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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



Physics Education Research in the US & MX
MSU



Located in East Lansing, MI 
Population (2022):  
48,437 permanent residents

50,344 students (39k are undergrads)

5,670 academic staff (2k tenure stream)



Located in East Lansing, MI 
Population (2022):  
48,437 permanent residents

50,344 students (39k are undergrads)

5,670 academic staff (2k tenure stream)

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

Historically, and “primarily” an agricultural school



Located in East Lansing, MI 
Population (2022):  
48,437 permanent residents

50,344 students (39k are undergrads)

5,670 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
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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.
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Challenges and Opportunities in Physics Education

Discipline-Based Education Research (NRC, 2012);  
Adapting to a Changing World (NRC, 2013); Reaching Students (NRC, 2015)

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

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

Women and students of color are significantly underrepresented in physics.
Nicholson and Mulvey (AIP, 2011); White and Chu (AIP, 2014)

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



Abbott, Benjamin P., et al. PRL 116.6 (2016): 061102.
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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





Higgs detected!

Aad, Georges, et al. Physics Letters B 716.1 (2012): 1-29.





Black hole 
Merger 
Ringdown

Abbott, Benjamin P., et al. PRL 116.6 (2016): 061102.



The Work of 
Science

Th
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ry
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puting

Computing  
is how  
science  
is done.



Overlapping practices, 
knowledge, and 
beliefs

Computational Literacy 
involves cognitive, material, 
and social literacies

Requires further R&D



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

What should students know and 
be able to do with computing in 
physics?

Computational Physics Skills  
Translate a model into code  

Subdivide a model into a set of 
manageable computational tasks 

 
Technical Computing Skills 

Process data 
Represent data visually 

 
Computational Tools 

Spreadsheets 
MATLAB, Mathematica 

Python, C, Fortran



Conference May 2–5, 2019                                    1

Advancing Interdisciplinary 
Integration of Computational 

Thinking in Science
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Integration of computation must emphasize values native to the 
discipline in which computing is being integrated and 
demonstrate a clear alignment with existing standards

Educational leaders need to recognize that relevant 
computing content differs across the sciences, ruling out 
a “one size fits all” notion of integrating computing in 
science.

Diversity, Equity and Inclusion must be built into all efforts to 
integrate computation with science education.

K-12 teachers need sustained professional development and 
support to learn and teach science while leveraging computing.

Research is needed to understand and assess computational 
integration. There are relatively few theories of how computation 
impacts science learning. There are also very few useful 
assessments for charting progress.

2019 K12 Computing in 
Science Visioning Report

https://www.aapt.org/Resources/upload/Computational_Thinking_Conference_Report_Final_200212.pdf



2021 PICUP Virtual Capstone Conference 
Report

2021 PICUP Virtual Capstone Report

• Better defined learning goals for 
computation in each course. 

• Development and testing student 
assessments 

• Developing and testing department-
wide integration 

• Expanding number and diversity of 
departments and faculty

“Directions for the next decade”

https://www.compadre.org/picup/events/pdfs/2021_PICUP_Capstone_Report_Final_Final_220502.pdf



https://ep3guide.org/

EP3 Guide for 
Departments

Shared effective 
practices for physics 
programs to adopt

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



Physics education requires  
computing education
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In the US, 
what are 
bachelor’s 
grads doing?

STEM Enabled  
Work

Non-STEM Work
2022, AIP (2019 & 2020 classes; one year after graduation)



How do we sustainably integrate 
computing in physics learning 
environments?  



Answer:  
It’s complicated



Colleges & Universities



Colleges & Universities

Physics Department



Colleges & Universities

Physics Department

Physics Course



Colleges & Universities

Physics Department

Physics Course

Class Meeting



Colleges & Universities

Physics Department

Physics Course

Class Meeting

Class Activity



Colleges & Universities

Physics Department

Physics Course

Class Meeting

Class Activity

Specific 
Task



Who teaches computing in physics?

Caballero & Merner, Phys. Rev. PER, 2018
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Take-Aways

• A majority of faculty report having experience teaching 
undergraduate students computation

• Computational instruction is more prevalent than in the past1

• We are lacking formal computational physics programs  
(7% have degree program)

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

1Chonacky and Winch, Am. J. Phys., 2008Caballero & Merner, Phys. Rev. PER, 2018
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Computational physics is hard to teach in the classroom.
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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
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Do these factors make sense? ✅

(At the 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
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Open Questions

• How do we support a broader cross-section of physics faculty to 
integrate computing?

• What can physics departments do to support moves to integrate 
computing?

• How do we help physics faculty design courses, curricula, 
pedagogy, and activities to teach computing effectively?





Map of Workshop Participants



gopicup.org

http://gopicup.org


Verified educators submit 
academic documentation 
to gain access to: 

PICUP Verified Educators

Solutions & Source Codes 

Implementation Guides 

Additional Materials

gopicup.org

http://gopicup.org


Map of Verified Educators in the US



Map of Verified Educators Worldwide



Big Questions from PICUPers (& other folks)
How do we integrate computation across my department?


What do I have to give up to do this? 


How do I know what my students are learning?


What is the best format to teach computation to my students?


How do I teach TAs to teach computation?


How do I help my colleagues, department, college get on board with this?


