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Abstract

The application of mastery learning, where students progress through
their learning in a self-paced manner until they have mastered spe-
cific concepts, is considered appealing for teaching introductory
programming courses. Despite its growing popularity in computing
and its extensive use in other disciplines, there is no overview of
the design of courses that use mastery learning. In this position
paper, we present an overview of five mastery learning models and
discuss examples of how these can be applied in practice, both in
foundational programming as well as more advanced courses. Our
analysis focuses on the student progression through the course,
the assessment structure, and the support for self-paced learning,
including for struggling students. This work provides a greater un-
derstanding of mastery learning and its application in a computing
education context.
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1 Introduction

Mastery learning is an approach to teaching where students progress
through a curriculum in a self-paced manner, demonstrating com-
petency in specific, usually ordered topics [15]. Mastery learning
can help to ensure that foundational concepts are well understood
and applied before other concepts are introduced or attempted [12].
The application of a mastery learning pedagogy within a course as
well as across a series of courses can facilitate scaffolded, gradual,
and self-paced progression through a curriculum, making it a valu-
able approach for teaching. Mastery learning has been extensively
applied in areas such as healthcare [7, 13], legal [10], and English lit-
erature [5], and has seen recent popularity in computing education
[1, 12, 24], in particular for teaching introductory programming
courses (i.e., CS1 and CS2).

Mastery learning establishes a direct correspondence between
assessment and individual learning outcomes or thematic units of
the curriculum. The broad brush approach of assessing student per-
formance at the end of a course, which has been the traditional way
of assessing in computing education, gives way to fine-grained con-
trol of which topics, concepts, or learning objectives are effectively
mastered by the student. By moving the focus from performance to
mastery, the learning of individual students is permitted to progress
at different paces, i.e., students are usually given the time needed
to learn and master a unit rather than evaluating how much they
were able to learn within a fixed time frame. Pedagogically, mas-
tery learning is based on the belief that every student can master a
subject when given enough time [3].

Computing education is a prime target for the application of mas-
tery learning due to the inherent complexity and (inter)dependence
of concepts [26]. CS1/CS2 courses often have a wide distribution,
with some students performing very well and others failing com-
pletely [8], with a large number of possible explanations for the
cause of this distribution [26]. One explanation given is that the
strong dependence between concepts can cause students with an
insufficient grasp of earlier concepts to fail when faced with the
complexity of more advanced concepts and ideas [26]. For example,
someone who struggles with the basic concepts of variables and
looping would be hopelessly lost when facing nested loops with
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dependencies between the inner and outer loop. Mastery learning
could provide a possible way to deal with this issue through its
emphasis on mastering earlier concepts before building on them. It
can also help to make dependencies between core concepts more
visible to students, encouraging a deeper understanding of concepts
before progressing.

When designing a mastery learning approach, it is important to
consider that the order of concepts and/or curriculum items might
not be straightforward to define. For example, in a CS1/CS2 setting,
where concepts are tightly coupled [26], it is possible to define
a strict dependency order between specific topics. However, this
strict dependency might not hold in higher-level courses, where
a collection of topics or principles might only be loosely related.
This suggests that mastery learning models need to vary to adapt
to different curriculum requirements.

Garner et al. note that, in reviewing the use of mastery learning
in computer science, there is no single way that mastery learning
is typically implemented [12]. In this position paper, we expand on
existing work by constructing and visualising models of mastery
learning. In a recent Dagstuhl seminar [9], the authors spent a week
refining these models based on existing literature and the practical
experience of seminar attendees. Based on this iterative process,
we propose a series of templates of various sequences of curricular
activities to help practitioners and researchers in implementing
mastery learning in their courses. Our models focus on the se-
quence of curricular activities, the progression of students through
the course, assessment structure, and student support. To the best
of our knowledge, no such visualisations exist in the literature. This
paper seeks to add to the analysis done by Garner et al. and provide
templates to compare implementations and guide instructors and
researchers interested in trying mastery learning in their class-
rooms. By rendering explicitly the diversity in approaches to and
understandings of mastery learning, we provide the groundwork
for comparison of studies of the effectiveness of mastery learning
in computing education settings. The contributions of this position
paper are twofold:

e A taxonomy and visualisation of possible models of mastery
learning.

e An analysis of how these models could be applied in com-
puting courses, both in introductory and more advanced
courses.

