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What do I do with my physics degree?
A few things…

• BS in Physics from Texas; MS & PhD in Physics from 
Georgia Tech; Postdoc Physics Education at CU-
Boulder 

• Copy shop manager; Kinko’s (later, Fedex) 

• High school physics teacher; Atlanta Public Schools  

• Professor of Physics and Computational Science at 
MSU and UiO 

• Co-direct two research labs at MSU (in Physics & 
Computational Science Education) 

• Labor Organizer and Negotiator for Union of Tenure 
System Faculty-MEA 

• Over 40 skateboard gang; avid cyclist



aurora borealis over oslo 
https://www.flickr.com/photos/65218245@N00/326627830

supernova remnant - cassiopeia a 
https://www.nasa.gov/mission_pages/chandra/multimedia/exploring-cassiopeiaA.html

science can explain 
natural phenomena



taylor-couette cylinder & transition to turbulence 

Abdelali, A., et al. Journal of the Brazilian Society of Mechanical Sciences and Engineering 41.6 (2019): 259.

natural transition to turbulent flow 
https://www.flickr.com/photos/22493175%40N02/50000447596

science can satisfy  
human curiosity



science can benefit society



framing my work

all folks can develop a deep understanding of science

all folks can develop a positive stance towards science

all folks can shape the work and practice of science



framing my work

all folks can develop a deep understanding of science

all folks can develop a positive stance towards science

all folks can shape the work and practice of science

our labs discover, design, and develop the 
conditions and environments in which all folks 

who are learning science can thrive 



more folks learn 
science better

greater diversity 
across all of 
science a science that is more 

representative of and 
responsive to society 

a society that deeply 
values and strongly 

supports science



The Work of 
Science

Th
eo

ry

Ex
pe

rim
en

t Com
puting

computing is how  
science  is done.

Aad, Georges, et al. Physics Letters B 716.1 (2012): 1-29. 
Abbott, Benjamin P., et al. PRL 116.6 (2016): 061102. 
Page, J., et al., PNAS, 121 (23) e232000712 (2024)

Higgs!Gravitational  
Waves Turbulence



https://www.aapt.org/resources/upload/aapt_uctf_compphysreport_final_b.pdf

students should be able to use 
computing in physics

Conference May 2–5, 2019                                    1

Advancing Interdisciplinary 
Integration of Computational 

Thinking in Science
!"#$%&'($%)*+($,-../0/$1"23($!4

!"#$%&%#'%()%*"&+
!"#$"%&'()()

*$++,%-./'0#'+"%-'1&'2*3'4%"#-5'676(78)'"#/'676(968:

2021 PICUP Virtual Capstone Conference 
Report

Departments should strive to: 

• Establish goals and a plan for providing students with computational skills 

• Integrate opportunities to develop computational skills into the curriculum 

• Provide students early and continuing opportunities to learn and apply computational skills 

• Communicate the value of computation in physics and for a broad range of careers

https://www.aapt.org/Resources/upload/Computational_Thinking_Conference_Report_Final_200212.pdf
https://www.compadre.org/picup/events/pdfs/2021_PICUP_Capstone_Report_Final_Final_220502.pdf

https://ep3guide.org/



a physics education requires  
a computing education



Michielson and De Raedt, 2012
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developing students’ 
computational competencies

Construct visualizations; develop 
conceptual understanding

Apply algorithmic thinking; 
generalize problem 
solving

Teach necessary 
skills; prepare 
workforce
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State of Michigan 
Population: 9.9 million 

Major cities (all in the Lower Peninsula):  
• Ann Arbor (University of Michigan blue/gold)

• Detroit

• Flint

• Grand Rapids

• Lansing (Michigan State green/white; state capital)

Major industries: 
1. Automobile and mobility industry (e.g., Ford, GM, and 

suppliers)

2. Advanced Manufacturing (see above + e.g., Bosch)

3. Food and agriculture (e.g., Kellogg, General Mills)

4. Freshwater technology  

(we touch 20% of the world’s surface freshwater)

5. Christmas trees  

(yes, seriously…it’s the fifth biggest industry)



