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Objectives In calls for excellent and equitable Computer Science (CS) education, the word rigor often appears, but it often
goes undefined. The goal of this work is to understand how CS teachers, instructors, and students conceive of rigor.

ResearchQuestions: 1) What do CS instructors think rigor is? and 2) What do students think rigor is?
Methods: Using the principles of phenomenological research, we conducted a semi-structured interview study with 10

post-secondary CS students, 10 secondary CS teachers, and 9 post-secondary CS instructors, to understand their conceptions
of rigor.

Results: Analysis showed that no participants had the same understanding of rigor. We found that participants had abstract
Principles of Rigor which included: Precision, Systematic Thought Process, Depth of Understanding, and Challenge. They also
had concrete Observations of Rigor that included Time and Effort, Intrinsic Drive, Productive Failure, Struggle, Outcomes, and
Gatekeeping. Participants also shared Conditions for Rigor which included Expectations, Standards, Community Support, and
Resources.

Implications: Our data supports prior work that educators are using different definitions of rigor. This implies that each
educator holds different expectations for students, without necessarily communicating these expectations to their students. In
the best case, this might confuse students; in the worst case, it reinforces hegemonic norms which can lead to gatekeeping
which prevents students from fully participating in the CS field. Based on these insights, we argue that to commit to the idea
of quality CS learning, the community must discard the use of this concept of rigor to justify student learning and re-imagine
alternate benchmarks.

CCS Concepts: • Social and professional topics → Computing education.

Additional Key Words and Phrases: rigor, CS education

1 INTRODUCTION
There are a number of global efforts aimed at ensuring that all students have access to computer science (CS)
education. Many of these conversations about improving instruction often use the word rigor as a necessity for
quality instruction that improves students’ experiences. For example, Computer Science Teachers Association
(CSTA), the organization whose standards are most widely adopted as state standards in the United States,
works to “increase the availability of rigorous computer science for all students, especially those who are
members of underrepresented groups” [2]. The National Science Foundation, which made possible much of
the computing education research in the United States, “funds research and development that is building the
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necessary foundations for implementing rigorous and engaging computer science in schools across the U.S.”
(emphasis added) [1]. Additionally, the Kapor Center Culturally Responsive-Sustaining Framework, which seeks
to create equitable CS for all students, calls for rigorous pedagogy and curriculum [3].

All of these calls mention rigor, yet none of them define what rigor is or what it should look like in CS education.
There is no mission statement, no definition, no field-wide resource that defines the term “rigor.” Yet, teachers are
encouraged to teach rigorously and researchers are seeking to understand rigorous education.

However, if the CS education community does not understand what rigor is in instruction, or if definitions
of rigor vary, at best, courses run the risk of communicating confusing practices and expectations to students.
And in the worst case, the community risks using rigor as a tool for gatekeeping and pushes students out of the
field. It is unclear what rigor looks like in effective CS education, or how concepts of rigor play into equitable
instruction. It is also unclear what students must do to achieve a rigorous understanding of CS and demonstrate
they have achieved mastery of the subject. It is also unclear if what students think they must do matches what
instructors think students need to do.

With such importance placed on “rigor” in standards, funding, and research, with no clear agreement on what
the word rigor means in CS education, and so many varied definitions of rigor in different fields, it is important
to understand:

• What do CS instructors think rigor is?
• What do CS students think rigor is?

To answer these questions, we conducted 29 semi-structured interviews with 10 secondary teachers, 9 post-
secondary instructors, and 10 post-secondary CS students.

2 BACKGROUND
The following section provides background on how the idea of rigor has been used and understood within various
disciplines, as well as how it impacts students’ experiences. This section starts with the liberal arts and move to
the STEM fields and ends with definitions and uses of rigor in CS.

2.1 Conceptions of Rigor in Liberal Arts
To inform how CS education understands rigor, we can investigate how other fields have conceptualized rigor,
starting with the liberal arts.

Researchers have found no consensus on how faculty define rigor. One faculty task force identified the
“nebulous concept of rigor” as critical thinking, challenge, mastering complex material, time and labor, and
credible work in university courses [31]. A follow up study found that faculty thought that upper-level courses
had more rigor than lower-level courses and that students gave faculty higher rankings if their courses were
perceived to be rigorous [30]. Additionally, when Draeger et al. conducted surveys and focus groups with liberal
arts professors to determine what professors thought was academically rigorous, they found four dimensions:
active learning, meaningful content, higher-order thinking, and appropriate expectations [14]. Whereas one
study of elite post-secondary institutions found instructional practices like active learning, high expectations,
and tying learning to prior knowledge played a role in supporting rigor [8]. In the liberal arts, professors held
several definitions of rigor.

Students’ understandings of rigor are also unclear. When examining student conceptions, Draeger et al. found
that they differed from those of the faculty. Students perceived tough grading, workload, difficulty, interest, and
interactions with instructors and peers as rigor [15]. A longitudinal study of college students operationalized two
concepts of rigor—workload and instructor expectations. Workload improved student attitudes about learning,
and instructor expectations improved students’ self-motivated learning. [10]. Whereas, another study found that
students have figured out how to play the game of ‘college management’ not through hard work, but through
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choosing schedules, limiting workload, and interacting with professors: students were able to appear rigorous
[5]. Students also held many conceptions of rigor.

Furthermore, some prior work argues that the concept of rigor harms students because the concept is used
as a mechanism for gatekeeping. Nelson argues that traditional methods of rigor, like firm deadlines, content,
and fairness, were “dysfunctional illusions of rigor” that prevented him from teaching well [34]. Jack and Sathy
argued in The Chronicle of Higher Education that instructors use rigor as a way to “weed out” students rather
than engage in inclusive teaching practices [28], and Gannon notes in another Chronicle article that instructors
use rigor as “cloaks to hide practices that actually erect barriers to student success” [19]. Cate Denial employs
kindness as a pedagogical approach, believing the best in students, and seeking to listen to and meet student
needs. Denial argues that education often sets students up as antagonists, seeking to avoid rigorous work, rather
than making work relevant and interesting [42].

In summary, prior work in the liberal arts conceptualizes rigor as: critical thinking, challenge, mastering
complex material, time and labor, credible work, active learning, meaningful content, higher-order thinking,
appropriate expectations, tough grading, workload, difficulty, interest, interactions with instructors and peers,
cognitive challenge, workload, firm deadlines, content, fairness, weeding-out, and gatekeeping. There are many
competing conceptions of rigor, and in the liberal arts, it is unclear what rigor is.

2.2 Conceptions of Rigor in Science, Technology, Engineering, and Math
In STEM fields, there are additional definitions of rigor and those vary between disciplines. It is important to
look to the domain-specific definitions of rigor by examining its use in education contexts to interrogate whether
it reinforces hegemonic norms. In an examination of feminist perspectives in engineering education research,
Riley argues that rigor is discipline-specific and that it is often a way to assert white male heterosexual privilege.
She states “‘Rigor’ suggests a sense of being physically and/or mentally taxing, demanding.” She then goes on
to question who the field is making engineering hard for and points out that rigor often reinforces “gender,
race, and class hierarchies in engineering,” while also making invisible queer, disabled, low-income students
[38]. Therefore, it is important to understand how rigor is used in the domain-specific implementations of CS
education, to ensure that CS education is not excluding students by relying on rigor.

In math, there are even more definitions of rigor. One study found that math teachers often perceive rigor as
higher grade level content in lower grade level classes and difficulty of problem type [11]. Instead of difficulty,
other researchers attempted to define the tension between play and rigor because in the context of math, rigorous
content is often characterized as all work, with little room for play [46].

Science education wrestles with the relationship between rigor and teacher expectations. A longitudinal study
of the implementation of rigorous standards found that standards alone were insufficient to ensure student
learning, and that teacher expectations about what students could achieve were also important [6]. Additionally, a
study of university biology students found that as students progressed in their coursework, they found cognitive
complexity increasingly important. However, they also found that complexity was enabled by pedagogical
practices such as alignment between assessment and instruction, active class practices, and faculty support. [47]

In summary, from STEM we have additional conceptions of rigor: physically or mentally taxing, demanding,
higher grade level content at lower grade levels, difficulty of problem, all work and no play, standards paired with
teacher expectations, cognitive complexity, active class practices and faculty support. Again no clear definition of
rigor arises from STEM.

