: (2.0) P alpha?

TA: Yea, P alpha. Good. [g. pointing to pf ] P F will also be:::

Howard: P alpha.

TA: P alpha. Yea, good.

Howard: Type it in.

Howard and Xavier have very little difficulty in identifying the need to use the momentum

principle, which they spontaneously did prior to the TA’s arrival, and they have no difficulty

decomposing the difference form of the momentum principle into the analytic update form.
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Howard and Xavier, here, also seem to readily identify the numerical update form, but let me

foreshadow their upcoming difficulties by pointing out that the TA deliberately helps them cue

the numerical update form, emphasizing what P final “will also be:::” and by drawing out the

final vowel sound of “be.”

The TA departs and, after correctly typing the momentum update into their code, the

group runs their program. The simulation, however, is not what they expected; an error

in their calculation for the separation vector, ~r, introduced a minus sign into their Coulomb

force causing it to be attractive rather than repulsive. The group begins playing “Iterative

Debugging,” but in the midst of this game, Tina suggests an interesting change:

Tina: Maybe we should change the name of that [g. the momentum update]

Howard: P alpha 2?

Tina: Maybe, since we’ve already got a P alpha? Capital that would change it,

wouldn’t it? [t.mod pAlpha = pAlpha +... → PAlpha = pAlpha +...]

Howard: I think so.

Although suggesting surface changes is a valid move within “Iterative Debugging” this partic-

ular change is compelling because it directly contradicts the help that the TA had just given.

This appears to be tantamount to the group rejecting the numerical update form. After this

alteration fails to generate a satisfactory simulation, the group utilizes the “Serial Dependence”

form, replacing the variable pAlpha in the position update with PAlpha, so as to use the value

from the momentum update.

Figure 6.7: Howard, Tina, and Xavier create a new variable, PAlpha (as opposed to lower-
case pAlpha), to alter the numerical momentum update to more closely resemble the analytic
update. They carry their new variable into the position update.
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Eventually, the group summons the TA again to help them fix their program and they take

the opportunity to voice their criticism of the numerical update.

Xavier: What we did was change this [g. the momentum update], we made this

big P.

TA: Oh:: that might be it.

Xavier: Why would that- why can’t we make it like that?

TA: The-

Xavier: ’Cause it’s a ne:::w- if it’s the update, but- //if it’s the update why can’t//

TA: //think of it as we’re//

Xavier: But it’s a new one. So, why can’t //you name it whatever you want?//

TA: //but we’re replacing it.// It’s not a

new one. We’re replacing the original value of P alpha with a new value.

Howard: But for the position update,

TA: Yea?

Howard: We changed the value here too. (4.0) So, wouldn’t it- shouldn’t it work?

While the initial change to the analytic update form of the momentum principle occurred as

a move within the “Iterative Debugging” game, Howard and Xavier have developed a clear

justification. Xavier points out that the new momentum is just that – new. It should therefore

be assigned to a different variable, distinct from the old momentum. Indeed, this is precisely

what is done in the analytic update form of the momentum principle. Furthermore, they

recognize that they still need to use this new momentum and have thusly input their new

variable, PAlpha into their position update. As the TA tries to explain the distinction to the

group, Xavier begins to become agitated, clearly confused by this particular notation. Both he

and the TA begin talking over each other at this point. Indeed, Xavier’s numerous false starts,

contrastive connectives (“but”), and repetitions of the word “new” suggest (see Tannen, 1994)

that he is operating within the “Quantitative Sense-Making” frame while the TA is presumably
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in the “Numerical Sense-Making” frame.

Xavier and Howard, here, have articulated an important difficulty that students encounter

when generating computational models; how to represent physical equations, and update equa-

tions in particular, in programming code. As I discussed above, a source of this difficulty is

in interpreting updates according to the “Base Plus Change” rather than according to the

“Variation” form. It should be stated that using “Base Plus Change” here is not inappropriate.

Indeed, it is useful in thinking about what equations like the momentum update mean. However

one shortcoming of “Base Plus Change” is that it does not necessarily trigger the interpreta-

tional device “Recurrence.” This is the device that allows students to take the stance that a

set of instructions will be repeated multiple times. Perhaps if Howard, Tina, and Xavier had

adopted this stance, they may not have fallen into the trap of wanting to use a different variable

for the final momentum. Indeed, “Recurrence” is the device that the TA uses to respond to

Howard’s line of questioning:

TA: If we go through this loop just once [we] update the original momentum to a

new momentum, capital P. We use that momentum to move [the alpha particle],

which is good, it’s using the new momentum to move [the alpha particle] across the

screen. But when it comes through again, what momentum is it using? It’s using

the original one.

Not Activating an Update

Let us return to Estelle, Frank, and Madeline as they complete their Rutherford scattering

program for another example of a group who encountered difficulties due, in part, to their

not activating an update form. As noted above, Estelle, Frank, and Madeline are able to

successfully invoke the momentum principle so that they can “do the change in momentum,”

however the form that they recall is the difference form, “delta P equals F net delta T,” which

is unproductive to use in computation. Subsequently, the students find themselves unable to

determine how to incorporate the momentum principle into their program.
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Notably, their confusion is not due simply to an inability to activate programming resources.

Estelle, Frank, and Madeline display an ability to do so earlier in the task. After initially

considering how they would model a physical collision, the TA intervenes with this group and

helps them reformulate their story to accommodate an electric interaction. From this point,

the group plays the “Map Meaning to Code” game. Although they consult the textbook for

the Coulomb interaction equation, they explicitly consider where the math should go in their

program, how that placement relates to their story, and what other lines of code they might be

missing.

Estelle: [after writing the Coulomb force on the whiteboard] do we write that in

there?

Frank: so, F electric [t. in loop Felectric= oofpez*((qAu*qAlpha)/(]

Madeline: Yea

Frank: oofpez times

Madeline: Q Au times Q alpha

Frank: Q Au times Q alpha

Madeline: divided by

Frank: Another one there [g. r2 in the Coulomb force on their whiteboard]

Estelle: Is that, I think that’s going to update, right? Is that going to be changing?

because it’s getting closer.

Madeline: R is the distance, right? or is it the radius?

Frank: Yea, it is, it’s the distance between the two and it’s going to be changing.

Estelle: That’s going to be updating, we’ll probably have to put in another equa-

tion before that one.

Frank: Okay.

Estelle: but, oh, I guess you do the position. Yea, just make a new line, or

Frank: [t. adding a carriage return before Felec] right there?
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Aside from Madeline’s confusion over what R represents, Frank and Estelle adeptly determine

how to incorporate the code for the electric interaction, only generating a bug in their calculation

of the separation vector.

Figure 6.8: Estelle, Frank, and Madeline’s while loop prior to their incorporating the momen-
tum principle. At this point, only their separation vector, r, is incorrectly defined.

Once they have correctly entered the calculations for the electric force and the separation

vector into the loop, however, they are unable to figure out how to use the momentum principle.

Frank: Okay, that gives us F electric. And now we have to do the ch::ange in

momentum.

Estelle: yea.

Frank: so we have to do (1.5) delta:: P [t. deltap=]

Madeline: equals F net delta T

Frank: equals F electric delta T [t. continues typing the momentum principle]

deltap=Felectric*deltat

Madeline: oh, yeah.

It is clear that Frank and Estelle have simply recalled the difference form of the momentum

principle equation. While it is tempting to say that they were simply playing “Recursive

Plug and Chug,” Frank’s description suggests a deeper perspective. He didn’t just say “the
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momentum principle,” he referred to the need to change the particle’s momentum. But what

about the “Map Meaning to Math” game? There is an argument to be made that the group was

playing this game the entire time, simply inputing the math relations into the code. However,

over the course of this conversation, the group makes repeated use of computational forms,

referencing both the functionality of the loop and the how the lines of code should be structured

within the loop. This is a knowledge base that is not part of “Map Meaning to Math.” Even

after entering the computationally inappropriate “deltap = Felectric*deltat” into their

program, Estelle, Frank, and Madeline continue to debate how it should be represented in their

program, but this mostly manifests in symbol manipulation.

Madeline: You see, I don’t know if it updates. I don’t know if that goes after the

T part or just T of the updated part. I’m not sure.

Frank: Yea, I think we probably need to do that. [t. deletes original momentum

principle line; types deltap = Felectric*t after the t update]

Estelle: so, uh, delta P equals F electric times T.

Part of this group’s difficulty is that they haven’t activated the update form of the momentum

principle (neither analytic nor numerical). Instead, they are left to consider only how the

time variable, which they do have in their program, influences the motion. The result is that

the group shifts from playing “Map Meaning to Code” to playing “Recursive Plug and Chug,”

manipulating the difference form of the momentum principle and placing it after the time update

so as to use the updated time. Also telling is the lack of the “variation” form. Although the

group has no problem placing this line of code into the loop, it is because of its role in a “serial

dependence” form with the force equation, and not because a variable had to be updated (recall:

Frank said that the momentum needed to be changed, not updated.) While it is encouraging

that Estelle, Frank, and Madeline know to consider the momentum principle when they need

to connect interactions to motion, their discussion suggests the need to emphasize the role of

variable updates and the numerical update form of the momentum principle. Eventually, the
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TA intervenes and walks the group through setting up the numerical update of the momentum

principle.

6.3.2 Insensitivity to the Loop

Howard, Tina, and Xavier provide an example of a group who acknowledge the fact that certain

physical quantities change, however they are unable to activate resources associated with the

structure of the program, namely the programming-specific forms and devices. The three group

members begin the modification phase of their modeling task by playing the “Map Meaning to

Math” game; they recognize that in order to get the spacecraft to orbit the Earth, they need to

input a force calculation, and they work out what the magnitude of this force calculation should

be. Questions arise, however, over where to place this line of code in the program. Indeed,

“Map Meaning to Math” does not provide access to appropriate programming resources.

Howard: Then just force, gravity? Force of gravity? [t. fgrav= in “objects” sec-

tion before the loop].

Xavier: Wait do we need to define that up there? [g. the “constants” section]

Howard: Well, it’s not a constant, right?

Xavier: True, true. alright, so, F grav is equal to-

Tina: All that.

Rather than acknowledge the loop as the driver of dynamics, the students get distracted by the

comments “constants” and “objects,” which artificially divide the MWP into sections where

constants and initial values are defined and where objects, spheres and helixes, say, are created.

The gravitational force is indeed not a constant in this situation, as Howard points out, and thus

does not belong in the “constants” section. This understanding of the physical situation and

this sensitivity to programming comments, however, does not extend to the global structure

of the program. Furthermore, the students do not activate the important “tracing” device.

Satisfied that Fgrav is not a constant, the students are content to leave this line where it is,
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outside of the loop.

6.3.3 Feature Analysis

As I discussed in Chapter 3, “Feature Analysis” is an interpretational device that students use

to draw global conclusions based on local programing features. Generally, this judgement does

not reflect the actual functionality of the program. While “Feature Analysis” can be used to

interpret familiar elements that might also appear in an analytic problem (e.g. the gravitational

constant, G), it can also be used to interpret uniquely programming elements.

After spending nearly 20 minutes alternating between playing the “Plug and Chug” and

the “Repetitive Debugging” games, Isis, Celia, and Madeline begin considering how their code

should look according to their story, progressing through the steps of “Map Meaning to Code.”

The story that they are trying to enact, having the spacecraft bounce off of the Earth, is not the

physical situation that these three should be modeling here, however this alone is not sufficient

to prevent them from creating a sensible computational model, so let us ignore that for now.

Rather, pay attention to Celia’s interpretation of the trail.append line and the bug that is

subsequently introduced.

Figure 6.9: The contents of Celia, Isis, and Madeline’s iterative while while loop as they begin
playing “Map Meaning to Code.”

Celia: Okay, Earth’s position is that (1.5) because that’s not equal to that [g. the

loop, likely the update command]. This has to be Earth. (13.0) Wait, oh, it’s
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because position equals craft position, that’s not it. This has to be earth [g. the

update command].

Madeline: Oh, Earth position dot pos equals earth dot pos plus p-craft.

Celia: Like,

Madeline: Right there, right [g. the loop].

Celia: No, like, no that’s right [the update command]. That’s initial that’s final po-

sition [g. the left then right side of the update], but this [g. trail.append(pos=craft.pos)]

has to be earth, because that’s what we want the new position of the spacecraft to

be.

Isis: [t. trail.append(pos=craft.pos)→trail.append(pos=Earth.pos)]

Celia: I think, does that make sense?

Isis: [runs program]

All: ugh.

Celia and Madeline, here, are playing the “Map Meaning to Code” game. They’ve already

identified their story, and in this exchange, they identify why their code does not represent

their story, they plan a change that should properly relate the target entities according to their

story, and they perform an evaluation step. However they introduce a further bug into their

program when Celia misinterprets the “trail.append” command. This command is related to

the “curve” object, which creates a bread-crumb trail. At each iteration, trail.append tells

VPython to add a new dot to the trail at the location of the object of interest, in this case the

spacecraft. The role of this command is even indicated right in the code itself (the beginning

of this can be seen in Figure 6.9 next to the trail command). Celia, however, invokes the device

“feature analysis” when she appears to imagine that this trail is what directs the craft’s motion

stating that, “that’s where we want the new position of the spacecraft to be.” After making

this alteration and running the program, the group, distraught at this development (cue all:

“ugh”), returns to the “Repetitive Debugging” game. Considering the elements within the
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Table 6.1: The percent occurrence of the devices found in my data, as well as the percent
occurrence of the device classes as a whole. These percents are out of a total count of 445.
The programming-specific devices are indicated as grey. Those devices which were identified
by Sherin but did not appear in my data are omitted from this table.

Narrative 31.24% Static 37.53%
Changing Parameters 1.35% Specific Moment 11.46%
Changing Situations 10.34% Generic Moment 6.52%

Physical Change 16.63% Steady State 2.25%
Tracing 2.92% Conservation 5.84%

Special Case 21.12% Accounting 3.37%
Specific Value 10.34% Recurrence 8.09%
Limiting Case 1.12% Intuitive 10.11%

Restricted Value 7.19% Feature Analysis 4.04%
Relative Values 2.47% Ignoring 6.07%

iterative loop did spur Celia and Madeline to begin playing the “Map Meaning to Code” game,

however this example illustrates how even a sophisticated game can be derailed through the

use of an inappropriate conceptual resource.

6.3.4 Percent Occurrence of Interpretational Devices

It is worth pointing to some statistical results from analyzing the interpretive devices before

moving on. Table 6.1 shows the percent occurrence for each type of device found in my data

out of a total count of 445 devices.

An important point to make about these data is the low frequency of occurrence for the

programming specific devices “tracing” and “recurrence.” As a point of comparison, “Recur-

rence” made up 13% of the devices that Sherin (1996) observed in his programming study

while “recurrence” comprised 8.09% of the devices I observed in my data. Sherin observed that

“tracing” comprised 16% of his device counts. In my data, “Tracing” accounted for only 2.92%

of the device counts. “Tracing” and “Recurrence” are crucial devices to use when generating a

computational model. “Tracing,” especially, indicates that a student has taken the stance that

the computer will execute lines of code in a sequential order – precisely as it will. My partic-
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Table 6.2: The percent occurrence of epistemic games found in my data, as well as the percent
occurrence of the frames as a whole. Percentages are out of a total count of 4095. Those games
which were first identified in this study are indicated as gray.

Numerical Sense-Making 40.32% Quantitative Sense-Making 24.03%
Map Meaning to Code 29.84% Map Meaning to Math 16.29%
Map Code to Meaning 8.18% Map Math to Meaning 7.74%

Targeted Debugging 2.3%
Qualitative Sense-Making 13.7% Rote Equation Chasing 21.95%

Physical Mechanism 8.25% Recursive Plug and Chug 7.08%
Pictorial Analysis 4.35% Transliterate Solution Pattern 9.69%

List Making 1.1% Iterative Debugging 5.18%

ipants’ infrequent use of programming-specific devices, as compared to Sherin’s data, suggests

that my participants didn’t have as good a sense for the organizational structure of the program

and the mechanisms behind each piece. This is an important result because it suggests a po-

tential instructional intervention: explicitly teaching students how to mentally run a computer

program. The fact that Sherin’s participants were drawn from a pool of students who had had

more instruction and who were more academically inclined than my own participants further

suggests that the use of “Tracing” and “Recurrence” may be characteristics of more advanced

programmers and should be explicitly taught.

6.4 Framing

Let us turn, now, to examine aspects of the participants’ programming practices in terms of

how they framed the lab activity. Through framing, students can establish their expectations

about a situation and gain access to elements of the knowledge base. Framing an activity in

a way that restricts access to important content or interpretational resources (“Tracing” and

“Recurrence,” for example), however, can be a source of difficulty for students. Indeed, it was

fairly common for students in my data set not to frame their computational modeling activities

as requiring numerical sense-making (see Table 6.2).
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While framing can enable a group of students to pursue a particular goal and access a

particular portion of the knowledge base, the framing of an activity need not occur at the level

of the group. Failing to negotiate a common frame, for example, can directly affect students’

abilities to communicate with each other.

6.4.1 Framing in Conversation

Let us return to Estelle, Roslyn, and Yolanda as they attempt to determine how to make their

spacecraft orbit around the Earth in their spacecraft Earth MWP. During a discussion with

their TA, Roslyn shows some early signs that she is framing the activity as an analytic problem.

Roslyn: So, you want it [the spacecraft] to go around the Earth?

TA: So, if you want it to go ’round the Earth, what do you have to do?

Roslyn: Like, make it go in a circle ... like a constant force or motion around?

Note that Roslyn, here, has identified the “circular motion” causal net. In those problems, the

goal is to solve the differential form of the momentum principle by decomposing it into parallel

and perpendicular components and then imposing the condition of circular motion. While

Roslyn appears to be operating in the “Quantitative Sense-Making” frame, her group-mates

appear not to be, resulting in the following interaction:

Roslyn: Oh gosh, is that like the M V squared over R?

TA: Y’all talk about it [heads to another group].

Estelle: Okay.

Roslyn: Is that the, uh, derivative one, do you think?

Estelle: I think we need

Yolanda: Derivative? What are you talking about?

Roslyn: You know, like

Estelle: Change in P?
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Roslyn: The parallel force and the perpendicular force? Are we doing the perpen-

dicular force where-

Estelle: Nah, I don’t think so. ’Cause we didn’t learn how to do that on this

program.

Roslyn, here, is describing a set of analytic solution procedures to follow, indicating a measure

of both content and procedural knowledge. These suggest that she is playing the “Map Math to

Meaning” game (note that she goes straight for the equations). Estelle, however, quickly stops

her, indicating her understanding that the computational environment may require a different

set of procedures. What is notable about this example is the way that Yolanda and Estelle

respond to Roslyn’s suggestions. First, note how Yolanda repeats the word “derivative” as she

confronts Roslyn. According to Tannen (1994, p. 41-42), Yolanda is using repetition to indi-

cate her realization that Estelle is operating in a different frame. Furthermore, her immediate

question, “what are you talking about?” indicates a judgement about Estelle’s line or reason-

ing, also an indication of framing, according to Tannen. Estelle, then, uses a negative (“I don’t

think”) as she establishes why Roslyn’s suggestion wouldn’t work. Negatives, according to Tan-

nen indicate the expectation of the affirmative. This exchange illustrates both a disagreement

among group members and an example of transliterating an analytic solution procedure into a

computational model.

There is a possible additional explanation of this exchange in that Roslyn was playing an

epistemic game that I neglected to identify in the data. Students can become very familiar

with specific problem types as well as the solution approaches that those problems require.

While generating a computational model, however, sometimes students will latch onto familiar

problem types without considering that programming requires an alternate set of solution ap-

proaches. This game might be called “Transliterate Solution Procedure.” Rather than simply

transliterate the end result of a known problem, as is the case with “Transliterate Solution

Pattern,” students utilize a fully memorized procedure. While this does seem to be a reason-
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able problem solving approach which novices might utilize, there was not enough evidence that

“Transliterate Solution Procedure” occurred in my data.

Parallel Games

Let us turn to another example in which asynchronous framing can result in a breakdown of

communication between group members. Frank and Madeline spend much of the prediction

phase of their assignment shifting back and forth between the “Physical Mechanism” game and

the “Pictorial Analysis” game, however Estelle interjects with moves that are indicative of a

different game: “Map Code to Meaning.” Madeline initiates the “Physical Mechanism” game

by indirectly noting that they are about to begin a collision problem (“we’re not going to have

a collision problem on our exam, are we?”). From there, she and Frank begin reading through

the constants section of the program code, using it to support their story before briefly shifting

into the “pictorial analysis game,” though they use this as an alternate means to tell their story.

Estelle, however, makes some moves that are not part of either game:

Frank: So, [reading through the code] we have the mass of a silver, and then an

alpha particle...

Estelle: What’s the first thing we have to change?

Frank: ...and q

Madeline: Is q the charge?

Frank: I don’t think we have to change anything first, we just, like, have to predict.

Both Madeline and Frank begin playing the “Physical Mechanism” game. Having already

established the expectation of there being a collision, Madeline and Frank begin looking through

the code which they will eventually use to support their story. Estelle, however, asks a question

that is suggestive of the game “Map Meaning to Code.” Is she aware that they will need to

modify the program to effect a collision? While this is the third MWP that the students have

encountered, Estelle doesn’t provide enough information here to make any definitive claims,
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but her next two statements are telling:

Frank: [while reading through the program] what’s the oof- oof-pez?6

Madeline: Oh, Nine E to the ninth. Isn’t that a constant?

Frank: Okay, yea.

Madeline: It’s a constant.

Estelle: It’s- the //alpha position is going to be updated and all of that.//

Madeline: //I don’t know what (??)//

Frank: //yea, it’s // it’s like the one over.

Madeline: Four epsilon, something.. four pi epsilon=

Frank: And then change in time

...

Madeline: [still reading through the program] the momentum..

Frank: The kinetic ...of the alpha particle... the momentum (5.0) so they’re going

to... if they’re going to be attracted to each other magnetically,

Estelle: It looks like the loop is updating the alpha position but not the other one.

Frank: Okay, so, I guess so we’re trying to predict what they’re going to do. They’re

going to collide.

Frank’s earlier comment, “we just, like, have to predict,” likely induced Estelle to shift from the

“Map Meaning to Code” game to “Map Code to Meaning,” but Frank and Madeline continue

to play the “Physical Mechanism” game, identifying elements in the code and then using those

lines to justify their initial story. Estelle, however, reveals that she is playing a different game

by identifying the “variation” computational form and utilizing the computational interpreta-

tional device “recurrence,” neither of which are part of the knowledge base for the “Physical

Mechanism” game, but are both part of the base for “Map Code to Meaning.” These concep-

tual resources allow Estelle to correctly interpret how the code will run rather than simply
6the variable oofpez comes from an abbreviation for One Over Four Pi Epsilon Zero, and has the numerical

value of 9e9.
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extrapolating how she expects it will run, as her group mates are doing.

Unfortunately for Estelle, her group mates largely ignore her, dominating the discussion

and even talking over her at one point. Indeed, Estelle’s epistemic moves are not part of the

game that Frank and Madeline are playing. This is especially clear during the final two lines

from this selection of dialogue. Utilizing programming-specific forms and devices, Estelle is

able to read what the minimally working program will do. Frank, as if he didn’t hear Estelle’s

comment, states that they need to predict how the program will behave. Miscommunications

of this sort are characteristic of improper framing (e.g. Tannen and Wallat, 1994). Eventually

Estelle succumbs to Frank’s persistence (“they’re going to collide”) and begins playing “Physical

Mechanism” with her group mates. Prior to this shift, Estelle made only three comments,

separated by 40 seconds and then nearly a minute and a half. After the shift, Estelle, now

playing the same game as her group mates, talks as much as they do.

It is interesting to consider, also, the content knowledge that the group invokes during this

interaction. Frank and Madeline invoke resources associated with kinetic energy, momentum,

and the electric interaction a few times, but only so far as they are reading through the code.

Their story primarily involves the “physical collision” coordination class with a few elements

of the “charges attract/repel” primitive. Estelle, on the other hand, focuses on the kinematics

of the situation, specifically the position update. That is, after all, how the particle moves.