2 Background and Related Work

In conventional learning settings, time is a constant factor and
achievement varies among students within that time. Carroll pos-
tulated that learning is a function of the time a student spends
learning compared to the time the student needs to learn. Bloom
extended this notion to a belief that, if given enough time, almost
every student can learn a concept [3]. As a result, mastery learning,
or competency-based learning, as conceptualised by Bloom [3],
holds achievement constant as much as possible, while varying the
time required of each student to reach that level of mastery of the
material: all students can learn a concept if given enough time.
Mastery learning hinges on the importance of fully understand-
ing basic concepts before building upon them [11]. However, given
the challenges in supporting each student in mastering the material,
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there are different approaches to mastery learning. Two such ap-
proaches include Bloom’s Learning for Mastery system [3], which
is group-based and teacher-paced, and Keller’s Personalized System
of Instruction (PSI) [15], which is independent and student-paced.
Learning for Mastery is characterised by clear learning objectives,
a course that is broken up into smaller, atomic components that
can be evaluated periodically, teachers who use those formative
assessments to provide feedback to students about their specific
issues, and the encouragement of students to work together in
small groups to review their results and progress, perhaps using
additional alternative learning resources to continue their learning
in that unit [21]. Meanwhile, the Personalized System of Instruc-
tion has the key features of being self-paced, requiring students to
demonstrate mastery of a unit before progressing, using lectures
for motivation of progression in the material, emphasis on written
materials, and the use of proctors to provide a one-on-one evalua-
tion of students [11, 15]. These two approaches to mastery learning
are not entirely in contrast to one another, though they do begin
to indicate the different priorities that instructors can have when
implementing mastery learning in the classroom.

Depending on the mode of implementation, mastery learning
has been found to positively impact student achievement [4], with
larger impacts for weaker students [17]. Mastery learning efforts
generally elicit positive reactions from students, though they may
reduce course completion rates [17]. Further, an analysis of 17
meta-analyses on mastery learning indicates an overall effect size
of 0.67, which is interpreted as having the potential to considerably
accelerate student achievement [14].

Despite the benefits of mastery learning, there are real logisti-
cal challenges that arise when trying to apply the philosophy of
every student being able to achieve if given enough time. One chal-
lenge is quantifying what it means to achieve within the context
of the learning goals of the course. Scholars have debated as long
as mastery learning has existed about how much a student should
be expected to learn before the law of diminishing returns starts to
apply [2]. Further, there are design decisions to be made between
whether mastery is defined as a percentage of units learned or the
percentage learned within each unit, and how this all fits within
modern grading systems [29]. And, these metrics all depend on how
the learning goals are composed for the course, and whether they
define a level of mastery within them [20]. There are also concerns
around time, given the lack of holding time constant in a mastery
learning classroom. As a result, some students may learn the ma-
terial quickly, but others may require significant time to master
the same material. This also represents a time investment on the
part of the teacher, who is designing the learning goals, facilitating
the assessments and feedback, and creating alternative learning
materials for students to further their understanding of the material
[28]. There are also institutional constraints that require a grade to
be assigned to students by a given date; however, this may not be
an adequate amount of time for the students to learn the material.

21

As computing education has grown and borrowed from other fields,
the learning theories that are implemented within our computing
classrooms have evolved in turn. Mastery learning, though, has
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been shown to be in the top-ten most popular learning theories in
computing education [27]. Many of the implementations of mastery
learning in computing use the Learning Edge Momentum theory
to motivate their design decisions [26]. In these cases, the belief
that learning one concept will aid in the learning of closely related
concepts feeds easily into a mastery learning model that requires
students to demonstrate mastery of a concept before progressing
further into the course. There have been efforts to break down
introductory computing courses into their atomic concepts [19],
which would further aid mastery learning efforts.