2.3 Conceptions of Rigor in CS
In post-secondary CS education, rigor was often used as justification for curricular and pedagogical decision-
making in the literature but was rarely defined. Sometimes it was mentioned in the context of mathematical
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correctness. While using mathematical games to teach rigor in CS, Ginat leaned on Webster’s definition as
“strictness”. This study discussed rigor as a necessary problem solving notion, and used it to describe how game
players examined the invariance of their algorithms [20]. Other times, rigor had an essential role in making
students into better problem solvers and programmers, who consider programs broadly while debugging [21].
One study set mathematical tools as one of three goals in programming, “fun, rigor, and pragmatism” [43]. Course
designers used the concept of rigor to legitimize and stratify post-secondary coursework. When working to build
introductory CS courses, instructors developed a “rigor-first” approach, arguing that students must build a deep
understanding of the “proper fundamentals of the discipline, including concepts, vocabulary, reasoning tools, and
laboratory experience” [13]. Others argued that making CS learning both fun and rigorous could help retain CS
majors [12]. Similarly, Ramnath and Hoover presented a framework for balancing rigor and relevance in which
they define rigor in two ways: first, as “the manner in which the methods of the discipline are adhered to” and
second, “to denote the formal structures required by the discipline.” They proposed to assess student learning to
see if a course was rigorous, and survey students to see if the course was relevant, defining rigor as learning [37].

In K-12 CS education, rigor was also used as an undefined aspirational goal. Sometimes, rigor was briefly
mentioned in passing. Rigor was named as justification to update content-based secondary standards that “lack
rigor” [17], or in preparing students for “introductory programming courses… that requires rigorous logical and
algorithmic skills” [4]. Other times it was an undefined requirement, like in a model proposing rigorous and
coherent high school CS curriculum in Israeli high schools [25]. In a collection of case studies in a special issue of
ACM Transactions of Computing Education (TOCE), Hubwieser et al. emphasized the move from current practices
towards rigorous CS concepts and “rigorous academic computing” [27], implying that there are rigorous and
non-rigorous ways to teach CS in K-12 settings. The associated North American case study pointed out that
Advanced Placement (AP) courses were considered rigorous and that students with higher scores on the AP exam
were ready for college-level work [22]. In a following special issue of ACM TOCE, Hubwieser et al. recommend
factors to “implement rigorous computer science education” without defining rigor [26].

In summary, from the CS field, additional conceptions of rigor are: mathematical correctness, strictness, deep
understanding of proper fundamentals, adherence to methods, formal structure of the discipline, justification for
course or standard improvements, and requirements.

Prior work on rigor, in and out of computing education, demonstrates that the concept of rigor is highly
contested, discipline-specific, and lacks consensus. Because there are so many definitions of what rigor is across
educational fields, so many vague references to rigor, and because rigor is placed so centrally in many of the
field’s stated goals for learning and education, it is important to understand what it means in CS education, to
understand if there is agreement about its meaning.

3 METHODS
Because we wanted to understand the nuances of the conceptions of rigor that instructors and students held,
we elected to use phenomenological research methods, which would allow us to build a deep understanding of
participant conceptions, descriptions, and lived experiences around a particular topic, in this case, rigor [35]. The
focus of phenomenological research is to capture personal descriptions in order to understand the experience as
it is lived. We conducted semi-structured interviews to explore conceptions of rigor with instructors and students
of CS across North America. We chose interviews over closed-ended surveys or statistical approaches because it
allows the researchers to pursue ideas and stories that arose in conversation, and ask additional questions to better
understand and to confirm what participants were saying. It also allows researchers to support triangulation
of insights and support participant autonomy over how their data was represented, we also employed member
checking techniques [7, 41], reaching out to each participant to confirm that the quotes we chose to represent
their perspectives aligned with their understandings of rigor.
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3.1 Recruiting
We limited participants to students, secondary teachers, and post-secondary instructors learning and teaching
in the United States and Canada because this study was language-specific. Rigor as a phenomenon does not
exactly translate into other languages, and since the specific word is used so often in CS in the United States, we
narrowed our scope to English instruction in North America.

For post-secondary instructors and secondary teachers, we developed an inclusion criteria that sought anyone
currently teaching CS courses at the secondary or post-secondary level in North America. We excluded anyone
not currently teaching CS at the secondary or post-secondary level in North America in English. To recruit
instructors and teachers we used convenience sampling through the CSTA mailing list and the SIGCSE-members
mailing list as well as from personal networks. Through the mailing lists, we directed potential participants to a
Google form to collect contact information, experience teaching CS, and courses they were currently teaching.
We selected a stratified sample of participants to ensure that the population represented a variety of secondary
and post-secondary education professionals. For secondary education, we had participants from private, public,
and charter schools in both urban and rural areas. For post-secondary education, we selected participants from
large public universities, liberal arts colleges, and community colleges. Additionally we used snowball sampling
when participants organically recommended people in interviews.

For students, the inclusion criteria were current students who were enrolled in a CS major or a computing
adjacent major, and we excluded anyone who did not take their coursework in English. To recruit students, we
used personal networks to reach out through undergrad CS mailing lists at a large public university, a small
liberal arts college, and a private university in an effort to find a stratified sample. We offered compensation of
$25 gift cards to each participant.

3.1.1 Participants. All participants self-reported gender, race/ethnicity, and any other identities they wanted to
share in an optional open-field survey. Participant responses are reported in Table 1. If sections are blank it is
because participants did not respond to that question.
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Pseudonym Gender Race/Ethnicity Other Identities Major/Level Courses
Student 1 Female Eastern European computer science and math intro to object oriented programming, data structures, programming nature, scientific

computing, algorithms, intro to AI, computational geometry
Student 2 Straight Man Black and Japanese Computer Science Intro Series, Foundations of Computing, Intellectual Property for Engineers, Society and

Technology, Systems Engineering, Compiler Construction, Hardware Software interface,
Data Structures

Student 3 Male Asian Computer Science Data Structure, Algorithms, Designs of Programming Languages, Discrete Math, Game
Systems

Student 4 Computer Science and/or Mathe-
matics

Object Oriented Programming, Programming Nature, Data Structures, Proofs and
Fundamentals (instead of Discrete Math)

Student 5 Male Asian International Student Computer Science Data Structure, Discrete Math, and other lower-level courses…
Student 6 Female Turkish Biology and Computer Science Object Oriented Programming
Student 7 Female Asian American COMP SCI Intro Series, Foundations of Computing, Data Structures, Hardware Software Interface
Student 8 Male Asian Computer Science Intro Series, Web Programming, Foundations of Computing, Software Design, Hardware

Software Interface, Linux Tools, Databases, Data Structures
Student 9 Female Caucasian Disabled CS Intro Series (at Community College), Software Design, Data Structures, Hardware

Software Interface, Interaction Programming, Linux Tools, Introduction to AI
Student 10 transgender nonbinary Chinese American Neurodiverse (ADHD) Computer Science and Music

Theory
Programming 1, Programming 2, Intermediate Data Programming,Foundations of
Computing, Software Design, Data Structures,Systems Engineering, Hardware/Software
Interface, Linux Tools

Instructor 1 Male White Post-Secondary
Instructor 2 Male White (not hispanic) Post-Secondary
Instructor 3 Female caucasian Post-Secondary APCSA, APCSP, computer programming
Instructor 4 woman Asian Indian/other Post-Secondary Java, C++, Computers & Society, Intro to Programming (Python), Programming 1,

Programming 2
Instructor 5 Female White Post-Secondary
Instructor 6 Male Half Japanese, half

white
Post-Secondary Programming Languages, Algorithms (and many others less frequently)