The “Physical Mechanism” game concludes with the group running the program to evaluate

their prediction. To their dismay, they see that their prediction was incorrect. But Estelle

contributes one final evaluation of their prediction, recalling the games she was initially playing,

and again making use of the “variation” computational form and the “recurrence” computational

device:

Estelle: Uh, so the alpha particle passes through... okay, that makes more sense

because the alpha particle is the only one that position’s updated... I forgot about

that.. the one that’s going through it.
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6.4.2 Improper Framing

Let us now turn to some examples in which students frame their task as something other

than “Numerical Sense-Making.” The students in these examples have no difficulty activating

relevant content or even programming resources. The procedures they select, however, are

associated with analytic problems.

Inventing an Analytic Problem

Early in their task to complete the Rutherford Scattering MWP, Jeffrey, Maude, and Walter

demonstrated an understanding, both of the conceptual aspect of Rutherford scattering and

collision problems in general, but also of the structure of a computational model. However,

they became repeatedly distracted by an analytic solution for collision problems of their own

invention, not truly modifying their program until 25 minutes into their lab section when the TA

arrived to check on their progress. This suggests a particular salience of the analytic methods

that were emphasized in class even for students who can make use of programming resources.

Let me first discuss their whiteboard prediction, highlighting the conceptual understanding

that these students had.

Walter: So, what we have is, we have a situation, we have the alpha particle and

the gold nucleus [w. draws two dots to represent these particles], okay? And say

this thing’s coming in at some angle [w. draws arrow from alpha to gold]. And the

distance from here to the center is B, right? [w. indicating the impact parameter].

Walter: So, that’s B, the impact parameter. Alright? And this is the center of our

gold atom [w. draws a circle with a dot at the center].

Walter: And so, what happens after this is, of course, the thing is going to be

deflected somewhat downward [g. indicating the gold nucleus].

Jeffrey: If they hit

Walter: Right, well, I drew it so that they nick //each other// [g. indicating the
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Figure 6.10: Walter has drawn a picture of an alpha particle impinging on a gold nucleus.
Walter also indicates the impact parameter, b. For the benefit of the reader, I have recreated
this picture and the ones that follow.

trajectory arrow in the diagram]

Jeffrey: //yeah//

Walter: [laughing] And then this one, the alpha particle, is going to be deflected

up. [w. draws a diagram indicating the particle’s trajectories after the collision].

Right?

Figure 6.11: Walter has drawn a picture of the aftermath of a collision event. Note that both
particles have been deflected.

Maude: Mmm-hmm

Walter: So, we have an angle there, that we call phi [w. drawing an angle of de-

flection for the gold]. And an angle here, which we call theta [w. drawing an angle

of deflection for the alpha particle]. Right?

The group, here, is clearly playing “Pictorial Analysis.” What is interesting is how Walter is
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Figure 6.12: Walter has added deflection angles for both the gold nucleus and the alpha
particle to his drawing.

using the conceptual resource “physical collision.” He is not simply recalling the “bowling ball

- ping-pong ball” demonstration that he likely saw in class. Indeed this is evidenced by the fact

that he indicated that the gold particle would deflect in addition to the alpha particle. Also

interesting is Walter’s spontaneous use of the impact parameter, b. Although this is introduced

later in the lab instructions, these students had not looked ahead at this point. It is notable

that the impact parameter is an important aspect of Rutherford’s gold foil experiment, which

the students had discussed ahead of playing “Pictorial Analysis.”

Maude: Rutherford’s the foil?

Jeffrey: Yea, gold foil.

All of this is indicative of a conceptual understanding of this situation, at least on Walter’s

part (though Jeffrey and Maude do appear to be following along). Once the group has finished

drawing their diagram, however, they begin to invent an analytic collision problem to solve.

Possibly cued by the angle variables that Walter drew into his diagram (Jeffrey: “are we looking

for phi and theta stuff?”), the group members begin activating content resources associated with

analytic conservation problems. While they do begin playing the cognitively sophisticated game
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“Map Meaning to Math” (and, for a time, “Pictorial Analysis”), we must keep in mind that

this group is supposed to be modifying a computational model.

Walter: So, the alpha particle before hitting this was P one [w. P1 above impinging

alpha on the diagram].

Jeffrey: Mmm-hmm.

Walter: And of course, P two was equal to zero, cause this one [the gold] was just

sitting still, right? [w. P2=0 above the initial diagram of the gold].

Jeffrey: It’s at rest.

Walter: And so, we’ll get that the total X components of these, the X component

here [w. indicates the x component of the final gold momentum] and the X compo-

nent here [w. indicated the x component of the final alpha momentum] should give

us P one, right?

Figure 6.13: Walter has indicated P1 and P2=0 on the “initial” portion of his diagram. He
has written “x” next to the x-components of both particles’ momenta.

Jeffrey: Mmm-hmm.

Maude: Mmm-hmm.
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Walter: Because the //m- the momentum, right// is conserved

Jeffrey: //momentum is conserved//

Walter: so, uh, [erasing an old equation] they called this one P three [w. writing

this above the deflected alpha], this one P four [w. writing this above the deflected

gold], and so::: so it’s going to //hit P three//

Jeffrey: //It has a magnitude// of P four. That’s P one.

Walter: That’s P three cosine theta [w. writing this]

Jeffrey: Right

Walter: Plus P four cosine phi [w. adding this to the equation]7

P1 = P3 cos θ + P4 cosφ (6.3)

Although the group is using their textbook during this interaction, it is mostly to identify which

variable names should be used. Beyond that, the group has little difficulty in identifying the key

elements of the problem and generating a mathematical equation to relate the initial and final

momenta, activating the “same amount” and “parts of a whole” forms, not to mention rules of

trigonometry. Also of note is Jeffrey and Walter’s justification for this equation: “momentum

is conserved.” Evidently, they’ve activated the “conservation” interpretational device. Again,

this highlights the group’s sophistication in proceeding through this problem.

Up to this point, the group has been working for over 10 minutes but has not yet opened the

program. The group even scrolls past the main computational modeling task in the instructions

to read about generating momentum graphs. Indeed, Maude provides evidence that they view

computational modeling as a completely separate task from what they are doing, remarking

“do you guys just want to work on the VPython while we wait for [the TA]? I feel like we don’t

really need to know that for the VPython.” Indeed, this also serves as evidence that the group

has not even considered entering the “Numerical Sense-Making” frame, instead switching back
7Due to a glare covering the group’s equation and preventing a clear image from being created, I’ve had to

recreate the equation.
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and forth between the “Qualitative-” and “Quantitative Sense-Making” frames.

Once the TA reminds Jeffrey, Maude, and Walter, that they need to predict what their

MWP will simulate, the group finally enters the “Numerical Sense-Making” frame and begins

playing “Map Code to Meaning.” Interestingly, unlike many of the other groups analyzed in

this data, this group is readily able to identify the components that are missing from the MWP.

Walter: Uh, okay, so gold atom’s a sphere. Radius, sphere, trail (2.5) Okay (5.0)

so this is the momentum update, right?

Jeffrey: Mmm-hmm

Walter: What about that [g.m the trail command] No, that’s the po::sition update

Jeffrey: What are you pointing at?

Walter: This one here [g.m alpha position update].

Jeffrey: Okay, yeah.

Walter: [g.m moving mouse curser down as he reads] Alpha dot pos equals alpha

dot pos plus P alpha dot, yea, ’cause that’s the velocity, times the- right?

Jeffrey: Mm-hmm

Walter: So, this is position update. They don’t have momentum update, do they?

Jeffrey: Nope

Walter: So, we need to add momentum update [w. writing this]. let’s see, defi-

nitely need (??)(4.0) calculate the::: force, maybe?

Jeffrey: Um. momentum of each particle, update.

Walter: Yea.

Jeffrey: And then we’d have to do::: electric force

... [brief discussion on atomic nucleons and the electric interaction] ...

Walter: Ah, so T equals T plus delta T. So, they’ve updated the time

Jeffrey: Mm-hmm

Walter: And they’ve updated the trails. It looks like what this is, uh

Jeffrey: So, we’ve got, basically the graphic end of things taken care of.

283



Walter: Basically, yea, we just

Jeffrey: We just need the actual physics.

I want to emphasize the ease with which these students have activated the appropriate resources

not only to recognize which elements of the physical model are missing, but also to identify

the function of the program. Walter appears to have also activated the important “Tracing”

device as he reads through the program, pointing with the mouse as he goes, as well as the

“recurrence” device as he identifies the time update and the trail update. Also of note is that

Jeffrey summarized the entire point of this activity simply by reading the code: “we just need

the actual physics.”

No sooner had Walter and Jeffery begun writing down equations in python syntax, however,

then Maude expressed a confusion about their task. Indeed, she was noticeably silent while

Jeffrey and Walter read through the program. This triggered a shift in frame from “Numerical

Sense-Making” back to “Qualitative Sense-Making”

Maude: Are we still on step one on //predicting it?//

Jeffrey: //The momentum- // what?

Maude: What step are we on?

Jeffrey: Um

Maude: Are we still predicting?

Jeffrey: //I think we’re running code at this point//

Walter: //I think we’ve finished predicting//

In spite of his comment, Walter returns to playing “Pictorial Analysis” for Maude’s benefit.

Once he has finished helping her catch up, however, both he and Jeffrey become engaged again

in solving the analytic collision problem that they had created for themselves. After reaching

an impasse, they return, for a third time, to review their picture in “pictorial analysis” before

finally running the program. This occurs 23 minutes into the lab, underscoring the salience
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that the analytic solution has for these students, even after they have displayed the ability to

activate requisite programming resources.

One might argue that these students weren’t accessing the “Numerical Sense-Making” frame

simply because they hadn’t read the instructions and didn’t know what the goals of the lab

were. This, however, ignores two important points. First, these students were surely aware that

this was a computational modeling lab assignment even without reading the instructions; this

was their eighth VPython lab activity (see Table 5.6). That they had defaulted to analytic pro-

cedures by not reading the instructions, however, underscores the salience that these procedures

have over numerical approaches. And second, these students displayed an understanding of the

computational model when they determined the goal of the lab simply by reading the program

and realizing that components were missing. Even after they did this, however, they were only

a distraction away from shifting back to the “Quantitative Sense-Making” and “Qualitative

Sense-Making” frames. Jeffrey, Maude, and Walter clearly were not intentionally avoiding the

computer program. That they spent so much time considering an analytic variant of Rutherford

scattering, however, points to the need to provide more of an emphasis on numerical problem

solving.

Momentum Principle or Energy Conservation?

Let us now turn to an example in which the students could not decide whether to use energy

conservation or a form of the momentum principle. This example is notable both for the tension

between Yolanda and Paine, who take opposing sides in this debate, evidently operating under

different frames, as well as the progress that the group makes on their program once they finally

settle on using the momentum principle.

After Celia, Paine, and Yolanda run their Rutherford scattering MWP for the first time,

Yolanda activates the “electric interaction” causal net, however her group can’t decide on

whether they need it to take the form a force or a potential energy:

Yolanda: Wouldn’t it be, like, the force?
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Paine: F electric?

Yolanda: Yea.

Paine: [t. Felec]

Yolanda: Is equal to-

Celia: Or U electric? but, no

They compute an equation, but incorrectly use alpha.pos in the denominator rather than the

magnitude of the separation vector (Paine: “ ’cause that’s the one that’s changing”). That they

did not know to take the magnitude is a subtle error, possibly due to the notational shorthand,

“r,” in place of “|~r|.” Since the gold nucleus is not moving, perhaps Paine mentally set Au.pos

equal to zero, activating the “specific value” interpretational device. They run the program and

there is an error.

As the group reaffirms their conceptual understanding by utilizing the “physical collision”

resource, Yolanda activates the “momentum principle” causal net. Paine, having activated the

“energy” causal net, disagrees, referencing the initial K value for the alpha particle.

Yolanda: You want to add it in, just like (1.5) some like, the momentum principle

should be, like (2.0) I dunno.

Paine: (K) initial-

Yolanda: ’cause, like you have to //add (??)//

Paine: //I know what it’s// going to do, I just don’t know

how to write it in.

During this sequence, the group has been operating within the “Quantitative Sense-Making”

frame, specifically playing “Map Meaning to Math.” They have not been fully considering how

to structure the physics within the program and even Paine admits that he “just [doesn’t] know

how to write it in.” However, the group has been addressing the physics in a sensible manner.

At this point, Yolanda makes another important observation:
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Yolanda: Yea, so (3.0) I guess you have to put it in (2.0) like, before when we’d do

this, like, we’d have, like, the gravitation of the Earth would make it the momentum

principle, right? So we’d put it into the loop, the momentum principle, is that what

we’d need to do? ’Cause you should do the same thing except for just sub in the

electric. Know what I’m saying?

It is tempting to suggest that Yolanda is playing the “Transliterate Solution Pattern” game.

Indeed, she has identified a problem type (the gravitational interaction they did before) and

the beginnings of a solution pattern (put it into the loop and sub in the electric). But Yolanda,

is clearly not guessing at a procedure based on surface features. This indicates the she is still in

a sense-making frame. Yolanda’s mention of the loop and her deference to an existing solution

pattern suggest that she is playing “Map Code to Meaning,” however the mere mention of

the word “loop” is not enough to indicate that she is in the “Numerical Sense-Making” frame.

Still, Yolanda evidently has access to programming resources that are not available during

“Quantitative Sense-Making.” Of further interest is the amount of hedging language and false

starts she uses (see Tannen, 1994). These are indicative that Yolanda is attempting to play a

game that is not within her group’s current frame.

Yolanda’s suggestion that they use code from an old program suggests two important points.

First, educators (and the TA included) regularly encourage students to look back at old code as

they face novel problems. Caballero et al. (2011), for instance, gave students VPython programs

for homework that were modified versions of programs they had already written; the hope was

for them to begin building a function library. Indeed, this is a common programming practice.

The second point is that Yolanda has hit on the idea that the earlier gravitation MWP and their

new Rutherford scattering MWP effectively use the same algorithm; just “sub in the electric.”

Indeed this point, that a single fundamental principle can be used to explain a wide variety

of natural phenomena, is central to the M&I curriculum and highlights Yolanda’s conceptual

understanding.
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Celia, Paine, however, continue to debate Yolanda over the use of energy. Despite Yolanda’s

observation, the initial kinetic energy term proves too seductive for the other group members.

As they continue playing “Map Meaning to Math,” Paine continues pressing the point.

Paine: It’s going to be energy principle, though.

Yolanda: Yeah, yeah (4.0) so

Paine: K final plus (K initial) and the work, is the work due to F net?

Celia: There is no work, right? ’Cause there’s no, like, external, ’cause wouldn’t

you, like, put both of them in the system?

Yolanda: Like, we have our force, right? Now we just have to put it into the

principle to get-

Celia: Well, we already have K, right?

Yolanda: Yea.

Celia: Is that kinetic, or, I don’t know what that K alpha is. I thought that would

be the kinetic energy //but it’s not.//

Paine: [w. Ef = Ei +W ] //there’s no work// [g. crosses out work term] It’s going

to be [w. writing as he speaks] K final plus U final (0.5) K initial plus U initial.

Yolanda: Yea.

Celia: and the U is just U electric. (1.5) But we just did that.

Paine: U electric changes. (4.0)

Celia: They both change, though. (5.0) Like, kinetic energy get faster as it goes

towards each other? or are we-

Paine: No, I think it gets slower as they go towards each other.

Celia: and then, potential will go to zero?

Paine: Yea, it’s going to go to zero and stop.

It is important to point out that Celia and Paine have just performed some of the more difficult

steps in setting up a conservation of energy problem. They’ve considered their story, they’ve se-

288



lected a principle, and Paine has begun following through on an energy procedure. Importantly,

Paine has not simply recalled this procedure; he and Celia are carefully considering which terms

go to zero. Indeed, Celia makes the astute observation that both objects are in the system and

thus there will be no work. The key, here, is that while operating within the “Quantitative

Sense-Making” frame, Celia and Paine are pursuing a procedure that is appropriate for an

analytic problem but not for a computational modeling task.

Yolanda is noticeably absent from this conversation, aside from a few perfunctory affirma-

tions and a half-hearted suggestion about what they should do with the force. On the surface,

this could be due to Paine dismissing her observation, however Yolanda’s absence lends fur-

ther evidence that she was operating under a different frame from her group members. Recall

Estelle’s similar absence when she attempted to use a different frame from her group. Once

Paine identifies another previous computational model that they had completed by using the

momentum principle, however, Yolanda re-joins the conversation.

Paine: It’s like the fan-cart [computational model] we did [g. moving hand back

and forth miming the cart’s motion].

Yolanda: Yea.

Paine: I don’t remember how we did that

Yolanda: I know, [laugh] I don’t remember how we did that either. We have to

put this F electric //into-//

Paine: //That was// the momentum principle

Yolanda: Yea, see that’s what I said the first time, I was like (1.0) the momentum

principle is delta P equals F net delta T (3.0) ’cause we have a delta t [g. computer

screen]

As soon as Paine mentions the momentum principle, Yolanda couldn’t resist gloating. Again,

she observed that the momentum principle was the driving factor behind these disparate models.

Yolanda also notes that they should use the momentum principle because they “have a delta
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t.” Indeed, looking for a particular differential is an excellent heuristic for identifying which

principle should be used for a particular problem presentation.

While Yolanda appeared not to be operating in the “Quantitative Sense-Making” frame,

Celia and Paine were. Framing their task in such a way led them to pursue an energy principle

inspired procedure – determining what is in the system and surroundings, and determining

the initial and final values for the K’s and U’s. As they apply this procedure, however, Paine

and Celia find themselves unsure of how to proceed. Once Paine has written the equation

Kf+Uf = Ki+Ui, he and Celia can only resort to trying to recall which type of energy increases

as the particles approach each other and which type decreases. Again, these procedures would

be sensible for an equivalent analytic problem, but are unproductive in this context. Shortly

after the group decides to pursue the momentum principle, however, they begin making progress

towards completing their program.

Paine: How do you change the momentum?

Celia: Well, the direction changes, right?

Paine: Yea, it’s going to be [w. ∆p]

Yolanda: F net delta T.

Paine: [w. = Fnet∆t]

Yolanda: Yea, alright. Do you think you can just put F electric, the force of the

electric?

Celia: I think if you do it as a force, it’s actually going to be different from this,

like, it’s actually going to have, like, R squared and an R hat (2.0) ’cause force is

a vector? So, I think that’s when this changes [g. R in Coulomb force]. So it’s the

same with the gravitational potential energy. It’s the same thing. It changes to,

like, [w. writing as she speaks] negative G M M over R squared R hat, I think.

Yolanda: So you’re thinking it would be

Celia: So I’m thinking you would have to add that [the square and the rhat] to it

[the Coulomb potential energy] if you’re using F net. position. Then you do, like,
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a distance you could do, like, a radius to radius, like add them together maybe? I

dunno.

Paine: It’s like these [g. computer screen] the magnitude of R.

The three immediately recall the momentum principle equation, but Celia identifies the impor-

tant details of using the Coulomb force, namely the fact that it is a vector equation and that

it is proportional to the square of the separation. Notice, though, that even though these three

talk about quantities changing (using the “physical change” device), they do not discuss this in

relation to the program structure. At this point in the conversation, the TA intervenes, so it is

unknown whether the group would naturally have shifted into the “Numerical Sense-Making”

frame. It is notable that the group needs only a little help from the TA to shift into this frame

and transition to considering the structure of their computational model. Again, this example

illustrates both the tension that can arise in group conversations if they fail to negotiate a

common frame, and some of the consequences of framing a programming task as if it were an

analytic problem.

Inserting Analytic Solutions into the Programming Environment

It is notable that other groups encountered similar difficulties. Recall Isis, Roslyn, and Zeke

(Section 6.2.3). Like Celia and Paine, they also framed their task as “Quantitative Sense-

Making” and as a result, turned to conservation laws and analytic procedures to analyze

Rutherford scattering. That group, however, were able to proceed further through the pro-

cedure and began entering derived equations into the programming environment.

Isis: Okay, so, we need to:: calculate the final momentum of the gold, which is::

Zeke: [t. “PfinalAU=” before loop]

Roslyn: (7.0) Which were the two initials-

Isis: Huh?

Roslyn: Added up. It’s the two P initials.
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Isis: Oh, yea, you’re right.

Zeke: Is that what these are? The P alpha in the- so I just do

Roslyn:P Au, and then wherever the other P is.

Zeke: [t. begins typing this] Just like that?

PfinalAU=pAu+pAlpha

Isis: Yea. Wait, you know what?

Roslyn: You have to do a P final, you have to make it- that- like, P final is (2.0)

isn’t it, like P final is the mass and the velocity of the two added together.

Again, considering that these students were tasked with analyzing a scattering problem, their

approach was quite sensible. By not framing this task as “Numerical Sense-Making,” however,

these students do not have access to the important programming resources and are unable to

consider the step-by-step nature of programming.

6.4.3 Reciprocity Versus Algebraic Manipulations

Let us conclude this section by looking at an example in which the students reveal their stance

towards the meaning of physics equations. This leads to a brief conflict with their TA. Reci-

procity can be a difficult topic for students, but one subtlety comes in the antisymmetric

relationship pairwise interactions have. A gold nucleus and an alpha particle, for example, ex-

ert forces on each other of equal magnitude but opposite directions. This directional difference

is indicated by a minus sign.

~FAu,α = −~Fα,Au (6.4)

How this minus sign is carried through equations can reveal the stance that students take

toward the fundamental principles: Are they simply math equations that can be manipulated
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or does their form carry intrinsic meaning? This difference in stances is particularly evident as

Howard, Xavier, and Tina grapple with reciprocity and what force belongs in the momentum

update for the gold nucleus in their computational model of Rutherford Scattering.

At this point in the discussion, Howard, Tina, and Xavier have already successfully modeled

the motion and interaction for the alpha particle.

Howard: Just do the same thing for the gold.

Xavier: We can just copy this [the momentum update for the alpha particle] and

change it to P Au, you know what I’m saying?

...

Tina: Change it to P Au instead of P alpha.

Howard: And then we’ve got to do a position [update] for it too.

The students, here, are playing the “Transliterate Solution Pattern” e-game. They have identi-

fied a solution pattern – the alpha particle’s position and momentum updates – and are going

about mapping that pattern to accommodate the gold nucleus. It should be noted that, while

this is not a cognitively sophisticated game (see Tuminaro, 2004), this is a perfectly appropriate

move for the students to be making. Indeed, developing a set of programming procedures that

one might deploy in appropriate situations is a common instructional goal in physical modeling

(see, for example Caballero, 2011).

Once the group is ready to run their program, however, they have two momentum updates

in their program, one for the gold nucleus and one for the alpha particle, that both use the

same force (see figure 6.14). This is due, in part, to their playing the “Transliterate Solution

Pattern” game. An earlier discussion with the TA concerning the definition of the relative

position vector, however, suggests that the group is only considering the magnitude of the

force:

Howard: [to the TA] But why does that matter, ’cause it’s a magnitude, right?

Xavier: Because, it’s the same distance.
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Once they run the program, both particles move and the group is satisfied enough to continue

on in the activity. That the gold particle moved towards the alpha particle rather than away

from it did not bother these students.

Figure 6.14: Howard, Tina, and Xavier have entered a momentum update for both the alpha
particle and the gold nucleus, however both updates use the force Felec; Based on how Felec
is defined, the momentum update for the gold nucleus should use (-Felec).

Eventually, the TA notices that the momentum graphs that the students were instructed

to incorporate into their model did not display the correct plots. It is during this discussion

that Howard’s and Xavier’s stance toward physics equations, and the momentum principle in

particular, becomes evident:

TA: F electric, so the gold //particle//

Xavier: //would it be negative?//

TA: Is the same as the force exCEPt in dire:::ction

Xavier: yea:::, so:::, it would be minus::?

Howard: We got to have another R?

TA: So there are two ways to do this

Xavier: //Awe:::, this is just the-//

Howard: //Just add a minus sign.//

TA: If we add a minus sign- I do NOT like adding a minus sign here.

Howard: But it works.

TA: I do not like that whatsoever.