Located in East Lansing, MI 
Population (2024):  
47,741 permanent residents

52,089 students (41k are undergrads)

5,703 academic staff (2k tenure stream)

Founded in 1855 
Became first “land-grant” university in the USA: 1862 

Historically, and “primarily” an agricultural school

Notable programs: 
• Agriculture - consistently top 25 in world

• Communication - top 10 in world

• Nuclear Physics - top in the US; FRIB (top in world)

• Education - top in US; elementary and secondary

• DBER - wide breadth of DBER; large PER group



STEM in Michigan
• Many students in Michigan do not achieve proficiency in 

science and math. 

• Advanced STEM courses are inaccessible to many students. 

• Few high school graduates demonstrate college readiness.  

• Few students who enroll in two-year colleges complete their 
degree programs.  

• Students of color and those who are economically 
disadvantaged are disproportionately affected. 

• Few women and students of color earn STEM degrees.

> 75% of MSU students 
are Michiganders.



Michigan State Physics and Astronomy
Physics and Astronomy

NSCL/FRIB

~70 Academic and Teaching Staff 
~400 majors 

~300 PhD students

MSU Physics and Astronomy is a large, high 
research activity program.



twin goals of our program

Conducting Original Research Educating the Next Generation
Two students working on  

an FRIB experiment
Students working on introductory physics 

 lab in Lyman Briggs College



EDUCATION 
RESEARCH

CLASSROOM 
INSTRUCTION



Physics Education Research studies:
•  student learning and engagement 
•  pedagogical and curricular impacts 
•  recruitment and retention of students 
•  diversity and inclusivity in physics 
•  faculty practice and decision making 
•  departmental culture and climate 
•  national landscapes surrounding physics

Theory, Experiment, and Applied
National Research Council, et al. "Adapting to a changing world: Challenges and opportunities in undergraduate physics education." (2013).



Challenges and Opportunities in Physics Education

Discipline-Based Education Research (NRC, 2012);  Adapting to a Changing World (NRC, 2013); Reaching Students (NRC, 2015);  
Freeman, Scott, et al., PNAS (2014). Matz, Rebecca L., et al., Science Advances (2018); Theobald, Elli J., et al., PNAS (2020).  
Cooper, Melanie M., et al. PLoS one (2024); and many others

Student learning is improved through peer collaboration and by using 
evidence-based techniques.

Participation in physics has not kept pace with the growth with STEM.
Mulvey and Nicholson (AIP, 2012); Adapting to a Changing World (NRC, 2013); Nicholson and Mulvey (AIP, 2023) 

Physics has actively, systematically, and unintentionally excluded certain 
groups from participating in it1 — leading to historical and continued 
underrepresentation of these groups in physics.
Nicholson and Mulvey (AIP, 2011); White and Chu (AIP, 2014); Porter, Church, and Ivie (AIP, 2024)

Physics is changing; we are using new tools and new techniques
Kozminski et al (AAPT, 2014); Behringer et al (AAPT, 2016); Caballero et al (AAPT, 2020) 

1This is my position and we can disagree on that. But it also my experience, and that is not up for debate.



High-level computing languages + 
Powerful computers

Using the computer as a tool to model, 
to simulate, and / or to visualize a 
physical problem.

Some programming is necessary.

Computing in physics is:

Caballero, Marcos D., Matthew A. Kohlmyer, and Michael F. Schatz. Physical Review Special Topics—Physics Education Research 8.2 (2012): 020106.



High-level computing languages + 
Powerful computers

Using the computer as a tool to model, 
to simulate, and / or to visualize a 
physical problem.

Some programming is necessary.

Computing in physics is:

2012

Caballero, Marcos D., Matthew A. Kohlmyer, and Michael F. Schatz. Physical Review Special Topics—Physics Education Research 8.2 (2012): 020106.



Overlapping practices, 
knowledge, and 
beliefs

Computational Literacy 
involves cognitive, material, 
and social literacies

Requires further R&D
Odden, Tor Ole B., Elise Lockwood, and Marcos D. Caballero. Physical Review Physics Education Research 15.2 (2019): 020152.