Instructor 7 male/man white Post-Secondary Many over the years, but focused on CS1 the last 7.
Instructor 8 Male White Latino American I am jewish, an

educator, education
researcher, a computer
scientist, and a
software engineer

Post-Secondary CS1, Discrete math, Databases for Analytics

Instructor 9 Man South Asian/Indian Post-Secondary Web development (front and back-end), mobile application developments, object-
oriented programming, projects & outreach, security & privacy

Teacher 1 Female Black High School Adv IT Hon and Coding Fundamentals
Teacher 2 Female Asian Able-bodied High School AP Computer Science Principles/intro to CS, AP Computer Science A, post-AP seminar
Teacher 3 All Everything taught at Community College, run a free afterschool program for girls

throughout Montana
Teacher 4 I want to identify as

non-binary1
White No High School Elementary specials for grades 3-5, 3 versions of year-long intro CS, AP Computer

Science Principles
Teacher 5 male Filipino/ German Engineer/Educator High School AP CS-A, AP CSP, ECS
Teacher 6 Mostly Male Identi-

fyied
White / Asian Queer, Slighty Neuro-

Diverse
High School Ap Computer Science Principal, Ap Computer Science A, Game Design, Game

Programming, Cyber Security, Cisco Networking, Web Design, Special Projects, Data
Science

Teacher 7 High School AP Comp Sci, Comp Sci Principles, Intro to CS, Web Design . . . . and so on
Teacher 8 male white High School AP CS A, CS1 Python, CS2 Java, CS3 Java
Teacher 9 Female Married to a man High School Intro, Video Game, AP CS A, AP CSP
Teacher 10 Female White High School Since 1984 …. all grades …. since 2016 ECS, CSP, AP CSP, AP CS A, Advanced Topics in

CS
1Participant also included “since I believe that gender is a social construct, although it feels disingenuous to identify as anything other than a man, as that is how I’ve lived and been treated the majority of my life”

Table 1. Participants self-reported gender, race/ethnicty, and other identities with the authors, and shared the major and cs courses they had taken as
students or level and courses they were teaching as instructors.
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3.2 Positionality and Reflexivity
As authors, we approached this work with experience learning and teaching CS in formal and informal settings.
Through this work, we seek to help make CS a more inclusive place with an inclusive culture. We believe that
part of this shift must integrate interrogating the terminology used to shape pedagogical decisions within the
field. Within our respective subdisciplines, we have each experienced the term “rigor” being used as an excuse to
avoid making curricular and pedagogical changes that would center students’ needs and experiences. We’ve also
seen it used as justification for why content is taught a certain way in a variety of learning settings. Thus, for
this work, we approached the analysis and the word “rigor” with skepticism. When discussing the initial project,
none of us had clear definitions of the term, which sparked our interest in better understanding the conceptions
held by instructors and students. Broadly, we also believe that learning computing should be a joyful experience.

These views risked influencing how we viewed and judged respondent’s responses, and so in considering their
ideas, we sought to think about the systems, experiences, and institutions that might have led respondents to
those beliefs, rather than examining them judgmentally or as a reflection of individual character.

3.3 Interviews
The first author conducted all the interviews over synchronous video chat (Zoom). The interviews lasted between
30 minutes to an hour and followed a semi-structured format drawing from the following questions.

• What are some things that might be important in (your) students’ learning?
• When you think about CS teaching (taking CS classes), how do you think about rigor?
• How do you think your colleagues (instructors) would define rigor?
• Do you think it’s possible to teach rigor?
• How do you observe rigor in students? How do you assess if students’ learning is rigorous?
• Can you give me an example of rigorous work?
• Can you give me an example of work that does not demonstrate rigor?
• Could you give me an example of rigor in another domain? Would you define rigor differently in another

domain?
• What would your definition of rigor be?

The questions were developed through a series of iterative pilot interviews and the first author worked with the
research team to refine the questions until it was clear the participants in the pilot interviews were articulating
their conceptions of rigor. Transcripts were generated by Zoom and then verified, cleaned, and de-identified by
the first, second, and third authors.

3.4 Analysis
We adhere to Hammer and Berland’s perspective on qualitative analysis [23], which positions qualitative coding
as generating interpretative claims about data for later testing, rather than structured data for quantification.
Therefore, rather than reporting inter-rater reliability analyses and quantities, we share here our analysis process
and the interpretative disagreements that emerged in building a shared interpretation.

The first, second, and third authors identified significant statements by identifying sentences, thoughts or quotes
that provided insight into participants’ experiences of rigor following phenomenological research principles
[35]. Since phenomenological research seeks to study participants’ lived experience of a phenomena, and find
commonalities across those experiences, in this work it is important to acknowledge the embedded nature of the
researchers [16]. The authors strove to acknowledge and “bracket” our preconceptions of the results, and our
lived experiences that informed our understanding of the data as we analyzed it [45].

After we identified the significant statements, we printed them and all authors came together to physically
affinity diagram the significant statements. To do this, we grouped the statements and quotes on the walls in
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a large room. Once we grouped the statements, we selected a title for each grouping and inclusion as well as
exclusion criteria for that group to ensure we had team consensus on what each grouping entailed. This allowed
for deep discussion on interpretive disagreements.

The analysis team then reorganized and re-coded significant statements that had no group. Finally, to ensure
clear groupings, we removed the title from each group of quotes. We then re-read each group of quotes to ensure
that they belonged together and re-titled that grouping. In the next round of analysis, we verified the code for
each significant statement. We then identified additional codes for the statements. At every step of the way, we
collapsed codes until it was clear that if we collapsed these groupings further, we would lose the nuance of the
conversations we had with participants.

There was significant agreement with the authors’ understanding of the data. Some disagreement did arise
during the initial affinity diagramming as authors debated whether participants’ thoughts about effort and time
should be independent categories and ultimately, collapsed them into a single effort and time grouping. Authors
also debated the difference between post-secondary instructor expectations and those of state or school standards,
ultimately deciding that those two entities were separate, and they emerged as independent concepts.

The final step of our analysis process was to member-check results with participants. We emailed each
participant with any quotes we were attributing to them and the context in which we were sharing their quote
to ensure that our analysis represented their intent. At the time of submission, the majority of participants
responded (21/29), sharing that the quotes accurately represented their sentiments. Of those participants who
responded, a few (4/29) requested slight grammar or punctuation clarifications.

4 RESULTS
We observed fourteen distinct conceptions of rigor, which were organized into three larger categories as seen
in Table 2. The first category was Principles of Rigor, the abstract properties of rigor that participants shared.
These conceptions and ideas were fairly abstract and hard for participants to concretely articulate. The second
category was Observations of Rigor, which are empirical observations that instructors, teachers, and students used
to describe rigor, including how it manifested concretely in work, students, and other areas. The third category
was Conditions for Rigor, which were learning conditions or environments that were necessary for rigor to exist.
When we compared these conceptions across participant groups, we noticed larger trends as seen in Figure 1.

Fig. 1. Each participant’s conceptions of rigor sorted by type of participant. There is a heat map of popularity of concep-
tions at the end of each participant group and overall. Note that no two participants definitions match.
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Principles of Rigor:
abstract conceptions or
properties of rigor

Precision Algorithmic proof precision, clean code, mathematical
exactness

Thorough and Systemic
Process

Systemic structural approach to problem solving that
covered all possibilities

Depth of Understanding Depth of knowledge to be able to apply knowledge to
novel circumstances or real life

Challenge Each student challenged at an appropriate level

Observations of Rigor:
empirical or concrete
observations

Time and Effort Investing a lot of time or effort on a thing
Intrinsic Drive Self-discipline, behaviors of an individual student
Productive Failure Willing to fail productively and learn from it, produc-

tive struggle
Struggle Difficulty of material, often referred to as grind, stress,

pain, or misery
Outcomes Grades, getting a job, knowing content
Gatekeeping People preventing people from learning or continuing

in the discipline

Conditions for Rigor:
elements necessary for
rigorous learning

Expectations Instructors expectations of student work
Meeting Standards State standards, curriculum standards
Community Support Scaffolding, online community, and friends you study

with
Resources Money, resources, or machines

Table 2. Conceptions of rigor participants described, organized by broader groupings, then conceptions and a description of
each conception.

