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Abstract

Debugging is an immense challenge for novices when learning
programming, often causing frustration. Applying a systematic
debugging process has a considerable impact on debugging suc-
cess. As a result, several interventions have been designed to teach
this process to students. However, understanding how students
actually apply these processes remains limited, as existing analysis
approaches only partially capture students’ debugging processes.
To address this gap, this paper proposes a process-oriented and
programming language-independent analysis approach grounded
in an ideal-typical debugging process model to reconstruct and
analyze debugging processes. This approach provides a founda-
tion for process-level insights into how students identify and solve
bugs. We illustrate the applicability of the approach through a case
study analyzing four screen recordings of secondary school stu-
dents debugging Scratch programs. First insights demonstrate how
the approach enables a detailed reconstruction of debugging pro-
cesses and the identification of deviations from an ideal-typical
debugging process, such as missing verification steps.
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1 Motivation

Debugging is an unavoidable yet persistently challenging aspect of
learning to program, often causing frustration [21]. A key factor for
successful debugging is the application of an effective process which
involves formulating and verifying hypotheses [28]. Accordingly,
various interventions have been developed to support students in
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learning a systematic debugging process, which have been shown
to successfully improve debugging performance [19, 26].

To understand why and how these interventions work and how
they can be designed effectively, as well as to identify where stu-
dents struggle, analyzing students’ debugging processes is essential.
Therefore, previous research has approached the analysis of debug-
ging processes in various ways. One common approach is the use
of program snapshots to analyze students’ debugging processes.
However, they only provide partial insights into students’ activities,
as they omit all steps performed between two snapshots [1, 18].
Another line of research has applied inductive approaches to iden-
tify recurring patterns, primarily focusing on debugging strategies
and performance [24, 25]. While these approaches provide valuable,
context-specific insights, they limit comparability both within and
between learners. In contrast, other studies adopt theory-based
approaches grounded in an ideal-typical debugging process model
to analyze individual debugging steps [16, 20]. While those ap-
proaches facilitate more systematic comparisons, they typically do
not consider the sequential structure of the steps within the debug-
ging process, thus missing important process-oriented insights into
how students work. In summary, we argue that this limits our un-
derstanding of students’ debugging processes and misses potential
to diagnose students’ problems, explain unsuccessful debugging
attempts, and design targeted interventions [22].

To this end, we propose a theory-based analysis approach that
reconstructs students’ debugging processes by mapping observable
actions to the steps of an ideal-typical debugging process model. The
approach uses screen recordings of students working on debugging
tasks as its primary data source. Specifically, this paper contributes
(1) a theory-based approach for a fine-grained reconstruction and
analysis of debugging processes, and (2) an illustrative case study
demonstrating its applicability.

2 Related Work

Debugging, the systematic process of finding and fixing bugs, is
an essential part of software engineering as most programs do not
work correctly on the first attempt. Previous research has focused
on various aspects of debugging, including typical bugs in novices’
programs [3, 4, 7], and approaches to teach debugging [6, 23]. In
the following, we first outline models that define the ideal-typical
debugging process in detail and then we review previous studies
investigating students’ debugging processes.

2.1 The Ideal-Typical Debugging Process

There are several models that describe the ideal-typical debugging
process and specify the essential steps of a successful process. Those
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models were either developed empirically [10, 11] or theoretically
[2, 28]. Despite differences in their development and target group,
the models can be summarized into the same four steps: (1) observe
the failure, (2) set up a hypothesis, (3) verify the hypothesis, and
(4) fix the bug and verify the solution.

Accordingly, this process is often called as scientific debugging,
as the iterative identification and verification of hypotheses is a
central part of the process. Most debugging process models focus
on localizing the bug by describing the steps (1) to (3) in detail
(e.g., [10, 11, 28]). However, fixing the bug (step (4)) can also be
a considerable challenge, especially for novices [23]. Accordingly,
some models elaborate on this step in more detail. For example,
Araki et al. (1991) distinguish between two overarching phases:
locating bugs and correcting bugs (see Figure 2a). By introducing
a dedicated phase for fixing bugs, which contains more than one
step addressing the bug fix, the importance of this phase within
the debugging process is emphasized. Compared to other process
models, this results in a more fine-grained description of the ideal-
typical debugging process.

While this highlights how process models can differ in their
level of detail, another important distinction concerns the context
of debugging. In particular, it is important to distinguish between
debugging one’s own code and debugging code written by others,
as research shows these situations require different approaches
[12, 14]. When debugging unfamiliar code, additional code compre-
hension steps are necessary [14] and should therefore be added to
the ideal-typical debugging process. However, only a few models
explicitly account for these comprehension steps (e.g., [10, 27]).