PCL is a model that informs 
activity development & 
pedagogy

Odden and Zwickl, Journal of the Learning Sciences, 2025

Twelve years have 
past between this 

paper and the first.



Our work 
does not 
exist in a 
vacuum

Women, LGBTQIA+, folks of color, the 
disabled, veterans, first generation 

students, and folks with these and other 
intersecting identities have been 

systematically excluded from physics 
historically and  contemporaneously.

How you work with 
students does matter!

2011 - DC earns PhD in PHY 
13 other Latinos do as well



Investigating Physics Computational Literacy 



Student Dimension



Investigating Physics Computational Literacy 
Student and Educator 

Interviews Student  
Themes Educator  

Themes

Goals

Instr. 
App.

Assess.

Pr
io

r 
Ex

p. Resources

Identity

Survey of  
Instruction

Survey of PCL  
ComponentsActionable Feedback for Instructions



What can computational 
instruction look like?



EDUCATION 
RESEARCH

CLASSROOM 
INSTRUCTION



msuperl.org/wikis/pcubed/ Irving, Obsniuk, & Caballero, EJP (2017) 
Irving, McPadden, & Caballero Phys. Rev. PER (2020)

Projects and Practices 
in Physics

120 students per section



Course Narrative

System
∆p

∆E ∆L

Surroundings
Fnet ∆t (Interactions)

τnet ∆t
W+Q

Macro <—> Micro

Model World

Design System
 Generate 

Representation


Real World


Outcomes


Creating


Predicting
Validating


Modeling cycles

Projects and Practices 
in Physics

Sample Learning Goals 

• Students should be able to develop computational models of 
mechanical systems using the Euler-Cromer method to predict and 
explain their motion. 

• Students should be able to track the energies of mechanical systems 
over time and explain the dynamics of the system using conservation 
of energy.  

• Students should be able to explain how the calculation loop predicts 
the motion of their chosen physical system

Irving, Obsniuk, & Caballero, EJP (2017) 
Irving, McPadden, & Caballero Phys. Rev. PER (2020)



Learning Scaffolds

Pre-class HW

4 Quadrants Whiteboard

Minimally Working Program

Tutor Questions  
Two friends are having a conversation. Justine 
says a satellite in orbit is in free-fall because the 
satellite keeps falling toward Earth. Amy says a 
satellite in orbit is not in free-fall because the 
acceleration due to gravity is not 9.80 m/s2.  
 
Who do you agree with and why?

Weatherford, PhD Thesis, 2011 
Weatherford and Lunk, forthcoming book chapter, 2025

(facts, lacking, assumptions & approximations, representations)
Irving, Obsniuk, & Caballero, EJP (2017) 
Irving, McPadden, & Caballero Phys. Rev. PER (2020)



Completed Code
Over the course of 2 hours…



Completed Code
Over the course of 2 hours…

Note: video is sped up a bit.



Investigating Learning Assistants’  
Instructional Approaches

How do learning assistants approach 
teaching computational problems? Irving, Obsniuk, & Caballero, EJP (2017) 

Pawlak, Irving, & Caballero, Phys. Rev. PER (2020) 
Irving, McPadden, & Caballero Phys. Rev. PER (2020)



Outcome space

Shifting perceptions of learning

Computation as a tool

Learning physics via computation
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Pawlak, Irving, & Caballero, Phys. Rev. PER (2020)
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With R. Henderson (MSU), M. Hjorth-Jensen (MSU, UiO)

First majors course with BFY calculus 
Makes use of evidence-based techniques 
Emphasizes creativity, exploration, and agency

Computational Essays  
as a form of assessment

Odden, Lockwood, Caballero. Physical Review Physics Education Research 15.2 (2019): 020152. 
Odden, Silvia, Malthe‐Sørenssen. Journal of Research in Science Teaching 60.5 (2023): 937-977. 

Odden and Caballero. The International Handbook of Physics Education Research: Learning Physics 19 (2023).