4.1 Principles of Rigor
When examining participant responses we observed four abstract Principles of Rigor.

4.1.1 Precision. Students referred to proofs of algorithms, mathematical CS concepts, and mathematical CS
courses when they spoke about precision. In attempting to describe the abstract precision required for rigor,
students mentioned examples of high-stakes algorithms and engineering processes such as bridges and planes
because if the work was not rigorous, the consequences would be catastrophic. Student 2 who shared:

Rigor is obviously something that is present in math, and is also present in programming, but it’s also
present in other engineering disciplines, like mechanical engineering, or even especially things like
fluid dynamics. These are super complicated things that you really don’t want to get wrong. You want
to be able to measure even the error on these things. You know they’re very rigorous. They’re super
thorough. You don’t want a single part that is ambiguous.

Mathematical precision and exactness came up often. Both students and professors pointed to mathematical
proofs and proofs of a program as a means to explain the abstract concept of rigor.

When instructors and teachers shared their perceptions of precision and thoroughness, they gave examples of
code that passed tests and considered all exceptions, algorithms that were mathematically provable, and tracing
program execution; where results of the precision gave exactly what was required. Instructor 6 called it the
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“opposite of sloppiness,” and Instructor 8 tied mathematical precision to the systematic thinking required to write
code in CS and justified the use of autograders as a way to check for precision:

You absolutely can teach students to do rigorous work and to value rigorous work… your code should
be provably correct. You should be able to show me how it’s provably correct. You should write a proof
of your code. There are so many contexts where we do want that to happen… When I think about a
student behaving rigorously, or writing rigorous code, I think about an engineering process that is less
likely to contain mistakes about code that has been checked and rechecked, that has been tested or
proven.

Completeness and thoroughness were part of Precision for Instructor 8. Rigor meant students were to know
how to write the right code, prove it, and plan for every possible exception.

4.1.2 Thorough and Systematic Process. Most teachers and instructors expressed the importance of critical and
systematic thought required to approach, break down, and solve problems. When instructors talked about rigor,
they shared how important it was to use systematic processes to approach a problem. Some instructors used
systematic repeatedly. Instructor 9 shared:

Rigor: meaning can they learn to systematically think through and and solve problems, so can they
systematically learn to read and write code and systematically solve a problem.

Instructor 1 expounded on that need for thoroughness and thoughtfulnesswhen approaching problems, specifically
proofs, and that one approached a proof with systematic thought, that considered all possible scenarios and did
not skip possibilities or steps:

My definition of rigor is ‘thorough’ and ‘thoughtful’ and such like that. And rigorous coursework is
coursework that hits all the things it claims to hit or assesses all the things that claims to assess, or
exercises in the students all the skills, that it claims to exercise.

If students did not learn the systematic thinking to thoroughly approach a problem, they had not learned.
Teachers’ conceptions tended to focus on the steps of teaching students to think critically and independently.

When teachers talked about this conception of rigor, they shared how they taught problem-solving strategies.
They did this to help students learn to work independently and solve problems on their own. Teacher 6 shared
the importance of teaching students to recognize the smaller components in order to solve bigger problems:

Here’s a problem in front of me. How do I break it down into bite-sized chunks and then try to use the
computer to help solve that problem?

Only one student mentioned the process, even then as an analogy. Student 3 compared the need to shift the
way they thought about approaching problems to therapy, sharing:

I think it makes you think of therapy. It’s like reshaping the way that you think about a situation or a
problem, so that you can handle it better or handle it in a different way than you might initially have,
that would have been less successful. So in that sense, I think you can also be taught to deal with rigor.

When participants described thorough and systematic processes, they described processes that lead to thor-
oughness that produced precise results; this conception seemed closely related to the previous conception of
Precision.

4.1.3 Depth of Understanding. Many participants shared that rigor meant a depth of understanding in order to
use that knowledge in new circumstances, or to apply it in novel circumstances. Students needed to have deep
enough understanding of principles so that they could solve a problem they had never seen before. This seemed
to participants to be a property inherent in some students as opposed to processes or behavior.

When students shared about rigor in CS, they did not describe the act of programming as the end objective,
rather they viewed programming as a method to learn. Student 4 put this sentiment succinctly when they said,
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“You learn to program, and then you program to learn.” Student 4 shared this while describing their favorite CS class.
They did not learn any new programming concepts, but they were using the concepts and knowledge they had in
novel ways to explore simulations of physics and in machine learning. Students often shared examples of using
CS concepts to make things that they cared about because they had learned rigorously. They were expressing
ownership of the things they were learning, rather than learning concepts because they were required to. Student
10 contrasted their opinion of learning with what they perceived professors thought learning was when they
shared:

Now that you’ve taken this exam you got like a 100 or whatever: that’s [considered by professors to
be] progress. I think it’s more the purpose of gaining knowledge is so that you can use it, not to just
gain the knowledge with it… If you feel that you’re enabled to create something or build something,
or use the knowledge that you’ve learned in some way.

Students described rigorous programming as a means to an end; using those skills to do something that
mattered, not just for the sake of writing excellent code.

However, when instructors shared about this conception of rigor, it differed from these student conceptions.
To instructors, rigor meant applying knowledge to questions that students had not yet been asked, often in the
context of assessment. They shared that they wanted students to be able to apply these skills to novel questions
beyond the scope or context in which they were taught. Instructor 2 shared:

Rigor in that context would be, it’s really going to be something new … [the solution]’s gonna have a
twist [on the material] that you have maybe not seen before.

Other instructors shared that they carried a responsibility to prepare students for the next stages of life, whether
that was as a software engineer, a researcher, or some entirely different pursuit, and mentioned tests or exams with
novel questions as a way to ensure that students had that Depth of Understanding. This Depth of Understanding
would be required for transfer, or moving knowledge to future contexts.

Teachers conceptions seemed to fall in between instructor and student conceptions. When talking about
rigor, teachers mentioned making sure students were not just following step-by-step instructions or memorizing
content, but independently applying skills in new situations. Teachers shared that they found that projects were
ways students could demonstrate rigor. Teacher 9 shared: “That would be my favorite kind of rigor– it’s where
you’re really putting it all together for yourself in a project.”

Even though the method for applying knowledge varied, students, instructors, and teachers all shared that
it was important to have a Depth of Understanding in order to be able to use these CS skills they learned in
novel settings: for instructors it was in assessments, for students it was through something they cared about, for
teachers projects seemed to be the best option. Depth of Understanding also meant students were empowered
to use these skills and take it one step further and create their own things that they cared about. Participants
described a level of autonomy that allowed students to create new things. When students shared about this
conception, it was deeply tied to self-directed work and joy.

4.1.4 Challenge. When participants discussed Challenge, they focused on challenge for an individual student,
sharing that what would be rigorous for one individual, might not be rigorous for another individual, but that
Challenge was required for rigor and that level of challenge varied between students.

Students shared individual perception of levels of rigor in classes and what might be rigorous for one student
might not be rigorous for another student, and that one class might be rigorous for one student and not for
another student. Student 10 explained:

I feel like rigor does vary, but I think it’s very personal in how it varies. There’s a lot of different factors,
but I think generally it depends on the person.
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Instructors shared that they needed to provide Challenge for their students, but that they needed to provide
different levels of challenge for different students, and that rigor was not a fixed point, but was rather something
that was different for each student. Reflection, and students’ self-awareness were often part of the discussion of
Challenge Instructor 4 saw rigor as “trying, trying trying, and pushing your limits” and that some students would
turn in completed assignments early, while other students who might have less experience, would be working
just as rigorously, and would need more time and support in office hours to grasp a new concept.