Xavier: [t. pAu = pAu + Felec*deltat → ...pAu - Felec*deltat]
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TA: No::: means no:::.

To help the reader follow along, let me recreate the equation to which the TA is trying to guide

the students followed by the equation that Xavier typed:

pAu = pAu + (-Felec)*deltat (6.5)

pAu = pAu - Felec*deltat (6.6)

Mathematically, these two equations are identical, a point that both Howard and Xavier ob-

viously get (Howard: “but it works”). The difference, however, is that they carry distinct

conceptual meanings. Indeed, they are even of different algebraic forms; The first, a “Base Plus

Change” form, says that the force, which happens to have a negative value, should be added

to the momentum. The second, a “Base Minus Change” form, says that the force should be

subtracted from the momentum8. This is an extremely subtle distinction, to be sure, but by

adding the minus sign the way he did, Xavier has changed the momentum principle.

TA: Why don’t we write an equation that relates the two forces?

Xavier: Why don’t you //say-//

Howard: //Oh,// just have an F electric //(??)//

Tina: //two// equals F electric mi-

nus?

Howard: Yeah.

TA: Ah, I like it. I like it.

Howard: But why can’t we just-

TA: Because conceptually, that means bad. That means bad. You’re messing with

my momentum principle, and that’s no good.

8Both can still be considered to also be “Variation” forms.
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The students go on to change their code to the following, which is a much more physically

appropriate formulation of the momentum update:

Felec2 = -Felec

pAu = pAu + Felec2*deltat (6.7)

It is evident from this exchange that Howard and Xavier view these equations in a conceptually

distinct way than the TA. While he reads conceptual meaning into the form of the momentum

principle, Howard and Xavier take the stance that it is an equation that can be freely manip-

ulated. By devaluing the momentum principle and its form in this way, these students have

revealed an important conceptual hurdle that is highly suggestive of the stance that charac-

terizes the “Rote Equation Chasing” frame. Namely that the game of physics is to determine

equations and solve for variables.

It is evident from these two examples that many of the difficulties that students encounter as

they generate computational models can stem from difficulties that they have with the physics

content. By neglecting an important physical concept or overseeing a subtle difficulty, students

might be in the position of introducing bugs into their computational model. Let us turn, now,

to another source of difficulty: the programming environment itself.

6.5 Epistemic Game Fragments

Although many games played in my data culminated in running the program or consulting the

TA, there were many instances of game fragments, that is, instances when the students began

playing one game, but shifted to another game. While Tuminaro (2004) did not report game

fragments, Hing-Hickman (2011) did, calling them “strands.” The cause of these shifts varied.

Some were due to the students activating an important content resource (“oh, R hat!”) while

others were caused by the non-activation of a useful resource. Hing-Hickman pointed out that

many of the shifts were to less sophisticated games and that this was often indicative of low
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problem-solving abilities. Hing-Hickman, however, did note one student whose frequent shifts

into and out of games suggested expert problem-solving abilities. We will see an example of

this in section 6.7. For now, let us focus on other caused of game fragments.

Abandoning a Game due to an Inactive Resource

Howard, Tina, and Xavier provide an excellent example of such a shift in games. After running

their program for the first time, they begin playing the sophisticated game “Map Meaning to

Code.” Once they encounter an impasse, however, they shift into the less sophisticated game

“Recursive Plug and Chug.” This shift is indicative of their discomfort with the procedures they

are using, but it also suggests that they are not fully considering the programming environment.

Xavier: [Watching their first simulation run] why didn’t we predict that? ’Cause

we haven’t added the force in, right? [Xavier re-reads the instructions]. Alright, so

what quantities need to, what are the quantities needed to calculate the interaction?

... [the group begins reading through the initial variables section, identifying the

kinetic energy as a quantity of interest]...

Howard: How do we get it to interact?

Xavier: We have to, uh, we have to enter in a potential energy. So, where does

that go?

Howard: In the loop.

Xavier: Down there?

Howard: Yeah. Probably after all that. See, I don’t think trail matters. [referring

to the trail.append command]

Xavier: Uh

Howard: We have our Q’s, right? So just write, just write

Xavier: Um

Howard: What’s one over four epsilon, is that //nine E nine?//

Xavier: //nine E nine.// Yea, it’s nine E nine.
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Howard: alright.

Xavier: So what is it? What do I call this? Force what? or F?

Howard: U electric

Xavier: Oh, U electric [t. ”Uelectric=” in loop]

Howard: So nine E nine times Q Au times Q [t. Xavier types this] (3.0) Q Au(5.0)

Q alpha.

Tina: Times

Xavier: Times Q alpha [t. typing this]

This group discusses the story of interacting particles, they discuss the relevant physics entities

and equations (Xavier: “we have to enter in a potential energy”), and they even discuss where

in the code these equations should be placed (Howard: “in the loop”). It is clear that, as

the group progresses through this game, they are activating many appropriate programming

resources, including the “Setup-Loop,” “Variation,” and “Serial Dependence” forms. They also

activate the physically appropriate “Electric Interaction” and “Energy” causal nets – note that

they say “interact” and not “collide.” Never mind that a force is more appropriate here than

potential energy; this group was likely distracted by the original MWP’s use of kinetic energy.

Their discussion, however, demonstrates some tacit familiarity with the concept.

Two important resources that are missing from this group’s discussion, however, are the

interpretational devices “Tracing” and “Recurrence.” These missing program interpretations,

perhaps, foreshadow the upcoming shift in epistemic game. As Xavier enters the equation for

the electric potential energy into the iterative while loop, his group finds themselves unable

to determine how to handle the variable r. The shift in games is noticeable in the group’s

dialogue:

Xavier: ... And then that’s the, uh, divided by::

Howard: The distance between

Tina: How do we know that?
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Xavier: divided by::: (3.0) Uh:::

Howard: Where’s the position vectors? (1.5) Right there.

Xavier: So I need to divide it by::: uh

Howard: One E thirteen, negative thirteen.

Tina: Where is the radius?

Howard: But wouldn’t the vectors be from the //center of mass?//

Xavier: //center of mass.//

Howard: For both of them?

Xavier: So, it would just be one E

Howard: negative fifteen.

Xavier: One E negative fifteen [t. 1e-15 in the denominator of the Coulomb po-

tential]

Tina: not negative one?

Xavier: No, well, I think it’s just the value.

A number of pauses and drawn out filler words indicate that the group members are unsure

how to deal with r. Rather than consider it a variable that should be defined, just as they had

done with the electric potential energy, they begin to search for known values to insert into the

program. This maneuver is characteristic of the “Recursive Plug and Chug” game. A second

indicator is Tina’s disregard for the meaning of r. It is likely no coincidence that she chose a

quantity that begins with the letter “r:” “radius.”

This portion of conversation only includes the epistemic move of inserting known values.

It might be argued that this is only a fragment of an epistemic game. Considering the flow of

this conversation, and the seamless way the group progresses from “Map Meaning to Code” to

“Recursive Plug and Chug” it seems more likely that the final few steps of “Map Meaning to

Code,” in which the group identified the electric potential and began entering it into the code,

doubled as the first few steps of “Recursive Plug and Chug.” Indeed, while the pauses and
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uses of filler words indicate a frame shift from “Numerical Sense-Making” to “Rote Equation

Chasing,” the group had already been engaged in moves similar to those of “Recursive Plug

and Chug” and thus could easily transition into a new game.

Abandoning a Game Due to an Impasse

Students in my study would abandon their epistemic games for similar reasons to the ones

identified by Hing-Hickman (2011), though these were often tacit shifts. Additionally, students

in my data would abandon their epistemic game when they encountered an impasse. Consider

Jeffrey, Maude, and Walter, here, as they abandon “Map Meaning to Code.”

Walter: I don’t think we’re supposed to put [code to create momentum plots] here

(3.0) so, just delete these two [calculations for the X-component of the alpha particle

and gold particle’s momentum]?

Jeffrey: I don’t know because they’re, um, different variables.

Walter: Yea, ’cause it’s, it’s the momentum of each in the X direction.

Jeffrey: But the thing is on:::ce, hmm::

Walter: Should we ask him [the TA]?

Jeffrey: What?

Walter: Should we ask him?

Jeffrey: Yea, probably should. I’m trying to figure it out, though.

Walter: [g. raises hand]

These students recognize that they are at an impasse and elect to abandon their game. Many

groups, upon reaching an impasse, would resort to “Recursive Plug and Chug” or would prema-

turely run their program to check their progress, only to begin playing “Iterative Debugging.”

As suggested by Hing-Hickman (2011), these are indications of students not knowing how to

progress through a problem solution. Beyond Hing-Hickman’s suggestion, however, these events

are indications of students not knowing how to deal with impasses in a sensible manner.
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6.6 Interactions with the TA

The lab TAs were significant players in many of the group interactions, both in helping the

groups test ideas, and in hand-holding them through the labs. The most obvious effect of

the TAs were their influence on the distribution of epistemic games in which that the students

engaged (χ2(10,N=4095)=97.8, p<.001). Specifically, “Map Meaning to Code” constituted 52%

of the games that were played in the presence of the TA. The questions that the TA asked of

the students often got them thinking about the structure of the program and where physics

equations ought to be entered to generate a working model. This percentage would actually

be higher except for the fact that the in vitro TA spent a good amount of time during the

Rutherford scattering activity helping the students determine which physical principle to use

and how to set up the Coulomb interaction. This was often coded as “Map Meaning to Math.”

Without going into an in-depth discussion of TA-student interactions (see, for example,

Westlander, 2011), which is beyond the scope of this dissertation, I want to discuss three

basic roles that the TAs inhabited: 1) Helping the groups perform “Evaluation” moves within

the various epistemic games, 2) Guiding the students through a game, which included simply

starting them on the first step, and 3) Giving the students information, often when they were

significantly stuck or when the lab was nearing an end.

The first role that the TA adopted, helping the students perform and “evaluation” step,

generally involved only brief interactions with the students before the TA would either leave to

help another group or stay to perform one of the other two roles. Because of this, I will focus

primarily on the later two roles.

6.6.1 Guiding the Students

Let me first start with an example of the TA leading a group through a sophisticated epistemic

game, “Map Meaning to Code.” There are two things to observe in this example. First, note

how the TA mostly only asks leading questions, allowing the group members to supply necessary

information. Indeed, at one point the TA simply repeats what they say, encouraging them to
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continue their line of reasoning. Second pay attention to how the TA’s questions prompt the

students to move through the steps of “Map Meaning to Code” (“formulate story,” “identify

relevant equations,” “plan program structure,” “map equations to code,” and “run program

and evaluate solution.”). The students, at this point, have already formulated their story.

TA: Good job. So, how do we define the force? If we know what this force was, we

could determine how the momentum is changing.

Yolanda: So, it would be the one over four pi E nought?

TA: One over four pi [g. pointing to U electric written on whiteboard] over:::

Yolanda: Except for the- see, that’s the potential. So our force

Celia: If you do, if you do this as a force, then you have to put R squared.

TA: Exactly.

Celia: and R hat? or both?

TA: this will be- yes! That’s exactly right.

Celia: That’s what I thought.

TA: So, it’s not U electric

Yolanda: It’s F electric.

Celia: [w. altering equation on board] so, now it’s over R squared, R hat.

TA: I like it.

Paine: Is this R right here? [g. pointing to alpha.pos]?

TA: uh, right now it is because right now that gold nucleus

Paine: It’s initial

TA: Yea, it’s initial. Think of finding it symbolically. Think of how we’ve been

defining R symbolically in terms of the positions of objects.

Celia: So, radius?

Paine: R final minus R initial?

TA: Yea, so what objects do we want to find this R between? What two objets?

Yolanda: the gold and the alpha.
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TA: the gold and the alpha

Yolanda: So you use, like, alpha dot pos, dot

TA: alpha dot pos

Paine: minus

TA: minus

Paine: Au dot pos.

Yolanda: yeah.

Note that Yolanda has spontaneously used VPython syntax (“So you use, like, alpha dot pos,

dot”). Although she has jumped ahead a step, the group is clearly still playing “Map Meaning

to Code.” Importantly, the TA, is not leading the students, rather he is allowing them to lead

the game while he provides guiding statements to keep them on track. At this point, the TA

interjects a leading question to prompt the students into the planning step. It is important

to note that “plan program structure” is one of the more difficult steps in “Map Meaning to

Code,” especially considering these students’ lack of familiarity with programming.

TA: What a great team! What a great team y’all are. Good job, yea, that’s the

right idea. You’re defining and R. Where would you put this R? In the loop or

before the loop?

Celia: In the while

Yolanda: The R you’d put in the loop.

TA: In the loop because?

Paine: It’s changing.

TA: Y’all are completing each other’s sentences. This is awesome. Okay, good.

Alright, fantastic.

Celia: Okay, so do we define position (2.0) or R?

TA: uhh-huh.

Celia: And then we define this [g. F electric on whiteboard]?
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TA: Uh-huh.

Yolanda: And then we put the momentum principle in.

TA: Ooooh.

6.6.2 Directing the Students

Let me now provide an example of the TA simply giving the students the necessary information.

Isis, Roslyn, and Zeke had been preoccupied with conservation forms of the momentum principle

since the beginning of their computational modeling task. After an initial intervention by the

TA, this group only got as far as entering analytic update forms of the momentum principle in

their loop. By the time the TA arrived a second time, their (alpha) momentum principle had

the following form:

PfinalAlpha=PAlpha+Fnet*delta

Their neglect of the final “t” in “deltat is likely due to the TA arriving just as they were

writing this equation. Instead, I want to draw the reader’s attention to the final minus initial

form of this equation. During the subsequent discussion with the TA, he simply delivers the

information to them rather than drawing the students through the steps of an epistemic game.

TA: This is awesome. Look what you have here [g. the conservation form of the

momentum principle written on the group whiteboard]. Alpha and gold, here. If

we include everything inside of our system, then there is no external force. F net

delta T is zero. Do each one as its own- in its own system. That way, if the gold

is in the system, you’ve got an outside force due to the alpha particle. If the alpha

particle is in the system, you’ve got an outside force due to the? [snaps]

Isis: (1.5) gold.

TA: Gold! yes, that’s exactly right. Cool, so which one are you working on right

now? Do you want to do the gold or the alpha momentum principle?
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Isis: We just did the alpha momentum principle right here [g. pointing to the

screen].

TA: Now let me fix one little minor thing here. The update form of the, um::

[g. pointing at the group’s code], momentum principle for the alpha particle, you

have to use things we’ve already talked about. What did we, what did we call the

momentum of the alpha particle? (1.0) P alpha, right? but it was a lowercase P.

Isis: Oh.

Zeke: [t. makes change]

TA: Now, we’re going to update that with the same value. The same variable P

alpha.

Isis: oh, okay.

TA: It looks weird, but it’s P alpha equals P alpha because it represents

Isis: the same thing.

TA: The same thing. You want to keep- yea, there we go

Zeke: [t. makes change]

This conversation continues a bit longer as the TA directs Isis, Roslyn, and Zeke to enter a

momentum update for the gold, put the Coulomb force into the loop, use r-hat, and fix a syntax

issue. It is clear that the bulk of this conversation is being led by the TA. The students have

very little opportunity to contribute their own thoughts. Indeed, the students, here, do not

appear to be playing an epistemic game at all. Their problem solving strategy might best be

described as “listening to the TA,” however this is hardly a proper procedure. To be fair to the

TA, these students required a bit more guidance at this point than other student groups during

this assignment. It is telling, however, that once the TA leaves, the students proceed to enter an

equation for r-hat in the constants section of the loop; an indication that they are only playing

“Map Math to Meaning” and not considering the structure of the program or even what r-hat

represents within the scope of the physical situation. Contrast this with the prior exchange in

which the TA used guiding questions to lead the students through “Map Meaning to Code.”
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These students were able to continue playing their game even after the TA’s departure. This

carries important instructional implications, suggesting how we, as educators, ought to interact

with students. This second interaction illustrates an example during which the students were

not coded as playing an epistemic game. To be clear, when the TA was inhabiting this role,

there was little guidance through a particular game, the TA was simply telling the students

what to do to get past a particular step in their lab task.

6.7 Good Modeling Practices

Let me conclude this chapter with a discussion of good computational modeling practices.

Without getting into a discussion of expert versus novice behavior9, I will note simply that I

loosely define here “good modeling practices” in terms of access to a broad knowledge base,

working forward through a procedure, use of multiple representations, and minimal bug gen-

eration. The most obvious example of students engaging such practices was when they played

“Map Meaning to Code.” This game requires an understanding of both the physics and the

programming environment and generally involves working forward through a procedure. A

characteristic move within this game is “plan program structure,” which involves the use of the

“Tracing” and “Recurrence” devices and is this step where the differences between computa-

tional and analytic strategies are the most pronounced. Indeed, this can be one of the more

difficult steps in generating a computational model.

We have already spent time with students playing “Map Meaning to Code,” however there

are other ways that expert behaviors can arise. Hing-Hickman (2011) provided an example

in her study of a student who read the problem task, generated a picture, and immediately

began playing “Map Meaning to Math.” This student’s movement from the “Qualitative Sense-

Making” frame to the “Quantitative Sense-Making” frame occurred with little hesitation. And,
9For general discussions of expert and novice problem solving behaviors, see Newell and Simon (1972), Larkin

and Reiff (1979), Chi et al. (1981), and Larkin et al. (1980). For discussions that focus on expert and novice
programming behaviors, see Soloway and Ehrlich (1984), Bonar and Soloway (1985), and Hogan and Thomas
(2001).
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of course, this participant showed a conceptual understanding of the problem. A similar example

occurred in my study. Carrie, Harris, and Mark, one of the in vivo groups, spent a total of

18 minutes on the Rutherford scattering MWP and progressed through epistemic games in a

similar manner to what Hing-Hickman described. Furthermore, except for a bug that resulted

from their not squaring the denominator in the Coulomb interaction, Carrie, Harris, and Mark

displayed considerable conceptual understanding for how to model Rutherford scattering.

Let us turn to some of the specifics of Carrie, Harris, and Mark’s approach. During the

prediction phase of the lab activity, Harris and Mark (Carrie is late to arrive) have divided their

whiteboard into two regions: one for a real world prediction and one for a VPython prediction,

as is suggested in the instructions.

Mark: So, we’re shooting the alpha particle at the gold.

Harris: So, this half is what we expect should happen.

Mark: Yes [w. draws an alpha particle impinging on a gold nucleus, indicated with

an arrow]

Harris: So (2.0) The position- ’cause they’re not [g. pointing at the computer

screen]- They’re not aligned. [Switching over to the VPython window]. Oh, wait,

they are. Never mind. So, they’re going to, like, shoot off [g. miming a collision

with his hands].

Mark: Trail, does it say- okay, hold on [looking back at instructions] Okay, this

one’s what we think’s gonna happen, this one is what should happen.

Harris: This is what should happen in the real world, this is what V::Python’s

gonna do.

Mark: So, in the real world, that’s gonna do that [g. pointing at their drawing]

and this-

Harris: Shouldn’t the gold bounce- shoot off, or something? Since, since they’re

on the same Y?

Mark: So, alpha, well- I guess it will have, I guess it will be moving. ’Cause it’s
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bigger [g. alpha]. (5.0)

Harris: No, the gold is, the gold is going to be- have a greater mass.

Mark: The gold has a greater mass?

Harris: Yea [g. computer screen] this is 79 plus 118 times [referring to the number

of nucleons in the gold nucleus] times this [the mass]. And this is only four times

this.

Mark: So that means that alpha is gonna bounce back off and the gold is gonna

have-

[Enter Carrie]

Figure 6.15: Harris and Mark have drawn their prediction for how real-world Rutherford
scattering should work.

Harris and Mark have been playing “Pictorial Analysis,” here (see Figure 6.15), however

they are clearly basing their assessment on what is written in the code. Notice how Harris

is quick to correct Mark on the relative particle sizes by pointing at the code. Once Carrie

arrives and Mark and Harris integrate her into the group, they begin generating their VPython

prediction.
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Mark: Alright, anyway, so the second part is what is gonna happen in VPython,

so::: [g. pointing at the screen] Alpha position, so it’s just changing the position of

the alpha. So, that means it’s just going to go past it, right? ’cause-

Harris: No, I don’t think it’s going to move ’cause this is- right now we have- our

momentum is zero [g. the initial values section of the MWP].

Mark: Well, the alpha momentum is that [g. screen]

Harris: Oh, right.

Mark: And so it’s dividing by the mass, so it’s getting the velocity times the change

in time. But it’s not reacting to the gold in any way. So, does that mean it’s just

going to keep moving?

Harris: Yes.

Carrie: Is the vector just the position vector or is it actually moving that way?

Harris: Well, this is updating its position [g. position update]. But we don’t have

any, like, interaction force. So, it’s just gonna, like [g. mimes a collision in which

the particles “pass through” each other].

Mark: So this is going to be the same [w. recreating the “initial” portion of their

real world prediction]. And then, it’s just gonna [w. draws the alpha particle mov-

ing through the gold nucleus] it’s gonna keep moving.

The students, here, have played a remarkably efficient game of “Map Code to Meaning.”

Specifically, they quickly identify the position update, and note that there is no interaction

built into the program. Note also, Harris’ use of the word “updating.” This can be taken

as evidence of his use of the “Recurrence” device. Mark then quickly transitions back into

“Pictorial Analysis,” using the information read from the program code to inform their picture.

After confirming their prediction with the TA and running their program, the group quickly

proceeds through two other games. They play “List Making” to determine what they need to

add to the MWP. They also play “Transliterate Solution Procedure” when Carrie recognizes
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Figure 6.16: Carrie, Harris, and Mark have drawn their prediction for what VPython will
display.

that this program is “similar to the stuff [they’ve] done before.”

Mark: Do the space voyage one [referring to their old program]. Space voyage

three.

Harris: This one?

Mark: yea.

Mark: And just find the part with the bit of the program.

Carrie: There you go, F mag. All that stuff.

Mark: So, we’ll need the F electric force [w. writing this, along with the analytic

update form of the momentum principle]. So, we’ll have to do all of this. And then

the electric force.

What is notable about this is that, despite Carrie’s suggestion that they copy and paste

their old code, the group chooses only to use their old program as a guide for what they will

need to calculate. Within a few lines of dialogue, the group has moved from “Transliterate

Solution Pattern” through “List Making” to “Map Meaning to Code.” Notably, these games

are in three different frames. This example is suggestive of Hing-Hickman’s observation of her
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Figure 6.17: Carrie, Harris and Mark listed the quantities that they will need to add to their
MWP.

participant quickly shifting through frames. At this point in their solution approach, all that

is left to do is to write code into their MWP.

Mark begins typing the lines of code, in order, and in the loop. The group pauses only to

discuss the proper VPython syntax for calculating the magnitude of the position vector, and to

discuss whether the r in the denominator of the Coulomb force should be squared or not. Let

me highlight the group’s calculation of the two momentum principles.

Mark: So, we need to update the momentum. P alpha, well we have to update

both of them, I guess. P alpha equals F electric [t. begins typing this]

pAlpha = felec

Mark: Wait [t. deleting the above line], P initial equals P-

Carrie: P initial, which would be the initial position. So, P alph- err

Mark: Wait, ’cause, wait. We’re doing the momentum, so do we need to do the

former momentum [g.m moving the cursor over the initial momentum]? So, I’ll just

put P alpha again. ’Cause it’s the in- final momentum equals initial momentum [t.

typing this]

pAlpha = pAlpha + felec*deltat

311



Mark: Plus F electric times delta T. Right? and then P Au [t. begins typing this]

Okay, we’re gonna have, it’s going to have to be::: [t. changes the name of the

Coulomb interaction from felec to felecAlpha]

felecAlpha=oofpez*((qAu*qAlpha)/rmag)*rhat

Mark: ’Cause it’s going to be the opposite direction fo::r the Au, right? ’cause you

would have to calculate the vector differently. [t. adds a line of code for FelecAu]

felecAu=oofpez*((qAu*qAlpha)/rmag)*-rhat

pAu = pAu + felecAu + deltat

It is quite evident that Mark has a clear understanding of how to model this interaction. It

is notable that Mark deliberately chose to write pAlpha=pAlpha + .... because they “need to

do the former momentum.” He then correctly identifies that the force on the gold nucleus will

be in the opposite direction from the force on the alpha particle and inserts a minus sign in

front of the unit vector. This is the conceptually appropriate place for this minus sign (recall

Howard and Xavier’s difficulty with this point). Finally, Mark renames the force component of

the alpha particle’s momentum update “felecAlpha” in order to match his earlier renaming of

the force calculation. This required the form “Serial Dependence.” The only real difficulty that

these students had was in missing the Coulomb force’s inverse square dependence on |~r| and in

reversing the order of the vectors in their definition of r. These issues are cleared up by the

TA when the program doesn’t run properly. All told, this task took these students just over 17

minutes to complete. Not only did these students display a conceptual understanding of both

the physics and of the program structure, they were able to shift quickly between games and

frames throughout their task. This supports Hing-Hickman’s observations of expert behavior.