“Textbook”: Interactive JupyterBook 
• Derivations & Examples 
• Code & Resources 
• Videos & Links

https://dannycaballero.info/phy321msu/



60-100 Students take 
PHY 321
Interactive Lecture with Clickers

Math-Physics connection - explain motion

Math-Physics connection - explain principle

Math-Physics connection - explain derivation



60-100 students take 
PHY 321 each semester 
Group Activities

Representations of math and physics



Midterms help 
develop agency Same Tasks 

Student selected system
1D quark  

confinement model



Midterms help 
develop agency

In-class Modeling Activity

Student’s illustration of 
 initial condition sensitivity

Start | End
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We are 11 years into a five year plan. 😅

Five years Ten years
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We are 11 years into a five year plan. 😅

Five years Ten years



External support can help 
accelerate the process of 
integration.



Computational and data 
science: using 
computers to analyze 
and solve scientific and 
engineering problems. 
• Computer Science focuses on 

the science of computing 
• CMSE focuses on computing to 

do science

BS, MS, and PhD granting department
cmse.msu.edu



We teach computational and data science



Introductory Computational Science
Learning Goals for CMSE 201

1. Gain insight into physical, biological, and social systems through the use of 
computational algorithms and tools.  

2. Write programs to solve common problems in a variety of disciplines.  
3. Identify salient features of a system that can be codified into a model.  
4. Manipulate, analyze, and visualize datasets and use to evaluate models.  
5. Understand basic numerical methods and use them to solve problems.  
6. Synthesize results from a scientific computing problem and present it both  

verbally and in writing. 

For any STEM major - pre-req: Calculus 1

Courtesy of Devin SilviaCourtesy of Devin Silvia



Intro. Comp. Modeling (CMSE 201)

Introductory course in data analysis and modeling 
Taken by STEM majors (Calc 1 pre-req)

Required for Physics and Astronomy majors

50-70 students/section

Paper with detailed course description:   
Silvia, O’Shea, and Danielak 2019, ICCS 2019

Pre-class assignments: videos, 
reading, small programming 
assignments



Integrated Progression
Modeling, Context, and Programming work together

Modeling/Data Analysis Concept Context/Application Programming Practices/Tools 

Order of magnitude estimation Varied (e.g. estimating population) Variable definiton, simple math

Mathematical representations of physical 
systems Kinematics, projectile motion Defining lists, writing loops

Evaluating the state of physical systems Kinematics, projectile motion Boolean logic/conditional statements, 
functions

Computing costs and optimizing 
solutions Designing a ride share service Functions, Python modules

(e.g. matplotlib)

Visualizing models Projectile motion and
population growth NumPy

Manipulating and visualizing data Waters levels of the Great Lakes Loading/reading data files,
making plots

Time

and so on…

Courtesy of Devin Silvia



Required for PHY/AST majors 
before Classical Mechanics

CM
SE

 2
01





Who teaches computing in physics?

Caballero & Merner, Phys. Rev. PER, 2018

0 25 50 75 100

Where is 
computing used?

% of Departments (N=195)

Homework

Projects

Interactive  
Activities

Exams and/or 
Assessments

>50% departments report experience with teaching computing in physics*

No prevalent 
differences  

between intro & 
advanced courses

There is a need to explore 
interactive methods and 
assessment techniques 
for computation

Computational instruction is more prevalent than in the past1

1Chonacky and Winch, Am. J. Phys., 2008

*Overestimated! 
Biased sample



But “who” teaches computation?

Computational physics is hard to teach in the classroom.
My department rewards me for teaching computation.
Computation allows me to bring new physics into the classroom that I 
otherwise couldn't. 
…

Rate on a scale of 1 (Strongly Agree) to 7 (Strongly Disagree)