Instructor 5, who had both secondary and post-secondary experience teaching CS, shared that they worked to
make sure each student was able to reflect and select the level of challenge they needed:

If I’m doing an activity in class… I am giving somewhere between two and four options of varying
difficulty, so that students can practice at a level that feels comfortable, but challenging to them … I
just don’t think that giving every student the same assignment could ever be rigorous for everybody.

They went on to discuss what challenging students might look like in a K-12 AP CS class, where they had
witnessed teachers and instructors who would over emphasize the need for everyone to get the highest score on
the end of year national AP exam. Instructor 5 then pointed out that all students would benefit from taking CS
whether or not they even took the final exam.

When talking about Challenge and rigor, teachers focused on centering student needs in this perceptions of
rigor. Teacher 6 stated:

I also think of rigor almost also on an individual level. Where are you at as a learner? And what is
rigorous for You may not be exactly rigorous for somebody else.

Additionally, teachers mentioned the importance of providing multiple ways for students to engage with and
represent their learning.

4.2 Observations of Rigor
While the conceptions of rigor in the last section appealed to abstract principles, some of the conceptions of rigor
participants observed were more empirical in nature. Participants shared six such distinct conceptions. These
observations came from both teachers and instructors of their students and from students of their peers. Some of
these insights overlapped, but had they been collapsed, they would have lost important nuance and salience.

4.2.1 Time and Effort. Often participants observed rigor as the amount of Time and Effort an individual would
invest into learning a subject or a concept. Students’, instructors’, and teachers’ observations of this conception
varied.

Students would often discuss devotion to CS and the willingness to make sacrifices of time in order to succeed.
Student 10 shared the experience of deciding when to get their work done on a weekend, and having to choose
between work and family obligations when they said:

How long do you spend thinking about the homework before you can actually do the homework?
Because there’s a lot of like pre-planning. I gauge rigor where it’s like like, Can you take a break from
what you’re doing? Do you need to be thinking about your class every single day?

Students observed a discrepancy between the Time and Effort that professors anticipated would be necessary
to complete assignments and their own experiences regarding the actual time and effort required. Student 9
shared some of those expectations mismatches when describing how to learn a new concept, and the professors
expectations that they would invest the time to find external information to complete class work:

I think there is a disconnect between what a professor attributes as appropriate time to spend on an
assignment versus what students are actually spending on that same assignment. I’ve personally seen
it come as a surprise when they find out that a question they thought would take students a half hour
is taking students 5 hours. So they probably are thinking. ‘Oh, yes, the rigor of this assignment. Yes,
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this is rigorous, 30 minutes’, and the student is looking at this going, ‘This is hour 4. I am like hitting
a wall. I don’t know what to do.’

When instructors shared these observations, they focused more on the effort required to learn a new thing.
Some instructors shared that they expected students to take initiative to put in effort to learning a thing. Instructor
9 shared, “The word rigor makes me want to think about the effort that somebody would have to put in to learning or
to develop something.” Other instructor shared stories of their peers who had invested into making the perfect
class that would cover all the material, but that there was no way an average student would have the time to
actually succeed in such a course without making significant sacrifices.

When teachers spoke about Time and Effort, they would refer to “hard problems,” and the ways students would
work with those problems, in particular the effort required to learn a new concept and engage with it. Teacher 5
compared the time and effort required to learn CS to the physical fatigue of a strenuous workout:

That’s why everybody takes computer science. They either love it because they’re up for the challenge,
or they hate it…You’re learning like how, when you go to the gym. You know you had a good workout…
when you can’t pick up the bar anymore. Picking up your gym bag to leave is like you have to drag it
behind you. You know you’ve had a good workout.

Students, instructors, and teachers all shared the observation that time and effort were required to learn CS,
but their was a nuanced difference in their observations. Students saw the time and sacrifice required to do work
well and instructors and teachers focused on the effort required to grapple with a new concept.

4.2.2 Intrinsic Drive. Many participants described that they observed an intrinsic quality, habits, or mindset that
students either had or did not have.

Students shared observations of their peers who were always focused and studying, spending all their time
reviewing course material, or on researching additional content. Student 7 laid out two ways they observed
rigorous students:

There’s two ways to get good… One is, you’re really good at it. Like you’re just naturally good. Two is,
you work really hard. Kind of try to apply those to computer science or kind of in school in general… I
really rely on the second one. I think I’m afraid I’m not that talented at programming. I’ve relied a lot
of the kind of like just grinding.

Student 7 put themselves in that second category, but perceived that what required much work from them came
naturally to a lot of their peers. Other students used language like “strict and exact” when observing their rigorous
peers’ behaviors, or “passionate” when observing their rigorous peers’ mindsets.

Instructors’ observations were split. Some instructors said rigor could not be about students or their qualities,
but rather about the complexity of the course. Few instructors thought students attitudes could be rigorous.

Many teachers expressed that they observed rigor to be the drive students brought to the work they did. Several
teachers used expressions like, “extra mile”, “discipline”, or “pushing one’s self”. Many teachers perceived some
students to be rigorous and some students to not be rigorous. Teacher 4 speculated that they thought rigor and
intrinsic motivation were correlated, sharing:

Perhaps I associate rigor with intrinsic motivation… I guess maybe if you’re intrinsically motivated,
you want to do it for the sake of itself. And so you want a challenge, and you want to learn and get
better.

Some teachers perceived some students and their academic behaviors to be rigorous– while other students did
not practice the same behaviors.

4.2.3 Productive failure. Participants shared they observed rigor when they watched how students recovered
from failure in coursework and in learning.
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When students talked about failure, they did not focus on the failure, instead they focused on how good it felt
to get it right after the failure. Several students also surfaced the tension they experienced that they may not have
the space to fail in class. Grades often played a role in the fear of failure– which made it hard for students to take
some of the risks they felt were necessary for learning CS. Student 10 shared the analogy of building a sandcastle:

I feel like not being stressed is one of the important things, because I feel like learning should be more
of a sandbox environment where you can do what you want… If you’re building a sand castle, you
wouldn’t have someone yell at you because it didn’t work the first time that you tried to build the
sand castle. And so it’s the idea of being able to experiment when you learn and also it’s not gonna be
like. ‘Oh, I’m gonna fail you in the class, because, you messed up your first assignment.’

Few instructors shared that they thought failure was part of rigor. Instructor 3 shared the importance of the
reflective process when failing rigorously:

Rigor includes challenging oneself to do something difficult. And we’re not always going to succeed. So
rigor also includes experiencing failure, reflecting on what can be done differently, and trying again.

When teachers emphasized the importance of failure in rigorous learning, they often included the importance of
community support, like working with peers or with a teacher to find mistakes and bugs, and that the school
system was not always designed to support that collaborative nature of failure. Teacher 3 was emphasizing how
important it was for everyone to learn, not just elite students who would end up in college or with PhDs, when
they said:

You have to learn certain things, and you don’t have the ability to fail like you do when you’re in
school, and that’s the big… readjust from those mistakes and move forward… especially in computer
science, because that’s what it’s all about. You’re failing. You’re constantly failing. You constantly
have bugs, and you constantly made a mistake somewhere. And you’re always trying to fix these
mistakes.

Teachers saw the constant iteration on buggy code as a necessary part of rigorous learning.

4.2.4 Struggle. When talking about this observation, students and instructors shared different understandings.
Students perceptions were often negative while instructors shared positive perceptions of the struggle.

Students often used words like “suffering,” “miserable,” “grind,” and “unhappy” when describing what was
required to be successful in a course. Often CS students would describe long hours and in front of a program or
in a library, and the sacrifice of a social life or sleep in order to be fully dedicated to finishing an assignment
or being a good student. They equated the state of being stressed out with the level of rigor in a course. When
asked how they knew a course was rigorous, Student 10 replied, Stress. Being stressed out… But I think stress is
probably the main way that rigor is present, or that I can feel it at least. And Student 9 pointed to the difference in
perception between students and instructors by sharing an example of the contrasts in how professors perceived
rigor and struggle and students did:

I think sometimes the rigor can be discouraging or straight up, prohibitively difficult. I think that
sometimes some assignments and things like that are just straight up prohibitively difficult in how
they’re laid out…And you’ll end up seeing things like a professor announcing, “Hey, so I saw enough
of you cheated on the midterm that I’m making a public post about it,” and I think that that’s an
indication that the rigor may be a little bit too high. If people are feeling like they have to resort to
something to be able to even pass.