Before concluding, it is worth noting a study that was conducted to observe the problem

solving behaviors and epistemic frames of students enrolled in upper level courses (Bing, 2008).

These students were clearly more advanced problem solvers than the students in either of
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Tuminaro’s, Hing-Hickman’s, or my studies. Bing observed that these students’ strategies could

not be described by the set of epistemic games identified by Tuminaro (2004). Rather, they

would shift between four problem solving frames: Calculations, Physical Mapping, Invoking

Authority, and Math Consistency. Should this resource framework be extended to upper level

computational modeling, these findings will need to be taken into account.
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Chapter 7

Conclusion

Throughout this dissertation, we have seen examples of students generating computational

models within the context of an introductory physics course. While these students do have

some basic knowledge of programming, their practices are highly influenced by their knowledge

of analytic problem procedures.

Let us return, now, to the research question proposed in the introduction as a way of

reviewing the key points that emerged from this dissertation: “What background knowledge do

students use while generating computational models and how does this knowledge affect their

solution approaches?” In order to address this question, I have extended a framework of student

knowledge, Resource Theory, to the domain of computational modeling tasks. Although this

framework has been used previously to explain student reasoning in both conceptual physics

problems and mathematical physics problems, it had not been used until now to fully describe

students’ computational modeling practices. In addition to being well founded for describing

other domains of student reasoning (see, Hammer et al., 2005; Sherin, 1996; Redish, 2004;

Tuminaro, 2004), the resource framework can accommodate many of the aspects of students’

programming practices which have been explored previously in the literature (Brooks, 1983;

Soloway and Ehrlich, 1984; Pennington and Grabowski, 1990; Linn and Clancy, 1992, e.g.)

but which could not fully accommodate the content-rich activity of computational modeling.
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Extending this framework constitutes the major result from this study.

In this chapter, I will use this framework to explicitly address the components of my initial

research question. I will then discuss instructional implications and future work.

7.1 Review of Research Questions and Findings

Let us return to address the original research question: “What background knowledge do

students use while generating computational models and how does this knowledge affect their

solution approaches?”

The spectrum of procedures that students used during their computational modeling ac-

tivities bears a strong similarity with their analytic problem solving practices. There are two

elements of my results that point to this. First, there was evidence of each one of the epistemic

games originally identified by Tuminaro (2004). Second, my participants engaged in these ac-

tivities for nearly 79% of the coded segments. This should not be considered to necessarily be

a negatives. Much of the time students engaged in important sense-making activities such as

drawing a diagram or listing which elements of the program were missing. These are behaviors

that we would like to promote during such activities. Furthermore, students engaged in prac-

tices explicitly used for analytic problem solving were more likely to play the most sophisticated

of these games (“map meaning to code”).

One important difference between analytic solution practices and computational model-

ing practices, specifically the “Map Meaning to Code” game, that should be noted was the

presence of the “plan program” step. It was during this step that students would activate

programming resources and would explicitly consider how their program should be structured.

It is notable that planning steps also occurred in many of the existing models of programming

comprehension. This suggests a point of instruction for classroom modeling activities. Indeed,

an important implication of the link between the knowledge base and programming strategies

is that targeting instruction on programming resources may promote the use of cognitively

sophisticated programming practices.
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While the students in my study would activate important programming forms and devices,

there were two difficulties that should be pointed out. First, students had difficulty associ-

ating the equation “p=p+Fnet*deltat” with the “variation” programming form, preferring to

associate it with “base plus change.” Second, when compared against the metric of Sherin’s

original study, the percent occurrence of both programming specific interpretive devices was

low. While this second issue could be traced to the fact that Sherin drew his students from

a pool of more academically inclined students, both points suggest points of instruction for

further implementations of MWPs.

When not considering the iterative nature of programming, the students’ procedures were

tied to specific problems. If a student encounters a collision problem, for example, the proce-

dures associated with that problem might be cued. These strategies are in turn associated with

particular knowledge elements, including forms, devices, and reasoning primitives. This could

be traced to how the students framed their task. A student who is unfamiliar with computa-

tional modeling, but who might be familiar with analytic problem solving, might then enter

the “Quantitative Sense-Making” frame, which precludes the activation of the important inter-

pretational devices “Tracing” and “Recurrence.” Furthermore, “Quantitative Sense-Making”

does not carry the expectation that the structure of the program is an important feature in the

problem solving approach. Taken together, this can cause a student to embark on an analytic

approach to a computational problem. We have also seen, in Chapter 6, difficulties with both

the physics and the specifics of programming can occur due to the epistemic stance students

take towards their modeling task. I should note, though, that the analytic strategies that the

students embarked upon were generally reasonable and often featured sophisticated maneuvers,

such as taking limits and considering systems and surroundings. That the students would spon-

taneously perform these actions suggests a growing familiarity on the part of the students with

the techniques taught during the lecture portion of class.

Indeed, the students were quite adept at invoking reasonable content resources. Students

readily recognized that physical collisions conserved both energy and momentum, they knew
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that massive things interact gravitationally, and they knew that charged things interact electri-

cally. The students would also activate the resources associated with the momentum principle,

which is the first fundamental principle introduced in the Matter & Interactions curriculum.

While students would generate bugs in their code when trying to determine the proper form

the momentum principle should take, its validity was rarely called into question.

7.2 Instructional Implications

An important component of this research study is to inform how we will move forward as

educators. This study suggests four important instructional innovations:

1. We should explicitly address the differences between analytic problem strategies and com-

putational problem strategies. As we have seen, many of the difficulties that occurred were

the result of students activating analytic procedures associated with particular problem-

based causal nets. Addressing these differences should include discussing what principle

should be used, what form of that principle should be used, and what role boundary

conditions play in computational modeling.

2. We should explicitly teach students how to use the “tracing” and “recurrence” interpre-

tational devices and develop activities in which they must use them. These devices were

crucial aspects of Sherin’s study and he described them as being integral in students’ un-

derstanding of how a program works. In my study, however, these two devices occurred

less frequently. Helping students use these resources will improve their ability to read

and interpret computational models and will promote the use of the more cognitively

sophisticated computationally native epistemic games.

Some of the data from the in vivo lab suggests that students are more likely to use the

“Tracing” device when they have to predict how the program will function as well as how

the real world behaves. This supports one of the results from the Weatherford (2011)

study. A possible way to have students use the “Recurrence” device is to have them
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explicitly compare different forms of the momentum principle or explicitly describe how

the computer uses it to update the momentum.

3. We should expose students to computational modeling more frequently than three times

a month. The salience of the analytic strategies that students in my study used can be

traced to their emphasis in class and on tests. Increased exposure will increase the salience

of computational strategies. Indeed, this was an important result that was observed by

Caballero (2011). In my study, students’ difficulties with these procedures after their

limited exposure lends validation to Caballero’s study.

4. When interacting with students during computational modeling activities, we should not

only ask leading questions, but we should be mindful of the structure of the game “Map

Meaning to Math” and use this a a guide for instruction and interaction. Recall how

the TA led Celia, Paine, and Yolanda through this game. Specifically, we should help

students establish a conceptual story, the mathematical description of that story, a set

of step-by-step procedures that can be used to enact that mathematical description, and

finally, a mapping of the equations to the program.

7.3 Future Work

The bulk of this dissertation was given over to documenting my development of a framework

that could be used to analyze students’ computational modeling practices within the context of

a physics course. While this framework was designed to support a deeper statistical examination

of these students’ modeling practices, I will leave such work for future studies. Such an analysis,

if extended to a larger data set, could be the basis for the formation of a predictive model of

students’ computational modeling practices and not just a descriptive one.

The participants in this research study were all enrolled in an introductory physics course

for science and engineering majors (Matter & Interactions: Modern Mechanics) and can thus

be considered to be novice programmers. Indeed, the examples that have been presented
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throughout this dissertation reveal just this. It is an open question how advanced programmers

use content knowledge in their computational modeling practices. Hints of how a resource

framework might help us understand these students’ practices can be found in the work of Hing-

Hickman (2011), who observed an example of an expert problem solver maneuvering through

different frames with ease. Much of the literature on programming comprehension describes

expert practices; a description of advanced computational modeling practices will also have

to take these models into account. Additionally, Bing’s studies of epistemic framing among

upper-level physics students might be needed to inform what a resource framework might look

like in that regime.

Finally, the extension of Resource Theory, as discussed in this dissertation, paves the way to

extending it to model students’ practices in other representational contexts. Resource Theory

has yet be used, for example, to describe how students understand graphs. In order to do

this, two things would need to happen. First, a new set of content and process resources

associated with the target physics representation would need to be identified. These would

include symbolic forms, interpretational devices, and epistemic games. Sherin (1996) provided

hints for what an extended set of forms might look like by suggesting the existence of graphing

forms.

Second, the process components of the resource framework, as it exists, will have to be

unified. Currently, there exist two sets of epistemic games: one for algebraic (and vector)

physics, and one for computational physics. Rather than develop yet another set, a generalized

set of games will have to be developed that can accommodate any representational system. I

have laid the first steps of this process by proposing that the set of epistemic games be freed

from their ties to specific epistemic frames. Student practices might then be assessed through

the independent dimensions of game, frame, and target representation.
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Appendix A

Glossary of Terms

ACT*: Pronounced as “Act-star,” this is a member of the Adaptive Character of Thought

theories of information processing. The ACT theories were among the first to segment

human memory into working and long-term. ACT* adds to this a model for skill

acquisition.

Alpha Particle: An alpha particle, which is another name for twice-ionized helium, consists

of two protons and two neutrons. Alpha particles are common products of nuclear

decay and were first observed around 1900 by Ernest Rutherford and Paul Villard as

radiation emitted from thorium and uranium. In 1907, Rutherford determined that

the so-called “alpha radiation” was in fact helium ions.

Causal Network: A Causal Network (causal net, for short) is an activated network of

resources that constitutes a body of knowledge. These bodies of knowledge can include

primitives, forms, devices, whole equations, and reasoning heuristics.

Content Knowledge: Knowing about something.

Coordination Class: These are coherent collections of resources that take the place of

“concepts” in Resource Theory. They connect readout strategies with broader pools

of knowledge called causal networks
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Coulomb Interaction: Particles which are electrically charged interact via the Coulomb

interaction. This interaction is responsible for many phenomena, including electricity

and the rigidity of solids. The term “interaction” generally implies the Coulomb vector

force, expressed as ~Felectric = 1
4πε0

q1q2
|~r|

2r̂. The interaction energy associated with this

force is expressed as Uelectric= 1
4πε0

q1q2
|~r|

.

discourse: “Little-d” discourse is the language that people use to assign significance to

actions, actors, and identities. discourse’s can be identified by their particular partic-

ipants, vocabularies, and goals.

Discourse: “Big-D” Discourse are the ongoing practices of communication by specific com-

munities. Physicists, for example, routinely engage in the “Discourse of Physics.” Often

times, expertise is measured by one’s ability to participate in a particular Discourse.

Domain Content Knowledge: The knowledge required to participate in a particular

discipline. Physics Content Knowledge, for example, is the body of knowledge required

to do physics.

Energy Principle: This says that the change in energy of a system is equal the amount

of energy that was added to or removed from the system.

Epistemic Game: An epistemic game (sometimes “e-game” or “game,” for short) is a

sequence of activities (called “moves”) performed towards fulfilling the expectations

set by a frame. E-games are defined by their sequence of moves, the entry and end-

ing conditions, a target structure (e.g. a computer program or a picture), and the

knowledge base that a student might activate while playing the game.

Facet: A facet is the practical application of a reasoning primitive. Students applying the

reasoning primitive “more means more” to a gravitational interaction may then use

the facet, “a moon feels more gravity when it is closer to the Earth.”

Form: See, symbolic form.

Frame: As a tool of discourse, framing is the process of addressing the question “what is it

that I am doing?” As a tool within Resource Theory, it is a metacognitive mechanism
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for selecting which knowledge base to access and which epistemic game to play.

Game: See, epistemic game.

GOMS: An acronym for Goals, Operators (actions belonging to a programmer’s repertoire

of skills), Methods (sequences of sub-goals and operators), and Selectional Rules (for

choosing among different methods). GOMS is a mental model which describes expert

programing strategies within Information Processing theories.

Information Processing Theories: These are a class of cognitive models in which human

reasoning and procedural skills are modeled as a system of if/then subroutines called

“productions.” These models are are only designed to recreate a reasoner’s behaviors,

not the internal cognitive process. Content knowledge in these models is represented

as schemata which can be activated through the productions.

Interpretive Devices: devices, for short. These are strategies that students use to read

meaning into a symbolic form. For example, after seeing the symbol patten, � = �,

one might use a device to reason that “this describes when forces on the object are

balancing.”

IPS: An abbreviation for Information Processing Systems. See, Information Processing

Theories.

Iterative Loop: An iterative loop is a programming structure in which as collection of

instructions are repeatedly executed until a specific condition is met. While there are

many types of looping structures, the computational models in this study use “while”

loops.

Matter & Interactions: Abbreviated as M&I, this is an alternative calculus based physics

curriculum which features computational modeling as a centerpiece. It is the instruc-

tional context in which these studies took place.

Mental Model: These are cognitive representations of external objects or processes.

Minimally Working Program: Often abbreviated as MWP, these are instructional com-

puter programs that can be opened and run without any bugs, however as models

331



of physical situations, they lack important physical relations, such as force laws and

momentum updates.

Momentum Principle: The momentum principle is another name for “Newton’s 2nd law”

or “The Impulse Momentum Theorem.” It states that the rate of change of a particle’s

momentum is proportional to the total interactions it is experiencing.

MWP: See, Minimally Working Program.

Network Models of Cognition: These represent cognitive structures as vast networks of

knowledge elements, much in the same way that neurophysiology described the brain

as a vast network of interconnected neurons. A prominent network model is Resource

Theory.

Phenomenological Primitive: Often called a p-prim, these are intuitive heuristics, such

as “hotter means closer” or “material things are rigid,” that are used for interpreting

physical phenomena. Without the backing of a coherent physical understanding of

nature, these pieces of knowledge can be used indiscriminately and inappropriately.

Plan: see, progaming plans.

Procedural Knowledge: Knowing how to do something.

Primitive: see, reasoning primitives.

Principle-Based Schemata: A structure of knowledge that is organized around a physical

principle, such as the momentum principle.

Problem-Based Schemata: A structure of knowledge that is organized around a partic-

ular problem procedure.

Programming Plans: These are schematic knowledge structures that connect recognizable

programming structures with procedural knowledge for how to use these programming

structures.

Readout Strategy: These are the means by which one interprets sensory information from

an external stimulus. This information is connected to a broader pool of knowledge

resources through a coordination class.
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Reasoning Primitive: These are generalizations of p-prims and represent intuitive rea-

soning heuristics, such as “more means more.”

Registration: A Registration is a chunk of an external stimulus that can be seen as a

single unit. Examples of registrations in text include letters, words, clauses, para-

graphs. Examples of registrations In algebraic equations include numbers, symbols,

symbol patterns (which are read as forms), equations, etc. Examples of registrations

In programming code include individual variables, individual lines, and looping and

decision structures, among other things.

Resource: A resource is an element of knowledge or a group of elements that can be reliably

activated in concert. These elements can be in any of three states of activation: active,

inactive, and primed for activation. Resources form a vast interconnected network such

that the activation of one resource causes an event of cascading activation or inhibition

throughout the network. There are two types of resources: Conceptual and Epistemic.

Resource, Conceptual: A conceptual resource is an element of content or procedural

knowledge. These can represent many types of knowledge, including knowledge of

math, knowledge of programming, and knowledge of physics content. Reasoning prim-

itives, symbolic forms, interpretational devices, and coordination classes can all be

considered to be types of conceptual resources.

Resource, Epistemic: An epistemic resource is an element of knowledge that is associ-

ated with one’s understanding of the ontology of knowledge and that controls one’s

metacognitive functions. That is, epistemic resources help monitor and control the

activation of content resources. Both epistemic games and frames are associated with

epistemic resources.

Resource Theory: This is a model of cognition in which knowledge is modeled as patterns

of activation within vast networks of knowledge elements.

Rutherford Scattering: Scattering is the process of colliding two particles together.

Rutherford scattering specifically involves an alpha particle (i.e. a helium nucleus)
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and a gold nucleus. Ernest Rutherford’s 1909 gold foil experiment provided the first

evidence for the existence of atomic nuclei.

Schema: A schema (pl. schemata) is a memory structure that specifies the relationship

between various entities and can function as a guide for how to act. Physics content

can be understood alternatively in terms of “principle-based” schemata or “problem-

based” schemata.

Semantic Knowledge: A programmer’s knowledge of programming structures. This in-

cludes variable assignments, looping and decision macro-structures, and the global

structure of a program.

Symbolic form: A symbolic form (“form” for short), combines a student’s knowledge of

symbolic patterns in equations with a conceptual schema that associates that pattern

with a function. For example, the symbol pattern � + � + �... might be associated

with the schema “things are added together.” Forms can also apply to knowledge of

programming structures.

Syntactic Knowledge: A programmer’s knowledge of the rules of programming syntax.

Template: These are cohesive units of programming knowledge. Templates can be used to

describe many levels of programming, including program structures, implementation

strategies, and debugging strategies.

VPython: VPython is an easy to use programming environment that supports 3D visual-

ization and vector algebra. It is the programming environment used in this study.

While Loop: See, Iterative Loop
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Appendix B

Transcription Notation

//text// . . . . . . . . . . . . . . . . . . . . Text between double slashed indicates participants talking

over each other. Both sections of dialogue that are being si-

multaneously spoken will appear in these slashes and will of-

ten be aligned to appear directly above or below each other.

For example:

StudentA: We need to use //momentum.//

StudentB: //momentum.//

::: . . . . . . . . . . . . . . . . . . . . . . . . . . . Words or syllables that are followed by this symbol have

their sound drawn out. For example, “exa:::mple” should

be read as “exaaaample.”

– . . . . . . . . . . . . . . . . . . . . . . . . . . . . Halts in dialogue, such as discontinued sentences, will be

indicated with a dash.

= . . . . . . . . . . . . . . . . . . . . . . . . . . . . This symbol indicates that there is no pause between words,

such as when a student begins speaking as soon as another

student has finished speaking.
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UPPER CASE. . . . . . . . . . . . . . . Words that have been wholly or partially capitalized indi-

cates increased emphasis by the speaker.

Single Letters . . . . . . . . . . . . . . . . Phonetically pronounced letters will be capitalized (e.g. R,

Q, T...). For the ease of the reader, the phonetically pro-

nounced symbol for gold (Au) will be typed as is (and not

as A U).

(0.0) . . . . . . . . . . . . . . . . . . . . . . . . . This indicates a pause, in seconds.

(??). . . . . . . . . . . . . . . . . . . . . . . . . . This indicates inaudible or garbled dialogue that could not

be transcribed.

(text) . . . . . . . . . . . . . . . . . . . . . . . . Text in parentheses indicates an uncertain transcription.

(st.) . . . . . . . . . . . . . . . . . . . . . . . . . This indicates an un-transcribed stutter.

[text] . . . . . . . . . . . . . . . . . . . . . . . . Text in brackets indicates a comment, clarification, or edit

on the part of the researcher.

[g. text] . . . . . . . . . . . . . . . . . . . . . This indicates a gesture. When gesturing with the mouse

or cursor, the symbol [g.m text] will be used.

[w. text] . . . . . . . . . . . . . . . . . . . . . This indicates written text.

[t. text] . . . . . . . . . . . . . . . . . . . . . . This indicates typed text. A small modification will appear

as [t.mod old text→new text]. The line of code will be

retyped and centered for larger modifications.
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Appendix C

Resource Definitions

C.1 Reasoning Primitives

Bouncing: An object impinges on another larger object and bounces back. The

larger object does not recoil. This is the main distinction between bounce and col-

lision, in which the other object does recoil. bounce can be considered a special

case of Physical Collision.

Charges attract/repel: Like charges attract, opposite charges repel. This can

apply both to charges and magnetic poles. There is no sense of internal mechanism

(like Coulomb’s law), nor a sense of the resulting behavior beyond the repulsion or

attraction.

Force as Deflector: A shove may act in concert with a prior motion to produce a

compromise result, directionally between the two.

Force as Mover: A directed impetus acts in a burst on an object. The result is a

displacement and/or a speed in that same direction.
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More Means More: More effort means more result. Or Bigger/stronger/faster

implies more effect. This primitive will generally cue a set of proportionalities.

Intrinsic Resistance: Large or heavy things resist motion.

Rigidity: The idea that a solid object is essentially rigid. This usually involves a

lack of “give.”

C.2 Causal Nets

Air Resistance: A discussion about a resistive opposing motion, generally due to

air or the atmosphere.

Curving Motion: A discussion about curving or uniform circular motion, a ref-

erence to the boundary constraint of F = mv2

r , or a reference to separating p into

perpendicular and parallel components.

Conservation Laws: An appeal to conservation laws – the idea that something

does not change. Generally this includes both momentum and energy. Discussions

generally involve the topics of initial and final states. Note that these discussions

will lack any specific references to forces or interactions, separating this code from

the momentum principle causal net.

Example : ok, so, the initial momentum of the alpha particle would be equal to the

final momentum of the alpha particle.
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Collision Problems: A reference to the general class of problems that involve a

collision or a discussion about generating an equation that “makes” the collision.

The distinction between this code and Conservation Problems is a focus on the

instant of collision rather than initial and final states. The difference between this

code and Physical Collision is the use of technical terms like “elastic” and “inelas-

tic,” and references to equations.

Electric Interactions: The interaction is electrical in nature. This can include a

reference to Coulomb’s law or the Coulomb potential in it’s entirety or references

to the fact that particles are charged. A discussion about where the electric force

belongs in the program’s structure should also be coded as “Electric Interactions.”

A reference to the fact that charged particles repel or attract without reference to

a force or continuous interaction should be coded as Charges attract/repel. The

Causal Net includes a level of sophistication that the primitive lacks.

Gravitation: The interaction is gravitational in nature. This can include a refer-

ence to Newton’s Gravitational Law in it’s entirety or the gravitational potential.

A discussion about where this line of code belongs in the program should also be

coded thusly.

Gravitation Near Earth: A discussion about projectile motion or things falling.

This can also include a specific discussion about a gravitational force that equals

mg, or a discussion about the number 9.8 m
s2

.

Energy: A reference to Kinetic or Potential energy or their respective equations.

Do Not Code If : If this is part of a reference to a conservation law, it should

be coded as Conservation Laws. If the potential is explicitly described as electrical
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or gravitational in nature the segment should be coded as Electric Interactions or

Gravitation, respectively.

Kinematics: This includes a reference to the position update or definition of veloc-

ity and its relation to position. It also includes references to kinematics equations,

such as d = 1
2at

2. References to momentum should be coded as Kinematics only

if they are in reference to momentum’s relation to the position update. If a force

law is plugged directly into the position update, code it as Kinematics because the

focus is on getting the object to move.