2.2 Analyzing Debugging Processes

A recent review by Sporer and Michaeli (2025) summarized the
methodologies that were used to investigate debugging processes
in computing education research. They found that studies analyzing
debugging processes typically rely on qualitative methodologies
and investigate either videos (from the classroom or the students’
screens) [13, 20, 24] or program snapshots [1, 18]. These studies
primarily aim to describe cognitive aspects of debugging, such as the
usage of debugging strategies [8, 24] and the students’ debugging
performance [15, 17].

As a foundation for assessing students’ debugging processes,
previous research used a vast variety of data types, e.g., videos
[13, 20, 24], program snapshots [1, 18], interviews [16], and surveys
[9]. These data sources differ regarding their information content
and the effort required for analysis. While videos capture everything
the students do and say and thus have the potential to record the
entire debugging process, the analysis is highly time-consuming. In
contrast, program snapshots provide only static copies of the code
at certain points in time, omitting all steps performed between two
snapshots and therefore capturing only fragments of the process,
but enabling efficient and scalable automated analysis [22].

Focusing on data analysis, most studies used an inductive ap-
proach, primarily to identify debugging strategies used by the stu-
dents [8, 24]. In contrast, studies adopting a deductive analysis
approach have examined debugging-related aspects such as social
regulation or self-regulation strategies and collaboration [13, 20].
Only a few studies [5, 16, 20] have explicitly analyzed students’
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debugging processes using debugging process steps as a theoretical
framework for deductive analysis. For example, Parkinson et al.
(2024) and Kim et al. (2018) investigated whether the process steps
from an ideal-typical debugging process could be identified in the
students’ debugging processes. While prior work identifies indi-
vidual debugging steps, it does not address how these steps are
connected within the sequential structure of the debugging process.
Building on this work, we argue that, since debugging is an itera-
tive process, analyzing this sequential structure offers important
insights into the underlying processes. This, in turn, enables a more
detailed understanding of how students approach and resolve bugs.

Taken together, prior research provides several insights into spe-
cific aspects of students’ debugging behavior but lacks approaches
that capture and analyze the full sequential structure of debugging
processes. In particular, theory-based approaches that map the stu-
dents’ processes to an established debugging process model are
largely missing.

3 A Theory-Based Approach to Analyze
Debugging Processes

To address this gap, we propose a theory-based analysis approach
for investigating students’ debugging processes. Our approach re-
constructs debugging processes per individual error by mapping
observable actions to the programming language-independent steps
of an ideal-typical debugging process model. As systematic debug-
ging processes are known to support successful debugging, we
argue that comparing students’ processes to an ideal-typical pro-
cess provides a meaningful reference point for analysis. Moreover,
such a process-oriented perspective on debugging is important
for the identification of where and why students deviate from an
ideal-typical process. We use screen and audio recordings as data
sources, as they capture both students’ interactions with the pro-
gramming environment and their verbalizations. On top of that,
screen recordings allow us to capture the entire debugging process.

To clarify the terminology used in our approach, we define the
following central terms:

e An action is an observable behavior that occurs when stu-
dents interact with a programming environment. Actions
can be programming language-specific or programming lan-
guage-independent.

- Examples of programming language-specific (Scratch) ac-
tions are duplicating blocks, inspecting drop-down menus,
and adding new blocks to the workflow.

- Examples of programming language-independent actions
are changing variable values, scrolling through the code,
parsing the code, and executing the program.

o A debugging episode is the set of all actions that were
carried out with the intention of solving one specific bug in
a program.

Based on these definitions, our proposed approach follows four
steps: (1) coding of observable actions, (2) grouping actions into
debugging episodes, (3) mapping actions within each debugging
episode to debugging process steps, and (4) comparing the mapping
with the ideal-typical debugging process (refer to Figure 1).



Step 1: Coding of observable actions. The first step focuses on
a descriptive coding of all observable actions visible in the screen
recordings of the debugging processes. This results in a fine-grained
overview of the students’ actions and serves as the basis for the
subsequent evaluation and interpretation steps. Audio recordings
are not necessary for that step, as all actions can be directly observed
from the screen recordings.

Coding actions from screen recordings offers the chance to derive
detailed information. We deliberately chose to use screen recordings
as data source, as they contain more contextual information and
require less technical features than other approaches that provide
fine-grained process descriptions like log files.

Step 2: Grouping actions into debugging episodes. In the
second step, all actions related to the same error are grouped into
the same debugging episode, regardless of when they occur in the
screen recording. The audio data is used to support this assignment
and ensure that actions are grouped correctly.

Grouping actions into debugging episodes allows the reconstruc-
tion of debugging processes for each error individually. This reveals
whether students follow linear debugging processes, or whether
different processes interrupt or overlap each other. In addition,
this structuring allows comparisons of debugging processes across
different types of errors.