They then shared that when they observed their peers cheating, it was as a last resort to not fail a class, not due
to laziness. They thought that this was a sign that the course was too hard.

Many instructors had a very different perception of this concept and used words like challenging and struggle
with a positive view. Although, some instructors reflected about colleagues who made things hard to make things
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hard. Instructor 3 who shared the tension of creating courses that were challenging because the covered the
necessary content, but not difficult just to be difficult:

I think that some would say, ‘Rigor is making students do hard things.’ And I don’t think I would
disagree with that. But I also think faculty need to deliberately avoid creating assignments that
are difficult for the sake of being difficult. What is the learning objective? How can we remove any
cognitive load that isn’t related to solving the problem?

Sharing a similar reflection, Instructor 8 spoke about a colleague who was dedicated to providing thorough course
content, and would try to fit as much as possible into a term. As a result, students were overwhelmed.

When teachers talked about rigor as a part of course difficulty, they often started by stating what work they
thought was not rigorous; e.g. multiple-choice, reading a book and bubbling in answers. And when teachers
described rigorous work they used words like “hard” and “struggle” often with positive connotations. Many
teachers thought it was how hard a course was, like teacher 5 who said said, “Rigor is the level of difficulty.” Then
they went on to share ways they supported students to succeed in spite of the difficulty.

4.2.5 Outcomes. Participants mentioned outcomes as a way they were able to observe rigor in themselves (as
students) and their students (as instructors). Surprisingly, participants rarely mentioned grades as a goal of
outcomes, but did mention things like “doing well”, and “testing”. Students saw outcomes like gaining content
knowledge, reflecting on the new things they were able to do, and passing tests. Student 1 initially referred to
rigorous students as doing well in the class, and later corrected herself, “Rigor means, practice and practice means
result, and then I [thought] ‘you know, rigor doesn’t always mean good grades.”’ Student 4 also shared similar
thoughts differentiating between rigor and succeeding in a course:

I think the classmates that do well are more rigorous. But this implication doesn’t necessarily go
both ways. If you do well, you’re rigorous. But if you don’t do well it doesn’t always mean you’re not
rigorous.

Many instructors shared that they more concerned with outcomes like mastery or making sure students knew
the material well. Instructor 4 said, It’s our job to get [students] to demonstrate that competence and to be able to feel
confident in what they’re doing. When instructors mentioned grades, it was in the context of confusion around
what they communicated to students and about students. Instructor 5 pointed out how grades and identity were
entangled, and mused:

When we talk about rigor and teachers who maybe think about rigor in a more traditional sense.
‘Everybody has to achieve the same level of difficulty in order to be A level or B level…’ I wish that
our education system was a little bit more flexible in terms of how we think about students, and not
thinking about it as like. This is like A level, and if you’re not achieving A level, then you’re not an A
student.

In general, instructors shared that they wanted to make sure that they were able to help students master content
so that students were prepared for careers in CS.

In addition to observations of outcomes like mastery that instructors held, teachers often tied rigorous outcomes
to projects that worked, and that students could clearly explain. Teacher 8 mentioned how they knew students
had rigorous outcomes and really understood when they explain why broken code did not work.

4.2.6 Gatekeeping. Often students shared stories of having to fit in, or meeting perceptions of others in order
to survive in CS. It seemed that in order to be rigorous, or perceived as rigorous, students shared that they felt
like they needed to behave like their peers. Student 5 clearly links fitting in to a performance of rigor when they
shared:
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It can prove to be really difficult to survive in this environment… If you don’t fit, well, everyone is all
about fitting, and everyone is all about the rigor. So everything in the program is about rigor. So it’s
really difficult to navigate this environment if you’re not what they want or what the standard is.

Several instructors shared things they had witnessed in staff meetings, conversations they had been in, observa-
tions of peers, or personal stories of ways that students were discouraged from pursuing CS because they were
not rigorous enough. Instructor 3 shared one such anecdote about her son:

I have a son who is taking a computer science class at a college right now, his first one, and he says,
‘Mom, the teacher makes me feel like an idiot.’ And I think that happens a lot in computer science and
some people call it rigor. It’s not.

Instructor 1 shared that they wrestled with the word rigor– as they felt it had some value or proxy for professional
decision making about students. But when reflecting they articulated:

Rigor is gatekeeping. It’s the word we use when we want to pretend there’s some actual measurement
behind our gut instinct for whether people are succeeding honestly or not honestly, like cheating. But,
honestly, like at a level we consider acceptable. Maybe that’s it. I want to use that word but… I wanted
to have some actual concrete definition. I just can’t find it.

4.3 Conditions for Rigor
Whereas the first and second sets of conceptions of rigor were about the behavior of teachers and students, a third
set of conceptions concerned the properties of systems, such as assessment policies, standards, and community
resources. This third set is not a set of definitions, but rather a set of necessary conditions teachers, instructors,
and students saw as necessary for rigor to exist.

4.3.1 Expectations. This condition for rigor was about instructor expectations for their students. It primarily
came from post-secondary students and instructors. Instructors worked to ensure that students met expectations,
while students shared they often struggled to understand what those expectations were.

Many students mentioned the need to meet instructors’ expectations in order to succeed in post-secondary CS
courses. Students expressed frustration that they did not always know what professors wanted, and that they
were doing many things to try and meet those standards. In trying to describe professors’ expectations, Student 9
shared an analogy:

They show you a picture of a chicken, and then they tell you to draw a duck. So you’re never gonna
get it right. But you’re gonna get some of this stuff right, unless you’ve seen a duck. But they don’t
show you a duck, so you’ll never know. They’ll say it goes quack. You’re like cool. Let me guess what
that means. But there’s not enough information to be able to get it right the first time… The level
of rigor of a course is always going to be viewed completely differently from like a perspective of a
professor/teaching team and the perspective of students taking the course. and it makes it kind of
difficult to understand before going into a class, how difficult it’s going to be.

Other students expressed similar frustrations and experiences of trying to figure out if the professor was
withholding concept details because that was the best way to learn, or if a professor was unaware that many
students needed more instruction to feel successful.

Instructors saw their own expectations as benchmarks for student success. If students were able to meet their
expectations, they were learning and succeeding. Several instructors acknowledged that while clear expectations
promote student success, they also feared overly high standards might make classes too difficult and hinder
student achievement. Instructor 2 reflected on rigor when designing courses:

Students will often go to the expectations we set for them… If we set really high expectations for what
we expect them to do, they will a lot of times meet that rigorous demand on them… We don’t want to
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make classes hard for the sake of them being difficult or for creating a reputation of ‘This is the class
where you learn rigor.’ But there is value to having high expectations… I would hesitate to apply rigor
to students rather than to the course.

Instructor 2 felt it was important to delineate between courses and students. Courses could be rigorous, test
students over novel content, and have high expectations. However, they did not want to apply the concept of
rigor to students. Expectations served as the marker by which students were assessed in undergraduate and
graduate CS programs. In secondary classes, the vocabulary differed slightly: teachers often used the language of
Standards.

4.3.2 Standards. Middle and high school teachers relied on standards as a way to observe and verify that their
students were rigorously learning. In this sections, we refer to standards as school, district, or state standards
that teachers were charged to help students meet. Only teachers mentioned this observation of rigor.

Teacher 1 shared the importance of really understanding what the standards were, and how to teach them in
order to make classes rigorous. They shared that standards ensured rigor in their classroom:

I envisioned rigor to be teaching to the standards and then using cumulative assessment rather than
evaluative assessment to address a particular objective or problem within the course of study.

Teacher 6 shared how difficult it was to teach CS because students come into the class with different levels of
experience, and different needs in the classroom, but that all students needed to meet the standards by the end of
the year:

Students might need different things in order to get to that standard. And the way different students
show that standard might not be exactly the same.