Momentum: A discussion regarding linear momentum, generally regarding initial

conditions or graphs. This can also include the use of the equation ~p = m~v. This

discussion must explicitly not be about momentum’s involvement in either the mo-

mentum principle or the position update, nor should it involve discussions about

conservation. These discussions should be coded as Momentum Principle, Kinemat-

ics, and Conservation Laws, respectively. Strictly speaking, this is a coordination

class and not a causal net

The Momentum Principle: An appeal to the momentum principle can include

the whole equation ∆~p = ~Fnet∆t (and variations thereof), elements of that equation

(e.g. “what is Fnet?”), and references to reciprocity. These discussions generally

concern how to relate forces to motion inside the iterative loop. This should not

be coded if the students attempt to plug a force directly into the position update.

This also does not include using the momentum principle in it’s conservation form.

Physical Collision: A reference to “things colliding.” Physical Collision describes

a billiard ball collision. Specifically, a situation where two hard balls move toward
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each other, make physical contact, and bounce off each other in new directions. In-

teraction is not considered except for the instant of physical contact. Importantly,

this is the model that is in place for most analytical “collision problems.” Thus it

suggests the use of global conservation laws. Physical Collision can be used to de-

scribe both the maximally and minimally elastic collision. A special case of Physical

Collision is when the two objets stick together rather than bounce. Utterances in-

clude references to a “collision,” “bounces off,” the special case “sticks together,” or

even a reference to billiard balls or a bowling and ping-pong ball. Strictly speaking,

this is a coordination class and not a causal net.

Vector Algebra: A selection of dialogue where the students attempt to manipulate

vector quantities with the intention of calculating a particular quantity. While

these quantities may be physical in nature, the flavor of the conversation is math,

specifically vector algebra. Simply manipulating equations algebraically does not

count as Vector Algebra.

C.3 Symbolic Forms

Algebraic Form Types

Let me first include a reference table:

Competing Terms Cluster:

Competing Terms: �±�±�± ...
Terms of an expression are seen as influences in competition. These terms are

typically forces, momenta, or other directional quantities. This is also commonly

associated with the device Generic Moment.

Opposition: �−�
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Table C.1: List of algebraic symbolic forms identified by Sherin (1996, p.75)
Competing Terms Cluster Terms are Amounts Cluster
Competing Terms �±�±�... Parts-of-a-Whole [� + � + �...]

Opposition �−� Base ± Change [�±∆]
Balancing � = � Whole - Part [�−�]
Canceling �−� = 0 Same Amount � = �

Dependence Cluster Coefficient Cluster
Dependence [...x...] Coefficient [x�]

No Dependance [...] Scaling [n�]
Sole Dependance [...x...] Other
Multiplication Cluster Identity x = ...

Intensive · Extensive x× y Dying Away [e−x...]
Extensive · Extensive x× y

Proportionality Cluster
Prop+ [ ...x...... ] Ratio [xy ]
Prop− [ ...

...x... ] Canceling(B) [ ...x......x... ]

Similar to competing terms, but associated with two influences in opposition. Com-

monly associated with the words “oppose” or “opposition.”

Balancing : � = �

Two influences, each associated with an entire side of the equation, are in balance

so that the system is in equilibrium. Heuristics include the use of the words “bal-

ance” and “equilibrium.” Commonly associated with the devices Specific Moment

and Steady State.

Canceling : �−� = 0

Similar to Opposition, but they precisely cancel. This canceling is usually men-

tioned. Heuristics include the words “cancel” and “is zero.” To distinguish from

balance, note that the symbol pattern is different and that the schema includes an

outcome.
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Terms are Amounts Cluster:

Parts of a Whole: � + � + �...

A sequence of terms that are seen as some amount of a substance that contributes

to a whole. These are not influences but material substances. Associated with the

Accounting device.

Base ± Change: �±∆

Two terms contribute to a whole, but one is a base terms while the other is a

change to that base. The second terms corresponds to a change through time or

across cases. Heuristics include the words “gains,” “changes,” and “correction.”

Update formulas should be coded as Base plus Change

Same Amount : � = �

Two amounts of generic stuff, each associated with a side, are the same. Differs

from balancing because these entities are not influences. “generic stuff” can refer to

properties of the system. Equations of conservation can be seen as “same amount.”

Dependance Cluster

Dependance: [...x...]

A whole is seen as depending on a quantity associated with an individual symbol.

Heuristics include the phrases “depends on” or “is a function of.” Associated with

the Changing Parameters device. Reserve use of this device only for explicit dec-

larations of “this depends on that” or “this is dependent on that” or for reference

to a term being squared. This should no longer be used as a dumping ground for

segments that contain complex symbol arrangements – those may need to be coded

as equations
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No Dependance: [...]

A whole is seen as not depending on a quantity. Involves the observation that a

quantity does not appear in an expression. Heuristics include the phrases “does not

depend on.”

Coefficient Cluster

Coefficient : [x�]

A product of factors is seen as broken into two parts, one usually an individual

symbol. This coefficient may be described as “just a number,” “just a factor,” or

“a constant.”

Scaling : [n�]

Like Coefficient but the coefficient is unit less. A scaling coefficient is seen as oper-

ating on the rest of the factors to produce an entity of the same sort that is larger

or smaller than the original.

Multiplication Cluster

Extensive times Extensive: [x× y]

The multiplication of two quantities. If one of these quantities is a ratio or a rate,

this should be coded as Extensive Intensive

Proportionality Cluster

Prop+: [ ...x...... ]

A whole expression is seen as proportional to a quantity, x, which appears as an

individual symbol in the numerator. Look for phrases such as “is proportional to”
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Table C.2: List of programming symbolic forms identified by Sherin (1996, p.312, p.324) note
that these are all of the forms identified by Sherin. Not all of these appear in these data.

Process Cluster
[ ... ] [change a ...]

Sequential Process [ ... ] Setup-Loop [change b ...]
[ ... ] [repeat ...]

Variation [ ... ] Constancy [change x ...]
[change x ...] [ ... ]

Dependance Cluster
change b [... a ...]

Serial Dependance change c [... b ...]
change d [... c ...]

...

or ‘as X increases then Y also increases.” The focus of the statement should be on

the numerator of a quantity. In cases where the focus is not clear, the segment might

be coded as a type of “dependance.” this Associated with the Changing Parameters

device.

Prop-: [ ...
...x... ]

A whole expression or term is seen as indirectly proportional to a quantity, x, which

appears in the denominator. Heuristics similar to Prop+ but using words like “as

X increases, Y decreases.” The focus of the segment should be on the denominator

of a quantity. AIf the focus is not clear, the segment might need to be coded as a

type of“dependance.” Associated with the Changing Parameters device.

Computational Form Types

For quick reference on the form morphology, see the included table.

Process Cluster
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Sequential Process:

A sequence of ordered lines or groups of lines is each associated with a segment of a

physical process. This refers to a sequence of events that occur through time, and

not to a simple sequence of programming lines. Segmenting of the motion should

be quite explicit in the dialogue. Associated with the device Tracing.

Variation:

Involves the recognition that a quantity is changed inside the loop and will thus

vary over the motion. Look for words like “vary” or “change” along with explicit

reference to the loop. These references might be “down there” or “in there.” A line

that is deliberately put in the iterative loop should be coded as Variation

Setup-Loop:

Motion is segmented into two parts: a setup phase associated with initialization

lines, and the actual motion, associated with the loop. Heuristics include distin-

guishing the setup from the loop. Look for discussion about defining a quantity

prior to it being used in the loop or the program using a quantity in the loop that

is defined above the loop. This does not include simply talking about where a line

of code should be placed.

Constancy :

Involves the recognition that a quantity is set or changed outside the loop and will

thus not vary over the motion. Look for words like “constant” and explicit mentions

that a statement is outside of (or not present in) the loop. References to “up there”

could also indicate before the loop. A line that is deliberately put outside of the

iterative loop should be coded as Constancy.
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Dependance Cluster

Serial Dependance:

A chain of independent quantities, each corresponding to an individual symbol, is

seen as a sequence of programming statements. Look for discussion about where a

line of code should be placed in relation to other lines of code or the identification

that a line “depends” on another line. Look also for the identification of a needed

quantity after another quantity has been entered into the program.

NB : Discussion of line placement should include computational lines (e.g. pcraft=pcraft+Fnet*deltat),

not structural lines (e.g. while t<10:). Discussion of placement with respect to

structural lines are another form.

C.4 Interpretational Devices

Narrative Class

Changing Parameters: A quantity, usually corresponding to an individual symbol

in the expression, is imagined to vary while other quantities are held fixed. The

imagined process is explicitly described, usually with references concerning the re-

sult of this variation like “as X gets bigger, then Y also must get bigger.” Note that

this process does not describe an actual change that occurs through time but rather

how variables are related to each other. Think of this as a hypothetical change

Example : So the force should be bigger when the craft is closer to Earth?

Physical Change:

Students use this device to map an equation to physical motion. Specifically, the

equation or code is imagined to describe how a physical change takes place. That is,

the expression is imbedded in a process that involves changes which parallel changes

in the motion under study. Dialogue includes references to how various portions of
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an expression will change over time.

Example :Is that [r] going to be changing? Because it’s [the alpha particle] going

to be getting closer

Changing Situation:

This is another device that is applied to hypothetical situations. Students imagine

a different situation and use that as a point of comparison to the situation under

study. Utterances usually involve announcing the alternate situation and how it is

different, often using the word “case.” The declaration of a goal to alter a situation

is not sufficient to code a segment as changing situation; This device involves a

comparison, explicit or implicit. This can be between the current situation and a

hypothetical or between the current situation and the initial (unaltered) situation

Example : Right, the alpha particle will be deflected up... and it’d be the opposite

way around if it hits on the other side.

Example : this is like before, but use the charges instead of the mass.

Tracing (Programming Only):

Involves the narration or “mental running” of the computational process or the

acknowledgement that lines are executed in order. This follows the structure of

the code and can usually (but not always) be identified by utterances including

”...and then...” Note that tracing does not involve simply identifying lines of code

in some type of sequential order. Compare ”That’s the mass, that’s G, the Earth

is a sphere,” to ”first it defines the mass, then it defines G, then it creates a sphere

called ‘Earth,’...”

Example : but we’re just defining it, right? So if we want it to do something, we

have to put it down here.
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Static Cluster

Specific Moment :

An equation is projected into a specific moment in motion. Usually the student

will say something like “at some time,” or “that’s when.” Note that while this may

involve specific values, it explicitly references a specific point in the motion.

Example : the gold is initially at rest..because this initial velocity is zero

Generic Moment :

An equation is seen as describing any moment in a motion. Usually described as

“at any time,” or “at each instant.” Time may not be explicitly said; but rather an

equation is seen as holding true over the whole motion.

Example : So, this equation is the force as these particles interact?

Steady State:

When certain parameters of a system do not vary with time, an equation describ-

ing the state can be seen as “steady state.” For example, during uniform circular

motion, the gravitational force and the centripetal acceleration are both constant

and equal (in magnitude). This device has elements of “generic moment,” however

but nothing is changing so this is trivial. It also has elements of “specific moment”

through the use of words like “when.”

Conservation:

Each side of an equation is associated with a different moment in a motion. This is

associated with the application of conservation principles. Each side of the equation

is seen as representing a specific moment in the motion, such as initial and final

conditions.
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Example :would it be delta p final equals delta p initial?

Accounting :

An equation is seen as providing an accounting of all of some entity or substance.

Example : we have pfinal of ...au plus the pfinal of the um alpha particle

Recurrence (Programming Only):

A programming statement is seen as describing what transpires at one instant of

motion. Utterances usually include phrases such as “every time,” “each tick,” or

“update.” The programming statement being considered is usually in the repeat

loop. The use of the word “change” is not sufficient to code as recurrence

Example : It looks like the loop is updating the position of the alpha particle but

not the other one.

Special Case

Restricted Value:

A case is considered in which a quantity that appears in an expression is restricted

to a certain range of values, such as restricting the expression the X direction, or to

positive values. Utterances usually feature a clear statement of the range which is

typically greater than or less than zero.

Example : So, while here the velocity is less than zero, then it collides, and here it

is more than zero.

Specific Value:

A case is considered in which a quantity that appears in the expression is restricted
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to a specific value. This device tends to be associated with the ability to substitute

values, rather than any specific form. Note that the mention of “zero” may be a

reference to balancing or canceling rather than a comment about setting a specific

value.

Example : //so// the 5 e 15 going to be the y component right here?

Do not code if : Note the difference between this and “specific moment.” For

instance the statement “when the particle is here, it will have zero momentum”

mentions a specific value, but the focus of the statement is on the state of a particle

at a specific moment in it’s motion. The value is incident. On the other hand, a

statement like “so, the distance is going to be 1e-15” focuses on the specific value.

Limiting Case:

A case is considered in which a quantity that appears takes on an extreme or lim-

iting case. Utterances often make reference to an “extreme” or “limiting” case or

mention “infinity.”

Example : there’s none of this initially, right, [crosses out Ui] cause they’re... like

far away

Relative Values:

A case is considered in which the values of two quantities that appear in an expres-

sion are restricted relative to each other. Look for comparisons between two values.

Example : the alpha particle is a lot smaller than the other one

Intuitive Class

Feature Analysis:

This is a form of pattern recognition in which the features of a stimulus are eval-

uated individually. A gross generalizations about the functioning of a program is
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based solely on particular features (say, predicting circular motion based solely on

the presence of G or, worse, the presence of the curve function) should be coded

as feature analysis. One possible place where they may show up in the scattering

problems is if the students compare Ug and Fg based solely on the presence/absence

of an inverse square. I’ll have to take a look at these instances, though, to decide...

Ignoring :

A variable is explicitly mentioned as being irrelevant to the analysis.

Example : it shouldn’t matter.

C.5 Epistemic Games

Numerical Sense-Making Frame

Map Meaning to Code:

In this game, students begin with a story and use that to structure their computa-

tional model.

Moves: 1) Formulate Story, 2) Identify Relevant Equations, 3) Plan Program Struc-

ture, 4) Map Equations to Code, and 5) Evaluate story and Run program.

Heuristics: Look for the appearance of a conceptual story preceding the use of math;

Look for explicit discussion about the structure of the program. Look for the use of

programming forms and devices.

Map Code to Meaning :

In this game, students start with a selection of code and use that to generate a

story.

Moves: 1) Identify target concept, 2) Identify programming structure containing

target concepts, 3) tell story using code, and 4) run program and evaluate story.
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Heuristics: Look for students reading into the iterative loop. Look for the students

generating literal descriptions of the programming code (as opposed to generalizing

the meaning of target variables).

Targeted Debugging :

After performing an unsatisfactory run attempt, students will use the error output,

as well as their knowledge of physics and programming, to identify a programming

bug.

moves: 1) unsatisfactory run attempt, 2) evaluate code and error message, 3) iden-

tify bug.

heuristics: Look for students paying attention to the error message. Look for a

deliberate evaluation of the code to locate a bug. Look for the use of content knowl-

edge and programming forms and devices.

Quantitative Sense-Making Frame

Map Meaning to Math:

In this game, students begin with a story and use that to generate a mathematical

description. This game is similar to “Map Meaning to Code” however students

playing this game do not discuss the global structure of the program.

Moves: 1) Formulate Story, 2) identify relevant entities, 3) translate entities to

math (or code), 4) relate entities in accordance with physical theory, and 5) evaluate

solution.

heuristics: Look for a the appearance of a story preceding the use of math. Look for

analytic equations. Look for algebraic equation manipulations. Look for equations

that are generated from the story. Students may make use of programming syntax

and the “serial dependence” form as they enter these equations into their program,
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but they will not acknowledge the global structure of the program (i.e. the loop)

nor will they use “tracing” or “recurrence.”

Map Math to Meaning :

Students invoke an equation to justify a story.

Moves: 1) identify target concept, 2) Find an equation relating target concepts, 3)

tell story using this relation, 4) evaluate story.

Heuristics: Look for the appearance of recalled equations. The story should be

justified by the equation, not the other way around. The generated story may also

go beyond the scope of the equations. There should not be any algebraic manipula-

tions; these are an indication of other games. Students can make use of conceptual

resources and mathematics resources, however they will not be making use of pro-

gramming resources (except, maybe, syntactic knowledge).

Qualitative Sense-Making Frame

Physical Mechanism:

The students tell a story. They may use equations or elements of the program to

support their story, but they will not use these to generate a quantitative description.

Moves: 1) Formulate story, 2) Interpret code, 3) evaluate story and run program.

Heuristics: Look for gross generalizations of programming variables (‘feature analy-

sis”). Look for stories that have no basis in the program. Look for students reading

the code only to the bottom of the “constants” section. This game may appear

similar to “Map Code to Meaning” however in this game the students support their

story with elements from the code. In that game, they use the code to tell a story.

Also, in that game, the students read into the loop.
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Pictorial Analysis:

The students draw a diagrammatic picture and use the relationships in this diagram

to tell a story.

moves: 1) identify target concept, 2) Choose external representation, 3) tell story

based on external representation, and 4) fill in slots (i.e. label the diagram)

Heuristics: Look for the creation of a representational picture. The students should

take pains to make the picture accurate rather than drawing a haphazard doodle.

List Making :

The students make a list. This list can include missing elements from the program,

variables that should be solved for, or fundamental interactions of nature.

Moves: 1) Identify task, 2) identify target entities and equations, 3) list target

entities, 4) evaluate list.

Heuristics: Look for the appearance of a written list.

Rote Equation Chasing Frame

Iterative Debugging :

After performing an unsatisfactory run attempt, students will begin making a se-

quence of surface changes following each with a run attempt.

Moves: 1) Unsatisfactory run, 2) identify program feature to modify, 3) run program

and evaluate output, and 4) repeat or abandon.

heuristics: Look for a rapid succession of run attempts. Look for undirected surface

alterations of programming code.

Transliterate Solution Pattern:

Students find another solution and map it to their current problem.
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Moves: 1) Identify target quantity, 2) identify a solution pattern, 3) map quantities

in current problem into the solution pattern, and 4) evaluate mapping.

Heuristics: look for the appearance of another problem. Look for the use of

copy/paste.

Recursive Plug and Chug :

Students hunt for and manipulate equations in order to solve for a variable. This

game is recursive because students may hint for a multiple equations.

Moves: 1) Identify target entities, 2) identify target equation, 3) insert known values,

4) find equation relating unknown values, 5) repeat.

Heuristics: Look for equation manipulations that are not motivated by a story.

Look for the insertion of numbers in place of variables.
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A spacecraft voyage, part 1: Spacecraft and Earth
OBJECTIVES
In this program you will model the motion of a spacecraft.

You will use your working program to explore the e!ect of the spacecraft’s initial velocity on its tra-
jectory.

TIME
You should finish this activity in 45 minutes or less.

GROUP ROLES
Before you begin, you should agree on the responsibilities of the Manager, the Recorder, and the Skeptic
for this part of the lab.
Record your answers to the QUESTIONS sections; you will need them later.

A WORKING EXAMPLE PROGRAM
An example program has been provided in WebAssign. Right click on the linked file and save it to your
Desktop. Remember to give it the extension “.py”.

1 Study the Program - DO NOT Run It Yet (That’s Cheating!)

Read through the program together. Make sure everyone in the group understands the function of each
VPython instruction.

Draw on the whiteboard what you expect to see once you run the program.

Whiteboard Prediction

1
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2 Run the Program

• Is your prediction okay? Did something happen that you didn’t expect to happen?

3 Modify the Program

• First, draw on the whiteboard how you want the spacecraft to interact with the Earth.

• What calculations are needed in order to get the spacecraft and the Earth to interact?

• Modify the program with these calculations. Where should you place these new lines
of code in the program?

• Use symbolic names defined in the program. You may need to add other symbolic
names in your calculations.

• Are you making any assumptions in your program? If so, what are they?

• Finally, run the program. Is the behavior what you expected? Do you need to change
your code?

4 Detecting a collision

If your spacecraft collides with the Earth, the program should stop. Add code similar to this inside your
loop (using the name you defined for the distance between the spacecraft and the center of the Earth):

if rmag < Earth.radius:
break

This code tells VPython to get out of the loop if the spacecraft touches the Earth.

5 Visualize the momentum vector with an arrow

In a previous program, you used arrows to visualize gravitational force vectors. In this program, you will
use an arrow to visualize the momentum of the spacecraft.

You will create an arrow before the while loop and update its position and axis inside the loop, as
the spacecraft’s momentum changes. You need to know the approximate magnitude of the momentum in
order to be able to scale the arrow to fit into the scene, so just before the loop, print the momentum vector:

print ’p=’, pcraft

In the #CONSTANTS section of your program, add this scale factor

pscale = 0.1

Also insert the following statement in the #OBJECTS section of your program (NOT inside
the loop):

parr = arrow(color=color.green)

2
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This statement creates an arrow object with default position and axis attributes. You will set these
attributes inside the loop.

• Comment out any print statements which are inside your loop because they slow down
plotting.

• Inside your loop, update the pos attribute of the parr arrow object to be at the center of
the spacecraft, and on a separate line update its axis attribute to represent the current
vector value of the momentum of the spacecraft (multiplied by pscale).
parr.pos = ?
parr.axis = ?

• You may have to adjust the scale factor once you have seen the full orbit.

6 Answer these questions about the changes in the spacecraft’s mo-
mentum

• For this elliptical orbit, what is the direction of the spacecraft’s momentum vector?
Tangential? Radial? Something else?

• What happens to the momentum as the spacecraft moves away from the Earth?

• As it moves toward the Earth?

• Why? Explain these changes in momentum in terms of the Momentum Principle.

• Compare your answers to those of another group.

7 Answer these questions about the e!ect of initial velocity on the

motion

• Approximately, what initial speed is required to make a circular orbit around the Earth?
You may wish to zoom out to examine the orbit more closely.

• Why does changing the initial velocity have an e!ect on the orbit?

• Approximately, what minimum initial speed is required so that the spacecraft “escapes”
and never comes back? You may have to zoom out to see whether the spacecraft shows
signs of coming back. You may also have to extend the time in the while statement.

October 1, 2009

3
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from __future__ import division
from visual import *
scene.width =800
scene.height = 800

#CONSTANTS
G = 6.7e-11
mEarth = 6e24
mcraft = 15e3
deltat = 60

#OBJECTS AND INITIAL VALUES
Earth = sphere(pos=vector(0,0,0), radius=6.4e6, color=color.cyan)
craft = sphere(pos=vector(-10*Earth.radius, 0,0), radius=1e6, color=color.yellow)
vcraft = vector(0,2e3,0)
pcraft = mcraft*vcraft
trail = curve(color=craft.color)    ## produces a trail behind the craft

t = 0

while t < 10*365*24*60*60:
    rate(100)                   ## slow down motion to make animation look nicer
    craft.pos = craft.pos + (pcraft/mcraft)*deltat
    trail.append(pos=craft.pos) ## this adds the new position of the spacecraft to the trail
    t = t + deltat
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Computer Model of a Collision

On Your Whiteboard

1. Explain & Predict Program Visualization

• Work with your group to explain the workings of the program.

• Make a prediction on a whiteboard of what you will see in the visualization when you run
it.

• Run your program after everyone agrees on the prediction. Discuss how closely your
prediction matches what you see in the visualization.

2. Extend Program to Include Additional Interactions

Modify this program to simulate what should happen to the alpha particle and gold nucleus as the
alpha particle approaches.

• List the quantities needed to calculate the interactions.

• Determine where each new calculation should go in the program.

• Define the quantities in terms of the attributes of 3D objects and other variables or
constants that already exist.

• Predict what you would expect to see when you run the program.

• Run the program and make any necessary changes to the code to achieve your goal.

3. Momentum Plots

On Your Whiteboard

• Draw a plot of the x component of momentum for the alpha particle, gold nucleus, and total
momentum of the system vs. time.

• Draw a plot of the y component of momentum for the alpha particle, gold nucleus, and total
momentum of the system vs. time.

TA Checkpoint: Show your plots to the TA. Afterward, add the code on the
next page to your program above the while loop to display these plots.