Young, et. al. Phys Rev. PER, 2019

Most important  
factors in model

Random Forest 
Classification



Do these factors make sense? ✅

(At that moment)  
Faculty that teach computation tend to: 
• Use computation in their research with students or some other way outside of the 

classroom 
• Believe computation brings new physics and problems into the curriculum 
• Teach at institutions that offer at least a physics bachelor’s degree 
Faculty treat teaching computation as an individual choice Young, et. al. Phys Rev. PER, 2019



compadre.org/PICUP2019 Faculty Development Workshop (FDW)

http://compadre.org/PICUP


compadre.org/PICUP
Professional Development

In-person  
& virtual

http://compadre.org/PICUP


PICUP Community
Verified educators submit 
academic documentation 
to gain access to: 
Solutions & Source Codes 
Implementation Guides 
Additional Materials

compadre.org/PICUP

FDW Participants

Verified Educators

http://compadre.org/PICUP


Summer Leadership Institute
June 23-27, 2025 @ University of Wisconsin-River Falls

compadre.org/PICUP

http://compadre.org/PICUP


Seemingly necessary but not sufficient conditions for change
How was this effort to integrate computing in physics done?

• Define goals and scope collectively 
• Build professional development and community 
• Respect institutional factors and diversity 
• Acknowledge the complexity of the problem 
• Collect data on experience and progress 
• Share successful cases openly and transparently

Must happen in 
disciplinary contexts

Needs scientists, educators, 
& ed. researchers



Computing in Physics Education Book
Published by Institute of Physics (Summer 2025)

AUTHORS PRELIMINARY CHAPTER TITLE

K. Svennson and U. Erickson Teachers’ approach to computation in physics classrooms analyzed using 
social semiotics and variation theory of learning

B. Zwickl, C. Lusignan, and A. 
McGowan

Integrating computation into a physics bachelor’s laboratory curriculum

T. Atherton, A. Phillips, B. 
Gravel, and E. Gouvea

Agency and Making in Computational Learning Environments

W. B. Lane and T. Galanti Computing in General Education Physics

R. C. Mastroleo and B. Lunk Departmental Emphasis on Computation for the Physics Major: Successes 
and Failures of a multi-tier curricular redesign

T. Odden Teaching Scientific Writing using Computational Essays

M. Lopez del Puerto, L. 
Engelhardt, and K. Roos

Resources for Integrating Computation into Physics Courses: Exercise Sets, 
Workshops, and a Supportive Community

D. O’Neil Integration of computation across the curriculum at Bridgewater College

B. Lunk and S. Weatherford Student Engagement with Computational Models and the Development of the 
“Minimally Working Program” Instructional Tool

M. Hamilton Integrating Computation in Physics: From High School Internships to Graduate 
Studies at Marshall University

https://dannycaballero.info/iop-book/

Danny the Editor



How might we better support 
students in our computationally 
enabled STEM courses? 
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Integrating Computing in Science Across the Mitten

Create a computational model to 
calculate…
Use mathematical and/or computational 
representations to support explanations 
of factors…
Use mathematical or computational 
representations to predict the motion…

https://www.michigan.gov/mde/services/academic-standards



Weeklong Summer Camp for High 
School Teachers 
• Introduce computing 
• Develop materials 
• Grow community 
• Focus on equity 

Return to MSU (virtual during COVID) 
• Addressing problems of practice 
• Community building

ICSAM Workshop

https://www.msuperl.org/wp/icsam/



Weeklong Summer Camp for High 
School Teachers 
• Introduce computing 
• Develop materials 
• Grow community 
• Focus on equity 

Return to MSU (virtual during COVID) 
• Addressing problems of practice 
• Community building

ICSAM Workshop

Many teacher-developed materials!

https://www.msuperl.org/wp/icsam/



ICSAM was also a research lab



Analysis Framework for Computing Practices

Weller, Bott, et al, Phys Rev PER, 2022
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Analysis Framework for Computing Practices

Weller, Bott, et al, Phys Rev PER, 2022



AND NOW FOR 
SOMETHING 
COMPLETELY 
DIFFERENT



What is the relationship 
between education in 
science and artificial 
intelligence?