A review of computing courses using mastery learning found
that these efforts were primarily concentrated in introductory com-
puting courses [12]. Mastery learning in computing has replicated
findings of positive reception by students, though issues of scaling,
procrastination, and effective design of assessments have also been
found [12]. These benefits and risks can be seen in a six-year im-
plementation of mastery learning in a computing classroom [24].
With interactive interventions within the mastery learning model,
more students ultimately received an A in the course [24].

3 Models of Mastery Learning in Computing
Courses

In the following sections, we describe several different models of
how courses can present content and assessment. We first describe
how traditional computing courses are typically organised, then
present several different models of mastery learning.

In each section, we provide a diagram; a description; how in-
struction/content is organised; how students progress through the
model, particularly in the case of failure; how assessment fits into
the model; and how support is provided for struggling students.
We also provide an application of the model in the context of com-
puting education. Each model contains a representation of content
in the form of a module. Each content module is an abstraction of
some curricular unit. The “size” of each unit is necessarily left as
an exercise for the instructor. Thus, a module may be as small as
a simple idea such as programming statements, or may be more
complex such as object-oriented programming as a paradigm. We
thus emphasise that in this paper, module should not be associated
with a traditional fixed part of studying in curriculum descriptions
and degree requirements, typically using a term such as course
or unit. In addition, it should be noted that the models presented
henceforth can be applied at different levels of course granularity -
for a whole course or parts thereof, or for a sequence of courses or
programs, as suits the curriculum, instructor, and institution.

3.1 Traditional

The predominant teaching model in computing courses is one or
more weekly lectures and lab sessions, the content of which is deter-
mined by the lecturer. Learning is assessed by final and potentially
mid-term exams, problem sets, quizzes, team-based project work,
and/or lab assignments, as shown in Figure 1.

Progression: The speed of progression through the course is set by
the teacher.

Assessment: Courses are assessed in various ways. At the authors’
current and previous institutions, courses are predominantly as-
sessed through a final assessment at the end of the course, zero, one
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Module 1 —>

Module 2

>

Figure 1: Traditional

Module 3 —> | Module 4

or more mid-term assessments on a fixed date during the course,
and assessments of lab assignments, often with various deadlines
during the course. Usually, a student can take an assessment even
if they did not take or failed previous components, or did not go to
the classes. If a student fails one or more of the assessment compo-
nents, there may be possibilities to retake them. Figure 1 shows the
flexibility of the approach: the assessments are not connected to
the modules, nor to each other.

Support: Students are supported by teaching assistants (TAs) in lab
sessions, and can make use of office hours of the teacher. Unless
exams and labs are automatically graded, they get (sometimes sub-
stantially) delayed feedback on their assessments, in the form of
grades or more elaborate feedback.

Application: The ACM Curriculum 2013 [23] contains the descrip-
tion of 84 computing courses taught in the US, Europe, Asia and
Australia, at 50 different universities. All course descriptions in-
clude a (sometimes brief) description of how students are assessed
in the course. There is a wide variety of combinations of assessment
components, but almost all courses make use of a mid-term and
a final exam, besides problem sets, quizzes, labs, or team-based
projects. As far as we could determine, all assessment deadlines
were set by the teacher or the institution of the course.

3.2 Instruction Locked (Keller Plan / PSI)

Keller [15] proposed a model of mastery learning that emphasised
self-paced learning and unit mastery (“unit-perfection requirement
for advance” in Keller’s words), which became known as ‘Keller
plan’ and ‘Personalised System of Instruction (PSI)’. Students are
provided with the learning materials for one unit or module of
the curriculum at a time and have to demonstrate mastery of this
module before they are given access to the next module (Figure 2).
As a consequence of this model, learning materials and instructions
must be provided in “written” (i.e. time-independent) rather than
“oral” (i.e. fixed time) form, although technology has clearly blurred
these lines.

Module 1

O wossez —O

Figure 2: Instruction Locked

Module 2 Module 3

Progression: In the “instruction locked” model students are required
to show mastery of a module before being allowed to progress
to the next unit. This strict barrier for each individual student is
entirely at odds with traditional course delivery structures and thus
often renders its implementation problematic at scale.