And many, many, many more…



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



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)



Utility of coding Teaching outcome Characteristic to 
moderate

Teaching strategy

Programming is an 
important skill

Programming skills Student work pace Focus on navigating 
programming errors

Computation aids 
content learning

Physics-code 
connection

Impact of course 
design

Leverage affordances 
of computational 
problems

Computation makes 
difficult problems 
easier

Capabilities of 
computation

Student attention to 
programming details

Encourage reflection 
on coding

Computation offers 
space for broader 
skills

A new approach to 
learning

Student attitudes Leverage 
collaboration

Results

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

12 LAs Interviewed



Utility of coding Teaching outcome Characteristic to 
moderate

Teaching strategy

Programming is an 
important skill

Programming skills Student work pace Focus on navigating 
programming errors

Computation aids 
content learning

Physics-code 
connection

Impact of course 
design

Leverage affordances 
of computational 
problems

Computation makes 
difficult problems 
easier

Capabilities of 
computation

Student attention to 
programming details

Encourage reflection 
on coding

Computation offers 
space for broader 
skills

A new approach to 
learning

Student attitudes Leverage 
collaboration

Theme and Variation

Results

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

12 LAs Interviewed



Utility of coding Teaching outcome Characteristic to 
moderate

Teaching strategy

Programming is an 
important skill

Programming skills Student work pace Focus on navigating 
programming errors

Computation aids 
content learning

Physics-code 
connection

Impact of course 
design

Leverage affordances 
of computational 
problems

Computation makes 
difficult problems 
easier

Capabilities of 
computation

Student attention to 
programming details

Encourage reflection 
on coding

Computation offers 
space for broader 
skills

A new approach to 
learning

Student attitudes Leverage 
collaboration

Category of Description

Results

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

12 LAs Interviewed



Teaching strategy

Most of the time, I just teach them how to do 
it because it's usually when they've just like 
edited like one line of code, and then it's like, 
"Oh, we have the tabbing error." I'll just be like, 
"Here's how you solve that: Highlight, and 
then do the thing, and then, yay, it's good." 
Then they'll be like, "Okay. Cool. Now I know 
how to do this in the future.” 

Kendra

Teaching 
strategy

Focus on 
navigating 
programming 
errors

Leverage 
affordances of 
computational 
problems

Encourage 
reflection on 
coding

Leverage 
collaboration

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



Teaching strategy

I might say something like you know, ask 
somebody, ask a group what they are doing and if 
someone responds and it looks like the other two 
aren't paying any attention, I might ask, "Oh, are 
you guys good with that?" Or like "Are you guys on 
the same page?" Or "Do these guys understand 
that?" Or something like that to sort of let them 
know that they should be conversing. 

Molly

Teaching 
strategy

Focus on 
navigating 
programming 
errors

Leverage 
affordances of 
computational 
problems

Encourage 
reflection on 
coding

Leverage 
collaboration

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



Categories of description
Category of 
Description

Utility of coding Teaching 
outcome

Characteristic 
to moderate

Teaching 
strategy

Narrow 
programming

Programming is 
an important skill

Programming 
skills

Student work 
pace

Focus on 
navigating 
programming 
errors

Learning 
conceptual 
physics via 
computation

Computation 
aids content 
learning

Physics-code 
connection

Impact of course 
design

Leverage 
affordances of 
computational 
problems

Computation as 
a tool for 
physics

Computation 
makes difficult 
problems easier

Capabilities of 
computation

Student attention 
to programming 
details

Encourage 
reflection on 
coding

Shifting 
perceptions of 
learning

Computation 
offers space for 
broader skills

A new approach 
to learning

Student attitudes Leverage 
collaboration

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



Outcome space

Shifting perceptions of learning
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Open Questions

• How do different instructional approaches by LAs lead to different 
computational learning outcomes for our students?

• How do instructional approaches by LAs change over time?

• How do we support instructional approaches that lead to 
computational learning we want to see?

• How does this work apply to faculty and graduate students?



How might you integrate 
computing across a 
physics department?





Your mileage may vary.
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Challenges for an R1 school

Positive Pressures

Changes needs to scale 
~1000 students/intro course


~100 students/advanced course
Research Demand/Expectations 
Time, energy, and interest vary 
Instruction by TAs/LAs

Large, Diverse Faculty 
Time, energy, and interest vary 
Big Changes -> Big Discussion

Resourcing 
Service courses make $$$

Courses taught at “scale”

Supportive Colleagues 
inc. Dean/Chair/Undergrad Chair

Research Demand/Expectations 
Grants for Educational Transformation 

Physics Education Research GroupLarge, Diverse Faculty 
Diverse expertise and experience 
Strong interest in computing

State-level Investment 
New STEM Teaching Building 
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Class. Mech. 1

Quantum 1

Quantum 2
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Stat. Mech.

Use of computational environment (e.g., plotting)
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External support can help 
accelerate the process of 
integration.



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











Now required for 
PA students 

Before Classical 
Mechanics 1
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Computing Education Research Lab
CMSE Research Program

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

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

• What pedagogical and curricular elements are useful for learning 
data science and machine learning?

https://msu-cerl.github.io/
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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
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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 is also a research lab
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Open Questions

• What kinds of participation in HS physics classes should we be 
fostering?

• What do teachers learn from doing computing in physics classes?

• How do we grow and replicate this program for more teachers and 
students?

• What issues of equity and justice are appearing in classrooms 
where computing has been introduced?
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Final Takeaways

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

• It’s essential that we learn how to. The future of STEM requires it.

• It’s gonna be a lot of work. But a lot of fun, too.
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So many more open questions….

New methods and tools?  
Machine Learning, Data Science, Quantum Computing

Curriculum and pedagogy?  
Beyond Content, Assessment, Longer Timescales

Broader community of educators? 
In-service Teachers, Pre-service Programs, Other Sciences

Concerns about justice? 
Ethics, Bias, Equity and Inclusion
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Community 
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Conducting 
original research
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Research that 
supports 

educating the 
next generation



Thank you!



Thank y’all
🤙



Questions? 
caballero@pa.msu.edu 
perl.natsci.msu.edu

And thanks to our sponsors

mailto:caballero@pa.msu.edu
http://perl.natsci.msu.edu