1
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#Display

gdisplay(xtitle=’Time’, ytitle=’Px’, x=0, y=scene.height, width=scene.width/2, height=200)

Alphapx=gcurve(color=color.blue)

Aupx=gcurve(color=color.yellow)

totalpx=gcurve(color=color.green)

gdisplay(xtitle=’Time’, ytitle=’Py’, x=scene.width/2, y=scene.height, width=scene.width/2, height=200)

Alphapy=gcurve(color=color.blue)

Aupy=gcurve(color=color.yellow)

totalpy=gcurve(color=color.green)

#Add following in the loop after time update

Alphapx.plot(pos=(t,pAlpha.x))

Alphapy.plot(pos=(t,pAlpha.y))

Aupx.plot(pos=(t,pAu.x))

Aupy.plot(pos=(t,pAu.y))

totalpx.plot(pos=(t,pAu.x+pAlpha.x))

totalpy.plot(pos=(t,pAu.y+pAlpha.y))

• Compare the plots generated by the program with your predictions.

4. Impact Parameter
The impact parameter b is the distance between centers of the alpha particle and the gold nucleus,
perpendicular to the incoming momentum, as shown below.

• Set b = 5×10−15 m in the initial values section of the program.

• Use b to change the initial position of the Alpha particle.

• How will your py graph change due to the new impact parameter?

• Run your program.

5. Scattering Angle

• The scattering angle is the angle measured between the +x axis and the momentum vector
of the scattered alpha particle. In VPython, the scattering angle in degrees is
atan2(py,px)*180/pi.

• Determine the scattering angle for the alpha particle for the following impact parameters:

b1 = 5×10−15 m
b2 = 10×10−15 m
b3 = 100×10−15 m

2
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###########################################################################
#####                                                                        
####
####         DO NOT RUN THIS PROGRAM UNTIL YOU ARE ASKED TO DO SO           
####
####                          IN THE INSTRUCTIONS                           
####                                                                        
####
###########################################################################
#####
from __future__ import division
from visual import *
from visual.graph import *

##Constants
massAu = (79+118)*1.7e-27
massAlpha = (2+2)*1.7e-27
qAu = 2*1.6e-19
qAlpha = 79*1.6e-19
oofpez = 9e9
deltat = 1e-23

##Objects
scene.width=600
scene.height=600
Au = sphere(pos=vector(0,0,0), radius=8e-15, color=color.yellow)
Alpha = sphere(pos=vector(-1e-13,0,0), radius=2e-15, color=color.blue)
trailAu = curve(color=Au.color)
trailAlpha = curve(color=Alpha.color)

#Initial Values
pAu=massAu*vector(0,0,0)
K_Alpha = 10*1e6*1.6e-19            #10 MeV in Joules
pAlpha=vector(sqrt(2*K_Alpha*massAlpha),0,0)
t = 0

while t<1e-20:
    rate(1000)
    Alpha.pos=Alpha.pos+(pAlpha/massAlpha)*deltat

    trailAlpha.append(pos=Alpha.pos)
    trailAu.append(pos=Au.pos)
    
    t=t + deltat
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Computer Model of the Rutherford
Experiment

1. Explain & Predict Program Visualization

• Open the program “Lab 10.py.” Work with your group to explain the workings of the
program.

• Divide your whiteboard into two halves. In the first half, create a whiteboard prediction of
how you expect the system should behave in the real-world according to physics principles.

• Decide if the program is going to behave like a real system. Using only the information in
the program, draw a whiteboard prediction in the second half of your whiteboard of what
you will see in the visual output when you run it.

• Run your program after everyone agrees on both predictions. Discuss how closely your
prediction matches what you see in the visual output.

Predictions

Real-World Visual Output

2. Extend Program to Include Additional Interactions
Next, modify this program to simulate the behavior of this system in the real-world. You will
need to consider the following to complete this task:

• List the quantities needed to calculate the interactions.

• Determine where each new calculation should go in the program.

– Calculate the (vector) forces acting on the system.

– Update the momentum of the system: �pf = �pi + �Fnet∆t.

– Update the position: �rf = �ri + �v∆t.

– Repeat.

• While adding new calculations to your program, reference the attributes of 3D objects and
other variables or constants that already appear in the program code.

• Predict what you would expect to see when you run the program.

• Run the program and make any necessary changes to the code to achieve your goal.

1
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3. Momentum Plots

On Your Whiteboard

• What should a graph of the x component of momentum for the alpha particle, gold nucleus,
and total momentum of the system vs. time look like? Draw your prediction on the
whiteboard.

• What should a graph of the y component of momentum for the alpha particle, gold nucleus,
and total momentum of the system vs. time look like? Draw your prediction on the
whiteboard.

TA Checkpoint: Show your plots to the TA. Afterward, copy the code from
the file graphs.py into your program. Change the variable names in the copied

code such that the names reference the variables used in your program.

• Compare the plots generated by the program with your predictions.

4. Impact Parameter
The impact parameter b is the distance between centers of the alpha particle and the gold nucleus,
perpendicular to the incoming momentum, as shown below.

• Set b = 5×10−15 m in the constants section of the program.

• Use b to change the initial position of the Alpha particle.

• How will your py graph change due to the new impact parameter?

• Run your program.

5. Scattering Angle

• The scattering angle is the angle measured between the +x axis and the momentum vector
of the scattered alpha particle. In VPython, the scattering angle in degrees is
atan2(py,px)*180/pi. Calculate and print the scattering angle at the end of your program,
outside of your calculation loop.

• Determine the scattering angle for the alpha particle for the following impact parameters:

b1 = 5×10−15 m
b2 = 10×10−15 m
b3 = 100×10−15 m
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###########################################################################
#####
####                                                                        
####
####         DO NOT RUN THIS PROGRAM UNTIL YOU ARE ASKED TO DO SO           
####
####                          IN THE INSTRUCTIONS                           
####
####                                                                        
####
###########################################################################
#####
from __future__ import division
from visual import *
from visual.graph import *
##scene.width=600
##scene.height=600

##Constants
massAu = (79+118)*1.7e-27
massAlpha = (2+2)*1.7e-27
qAu = 2*1.6e-19
qAlpha = 79*1.6e-19
oofpez = 9e9
deltat = 1e-23

##Objects

Au = sphere(pos=vector(0,0,0), radius=8e-15, color=color.yellow)
Alpha = sphere(pos=vector(-1e-13,0,0), radius=2e-15, color=color.red)
trailAu = curve(color=Au.color)
trailAlpha = curve(color=Alpha.color)

#Initial Values
pAu=massAu*vector(0,0,0)           
pAlpha=vector(1.043e-19,0,0)
t = 0

Calculation Loop
while t<1e-20:
    rate(1000)
    Alpha.pos=Alpha.pos+(pAlpha/massAlpha)*deltat
    trailAlpha.append(pos=Alpha.pos)
    trailAu.append(pos=Au.pos)
    t=t + deltat
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Revised February 3, 2009 
 

North Carolina State University  
Institutional Review Board for the Use of Human Subjects in Research 

SUBMISSION  FOR NEW STUDIES  
  
GENERAL INFORMATION 

 
1. Date Submitted:  April 9, 2009 
1a.   Revised Date: 

     

 
2. Title of Project: Student Learning in a Modified Introductory Physics Laboratory 
3. Principal Investigator:  Shawn Weatherford 
4. Department: Physics 
5. Campus Box Number: 8202 
6. Email: saweathe@ncsu.edu 
7. Phone Number: 513-7214 
8. Fax Number: (919) 515-6538 
9. Faculty Sponsor Name and Email Address if Student Submission: 

 

Ruth Chabay

    

 
10. Source of Funding? (required information): 

 

NSF Award DUE-0618504

    

 
11. Is this research receiving federal funding?:  Yes 
12. If  Externally funded, include sponsor name and university account number: 

 

Ruth Chabay Account Number 
526878-1 

 

  
13. RANK:  
         Faculty  

  Student: Undergraduate;  Masters; or  X PhD 
  Other (specify):  

     

 
 

As the principal investigator, my signature testifies that I have read and understood the University Policy and Procedures for the Use 
of Human Subjects in Research. I assure the Committee that all procedures performed under this project will be conducted exactly as 
outlined in the Proposal Narrative and that any modification to this protocol will be submitted to the Committee in the form of an 
amendment for its approval prior to implementation. 
 
Principal Investigator: 
 
Shawn Weatherford        * April 8, 2009 
(typed/printed name) (signature) (date) 
 
As the faculty sponsor, my signature testifies that I have reviewed this application thoroughly and will oversee the research in its 
entirety.  I hereby acknowledge my role as the principal investigator of record. 
 
Faculty Sponsor: 
 
Ruth Chabay        * April 8, 2009 
(typed/printed name) (signature) (date) 
*Electronic submissions to the IRB are considered signed via an electronic signature. For student submissions this means that 
the faculty sponsor has reviewed the proposal prior to it being submitted and is copied on the submission. 

 
Please complete this application and email as an attachment to: joe_rabiega@ncsu.edu  or send by mail to: 
Institutional Review Board, Box 7514, NCSU Campus (Administrative Services III). Please include consent 
forms and other study documents with your application and submit as one document.  
************************************************************************************************* 
For SPARCS  office use only 
Reviewer Decision (Expedited or Exempt Review) 

 Exempt      Approved     Approved pending modifications      Table 
 

Expedited Review Category:    1   2     3     4  5   6   7   8a   8b   8c   9  
 
___________________________________________________________________________________________ 
Reviewer Name     Signature     Date 
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North Carolina State University  
Institutional Review Board for the Use of Human Subjects in Research 

GUIDELINES FOR A PROPOSAL NARRATIVE 
 
In your narrative, address each of the topics outlined below.  Every application for IRB review must contain a proposal 
narrative, and failure to follow these directions will result in delays in reviewing/processing the protocol. 
 
A. INTRODUCTION 

1. Briefly describe in lay language the purpose of the proposed research and why it is important. 
 This research project will video record physics students completing modified laboratory activities in two 
experimental lab sections for the Fall semester. The goal of the project is to study, in detail, how students approach 
and complete lab activities.  The kinds of lab activities we will ask students to complete are the same as in the non-
experimental lab sections. These activities include working physics problems on whiteboards, completing hands-on 
experiments, and programming. As in the non-experimental lab sections, students will work in collaborative groups, 
have access to a TA for support, and receive credit for the laboratory requirement for PY205M. 
 
Participation in the experimental lab section is voluntary.  Students who decide to register or opt out of the 
experimental lab section will receive help in switching to a non-experimental lab section. 
 
These modified laboratory activities are designed to improve the student learning of physics. All modifications will 
be cleared with the course coordinator ahead of the lab.  
 
The purpose of this study is to fine-tune the lab activities for the PY205M course, study discourse while students 
work in groups to complete these activities, investigate how to design computational activities to improve conceptual 
understanding of physics, and capture TA-student interactions to use for the departmental TA training workshop.  

 
2. If student research, indicate whether for a course, thesis, dissertation, or independent research. 

Data on students working on computational tasks will be used in the PI’s dissertation.  
 
B. SUBJECT POPULATION 

1. How many subjects will be involved in the research?    
  24 students involved (2 experimental lab sections with 12 students per experimental lab section).  

 
2. Describe how subjects will be recruited.  Please provide the IRB with any recruitment materials that will be used. 

Students are not initially recruited. Students register for Fall 2009 labs according to the registrar’s registration 
calendar. Students who register for the PY205M lecture must register for one laboratory section.  Sixteen of the 18 
laboratory sections offered are for the non-experimental lab where no data is collected.  
 
Students who choose to register for one of the two experimental lab sections where data recording will occur will be 
notified via their NCSU email address of the purpose of the lab section and mailed a consent form detailing risks to 
the student (notification and consent form attached).  The student will have the opportunity to decide during the 
Spring registration period to stay in the course or choose one of the 16 non-experimental lab sections.  
 
If the enrollment of each lab section is below 12 students during the first week of classes in August, the PI will 
actively recruit students by making a brief two-minute presentation at the beginning of the lecture course, if the 
lecture instructor agrees to yield time for this presentation.  The handout for this recruitment (if necessary) is 
attached. 

 
3. List specific eligibility requirements for subjects (or describe screening procedures), including those criteria that would 

exclude otherwise acceptable subjects. 
Any student taking the PY205M lecture may register for the lab as long as there are seats open. These student willing 
to participate in the study having read the consent form, must also elect to allow researchers to use all video data for 
the purposes of 1) analysis by members of the NCSU PERD group, 2) evidence in presentations at professional 
conferences where their likeness may be shown, and 3) example case studies in departmental TA training workshops. 
If the subject is a minor, the legal parent/guardian must additionally agree to provide permission for the same 
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purpose.   
 
These short segments of video will be presented as evidence to the claims or counterclaims made by the researcher, 
only if the video segment captures additional resolution that the audible transcript does not.                                                          
 

 
4. Explain any sampling procedure that might exclude specific populations. 

None. 
 

 
5. Disclose any relationship between researcher and subjects - such as, teacher/student; employer/employee. 

The PI will serve as the assigned TA for the two experimental lab sections. TA responsibilities include evaluating 
student assignments completed during the lab with the same grading rubric used in the regular labs. The TA will only 
evaluate students in these experimental lab sections, thus eliminating any possible bias or judgments about non-
experimental lab students. The TA is the only person allowed to evaluate student performance in 205M lab sections. 
Lecture instructors have no say in the laboratory component of the course grade. 
 
The faculty sponsor is a lecture instructor for PY205M and assigns a final score encompassing both lecture and lab as 
detailed in the course syllabus. All assessments that are part of the lecture section are objective and include 
homework scores calculated by WebAssign, participation in lecture with clickers using Student Response Software, 
and the grading of exams with rubrics developed by the PY205M course coordinator, who is not directly involved 
with this project.  Some of the 24 students involved in the study may also be students in the faculty sponsor’s lecture 
section.  
 
Students from either the experimental or non-experimental lab sections with issues about grades may appeal to the 
Course Coordinator. 
 
Additional measures to protect student identity are discussed below. 
 

 
6. Check any vulnerable populations included in study: 
 

  X  minors (under age 18) - if so, have you included a line on the consent form for the parent/guardian signature 
  fetuses 
  pregnant women 
  persons with mental, psychiatric or emotional disabilities 
  persons with physical disabilities 
  economically or educationally disadvantaged 
  prisoners 
  elderly 

  X  students from a class taught by principal investigator 
  other vulnerable population. 

 
  

7.    If any of the above are used, state the necessity for doing so.  Please indicate the approximate age range of the minors to 
be involved. 
  Since 1st semester freshmen are part of the population eligible to participate in the study, the anticipated range of 
minors is 17-18 years old.  Participants will be asked to volunteer their date of birth on the consent form to determine 
if a parent/guardian signature is requred, in addition to the minor’s assent to participate. 

 
 
C. PROCEDURES TO BE FOLLOWED 
 

1. In lay language, describe completely all procedures to be followed during the course of the experimentation.  Provide 
sufficient detail so that the Committee is able to assess potential risks to human subjects.  In order for the IRB to 
completely understand the experience of the subjects in your project, please provide a detailed outline of everything 
subjects will experience as a result of participating in your project.  Please be specific and include information on all 
aspects of the research, through subject recruitment and ending when the subject's role in the project is complete. All 
descriptions should include the informed consent process, interactions between the subjects and the researcher, and any 
tasks, tests, etc. that involve subjects.  If the project involves more than one group of subjects (e.g. teachers and students, 
employees and supervisors), please make sure to provide descriptions for each subject group. 

Shawn Weatherford� 4/28/09 8:32 AM
Deleted:                   
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 Potential subjects will register for one of the lab sections during the registration period beginning Spring 2009. 
Subjects who choose one of the experimental labs will be notified of the purpose of the lab section as well as its risks 
and benefits as indicated on a consent form sent to the student’s NCSU email address.   
 
If the two sections of experimental lab have not filled by the first week of classes during the Fall 2009 semester, the 
PI will ask permission from the PY205M lecture instructors to make a short two-minute presentation about the 
experimental lab in an attempt to explain its purpose to a larger audience.  Students interested in more information 
will be directed to email the PI who will at that time send the interested student a consent form to read over.  At that 
time, it is up to the student to make the decision whether or not to switch through normal registration procedures.  
 
On the first day of the lab, before any data capture begins, the PI will again go over the consent form and make sure 
all the subjects are clear about the experience and have signed the form (as well as any parent/guardian signatures for 
participants who are under 18). The TA will describe the types of data we are collecting and recording, including the 
use of video/audio devices to capture discussions, work written on whiteboards, computer models displayed on 
screens, all gestures, interactions with the TA, activities performed as a group, and off-task behaviors. Additionally, 
students are reminded that they may transfer to a non-experimental lab section during the semester. 
 
Subjects are instructed about working in collaborative groups including the role of manager, recorder, skeptic, and 
summarizer. The subjects are also informed that in order to help maintain their anonymity, the PI will refer to 
individuals in the group by their role and not their given name. All student names uttered aloud will be deleted from 
the audio record. 
 
Students complete the same activities as regular lab sections. Modifications to the activities will be variations of the 
standard tasks, intended to improve students’ learning and understanding. All modifications will be submitted to the 
PY205M course coordinator for approval before they are implemented in the experimental sections. This alternate 
method may include altering the tasks to complete or questions to answer pertaining to an activity.  
 
For example, programming activities used in regular lab sections involve students generating a program by supplying 
missing lines of code. We would like to shift the student focus from developing a working program to thinking about 
how the program works. A proposed modification involves providing groups with a complete example program 
where students study the program code and use a whiteboard to draw a prediction of what happens when the program 
runs.  
 
In addition, students may be asked to submit an alternate type of report. Students in non-experimental lab sections 
use WebAssign to answer essay questions pertaining to lab activities. The experimental lab section may ask students 
to record a short 90-second audio/visual clip explanation instead.  
 
All modifications are designed to improve student learning. 
 
During a lab, students are given adequate time to complete all tasks as well as answer related questions delivered by 
WebAssign or the TA. Students will receive a score in lab based on the correctness of these answers. Subjects who 
miss a lab will receive zero points for the lab session, however subjects may be given permission to attend a makeup 
lab in a non-experimental section if the absence meets criterion defined by the lecture instructors for all PY205M 
students. Experimental-lab scores are calculated the same way as non-experimental lab scores. This lab score is then 
combined with other objective work related to the lecture section (tests, homework, participation) to calculate a final 
course grade. 
 
At the conclusion of each week’s lab, the TA will collect all data, monitor the audio for any use of a subject’s given 
name and then deleting or beeping out that audio identification, and transfer it over to a secure server.  Some analysis 
by the TA and other PERD research group members may occur before the end of the semester.   
 
After all final grades are uploaded to the registrar’s office, the PI will destroy the record used to track student 
attendance which includes subjects’ identities and relates those identities to group membership during any single lab 
week. 

 
2. How much time will be required of each subject?   

 The subject would spend the same amount of time in lab as a student enrolled in the non-experimental lab.                                                        
 

 
D. POTENTIAL RISKS 

1. State the potential risks (physical, psychological, financial, social, legal or other) connected with the proposed 
procedures and explain the steps taken to minimize these risks. 
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 Although careful consideration was given to protecting student anonymity, there is the unforeseen possibility of a 
researcher who is permitted to view the video data to recognize an individual participating in the study.  
 
No persons who are currently, or in the future may be in a position of influence or power over the subject will learn 
the identity of the subjects involved in the study as all data revealing the names of students will be destroyed. 
 
Other risks to subject anonymity that may be involved in processing data (and their countermeasures) are discussed 
in section 3. 

 
2.    Will there be a request for information that subjects might consider to be personal or sensitive (e.g. private behavior, 

economic status, sexual issues, religious beliefs, or other matters that if made public might impair their self-esteem or 
reputation or could reasonably place the subjects at risk of criminal or civil liability)?   
No. 
 

 
a. If yes, please describe and explain the steps taken to minimize these risks. 

 N/A.                                                                  
 

 
b. Could any of the study procedures produce stress or anxiety, or be considered offensive, threatening, or 

degrading?  If yes, please describe why they are important and what arrangements have been made for handling 
an emotional reaction from the subject. 

 The procedures in the study are no different from the non-experimental lab sections.  Students will complete tasks in 
groups directly related to the goals of the course and correlate to the topics covered in lecture. Students may feel 
anxious or stressed while attempting a difficult physics task, however this is no different from peers participating in 
the non-experimental lab sections.  The TA’s primary role is to help students successfully complete all assigned 
tasks, therefore any anxiety or stress will be short lived.  Students may initially be self-conscious about being video 
recorded but this goes away as students get used to the lab room.                                        
 

 
3. How will data be recorded and stored?  

  The following data will be collected(method of  storage). 
1. WebAssign is used to deliver all lab assignments and handle records of student submissions and scores. The 

course coordinator, who is not associated with the study, and the graduate student TA will have access to the 
this data which contains a list of the subject’s names which is stored on WebAssign’s server.  Only the TA 
will have the information necessary to connect the subject’s name to their likeness captured by the video 
cameras using a log that correlates the assigned cooperative group number to the group’s location in the 
room, to the subject’s identifying name in WebAssign.  This “Rosetta stone” is a paper document and its 
function is only to match the credit each group receives for tasks completed to a WebAssign score for an 
individual.  This document serves an administrative purpose only, to record lab attendance, and will be 
destroyed at the end of the Fall 2009 semester. None of the information in this document is used for research 
purposes while analyzing or reporting data. 

2. Assignment Submission Data.  Students offer submissions to targeted questions in WebAssign as evidence 
of completing lab activities. The subject’s responses are valid data for this study. This data is stored 
electronically on WebAssign’s server and is only accessible by the TA and course coordinator.  

3. Overhead Video Camera and Audio. This data records any work written on the whiteboard, individuals 
pointing at a computer monitor, and gestures (stored electronically on a PERD secure server). 

4. Computer Screen Recording and Webcam. The computer screen recording software will capture all activity 
on the computer screen as well as any audio signal intercepted by an external microphone. The webcam 
attaches to the computer monitor and is directed towards the student group. Its camera will record gesture 
communication between the students in the group and the interactions between the group and the TA. The 
webcam will also capture audio using the same external microphone as above (stored electronically on a 
PERD secure server). 

 
 

a. How will identifiers be used in study notes and other materials?   
The four tables in the lab are numbered and groups each week are rotated randomly from one table to another.  Any 
identifiers created during data analysis and used in reporting will be randomly assigned to distinguish one group from 
another during a lab. Note: These identifiers have no association with the “Rosetta stone” mentioned above and serve 
a research purpose rather than an administrative purpose, therefore there are no risks to compromising subject 
anonymity. 

375



 
 

b. How will reports will be written, in aggregate terms, or will individual responses be described?  
This study’s unit of analysis is each group, consisting from two to four subjects. When reporting an episode of 
interest that occurs within the group, individuals are distinguished from one another based on the role they assume 
for the activity (Manager, Recorder, Skeptic, Summarizer, TA).                                                                         
 

 
4. If audio or videotaping is done how will the tapes be stored and how/when will the tapes be destroyed at the conclusion 

of the study. 
 All audio/visual data exists in electronic form, stored on a secure PERD group server with access restricted to 
members of the PERD group. As the amount of data accumulates on the server, data may be transferred to external 
hard drives secured in the PERD observation room by lock and key. Additionally, the drive itself will be password 
encrypted to secure the data against loss and theft. PERD group members are allowed to use the data and its analysis 
in future research projects. All data may be kept indefinitely. 
 

5. Is there any deception of the human subjects involved in this study?  If yes, please describe why it is necessary and 
describe the debriefing procedures that have been arranged. 
 No deception, whatsoever.                                                        
 

 
E. POTENTIAL BENEFITS 

This does not include any form of compensation for participation. 
1. What, if any, direct benefit is to be gained by the subject? If no direct benefit is expected, but indirect benefit may be 

expected (knowledge may be gained that could help others), please explain. 
Students participate in a laboratory with a lower teacher-student ratio as compared to non-experimental labs. The 
lower student-teacher ratio is dictated by the physical size of the experimental lab rooms.  A lower student-teacher 
ratio is important because newly modified instructional materials may be confusing to students in unanticipated ways, 
and the TA must be able to detect and remedy such confusions quickly.  Students will spend only a small fraction of 
their time interacting with the TA, since they work in formal cooperative groups, and the student groups bear the 
primary responsibility of planning and completing lab work. 