Assessment: Students undergo assessment of module mastery at
virtually any time, demonstrating mastery of the module according
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to the learning objectives. In case of not passing the assessment,
students return to the module and retake the assessment as often
as needed to pass.

Support: A corner stone of Keller’s model are the proctors and
instructors who, by assessing and watching over unit mastery, give
immediate feedback to students on elements of the assessment they
have failed, leading to “almost unavoidable tutoring” [15].
Application: The “instruction locked” model has repeatedly found
application in computing education [16, 18, 25]. Purao et al. [25]
report on a multi-year evolution of their implementation of the
PSI for an introductory programming course. Modifications to the
original model by Keller were necessary to counteract procrasti-
nation and help students find a good pace with which to progress.
Simply setting a minimal requirement for passing the course led
to students orienting themselves towards that minimum with few
students going beyond. Proposing different “tracks” (paces at which
to progress) with clear indication what grade each of these tracks
will most likely lead to had the best success in guiding students.

3.3 Assessment Locked

The “assessment locked” model shown in Figure 3 embodies the
progression aspect of the mastery learning approach, where the
curriculum is split into a series of modules, each with an asso-
ciated assessment. The sequence of assessment items follows a
dependency structure through a set timeline, and students progress
through each test in order, moving on to the next test once they
have shown competency in the previous one.

Figure 3: Assessment Locked

Progression: In this model the learner progresses through the con-
tent modules sequentially, taking assessment items only after the
module has been completed. Students can progress to learning con-
tent from subsequent modules even if they have not passed the
assessment items.

Assessment: Each module has an associated assessment that the
learner takes upon the completion of the module. The modules
are delivered according to the course timeline, which implies that
the assessments might also be run during specific set time periods.
There is a dependency connection between assessments, in that
they have to be taken in order. If students fail an assessment, they
return to learning the associated content module.

Support: Formative assessment supports students in this model by
providing a series of practice exercises in support for each module
and in preparation for each assessment item. Support for struggling
students could come in the form of supporting them to retake
past assessments, in a pipeline manner. This would imply both the
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implementation of tests from past assessments, but also support
sessions through the in-between period. For example, A1 tests could
be scheduled at the same time as A2 tests, and A1 and A2 tests could
be scheduled at the same time as A3 tests, allowing for support
sessions for students who need them.

Application: An example of the assessment locked model can be
found in Ott et als [24] implementation of mastery learning, where
students advance through a series of ‘progression level” assessments.
Once students achieve passing marks in a progression-level test, a
series of other progression levels are unlocked, and students can
proceed to taking specific tests. Students can attempt Progression
Levels at any point, however, to increase engagement they are
required to attempt at least one PL level per week.

In one of the authors’ implementations of mastery learning at
their institution, the foundations programming course is split into
four three-week modules, and competency in each module is demon-
strated by passing a test at the end of each module. Students who
fail one module test have to undertake it again before progressing
to subsequent tests. Assessments for all modules are given at three-
week intervals. Students can participate in instruction and practice
for the subsequent modules, as well as specific support sessions
relevant to the modules they have failed to show competency in.

3.4 Unlocked

The “unlocked” model strongly embodies the self-paced aspect of
mastery learning. The most prominent aspect of this model is that
students may progress through assessments at any speed. Unlike
the “assessment locked” model, students are not required to engage
with learning materials before taking assessments (see Figure 4).
Assessments may be ordered or unordered. That is, students may be
required to take assessments in a pre-determined order or they may
be allowed to take assessments in any order they choose without
needing mastery in a prior assessment to unlock the current one.

Module 1 Module 2 Module 3

é . .

Figure 4: Unlocked

Progression: In courses adopting this approach, learning materi-
als would be provided, particularly as a form of support for stu-
dents who have not yet mastered content. These materials may
be provided asynchronously, in a fully self-paced course. Alter-
natively, learning materials such as lectures may be provided at
pre-determined intervals. Assessment is completely independent
of the delivery of content, and students may choose to engage with
some learning materials and not others.