Teachers viewed their ability to help students meet standards as a way to benchmark whether or not they were
teaching rigorously.

4.3.3 Community Support. Many participants shared that in order to have rigorous learning, it was important
to have peers, mentors, and faculty who supported them. They felt rigor did not happen as well in isolation.
Students and teachers mentioned these ideas much more often than college and university instructors did.

Students shared stories of making friends with online moderators who taught them tricks about writing code,
going to office hours with professors and TAs, and studying with friends. Student 1 shared the importance of
community and peers they learned CS rigorously:

There will be people grouped together writing it out on boards. We’re doing homework together.
Because, like I said before, rigor is hard to learn that on your own, [unless] you are guided through,
maybe by someone who’s better at it, or someone who’s also learning.

When talking about supporting students, teachers often talked about scaffolding and meeting students at their
ability level. They shared stories of individual conversations they had with students to assess those abilities. They
talked about the care required to not just answer a question but how to help a student figure it out and develop a
deeper understanding of CS. This work went beyond teaching just content, and meant teachers and community
members were investing in students and relationships to support students. Teacher 1 shared about the support
they needed to provide their students:

Rigor has to be relevant. It has to be scaffolded for whatever learner that is present in your class. I
can’t be just teaching to the top ten or twenty percent, but about the students who fall in the middle,
what about other students who, you know, need additional support.

Similarly, Teacher 8 shared that you could not separate rigor from meeting a student where they were to empower
them, which require teachers to know each student well enough to know where each individual student was
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in their level of understanding as well as their emotional state. They thought that a classroom community was
required to do so when they shared:

I think sort of rigor in teaching is being systematic about what information students need, at what time,
in order to feel empowered and approach new challenges creatively without becoming overwhelmed.

4.3.4 Resources. Resources like access, time, money, and computers were elements that were part of rigorous
learning. Students, instructors, and teachers all shared examples of systemic barriers that were tied to a lack of
resources that slowed them down or prevented them from learning and teaching rigorously.

When teachers spoke about Resources needed to support rigorous learning, They quickly pointed out lack of
resources like time and money. Teacher 6 expanded on how these resources interfered with teachers’ ability to
teach rigorously, sharing:

I think that they think that rigor is like making sure that students are challenged appropriately. I
think they may have a harder time of essentially quantifying what that is for making sure that it’s
being applied to everybody. And I think part of [what makes that hard] is also just systemic barriers or
systemic racism and ableism, and all that sort of stuff like we’re in a system that kind of automatically.
It pushes people out of rigor.

One instructor mentioned that due to limited public school resources and lack of access some students came in
with no exposure to CS, pointing out that it was not quite fair to require the same level of rigor as those who
had been programming for years. Reflecting on the societal inequities that slowly built up over the course of his
schooling experiences, Student 2 shared that they did not have CS courses in their high school before sharing:

There’s all sorts of directions or sources of rigor that kind of create this web of… Not only is it academic,
but it’s also societal. There’s like a huge huge web that feeds on itself on just multiple sources of little
little sources and big sources of rigor that create this almost perfect storm of being able to have such a
rigorous system in place.

Other students shared how they had the resources that enabled early access to CS through parents, friends, or
games that allowed them to pursue CS rigorously from an early age, and recognized that as a privilege.

5 DISCUSSION
Our results show that over the course of twenty-nine interviews, 14 conceptions of rigor and no clear consensus on
the definition of rigor in CS education emerged. Participants discussed many different Principles of Rigorwhich
included Precision, Systematic Thought Process, Depth of Understanding, and Challenge. Additionally, participants
shared Observations of Rigor which included Time and Effort, Intrinsic Drive, Productive Failure, Struggle,
Outcomes, and Gatekeeping. Finally, participants shared Conditions for Rigor which included Expectation,
Meeting Standards,Community Support, and Resources. No two participants’ definitions of rigor matched, as seen
in Figure 1. Each student, teacher, and instructor we spoke with had a different definition of rigor in the discipline
of CS. Instructor 2 pointed out that they observed this confusion in conversations with faculty peers:

Rigor is one of these interesting words, right, because people will mean different things when they say
it… the word gets mixed up with with a lot of other things.

Many participants shared that they did not hold a simple definition of rigor, and on instinct, asked to look
it up– so as not to give a wrong answer. But, in this study we sought to understand what conceptions of rigor
participants held and had observed. Some conceptions of rigor were about teacher behavior, some about student
behavior, other conceptions were about student work products, and student knowledge. While it may not have
been clear what participants thought rigor was, it is clear that there was not one definition of rigor, and that an
individual’s role as student, teacher, or instructor impacted their conceptions of rigor.
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In previous work examining rigor, we know of disciplinary specific conceptions from the liberal arts and STEM.
In this work, all of the conceptions presented were rooted in CS. To our knowledge, this work is the first seeking
to understand what conceptions educators and students hold of rigor with respect to CS. As Riley notes, it is
important to understand what each discipline assumes rigor to be [38].

A careful examination of Figure 1 illustrates some of the differences in the understandings of rigor between
participant groups. Although there are not exact boundaries, there are some observable trends. Instructors
and teachers held more conceptions of Principles than students did. Students held strong conceptions of the
Observations of Rigor, particularly Time and Effort and Struggle. In fact, each student shared Struggle as a definition
of rigor. This difference in definitions between instructors and students may mean that the field may not be
clearly articulating what rigor is to students.

When discussing Principles of Rigor, The concept of Precision matched with mathematical conceptions of
rigor and with conceptions of correctness [20, 46]. Participants often shared high-stakes scenarios where human
lives were at stake. When participants spoke about Systematic Thought Process and Depth of Understanding they
mentioned thoroughness as part of those two conceptions. Thinking through things thoroughly was part of a
systematic approach. The concept of Depth of Understanding supported work by Ramnath et al. that rigor and
relevance were important in student work [37]. Participants shared joy when they talked about the ability to
apply knowledge to new circumstances, or when they understood how larger parts tied together. There was a
particular pride that participants evoked when they shared about using their knowledge to create new programs,
games or things that they cared about.

When sharing Observations of Rigor, participants’ concepts of Time and Effort aligned with theoretical
frameworks that perceive rigor as hard work or time [8, 10, 14, 15]. Students shared examples of their misery
and grind culture when trying to put in the Time and Effort they felt necessary to master material. Teachers and
instructors seemed less aware of the sacrifices students were required to make outside of class in order to learn
rigorously. Additionally, a few teachers and instructors seemed to perceive Intrinsic Drive almost as a personality
trait that some people were born with. But, it is important to consider that study skills are learned behaviors, and
that not all students have the same levels of executive function (the ability to plan, set goals, and focus) and that
sometimes policies can conflate behavior and worth [32].

The concept of Productive Failure was difficult for some students because they saw the importance of failure,
but felt limited by grades because failure meant lower grades. Instructors hold power over the grades, as they
assign them, and did not mention anything about the conflict between Productive Failure and grades. We have
designed education systems for success, not for failure. But, by its very nature, CS learning requires failure. For
example, debugging is a process that is often explicitly taught because code does not work and fails and must
be debugged. Our educational systems of deadlines and grades are not always designed to support the iterative
process of such learning.

With respect to Struggle, there is a broader conversation about power, where instructors might be creating
assignments that are “hard,” where difficulty without appropriate support and acknowledgment of students’
personal constraints (e.g. familial responsibility, financial needs) that affect a student’s ability to invest enough
Time and Effort to meet an instructor’s goals– where Struggle becomes Gatekeeping. In classes, instructors hold a
tremendous amount of power over students’ experience, outcomes, and futures [18].