In PY205m, students’ lab grades contribute 13% of their overall course grade.  Students in the experimental sections 
will not have significantly higher lab grades, because in the regular sections almost all students who attend every lab 
earn lab scores of 95-100%.  Any score improvement would be nearly insignificant: a 2% increase in lab score would 
yield only a 0.3% increase in the student’s overall course grade.  

The end product of all laboratory exercises will be the same for students in both the standard and experimental lab 
sections (experimental data and analysis, problem solution, or computational simulation with visual output). Grades 
will be based on these end products.  Modified instructional materials may vary the starting point, questions to be 
answered during the activity, or explanations requested while students are working. The experimental activities will 
not be easier, and are not intended to be more difficult. 

To help illustrate the types of modifications we are seeking to test, the application packet contains supporting 
material that compares an activity that has been modified to its original form as well as the rubric used to grade the 
programs. The rubric is the same for both experimental and non-experimental sections. The specific goal of the 
modification is to see how alternate tasks affect students' ability to relate the visualization of a computer program to 
the algorithm the computer uses to create it. The rubric for the experimental and non-experimental lab sections do not 
evaluate the ability of students to accomplish this goal. Therefore, there is minimal risk that the modifications to the 
instructions will have an effect on course grades. 
 
The experimental labs are offered during the early afternoon at popular times. This is determined by how quickly lab 
courses fill up at this time of the day during previous semesters.  The TA has ample experience teaching introductory 
physics courses and labs and English is his native language.                                    

 
 

F. COMPENSATION 
Please keep in mind that the logistics of providing compensation to your subjects (e.g., if your business office requires names 
of subjects who received compensation) may compromise anonymity or complicate confidentiality protections.  If, while 
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arranging for subject compensation, you must make changes to the anonymity or confidentiality provisions for your research, 
you must contact the IRB office prior to implementing those changes. 

 
1. Explain compensation provisions if the subject withdraws prior to completion of the study.   

      None.                                                                   
 

 
2. If class credit will be given, list the amount and alternative ways to earn the same amount of credit. 

      Students may alternatively transfer to a non-experimental lab at any point during the semester. There are many 
non-experimental lab sections.  
 
Lab scores for both experimental and non-experimental sections contribute towards 13% of the overall PY205M 
course grade. 
 

G COLLABORATORS 
1. If you anticipate that additional investigators (other than those named on Cover Page) may be involved in this research, 

list them here indicating their institution, department and phone number. 
Brandon Lunk, a NCSU physics graduate student, will control the ceiling-mounted cameras from an observation 
room. Brandon Lunk will not have access to any of the subject’s names, however he will see the likeness of subjects 
through monitors in our observation room.  As a member of the PERD research group, Brandon will also have access 
to the data for research purposes.                                                                         

 
2. Will anyone besides the PI or the research team have access to the data (including completed surveys) from the moment 

they are collected until they are destroyed. 
      Yes, all NCSU PERD group members present and future will have access to the audio/video data.  To participate, 
subjects must elect to provide permission to the NCSU PERD research group to present short video clips, which may 
or may not contain the subject’s likeness to other researchers in the field at professional conferences.  If the subject is 
a minor, the legal parent/guardian must additionally agree to provide permission for the same purpose.  These short 
segments of video will be presented as evidence to the claims or counterclaims made by the researcher, only if the 
video segment captures additional resolution that the audible transcript does not. 
 
Students who do not elect to provide permission to the NCSU PERD research group to record their likeness or 
present video data at research conferences will be asked to switch to a non-experimental lab section.                                                          
 

 
H. CONFLICT OF INTEREST 
 1. Do you have a significant financial interest or other conflict of interest in the sponsor of this project? 

 

No

  

 
 

2. Does your current conflicts of interest management plan include this relationship and is it being properly followed? 

 

N/A

 

  
 
I. ADDITIONAL INFORMATION 

1. If a questionnaire, survey or interview instrument is to be used, attach a copy to this proposal. 
 

2. Attach a copy of the informed consent form to this proposal. 
 

3. Please provide any additional materials that may aid the IRB in making its decision.  
 
J. HUMAN SUBJECT ETHICS TRAINING 

*Please consider taking the Collaborative Institutional Training Initiative (CITI), a free, comprehensive ethics training 
program for researchers conducting research with human subjects. Just click on the underlined link. 
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Revised 03/2009  
 

North Carolina State University 
Institutional Review Board For The Use of Human Subjects in Research 

 
GUIDELINES FOR PREPARATION OF INFORMED CONSENT FORM 

 
PLEASE READ ALL OF THIS INFORMATION CAREFULLY  

PRIOR TO COMPLETING THE CONSENT FORM 
 
An Informed Consent Statement has two purposes: (1) to provide adequate information to potential research 
subjects to make an informed choice as to their participation in a study, and (2) to document their decision to 
participate.  In order to make an informed choice, potential subjects must understand the study, how they are 
involved in the study, what sort of risks it poses to them and who they can contact if a problem arises (see 
informed consent checklist for a full listing of required elements of consent).  Please note that the language 
used to describe these factors must be understandable to all potential subjects, which typically means an 
eighth grade reading level.  The informed consent form is to be read and signed by each subject who 
participates in the study before they begin participation in the study.  A duplicate copy is to be provided to each 
subject. 
 
If subjects are minors (i.e. any subject under the age of 18) use the following guidelines for obtaining 

consent: 
 
 0-5 years old – requires signature of parent(s)/guardian/legal representative 

6 – 10 years old - requires signature of parent(s)/guardian/legal representative and verbal assent from 
the minor.  In this case a minor assent script should be prepared and submitted along with a 
parental consent form. 

11 - 17 years old - requires signature of both minor and parent/guardian/legal representative 
 
If the subject or legal representative is unable to read and/or understand the written consent form, it must be 
verbally presented in an understandable manner and witnessed (with signature of witness).  If there is a good 
chance that your intended subjects will not be able to read and/or understand a written consent form, please 
contact the IRB office (919-515-7515 or 919-515-4514) for further instructions. 
 
*For your convenience, attached find a sample consent form template that contains necessary 
information.  In generating a form for a specific project, the principal investigator should complete the 
underlined areas of the form and replicate all of the text that is not underlined, except for the 
compensation section where you should select the appropriate text to be used out of several different 
scenarios.  
 
*This consent form template can also be adapted and used as an information sheet for subjects when 
signed informed consent is waived by the IRB. An information sheet is usually required even when signed 
informed consent is waived. The information sheet should typically include all of the elements included 
below minus the subject signature line; however it may be modified in consultation with the IRB.  
 

 
 
 
 
 
 
 
 

378



 
 

North Carolina State University  
INFORMED CONSENT FORM for RESEARCH 

Student Learning in a Modified Introductory Physics Laboratory  
Principle Investigator: Shawn Weatherford   Faculty Sponsor: Ruth Chabay 
 
 
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  Your participation in this study is voluntary. You have the right to be a part of 
this study, to choose not to participate or to stop participating at any time without penalty.  The purpose of research studies is to gain a 
better understanding of a certain topic or issue. You are not guaranteed any personal benefits from being in a study. Research studies 
also may pose risks to those that participate. In this consent form you will find specific details about the research in which you are 
being asked to participate. If you do not understand something in this form it is your right to ask the researcher for clarification or 
more information. A copy of this consent form will be provided to you. If at any time you have questions about your participation, do 
not hesitate to contact the researcher(s) named above.  
 
What is the purpose of this study? 
This research project will record physics students completing some modified laboratory activities while working in cooperative groups 
once a week per lab section. The research data consists of submissions to lab assignments, video and audio from the taped lab 
sessions, computer screen capture and webcam images. This data may be kept indefinitely and may be used for other research 
projects. These activities are designed to improve the learning of physics. The purpose of this study is to fine-tune the lab activities for 
the PY205M course, study discourse while students work in groups to complete these activities, and capture TA-student interactions to 
use for the departmental TA training workshop. 
 
What will happen if you take part in the study? 
If you agree to participate in this study, you will be asked to come to lab each week and agree to be video recorded while completing 
lab activities with your lab group. These activities may be slightly modified from other lab sections. Also, some of your coursework 
will be used as data. You will receive credit for the lab component of PY205M. 
 
Risks 
You may temporarily feel frustrated if you are unable to complete a laboratory task, however an experienced TA will offer hints and 
suggestions to help you complete all tasks successfully. You may feel self-conscious about being video recorded, however this feeling 
is temporary and will pass. Although careful consideration was given to protecting student anonymity, there is the unforeseen 
possibility that a researcher who is permitted to view the video data may recognize you and form an opinion about you. 
 
Benefits 
Students participate in a laboratory with a lower student-teacher ratio(12:1) as compared to non-research labs(24:1). The two research 
labs are offered during the early afternoon at popular times. The TA has ample experience teaching introductory physics courses and 
labs.  English is his native language. Participation in this lab will lead to knowledge gained that will help instructors design effective 
activities for future lab students. We do not anticipate any student’s course grade to improve or decline by participating in the 
experimental section. 
 
Confidentiality 
Your identity in the study records will be kept strictly confidential. All audio/visual data exists in electronic form, stored on a secure 
Physics Education Research and Development (PERD) group server with access restricted to members of the PERD group. As the 
amount of data accumulates on the server, data may be transferred to external hard drives secured in the PERD observation room by 
lock and key. Additionally, the drive will be password protected and encrypted to secure the data against loss and theft. No reference 
will be made in oral or written reports, which could link you to the study. The researcher will delete any identifying information from 
all study materials taken from WebAssign. All verbal utterances of your name will be deleted from the audio record. 
 
Compensation  
You will not receive any monetary reward for participating. Attending this lab section will fulfill the course requirement for PY205M 
lab. Grading in the experimental lab is the same as grading in non-experimental labs. 
 
What if you are a NCSU student? 
Participation in this study is not a course requirement and your participation or lack thereof, will not affect your class standing or 
grades at NC State. To participate on the first day of lab, you must sign this consent form acknowledging the proposed benefits and 
risks of this study. You may elect to attend one of the non-research lab sections available if you decide at any time during the semester 
to terminate your participation in this study, at no penalty to you.  
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What if you have questions about this study? 
If you have questions at any time about the study or the procedures, you may contact the faculty sponsor, Ruth Chabay, in 248 Riddick 
Hall, via phone at 513-4826, or via email at rwchabay@ncsu.edu. Or, you may contact the research lab TA, Shawn Weatherford in 
224A Riddick Hall, via phone at 513-7214, or via email at saweathe@ncsu.edu 
 
 
 
 
What if you have questions about your rights as a research participant? 
 If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in research have been 
violated during the course of this project, you may contact Deb Paxton, Regulatory Compliance Administrator, Box 7514, NCSU 
Campus (919/515-4514). 
 
Consent To Participate 
“I have read and understand all the above information.  I have received a copy of this form.  I agree to participate in this study with the 
understanding that I may choose not to participate or to stop participating at any time without penalty or loss of benefits to which I am 
otherwise entitled. I agree to have my likeness captured by video equipment. I agree to allow the researchers to use videos that contain 
my likeness in presentations at research conferences with the purpose of enhancing those presentations. I agree and allow the 
researchers to use videos that contain my likeness in materials designed to train future TAs in departmental TA workshops, or for 
other research purposes. I understand that the researchers will never use my real name, even though I allow the use of the video 
recordings in public presentations.” 
 
Participants under 18 years old must also obtain permission from a parent or guardian to participate in this study. 
 
 
 
_______________________________________________________     ________________   Date _________________ 
Subject's signature      Date of Birth 
 
 
 
_______________________________________________________     Date__________________ 
Parent/Legal Guardian (if Subject is under 18) 
 
 
 
_______________________________________________________ Date _________________ 
Investigator's signature 
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North Carolina State University is a land-  Office of Research 
grant university and a constituent institution  and Graduate Studies 
of The University of North Carolina   

 
                      

Sponsored Programs and 
                     Regulatory Compliance 
                     Campus Box 7514 
                     2701 Sullivan Drive 
                     Raleigh, NC 27695-7514 
                      
                     919.515.2444 
                     919.515.7721 (fax) 

 
 

From:   Debra Paxton, IRB Administrator  
North Carolina State University 
Institutional Review Board 

 
Date:    April 29, 2009 

 
Project Title: Student Learning in a Modified Introductory Physics Laboratory 
 
IRB#:   931-09-4 
 
 
Dear Mr. Weatherford: 
 
The research proposal named above has received administrative review and has been approved as 
exempt from the policy as outlined in the Code of Federal Regulations (Exemption: 46.101.b.1).  
Provided that the only participation of the subjects is as described in the proposal narrative, this project 
is exempt from further review.  
 
NOTE: 

 
1. This committee complies with requirements found in Title 45 part 46 of The Code of 

Federal Regulations.  For NCSU projects, the Assurance Number is: FWA00003429. 
2. Any changes to the research must be submitted and approved by the IRB prior to                 

implementation.  
3. If any unanticipated problems occur, they must be reported to the IRB office within 5             

business days.  
   
 
Sincerely, 
 

 
 
Deb Paxton 
NCSU IRB  

NC STATE UNIVERSITY 
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North Carolina State University  

Institutional Review Board for the Use of Human Subjects in Research 
SUBMISSION FOR NEW STUDIES 

 
GENERAL INFORMATION 

 
1. Date Submitted:  March 2, 2010 
1a.   Revised Date:       
2. Title of Project: Interactions between Teacher Assistants (TA) and Students in an Introductory Physics Laboratory 

Class 
3. Principal Investigator:   Meghan West     
4. Department:  Physics     
5. Campus Box Number:  8202     
6. Email:  mjwest3@ncsu.edu     
7. Phone Number: (919) 513-7214     
8. Fax Number:       
9. Faculty Sponsor Name and Email Address if Student Submission:  Dr. Robert 

Beichner (beichner@ncsu.edu)    
10. Source of Funding? (required information): NCSU 
11. Is this research receiving federal funding?:  No 
12. If  Externally funded, include sponsor name and university account number:        
13. RANK:  
         Faculty  

  Student: Undergraduate;  Masters; or  XPhD 
  Other (specify):        

As the principal investigator, my signature testifies that I have read and understood the University Policy and Procedures for the Use 
of Human Subjects in Research. I assure the Committee that all procedures performed under this project will be conducted exactly as 
outlined in the Proposal Narrative and that any modification to this protocol will be submitted to the Committee in the form of an 
amendment for its approval prior to implementation. 
 
Principal Investigator: 
 
Meghan J. West        * March 2, 2010 
(typed/printed name) (signature) (date) 
 
As the faculty sponsor, my signature testifies that I have reviewed this application thoroughly and will oversee the research in its 
entirety.  I hereby acknowledge my role as the principal investigator of record. 
 
Faculty Sponsor: 
 
Robert J. Beichner 
 

 
       * 

March 2, 2010 

(typed/printed name) (signature) (date) 
*Electronic submissions to the IRB are considered signed via an electronic signature. For student submissions this means that 
the faculty sponsor has reviewed the proposal prior to it being submitted and is copied on the submission. 

 
Please complete this application and email as an attachment to: debra_paxton@ncsu.edu  or send by mail to: 
Institutional Review Board, Box 7514, NCSU Campus (Administrative Services III). Please include consent 
forms and other study documents with your application and submit as one document.  
************************************************************************************************* 
For SPARCS  office use only 
Reviewer Decision (Expedited or Exempt Review) 

 Exempt      Approved     Approved pending modifications      Table 
 

Expedited Review Category:    1   2     3     4  5   6   7   8a   8b   8c   9  
 
___________________________________________________________________________________________ 
Reviewer Name     Signature     Date 
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North Carolina State University  
Institutional Review Board for the Use of Human Subjects in Research 

GUIDELINES FOR A PROPOSAL NARRATIVE 
 
In your narrative, address each of the topics outlined below.  Every application for IRB review must contain a proposal 
narrative, and failure to follow these directions will result in delays in reviewing/processing the protocol. 
 
A. INTRODUCTION 

1. Briefly describe in lay language the purpose of the proposed research and why it is important. 
    The purpose of the proposed research is to learn in detail how experienced and novice (beginner) TAs interact with 
one group of students in an innovative introductory physics laboratory (lab) class.  We hope to learn the differences 
in these interactions for experienced and novice TAs.  We also hope to learn how TAs manage their time throughout 
a laboratory session.  And finally, we hope to learn the similarities between TAs’ own beliefs about teaching physics 
and the interactions these TAs have with their students.  Data and results from this study may be used in the 
development of TA training workshops and materials.   
 
In order to effectively study TAs interacting with students, the research will consist of two distinct phases: 

1) a pilot study. 
2) a dissertation study.  

Each phase will involve observation of TAs and Students in the introductory physics course Matter and Interactions 
(PY205M and/or PY208M).  
 
Dissertation Study: 
There are two types of subjects in this study: 

1) TAs 
2) Students 

 
TAs and students will be video recorded throughout the semester as they complete lab assignments.  The lab duties 
for TAs and assignments for Students will be no different for TAs and Students in the study sections than for those in 
the non-study sections.  All students will work in collaborative lab-groups and do experiments, physics problems on 
whiteboards, and computer programming.  TAs will assist all students with these activities. Students will receive 
credit for the laboratory requirement for PY205M or PY208M (depending upon which class they are enrolled in). 
 
Additionally, TAs will be interviewed individually by PI once in the beginning of the semester and once at the end.  
Each interview will consist of questions about TAs’ beliefs about teaching and learning physics, and then PI will ask 
the TA to work out 2-3 introductory level physics problems.  The purpose of this is to better understand the TA’s 
beliefs about teaching and learning physics and to understand how they themselves approach problem solving in 
physics.  TAs will be video recorded throughout this process. 
 
Participation in the study is entirely voluntary. There will be 1 recording station and 7 non-recording stations in the 
laboratory classroom.  Additionally, 1 camera will record the entire laboratory room to capture how the TA uses 
his/her time in the lab. Students who opt-out of the dissertation study will receive help transferring to a non-study lab 
section.  If this is not possible, video of the entire lab room will not be taken of that particular lab section and those 
students will never be placed at a recording station.  If there are not enough student volunteers in a lab section to 
form a collaborative student group, the lab section will not be video-recorded. TAs who opt-out of the study will not 
have their lab section video-recorded.   
 
Pilot Study: 
The pilot study will be a smaller version of the dissertation study.  It will not include any interview/problem solving 
sections, or any recording of the entire laboratory room. No student will be requested to change lab sections if opting 
out or withdrawing from the study.  Minors will not be allowed to participate in the study (but are allowed to 
participate in the dissertation study). 
 
NOTE: In the following sections, the pilot study is only mentioned when it adds significant information or differs 
from the dissertation study. 
 

 
2. If student research, indicate whether for a course, thesis, dissertation, or independent research. 

Data on TA-Student interactions in both phases of the project will be used in the PI’s dissertation.  
 
B. SUBJECT POPULATION 

1. How many subjects will be involved in the research?    
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6 TAs and 288 students are anticipated (maximum of 24 students and 1 TA in each lab section for 12 lab sections, 
each TA teaches 2 lab sections).  Students enrolled in a participatory TA’s section may choose to opt-out of the study 
by changing lab sections.  If changing sections is not an option for the student, video of the entire lab room will not 
be taken for that lab section and the student will never be placed at a lab station that is being video-recorded. 
 
Pilot Study: 
2-3 TAs and around 96 students are anticipated (maximum of 24 students and 1 TA in each lab section for 4-6 lab 
sections, each TA teaches 2 lab sections).  While only one lab station will be video-recorded, students rotate around 
the classroom every few weeks. 
 

 
2. Describe how subjects will be recruited.  Please provide the IRB with any recruitment materials that will be used. 

Recruitment of volunteer TAs will take place at the TA training that occurs 2 weeks before labs begin for fall 
semester.   PI will send an email notification (through the TAs’ NCSU email) about the study to graduate students 
scheduled to TA PY205M and PY208M a few days before the TA training.  PI will then visit the TA training to 
answer any questions and review the study.  TAs will then have the option to opt-out of the study or participate and 
sign the consent form. 
 
Students are already registered for laboratory sections according to the registration calendar and their class schedule. 
Students registered in a participatory TA’s section will be notified via their NCSU email of the nature of the study 
and any risks associated as soon as their TA has signed the consent form to participate in the study.  Included in the 
email will be a copy of the consent form.  In the week after students have been emailed, PI will visit those lab 
sections and collect signed consent forms from the students (legal parent/guardians of minors are also required to 
sign the consent form).  The student will have the choice to opt-out of the study upon which no video recording of 
that student will occur. 
 
Since video of the entire lab room will be taken, students will have the choice during the first week of classes (before 
labs begin), to stay in the study section or to opt-out by switching to a non-study section.  If switching to a non-study 
section is not an option for the student, no video recording of that student will occur. 
 
If more TAs are needed for the study, PI will actively recruit TAs by making another presentation at the beginning of 
the weekly TA lab meeting. If there are not enough student volunteers in a lab section to form a collaborative student 
group, the lab section will not be video-recorded. 
 
Pilot Study: 
Instead of at the TA training, volunteer TAs will be verbally recruited by PI at a weekly TA lab meeting.   
 

 
3. List specific eligibility requirements for subjects (or describe screening procedures), including those criteria that would 

exclude otherwise acceptable subjects. 
Any TA assigned to teach PY205M or PY208M is eligible to participate in the study.   
 
Any Student that has signed up for PY205M or PY208M in the sections for which TAs volunteer for the study are 
eligible for the study.   
 
Both TAs and Students who agree to participate in the study and have read the consent form will be requested to 
allow researchers to use all video and audio data for 1) analysis by members of the NCSU PERD group, 2) evidence 
in presentations at professional conferences where their likeness may be shown (TAs and students will have the 
option to have their image blurred and/or voice altered), and 3) example case studies in departmental TA training 
workshops. If the subject is a minor, the legal parent/guardian will be requested to provide permission for the same. 
 
Pilot Study: 
Minors will not be allowed to participate in the study. 
 

 
4. Explain any sampling procedure that might exclude specific populations. 

None. 
 
Pilot Study:  
Minors will not be allowed to participate in the study.  This will be explicitly stated in the informational email that 
gets sent to students. 
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5. Disclose any relationship between researcher and subjects - such as, teacher/student; employer/employee. 

PI is a grad student who works closely with other grad-student TAs in coursework and other activities and so might 
be friends with TAs volunteering for the study. 
 
Pilot Study: 
Additionally, students participating in the study might later enroll in a lab section for which PI is the TA (eg, A 
student currently enrolled in PY205M during the 2010 spring semester enrolls in a lab section for PY208M in the fall 
2011 semester that happens to be the section the PI is teaching.). TA will request that the Student enroll in a different 
lab section and provide assistance to that student to do so.  In the event that a student can not switch lab sections, PI 
will disregard all data collected on that student. 
 
Additionally, PI is the lead TA (leader of the group of TAs) for PY208M.  PI and other PY208M TAs interact at 
weekly lab meetings to discuss the labs and review the following week’s lab assignments.  PI will not record herself.  
PI will emphasize to PY208M TAs the voluntary nature of the study and that there will be absolutely no penalty for 
opting out or withdrawing from the study.   
 

 
6. Check any vulnerable populations included in study: 
For Dissertation Study Only: 

X  minors (under age 18) - if so, have you included a line on the consent form for the parent/guardian signature 
  fetuses 
  pregnant women 
  persons with mental, psychiatric or emotional disabilities 
  persons with physical disabilities 
  economically or educationally disadvantaged 
  prisoners 
  elderly 
  students from a class taught by principal investigator 
  other vulnerable population. 

 
  

7.    If any of the above are used, state the necessity for doing so.  Please indicate the approximate age range of the minors to 
be involved. 
Some Students eligible for the study will be first semester freshmen, and so may be minors at the time of the study.  
The anticipated age range of the minors is 17-18 years old.  Students will be requested to volunteer their birth date on 
the consent form to determine the need for a parent/guardian signature along with the minor’s assent to participate. 
 