Assessment: An assumption of the “unlocked” model is that content
is still modularised. While a student may be able to pass all the
assessments at the beginning of a term, the model is not one of a
comprehensive exam which is pass/fail. Instead, a student would
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Module 2

Module 3

Module 1

Module 4

Module 5

Figure 5: Parallel Locked

be able to demonstrate mastery of each concept individually and
revisit any that they had not mastered. For example, a student might
pass assessments on statements, variables, conditionals, and lists at
the beginning of a CS1 course, but fail an assessment of loops. The
student can then work on learning loops before retaking a loops as-
sessment again, possibly repeatedly, until mastery is demonstrated.
In a software development course, a student may quickly demon-
strate mastery of software design and construction but require more
time to practice testing. Because software development courses are
generally project-based and collaborative, it may be that teams of
students work together to demonstrate mastery of a skill, or that
students are assessed individually, possibly concurrent to working
on a group project.

Support: Support for students, particularly struggling students, is
assumed but is not a strong feature of this model. Thus, student
support may be implemented in different ways. For example, all
support may take place as just-in-time individual tutoring (either
with an instructor, with a generative Al tutor, or with static learning
materials such as book sections or explanatory videos). A course
may provide a series of lectures or labs that reinforce certain topics,
particularly if they are topics that students struggle to master.
Application: This model lends itself to settings with varying levels
of prerequisite knowledge that students bring into the classroom.
As a result, this model is well-suited for online learning environ-
ments such as Massive Open Online Courses (MOOCs), where large
numbers of students are enrolled. This model is implicitly described
in [22]. With the use of this model, the instructor can relatively
quickly understand where the cohort is in terms of prior knowledge.

3.5 Parallel Locked

The "parallel locked" model addresses cases where there is no obvi-
ous ordering in which concepts should be learned. A student can
learn two or more concepts separately in any order, but it is not
possible to proceed further until all branches have been successfully
passed.

Progression: Especially in CS1, the basic concepts are tightly inte-
grated implying that it is difficult to separate them totally to support
learning them one after another. [26]. For example, basic syntax,
variables, assignments and sequential execution are all needed to
create even a simple working program. To be able to proceed with
learning conditional statements and loops, one needs to understand
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relational operators and logical expressions. However, it is not clear
in which order conditional statements and simple loops should be
learned, i.e., either one could be learned first. On the other hand,
both are needed, as well as assignments and sequential execution
before one can start learning any non-trivial algorithms. Typically
learning about functions, objects, and classes takes place after the
former basics are mastered, as these more advanced concepts are
not needed for their understanding.

Assessment: Each branch has its own assessment module. The stu-
dent can proceed further only when assessments in all branches in
the model have been successfully passed. This needs to be checked
holistically.

Support: Each branch in the model can have its own supporting
learning resources, which could be examples, worked examples,
and formative assessments. The logic of the whole model should be
explained, i.e., students need to understand that the covered topics
are all necessary to learn before one can proceed to further, more
complex topics.

Application: In CS1, several basic concepts could be learned using
this model, as explained above. In CS2 and intermediate courses,
for example, when learning about data structures and algorithms,
there is no obvious ordering for learning stacks, queues, and linked
lists. But they are relevant prerequisites for graph algorithms. One
could learn tree structures and hashing methods in any order, but
both are relevant in further studies on algorithms.

3.6 Spiral

The "spiral" model shown in Figure 6 is the most complex of all. In
this model the learning modules are ordered to reflect a progression
of learning; however, the modules may contain topics that revisit
and build on previously introduced topics. This model has flexibility
in the assessment whereby learners may demonstrate mastery of a
topic in a module through assessment in future modules.

Figure 6: Spiral

Progression: In this model, the learner progresses through modules
sequentially. However, in contrast to the other models, the modules
spiral back to build on previously covered concepts. For example, in
Java one module may introduce the concept of loops with a simple
while loop construct. A later module may introduce variations on
this with a for loop and introduce the concept of post-test loops.
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Table 1: Mastery Learning Models: Summary of key features

Model Modules Assessment
Instruction ordered completed before pro-
locked gressing to next module
Assessment ordered completed before pro-
locked gressing to next assess-
ment
Unlocked unordered completed at any time
Parallel partially unordered  parallel modules com-
locked pleted at any time but
all must be completed be-
fore progressing
Spiral ordered with top- assessment after each
ics revisited in later module with possible re-
modules assessment at a later
module
Traditional ordered assessments not con-
(non- nected to  specific
mastery) modules or each other

A later module may cover loops specific to data structures, for
example for...each and the Iterator object.