Computing teachers and instructors also risk entangling student identity with Outcomes like grades, or
behaviors like Intrinsic Drive or Productive Failure. If classroom instructors make assumptions about students’
ability to learn based on instructors’ own perceptions of what rigor is, they risk excluding students who do not
have the same lived experiences as instructors. As instructors, we know what it took for us to be successful, and
we might recreate these scenarios– but really, what we’re recreating is success for people who have the same life
circumstances we do. This risks excluding anyone who holds different identities and or backgrounds.
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When discussing Conditions for Rigor, participants’ ideas of Expectations align with the theoretical frame-
work of cognitive challenge to students [8, 10]. Instructors perceived their expectations as a way to push students.
However, it is important to make Expectations explicit– often, students shared confusion and frustration about
what professors wanted them to do, and they would waste time and effort in an attempt to meet unstated
expectations.

Community Support and Resources highlight educational inequities. Students shared examples of times where
they had access to CS in elementary school– which ignited their desire to study CS. Other students shared that
their high schools did not offer CS, so the first time they were introduced to computational concepts was in a
freshman CS course, among peers who had been practicing these concepts their entire lives. Yet, both types of
students were expected to succeed in the same rigorous course.

This paper found, similar to the work done by Draeger et al., there is a mismatch between faculty perception
of rigor and what faculty communicate to students [15]. In CS in particular, professors are hoping to articulate
precision, and students internalize rigor as the need to grind and make sacrifices in order to prioritize CS. Our
results not only show that there is no agreement in CS, but that this lack of shared agreement has impacts on
how students are trying to learn. Throughout all of these conceptions, we heard participants’ stories of teachers
and instructors taking a particular notion of rigor legitimacy and applying it to the students they are teaching–
legitimizing particular conceptions and behaviors.

5.1 Our Understanding of Rigor
Rigor is a combination of discordant conceptions educators use to try to ensure students are learning. Educators
may believe that rigor arises when students learn difficult things so they use difficult coursework as an aspirational
goal for their materials. When rigor is the justification for learning, it legitimizes behaviors that are traditionally
dominant, conflates meritocracy and dominance, and continue to perpetuate the white masculine behaviors that
many students do not perform [38]. Slaton and Riley argue that, “fortitude and suffering are required for success”
-which contributes to the continuation of stratification and violence within the field [40]. To survive this use of
rigor, one must conform and conforming reproduces the initial conditions of CS which excluded so many [29]—
which may explain why the field continues to struggle with representation [33].

The use of the concept of rigor perpetuates the current white masculine hegemonic state of CS. Rigor is in
part about the adherence to the discipline and precision [38]. Adherence to the traditions of a discipline means
adherence to how it is presented, how it is taught, and how it is perceived by students. Students already come with
hegemonic perceptions of tools. Introducing new contradictory experiences (e.g. sewn circuits when teaching
circuitry) broadens the perspectives that students hold, and students learn the content better [36]. Until instructors
present new tools, ways of knowing, new forms of pedagogy, and content in CS, the field perpetuates exclusive
traditions and expectations [9].

Epistemologically, if CS education uses the concept of rigor to legitimize the discipline, we are perpetuating the
traditions and expectations that already overrun the field. In doing so, researchers and practitioners neglect other
ways of knowing that could benefit both students in their learning and the field for growth and exploration [44].
Centering epistemic narrowness and a cost-effective transfer of content becomes the focus of CS education rather
than knowledge and learning [39]. When rigor is centered, CS education risks limiting not only who joins the
field, but also the capabilities of the field itself to take risks, to try new things, and to construct new knowledge.

Of course many of the concepts like Precision, Systematic Thought, and Depth of Understanding surfaced in this
study are essential to CS. We should not abandon such ideas. However, the term rigor is not clearly defined, and
reinforces homogeneity which in turn harms the field.
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5.2 Moving Past Rigor
There are many options to replace rigor— one argument might be to clearly define rigor for CS, so that each
instructor and student is clear about what rigor is, and how to be a rigorous student. Alternatively, computing
could entirely reject the concept of rigor in CS education. The first step would be to admit that rigor is not as
objective as the field perceives it to be. In acknowledging its subjectivity, only then can CS education begin to
construct an understanding of what would benefit student learning [24].

What replaces rigor might make learning hard to control, and it might make it harder to measure, stratify, and
rank students. It would require CS education to focus on and prioritize student learning over content presentation.
It would require instructors to build trust with students and believe that when students are entering the learning
environment, students are there to learn and that studetns want to succeed [42]. It would require systems
and institutions to better support instructors and teachers– so that teachers and instructors have the support,
resources, and time to build that trust and new curricula. This type of learning would be difficult to scale, and
CS education would require more labor of instructors than systems currently allow. For example, instead of
200-student lectures, it might be 20-student classrooms, where relationships, humanity, and trust can flourish and
where students are able to create and engage in the joy of learning hard things. We see shadows of this joy in
conceptions of rigor in Depth of Understanding where students know material so well they own their knowledge
and use it as a tool to create things they care about. To do this it might require instructors and institutions
to incorporate student voice when creating assignments that matter and defining learning outcomes. It would
require an examination of power in the classroom, reconsidering how grades are earned and assigned so that
courses are not about competition, but about learning. We also see it in Productive Failure when students finally
get the code to compile, or finally debug that final flaw, when they have space to make mistakes and try again.
Instructors would need to consider how to allow for students to fail before they succeed, failure takes time, and
often current course timelines only allow for success.

5.3 Limitations
This study has several limitations. This study was done in North America with English speakers, as the authors
spoke English, however this study due to its methods, excluded many perceptions of rigor around the world, and
limited the conceptions of rigor to ones that were part of North American academic culture.

Our results also have methodological limitations. Participants volunteered for this study. We recruited them
through education specific listservs. All of the teachers and instructors interviewed were generous with their
time and thoughts. They cared about their students and the courses they taught and they each shared how they
were working to be excellent educators. This is a threat to this study’s results as being a quality educator was
part of these participants’ identities. Additionally, students were all enrolled in CS or adjacent majors, meaning
the recruiting methods excluded any students who had self-selected out of CS, had failed out, or had left the CS
major.

Additionally, results were also limited to the viewpoints and perspectives of these participants, if other
participants had been selected, it is possible that additional or alternate conceptions of rigor would have been
identified. And although researchers worked hard to bracket their assumptions, interpretations were potentially
limited by these researchers’ experiences and opinions.

5.4 Implications
This study extends our understanding of rigor particularly as it relates to CS. The participants considered rigor
an abstract concept and articulated that it is hard to know whether or not students are rigorously learning, or
applying rigor to their work. Because it is abstract, CS education relies on observations of rigor. The need to
perform rigor shows up explicitly in the ideas of Gatekeeping where students spoke about the need to fit in or
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behave like other students behaved which reinforces hegemonic norms as Riley argues [38]. CS educators share
opinions of performing rigor so that their knowledge, identity, and occupation are legitimized. Perhaps, like
Nelson mentions, these legitimized opinions prevent excellent CS teaching [34].

This study finds that, particularly in CS, no one person can know all of CS, and yet often designers of courses
and assignments expect that of students. Educators should be clear about what it means to thoroughly know a
topic in CS and work to clearly articulate expectations of students, and work even hard-to-help students meet
those clearly defined expectations.

High school teachers are putting forward tremendous effort to teach CS rigorously. But it is clear the field has
vast and varied views of what rigor is. This work calls into question learning standards, and what notions of rigor
are implicit in our assessments, and what those assessments means. Additionally, this points to a major hole in CS
teacher education at all levels– as teachers can not articulate what excellent CS instruction looks like. Finally, this
work raises significant concerns about how students come to see rigor, through lenses of suffering and sacrifice.

6 CONCLUSION
This work finds that no two people have the same definitions of what rigor is. Often, rigor is used to decide if
students are good enough to be computer scientists. Instead, we should discard the concept of rigor as it applies to
students, and focus on whether the instruction we are providing is good enough to support ALL of our students.
We need to explicitly communicate our expectations, standards, and what it takes to succeed to students, and
we need to work to make sure that each of our students has the resources to meet those standards. The goal
of computing education should be to help students learn. Student success should be at the center. Students are
capable of doing hard things, and when they do those hard things we ask of them, we should celebrate that
success.
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