 
 
 
 
C. PROCEDURES TO BE FOLLOWED 
 

1. In lay language, describe completely all procedures to be followed during the course of the experimentation.  Provide 
sufficient detail so that the Committee is able to assess potential risks to human subjects.  In order for the IRB to 
completely understand the experience of the subjects in your project, please provide a detailed outline of everything 
subjects will experience as a result of participating in your project.  Please be specific and include information on all 
aspects of the research, through subject recruitment and ending when the subject's role in the project is complete. All 
descriptions should include the informed consent process, interactions between the subjects and the researcher, and any 
tasks, tests, etc. that involve subjects.  If the project involves more than one group of subjects (e.g. teachers and students, 
employees and supervisors), please make sure to provide descriptions for each subject group. 
Recruitment of TAs will take place at the TA training that occurs 2 weeks before labs begin for fall semester.   PI will 
send an email notification (through the TAs’ NCSU email) about the study to graduate students scheduled to TA 
PY205M and PY208M a few days before TA training.  PI will then visit the TA training to answer any questions and 
review the study.  TAs will then have the option to opt-out of the study or participate and sign the consent form. 
 
Lab sections for which TAs volunteer for the study are then deemed study-sections.  Students are already registered 
for laboratory sections according to the registration calendar and their class schedule. Students registered in a 
participatory TA’s section will be notified via their NCSU email of the nature of the study and any risks associated as 
soon as their TA has signed the consent form to participate in the study.  Included in the email will be a copy of their 
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consent form.  Students will be asked to bring their consent form with them on the first day of labs.  Minors will be 
required to obtain a legal parent/guardian signature on the form. 
 
Since video of the entire lab room will be taken, students will have the choice during the first week of classes (before 
labs begin), to stay in the study section or to opt-out by switching to a non-study section.  If switching to a non-study 
section is not an option for the student, no video recording of that student will occur. 
 
If more TAs are needed for the study, PI will actively recruit TAs by making another presentation at the beginning of 
the weekly TA lab meeting (see attachments). If there are not enough student volunteers in a lab section to form a 
collaborative student group, the lab section will not be video-recorded 
 
Data Capture: 
A video camera will be set up to record one lab station (7 will remain unrecorded).  It will be positioned to capture all 
three lab-group members and a TA if the TA happens to be at the station.  Additionally it will capture a view of any 
work done on the lab table and computer.  A microphone will be set up on the lab table to capture audio from that 
group.  Both video camera and microphone will be placed as unobtrusively as possible.  An additional camera (no 
microphone) will be placed to record the entire lab room.  This is meant to capture how the TA spends his/her time in 
the lab room. 
 
 
Students 
As stated above, students will have the opportunity to opt-out of the study upon registration for the lab section.  
Students will then be aided in picking a non-study section to attend.  Students who do not opt-out of the study will 
still have an opportunity to opt-out of being video and audio recorded at the recording lab station.  Those students 
will never be assigned to sit at the recording lab station, but will be recorded by the overhead camera. 
 
On the first day of the study, in lab, before any video or audio recording begins, the PI will go over the consent form 
and make sure all the students are clear about the nature of the study and how data capture will occur (as described in 
section D-3).  PI will also make sure all students have signed the consent form (as well as any parent/guardian 
signatures for participants who are under 18). Additionally, students are reminded that they may withdraw from one 
or both portions of the study.  
 
Students will work in collaborative groups on lab assignments that involve experiments, working physics problems 
on whiteboards, and computer programming.  These activities are no different than activities in the non-study 
sections. Students will not be asked to participate in any additional activities. 
 
Students’ part in the study is completed at the completion of the labs for the semester. 
 
TAs 
Once TAs are recruited by the method mentioned above, PI will set up an initial interview/problem-solving session 
with each TA individually.  The session will start with a review of the purpose and activities for that session, how 
data capture will occur for that session (as described in section D-3), how the study will progress throughout the 
semester, the risks involved, and the tasks focused on in that session. 
 
The session will consist of two parts.   

1) PI will interview TA on basic background information and on their beliefs about teaching and learning 
physics.  The interview will be video and audio recorded with the purpose of video being to capture any 
gestures made by the TA that will inform data analysis later on. 

2) PI will give TA 2-3 introductory level physics problems to try to solve.  They will be given 30 minutes to 
solve the problems and will be asked to speak aloud their thought process.  They will be given initial 
practice in think-aloud protocol before beginning the problems.  The point of this portion is for the PI to see 
how the TA approaches problem solving in physics.  This portion will also be video and audio recorded with 
an overhead camera to capture all written work. 

 
After completing the first session, TAs will be reminded that they will have no obligation outside their normal TA 
duties until the end of the semester.  PI will also remind them that they may withdraw at any time during the 
semester, upon which no data capture of their sessions will occur.                
 
TAs will follow the course of the labs exactly as TAs in the non-study lab sections. TAs offer support to students 
working on lab assignments.  They answer questions about the lab and the physics involved, and they try to guide the 
students to an understanding of the physics topics and the purpose of the lab. 
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Upon completing the semester’s TA duties, TAs will be asked back for a second interview/problem-solving session.  
The second session will be almost exactly like the first session with the only minor changes being changes in the 
actual physics problems the TAs work on.   
 
Pilot Study: 
Aside from not containing any interview/problem-solving session, volunteer TAs will be recruited at a weekly TA 
lab meeting.  PI will make a brief announcement at the meeting about the nature of the study.  Upon further interest, 
TAs will be given consent forms detailing the risks and benefits of participating in the study.   
 

 
2. How much time will be required of each subject?   

TAs would be required to spend no more than 1.5 hours in an interview and problem solving session both at the 
beginning of the semester and at the end (3 hours total maximum) in addition to their normal TA assignments (which 
will take no more or less time than TAs not involved in the study).           
 
Students would spend the same amount of time in lab as a student enrolled in the non-study lab, and no extra time 
commitment would be required.                                                                                                                      
 

 
D. POTENTIAL RISKS 

1. State the potential risks (physical, psychological, financial, social, legal or other) connected with the proposed 
procedures and explain the steps taken to minimize these risks. 
In the course of pre and post interview/problem-solving sessions: 
 
During the problem-solving portion of the session, TAs may become frustrated if they have difficulty trying to solve 
a problem or are confused by the problem statement.  PI will tell TAs that the problems are challenging, so they 
should not be concerned if they struggle.  PI will also tell TAs they have the option to pass on any particular problem 
without penalty or to choose to try to solve a different problem. 
 
Prior to the start of the interview/problem-solving session, PI will remind TAs that they will be video recorded, and 
that data from these videos will be linked to data from the lab videos they participate in, so their identity in the 
session will not be separated from their identity in the lab.  PI will use pseudonyms to protect the TAs’ (and Students) 
real identity.  TAs will be reminded that they can have their image blurred and/or voice altered for additional 
protection.  TAs will also be reminded that they may withdraw from the study at any time with no penalty. 
 
There is the unforeseen possibility of a researcher who is permitted to view the video data recognizing a participant 
in the study.  That researcher may form an opinion of the participant. 
 
Risks (aside from anonymity) to Students and TAs in the study lab sections are no different than to Students and TAs 
enrolled/teaching in non-study lab sections. 
 
In the event that a student decides to opt-out or withdraw from the study, that student will receive help transferring to 
a non-study lab section.  If this is not possible, no recording of the entire room will occur.  In the event that a student 
decides to opt-out or withdraw from only the portion of the study requesting them to sit at a recording station, the 
student will be moved to a non-recording station and will never again be placed at the recording station.  
Additionally, there is a chance that students who have opted out of or withdrawn from this portion of the study are 
overheard on the microphone or walk across the camera line.  All data that accidentally captures voices or likeness of 
students not participating in this portion of the study will be obscured or deleted. 
 
TAs have the option to opt-out or withdraw from the study at any time. In the event that a TA decides to opt-out or 
withdraw from the study, accumulation of recorded data will be completely discontinued for that section.  Equipment 
will remain off during all sections taught by that TA. TA will be given the choice to consent to allowing PI to use 
data collected up to the withdrawal or to have all previously collected data destroyed. 
 
Pilot Study:  
Additionally, there is a small chance that students participating in the study might later enroll in a lab section for 
which PI is the TA (eg, A student currently enrolled in PY205M during the 2010 spring semester enrolls in a lab 
section for PY208M in the fall 2011 semester that happens to be the section the PI is teaching.). TA will request that 
the Student enroll in a different lab section and provide assistance to that student to do so.  In the event that a student 
can not switch lab sections, PI will disregard all data collected on that student. 
 
Additionally, PI is the lead TA (leader of the group of TAs) for PY208M.  PI and other PY208M TAs interact at 
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weekly lab meetings to discuss the labs and review the following week’s lab assignments.  PI will not record herself.  
PI will emphasize to PY208M TAs the voluntary nature of the study and that there will be absolutely no penalty for 
opting out or withdrawing from the study.   
 

 
2.    Will there be a request for information that subjects might consider to be personal or sensitive (e.g. private behavior, 

economic status, sexual issues, religious beliefs, or other matters that if made public might impair their self-esteem or 
reputation or could reasonably place the subjects at risk of criminal or civil liability)?   
PI requests no revealing of sensitive information.  Since the sessions will be video-recorded, there is a reasonable 
chance that Students and/or TAs could be identified in the videos.  It is possible that participants could reveal 
personal or sensitive information during the lab sessions.   
 

 
a. If yes, please describe and explain the steps taken to minimize these risks. 

All personal information revealed through the videos in the lab will be disregarded in the analysis and will not be 
viewed outside the NCSU PERD Group. 
 

 
b. Could any of the study procedures produce stress or anxiety, or be considered offensive, threatening, or 

degrading?  If yes, please describe why they are important and what arrangements have been made for handling 
an emotional reaction from the subject. 

The procedures in the lab portion of this study are no different from the non-study lab sections.  Students work in 
groups to complete lab assignments related to topics covered in the course.  Students might become frustrated when 
attempting to complete a difficult task, but this is no different from students in the non-study sections.  TA’s role is to 
help the students successfully complete the assignments, and so any frustration should be quickly dissolved.  The TA 
might also become frustrated when trying to help the student.  But this is no different than TAs in non-study sections.   
 
TAs and Students may initially be self-conscious about being video recorded but this goes away as they adjust to the 
lab room.   
 
In the unlikely event that a TA shows signs of a strong emotional reaction during the interview/problem-solving 
session, PI will immediately stop the session and reassure the TA that he/she can pass on a question (both in the 
interview and the problem-solving portion) or scratch a response from the record.  PI will also remind TA that he/she 
can withdraw at any time. 
 

 
3. How will data be recorded and stored?  

All data will be stored electronically on a PERD secure server. 
                                                                       
TA interview/problem-solving session: 
The interview will be video and audio recorded with the purpose of video being to capture any gestures made by the 
TA that will inform data analysis later on. 
The problem-solving portion of the session will also be video and audio recorded with an overhead camera to capture 
all written work. 
Data will be recorded directly to a computer that will be stored under lock and key.  At the end of the interviews, data 
will be transferred to a secure server. 
 
In the Lab: 
Entire Room Recording: 
One video camera will be set up to capture a view of the entire lab room (in both PY205M and PY208M) and will 
record the entire lab period.  No audio will be taken from this recording.  All Students enrolled in study sections will 
be requested to consent to be recorded by this camera or to switch to a non-study section.  If switching sections is not 
possible, recording of the entire room will not take place.  The purpose of this data capture is to record the TAs 
actions throughout the lab room and throughout the lab period. 
 
Lab Station: 
Video recorder and microphone will be set up for one lab station in the PY205M lab room (there are 8 stations total) 
and one station in the PY208M lab room (there are 8 stations total).   Equipment will be turned off and/or stored in a 
side room under lock and key for non-study lab sections and will be turned on for study lab sections (sections for 
which TAs volunteered to participate in the study).  Students who volunteer to participate in the study will be 
grouped together and assigned to sit at the recording lab station.  Students in study sections who opt-out of the study 
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will never be assigned to sit at the recording lab station.  Since lab-groups (consisting of 3 students each) rotate every 
few weeks, different students will be sitting at the recording lab station.  Students will be kept and rotated in groups 
according to whether or not they participate in the study with only participants sitting at recording stations. 
 
Video recording and microphone will capture all discussions, some work written on whiteboards, some work on the 
computer, all gestures, interactions with the TA, activities performed as a group, and off-task behaviors. 
 
Data will be recorded directly to a computer that will be stored under lock and key with a “do not touch” sign 
attached when not being used to record.  Only PI and two TAs will have access to that computer. At the end of each 
week’s labs, PI will collect all data from the lab room, copy it to a secure server, and erase it from the lab room 
computer.  
 
No observation or analysis of any data will occur until the semester is over and all semester grades are finalized. 
 

 
a. How will identifiers be used in study notes and other materials?   

Pseudonyms will be used for TAs and Students. 
 

 
b. How will reports will be written, in aggregate terms, or will individual responses be described?  

I anticipate reporting mostly individual responses.  
 

 
4. If audio or videotaping is done how will the tapes be stored and how/when will the tapes be destroyed at the conclusion 

of the study. 
All recorded data (auio/visual) is stored in electronic form on the PERD secure group server.  Access is restricted to 
PERD group members only. PERD group members are allowed to use the data and its analysis in future research 
projects.  All recorded data may be stored indefinitely.  Data may be transferred to external, password encrypted hard 
drives that are stored in the PERD observation room by lock and key.  
 
 

5. Is there any deception of the human subjects involved in this study?  If yes, please describe why it is necessary and 
describe the debriefing procedures that have been arranged. 
No deception. 
 

 
E. POTENTIAL BENEFITS 

This does not include any form of compensation for participation. 
1. What, if any, direct benefit is to be gained by the subject? If no direct benefit is expected, but indirect benefit may be 

expected (knowledge may be gained that could help others), please explain. 
TAs in the study will be guided to reflect on their beliefs about teaching both before and after the semester, 
something that may have a positive impact on their teaching practice.  Novice TAs who may not be familiar with the 
M&I curriculum will get the added advantage of seeing M&I specific physics problems prior to beginning their TA 
duties with students.   
 
All TAs will have an opportunity to practice some challenging introductory level physics problems.  Answers will be 
provided for them and solutions will be discussed.  So TAs may benefit from an increased understanding of physics 
problems presented in the M&I curriculum. 
 
This research will also provide a better understanding of how Experienced and Novice TAs interact with their 
students and how they differ in their interactions with their students.  We will also learn how TAs spend their time in 
the lab room while teaching.  In addition, we hope to learn to what extent previous knowledge and beliefs about 
physics and teaching are tied to current practices observed in the interactions in the lab and whether and how those 
change over the course of a semester.  Results of this research may be used to help develop more effective TA 
training workshops.                                                                       
 
 

F. COMPENSATION 
Please keep in mind that the logistics of providing compensation to your subjects (e.g., if your business office requires names 
of subjects who received compensation) may compromise anonymity or complicate confidentiality protections.  If, while 
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arranging for subject compensation, you must make changes to the anonymity or confidentiality provisions for your research, 
you must contact the IRB office prior to implementing those changes. 

 
1. Describe compensation 

Students will not receive any extra compensation for being a part of the study.  TAs will receive $15/hr for each 
interview/problem-solving session, but will receive no extra compensation for teaching labs.                                                                         
 

 
2. Explain compensation provisions if the subject withdraws prior to completion of the study.   

For students, none.  TAs will receive $15/hr for the interview/problem-solving sessions as they arise.  Withdrawal 
from the study prior to completing the interview/problem-solving sessions will result in compensation for however 
many hours are completed.                                                                       
 

 
3. If class credit will be given, list the amount and alternative ways to earn the same amount of credit. 

Students may transfer to an available non-study lab section at any point during the first two weeks of the semester.  
Students who withdraw after that will not be video or audio recorded. 
 
 

G COLLABORATORS 
1. If you anticipate that additional investigators (other than those named on Cover Page) may be involved in this research, 

list them here indicating their institution, department and phone number. 
No. 
 

 
2. Will anyone besides the PI or the research team have access to the data (including completed surveys) from the moment 

they are collected until they are destroyed. 
NCSU PERD group members (both present and future) will have access to the data for reference or future analysis. 
The NCSU PERD research group may also use short video clips in presentations at conferences and TA training 
workshops.  These will only be used if the video provides additional clarification that the audio transcript does not.  
TAs and Students will be asked to consent to this when they sign the consent form to participate in the study.  
Additionally, the legal parent/guardian of any minors will be asked to consent to this as well.  All study participants 
will have the option of having their image blurred and/or voice altered to protect their identity. 
 

 
H. CONFLICT OF INTEREST 
 1. Do you have a significant financial interest or other conflict of interest in the sponsor of this project? No 
 

2. Does your current conflicts of interest management plan include this relationship and is it being properly followed? N/A  
 
I. ADDITIONAL INFORMATION 

1. If a questionnaire, survey or interview instrument is to be used, attach a copy to this proposal. 
 

2. Attach a copy of the informed consent form to this proposal. 
 

3. Please provide any additional materials that may aid the IRB in making its decision.  
 
J. HUMAN SUBJECT ETHICS TRAINING 

*Please consider taking the Collaborative Institutional Training Initiative (CITI), a free, comprehensive ethics training 
program for researchers conducting research with human subjects. Just click on the underlined link. 
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Revised 04/2009  
 

North Carolina State University 
Institutional Review Board For The Use of Human Subjects in Research 

 
GUIDELINES FOR PREPARATION OF INFORMED CONSENT FORM 

 
PLEASE READ ALL OF THIS INFORMATION CAREFULLY  

PRIOR TO COMPLETING THE CONSENT FORM 
 
An Informed Consent Statement has two purposes: (1) to provide adequate information to potential research 
subjects to make an informed choice as to their participation in a study, and (2) to document their decision to 
participate.  In order to make an informed choice, potential subjects must understand the study, how they are 
involved in the study, what sort of risks it poses to them and who they can contact if a problem arises (see 
informed consent checklist for a full listing of required elements of consent).  Please note that the language 
used to describe these factors must be understandable to all potential subjects, which typically means an 
eighth grade reading level.  The informed consent form is to be read and signed by each subject who 
participates in the study before they begin participation in the study.  A duplicate copy is to be provided to each 
subject. 
 
If subjects are minors (i.e. any subject under the age of 18) use the following guidelines for obtaining 

consent: 
 
 0-5 years old – requires signature of parent(s)/guardian/legal representative 

6 – 10 years old - requires signature of parent(s)/guardian/legal representative and verbal assent from 
the minor.  In this case a minor assent script should be prepared and submitted along with a 
parental consent form. 

11 - 17 years old - requires signature of both minor and parent/guardian/legal representative 
 
If the subject or legal representative is unable to read and/or understand the written consent form, it must be 
verbally presented in an understandable manner and witnessed (with signature of witness).  If there is a good 
chance that your intended subjects will not be able to read and/or understand a written consent form, please 
contact the IRB office 919-515-4514 for further instructions. 
 
*For your convenience, attached find a sample consent form template that contains necessary 
information.  In generating a form for a specific project, the principal investigator should complete the 
underlined areas of the form and replicate all of the text that is not underlined, except for the 
compensation section where you should select the appropriate text to be used out of several different 
scenarios.  
 
*This consent form template can also be adapted and used as an information sheet for subjects when 
signed informed consent is waived by the IRB. An information sheet is usually required even when signed 
informed consent is waived. The information sheet should typically include all of the elements included 
below minus the subject signature line; however it may be modified in consultation with the IRB.  
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North Carolina State University  
INFORMED CONSENT FORM for RESEARCH 

Title of Study: TA-Student Interactions 
 
Principal Investigator: Meghan West   Faculty Sponsor (if applicable) 
 
 
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  Your participation in this study is voluntary. You have the right to be a part of 
this study, to choose not to participate or to stop participating at any time without penalty.  The purpose of research studies is to gain 
a better understanding of a certain topic or issue. You are not guaranteed any personal benefits from being in a study. Research studies 
also may pose risks to those that participate. In this consent form you will find specific details about the research in which you are 
being asked to participate. If you do not understand something in this form it is your right to ask the researcher for clarification or 
more information. A copy of this consent form will be provided to you. If at any time you have questions about your participation, do 
not hesitate to contact the researcher(s) named above.  
 
What is the purpose of this study? 
The purpose of this study is to better understand the different ways in which TAs help their students. 
 
What will happen if you take part in the study? 
For TAs: If you agree to participate in this study, you will be asked to continue Teaching labs as you do normally.  A video camera 
and microphone will be set up at one (and only one) lab table.  You will be video and audio-recorded only when you are at the lab 
table that is being recorded.  The recordings will occur for two of your lab sections for six weeks.  Nothing extra will be asked of you.  
 
For Students: If you agree to participate in this study, you will be placed at the lab table that is being video and audio-recorded.  You 
will be asked to continue participating in lab activities as you do normally.  I will record the groups at that table for six weeks.  
Nothing extra will be asked of you. 
 
Risks 
Since the session will be video and audio recorded, your voice and likeness will be in the video and audio data. I will take reasonable 
measures to protect the data for educational research and development purposes only. I will never use your real name to identify you; 
instead, I will use a pseudonym (fake name). 
 
You have the option to allow me to show video clips from your labs at research conferences and/or TA training workshops. You are 
not required to grant permission to do this, and this will not be done without your explicit permission.  
 
There are no known additional risks of participating in this study. 
 
Benefits 
With this research, we hope to learn how you help your students during the lab.  This will help us develop more meaningful TA 
training activities in the future.   
 
Confidentiality 
Your real name will not be used in any oral or written reports.  A pseudonym (fake name) will be used instead. 
Furthermore, The instructors of this course will not have access to this data until after the conclusion of the semester and all grades 
have been recorded. 
 
Participation 
Your participation in this study is voluntary; you may decline to participate without penalty.  If you decide to participate, you may 
withdraw from the study at any time without penalty.  If you withdraw from the study before data collection is completed, you will 
have the option of allowing me to use data up to the point of your withdrawal for analysis, or to discard all data. 
 
 
What if you are a NCSU student?  
Participation in this study is not a course requirement and your participation or lack thereof, will not affect your class standing or 
grades at NC State.   
 
What if you are a NCSU employee? 
Participation in this study is not a requirement of your employment at NCSU, and your participation or lack thereof, will not affect 
your job.  
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What if you have questions about this study? 
If you have questions at any time about the study or the procedures, you may contact the researcher, Meghan West, at 
mjwest3@ncsu.edu, or (919) 513-7214. 
 
What if you have questions about your rights as a research participant? 
 If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in research have been 
violated during the course of this project, you may contact Deb Paxton, Regulatory Compliance Administrator, Box 7514, NCSU 
Campus (919/515-4514). 
 
Consent To Participate 
“I am over 18 years of age.  I have read and understand the above information.  I have received a copy of this form.  I agree to 
participate in this study with the understanding that I may choose not to participate or to stop participating at any time without penalty 
or loss of benefits to which I am otherwise entitled.” 
 
Subject's signature_______________________________________ Date _________________ 
Investigator's signature__________________________________ Date _________________ 
 
 
Use of Video Data 
We would like your permission to show clips from your session at research conferences and/or TA training workshops.  The purpose 
of showing clips is to enhance presentations.  Showing such videos will engage colleagues in dialogue about the research focus. 
Giving your consent allows the following minimal risk: someone may recognize you or possibly form an opinion about you. Without 
penalty, you may elect to have your likeness obscured or decline to give us permission to show video clips from your session. 
 
“I understand that I may decline permission to allow video data from my session to be presented at conferences or similar scholarly 
public venues without penalty. I also understand that the researchers will never use my real name, even if I allow the use of video clips 
in public presentations.  Regardless of my choice below, the researchers may still retain and analyze the video taken of this session.”    
 
Subject's signature_______________________________________ Date _________________ 
 
Please initial below beside the appropriate choice, indicating your decision on the use of the video. 
 
 
_________1. "Yes, I give permission to use video taken from these interview sessions in public presentations of the results of 

this study and/or TA training workshops as it is.  I understand that a pseudonym will be used in conjunction with my 
video, and that my identity will never be revealed by the researchers." 

 
_________2. "I give permission to use video taken from these interview sessions in public presentations of the results of this 

study and/or TA training workshops, provided my likeness (both my face and voice) is obscured. I understand that a 
pseudonym will be used in conjunction with my video, and that my identity will never be revealed by the researchers." 

 
_________3. "No, I do not give my permission to use video taken from these interview sessions in public presentations of the 

results of this study and/or TA training workshops." 
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