Assessment: Each module will have an associated assessment that
the learner may take on completion of the module. However, there
is some flexibility in the way the learner can demonstrate mastery
of the topics through the assessment. If a module has built on a
concept covered previously, then passing the assessment associated
with this module demonstrates mastery of the current module and
there is an implicit assumption that the learner has demonstrated
mastery of the topics in the previous module. For example, if module
2 introduces loops and module 8 covers more advanced loops then
if a student passes the assessment for module 8 then they do not
need to pass the assessment for module 2.

Support:Associated resources for each module may be accessed to
support their development of mastery in the topic.

Application: In a typical CS1 course there are many concepts to
introduce each building on others and this can be overwhelming for
novice. This model revisits topics throughout a course and allows
the student to develop a deep understanding. While Lister [18] hints
at using a spiral curriculum as well as mastery learning (in the form
of a Keller plan), he does not really follow this model. Still, it might
be a possible example for how a spiral curriculum could look.

4 Discussion

In this paper, we present several models of mastery learning, which
are summarised in Table 1. These models serve to demonstrate key
elements of mastery learning and the variety of ways it can be
implemented. It is important to highlight that these models can be
adapted, changed, and combined, providing a rich array of possibil-
ities for a mastery learning course. In addition, a course may adopt
some principles of mastery learning without being entirely centred
around this approach. For example, a course may use a mastery
learning approach for formative assessment, allowing students to
revisit assignments to master each topic, but also present one or
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more summative exams that cannot be re-taken [24]. In addition,
the scope of implementation may vary as well, with mastery learn-
ing being implemented within a weekly learning activity, during a
semester long course, or even at a degree program level.

Many classroom formats and instructional approaches lend them-
selves well to a mastery learning pedagogy, and its application as
discussed above is not restrictive, nor is the type of assessment used
prescriptive. Kirchgraber et al. [16], who applied mastery learning
for teaching mathematics and computing at high school, stress
that mastery learning requires more effort from the students and
should therefore be used judiciously for particularly difficult topics
or where the student population exhibits large heterogeneity.

The application of mastery learning faces a number of challenges,
in particular: (i) students tend to procrastinate in a self-paced learn-
ing environment, (ii) the high number of assessments and feedback
required strains resources, (iii) the self-paced learning aspect makes
it difficult to adopt it in the usual fixed-time structures of our educa-
tional institutions. The actual implementation of mastery learning
in any specific setting will therefore vary greatly, address the chal-
lenges in different ways and end up as a mixture of the models
presented in Section 3. For instance, Purao et al. [25] point out that
“[Keller’s PSI] is an ideal that requires adaptation and evolution that
result from nuances of implementation”. Moreover, they state that
all their adaptations can ultimately be understood as addressing the
issue of procrastination and guiding students in terms of the recom-
mended pace of learning. Lastly, another challenge in implementing
mastery learning relates to the tension of implementing mastery
learning goals in the university reality, where unlimited time and
support for students are not available due to external pressures. We
believe that the visualisation and discussion of the above models
of mastery learning will facilitate their full, partial, or combined
implementation within a university context.

5 Conclusion

We present in this position paper a number of models of mastery
learning, highlighting their adaptability and the diverse ways they
can be implemented in a computing education setting. The aim of
this collection of mastery learning models, unique to the literature
to the best of our knowledge, is to provide practitioners and re-
searchers alike with a framework for the potential implementation
and analysis of mastery learning. The models we presented are
not rigid frameworks but provide flexible guidelines that can be
tailored to fit specific educational contexts. The potential benefits of
mastery learning for computing education are significant, however
the practical challenges such as resource constraints, the need to
define the computing curriculum in a modular way, the need for
extensive assessment items to ensure practice need to be considered.
We believe that the analysis and visualisation of mastery learning
models presented in this paper will allow educators to better ex-
plore these challenges to ensure that learners reap the extensive
benefits of mastery learning.
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