Artificial Intelligence has “arrived”
And it will “disrupt” education



What is being discussed?
AI has several potential benefits

• Personalized Learning 

• Supporting Educators & Reducing 
Administrative Burden 

• Enhancing Student Engagement  

• Improving Learning Analytics 

• Expanding Access to Education 

• Supporting Students with Different Needs 

• Enhanced Collaboration & Communication

Benefits



What is being discussed?
AI has several potential benefits

• Personalized Learning 

• Supporting Educators & Reducing 
Administrative Burden 

• Enhancing Student Engagement  

• Improving Learning Analytics 

• Expanding Access to Education 

• Supporting Students with Different Needs 

• Enhanced Collaboration & Communication

Benefits
• Algorithmic Bias & Automating Inequality 

• Dehumanization of Education 

• Threats to Academic Integrity 

• Data Privacy & Security 

• Deprofessionalization of Teaching & Job 
Losses 

• Over-reliance on Technology 

• Ethics Issues & Lack of Transparency

Concerns
& numerous concerns:



Framing the AI issue
No single frame is used exclusively in practice. All have value in context.

Technological Solutionism: 
tech can provide the necessary 
solutions 

• dealing with issues of scale 

• addressing funding & efficiency 

• emphasize personalization  

• take advantage of new tech 

Sal Khan, Clayton Christensen, 
Sugata Mitra, Eric Hanushek, Michelle 
Rhee, Daphne Koller, Sebastian Thrun

Human-centered Education: 
social relationships are 
paramount 
• emphasize critical thinking,  

• leverage experiential learning  

• promote socioemotional development  

• center humans in tech 

John Dewey, Nel Noddings, Seymour 
Papert, Andrea DiSessa, Pasi 

Sahlberg

Education as a tool for Justice  
education is a political act of 
liberation 
• promote diversity & equity 

• emphasize social justice and 
liberation 

• educational systems perpetuate 
inequality 

Paulo Freire, bell hooks, Angela 
Valenzuela, Henry Giroux, Ruha 

Benjamin, Gloria Ladson-Billings, 



Rapid development
Development is too rapid for education research capacity and pace

Bai, Liu, and Su, Brian-X, 2023



Rapid development
Development is too rapid for education research capacity and pace

Bai, Liu, and Su, Brian-X, 2023

20+ 
years

Timescales are decadal

Odden, Marin, and Rudolph, 
Science Education, 2021



Computing Education Research Lab
CMSE Research Program

Driving Questions 

• How do students develop an understanding of modeling, data 
science, machine learning, and artificial intelligence? 

• How do students’ expectations, experiences, and sentiments shape 
their learning and participation in computational and data science? 

• How are different pedagogical and curricular elements (including 
including artificial intelligence tools) useful for learning data 
science and machine learning?

https://msu-cerl.github.io/

The CERL squirrels



Two Concerns (for now)

The Use of AI in CMSE classrooms Educating students for  
a world with ML & AILet’s test it out

http://localhost:3000/


AI in my classes
Co-designed policy

Set aside class time for discussion



AI in my classes
Co-designed policy

Have students think about  
their values and experiences;  
share with others

Proposal 2: We adopt a policy that allows AI use for 
brainstorming, help, and editing. 

• AI cannot be used for direct answers or completion 
of assignments. 

• We expect documentation of AI use, but it can be 
informal. 

• Violations are discussed with Danny; the first 
violation requires a redo of the assignment, and 
repeated violations result in a failing grade.



Final Takeaways

• It’s quite possible to integrate computing into a wide variety of learning 
environments. It’s hard to do it sustainably. 

• It’s critical that we work collectively across contexts to integrate 
computing into STEM courses. The future of STEM demands it. 

• It’s important that we engage with AI and STEM education.  
It will require an authentic and collective effort.  

• It’s gonna be a lot of work. But a lot of fun, too.



more folks learn 
science better

greater diversity 
across all of 
science a science that is more 

representative of and 
responsive to society 

a society that deeply 
values and strongly 

supports science



EDUCATION 
RESEARCH

CLASSROOM 
INSTRUCTION



Thanks, y’all!



¿questions? 
caballero@pa.msu.edu 
perl.natsci.msu.edu 
msu-cerl.github.io

And thanks to our sponsors

I stand with my queer and undocumented 
family, friends, and colleagues.
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