Step 3: Mapping actions within each debugging episode to
debugging process steps. Building on steps 1 and 2, the actions
within each debugging episode are mapped to the steps of an ideal-
typical debugging process model, which can be chosen from the
models proposed in the literature. Depending on the context, one or
more actions are mapped to the same process step. The audio tracks
provide additional information about the students’ approaches,
especially in phases with no mouse movement.

This mapping enables the interpretation of observable behavior
and the reconstruction of the students’ debugging processes. It
further provides a foundation for systematically comparing these
processes to an ideal-typical debugging process and, by abstract-
ing from language-specific actions, it facilitates the comparison of
processes across learners, tasks, and contexts.

Step 4: Comparing mapping with the ideal-typical debugging
process. In the final step, the students’ debugging processes are
visualized and compared to the ideal-typical debugging process.

By doing so, the comparison enables the identification of miss-
ing or additional steps within the debugging processes. Moreover,
this process-oriented perspective reveals how and where students’
debugging processes differ from a systematic process.

4 A Case Study Demonstrating the Proposed
Approach

To demonstrate the potential of the proposed approach, we con-
ducted a case study which serves as an illustrative example rather
than as a basis for generalizable conclusions.

4.1 Context and Data Collection

The data was collected in the context of a five-day workshop on
programming games, which targeted motivated secondary school

UKICER 2026, September 03-04, 2026, Cambridge, United Kingdom

=R

Screen recordings
+ Audio recordings

Extract observable actions from recordings

Assign actions to bug-specific debugging episodes

Interpret observable behavior

Systematically identify deviations

« Reconstructed debugging processes
« Recurring patterns in students' processes

Figure 1: Visualization of the steps of the proposed approach.

students who signed up voluntarily. Therefore, this does not rep-
resent a typical classroom sample. Five students (two female and
three male, grades 9 to 11) participated, each with one to three years
of programming experience in the context of computing education
lessons. On days two to four, the participants worked on short
debugging tasks used as morning warm-up challenges aligned with
the workshop topic. They did not receive any prior instruction on
debugging or ideal-typical debugging processes. Informed written
consent was obtained from all participants and their legal guardians
before the workshop.

The debugging tasks were based on Scratch implementations
of the games Snake and Pong. All participants had previously
worked with Scratch. Although the students were familiar with
the general functionalities of the games, they had not seen the spe-
cific implementation before, so they were debugging others’ code.
Each debugging task was designed to represent four or five typical
novice programming errors, which were derived from the literature
(e.g., [3, 4, 7]). These errors were mostly programming language-
independent, including incorrect variable assignments, incorrect
conditional statements, and confusion between assigning and in-
crementing variable values. For each task, the students received a
brief description about the expected program functionalities and
had approximately 35-40 minutes to complete it.
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The data collection approach was inspired by previous research
from Parkinson et al. (2024) and Fitzgerald et al. (2008): To solve
the debugging tasks, the students worked in pairs to encourage a
natural conversation about their thoughts on the tasks. One partici-
pant completed the tasks individually due to the group size. Screen
and audio recordings were collected for all sessions.

4.2 Application of the approach

To demonstrate the applicability of the proposed analysis approach,
we analyzed four screen recordings of students working on debug-
ging tasks. The other five recordings had to be excluded due to
missing audio data. In the following, we first illustrate the applica-
tion of the approach in detail using one screen recording from the
case study before identifying recurring patterns across all cases. In
the selected example two students (female; at the end of grade 9)
are debugging a Scratch implementation of the game Snake. The
task contained four predefined bugs the students were asked to
identify and solve:

e incorrect variable value: the head of the snake looks in
the wrong direction at the beginning of the game

e incorrect variable value: the head of the snake looks in
the wrong direction during runtime

e incorrect variable value: the tail does not follow the head
correctly

e disconnected block: the head of the snake is visible on the
start screen

Step 1: Coding of observable actions. We inductively devel-
oped a coding scheme for observable actions based on the screen
recordings. The resulting set of actions includes both programming
language-specific actions (e.g., adding or deleting blocks) and pro-
gramming language-independent actions (e.g., navigating the code,
modifying variable values, or executing the program). The first au-
thor conducted the coding. As the coding of the actions was purely
descriptive, we did not conduct an inter-coder reliability check for
this step.

Step 2: Grouping actions into debugging episodes. As the pro-
gram contained four bugs, we assigned the actions to four distinct
debugging episodes. The assignment was informed by both the
screen recordings and the accompanying audio data, which pro-
vided additional context on the students’ intentions. We observed
that the students worked on the bugs in an intersecting rather than
strictly linear manner. Additionally, there was an initial exploratory
phase in which the students interacted with the program without
targeting a specific bug. Therefore, these actions were not assigned
to any debugging episode.

Step 3: Mapping actions within each debugging episode to
debugging process steps. In the third step, we mapped the ac-
tions for each debugging episode to the steps of the debugging
process model by Araki et al. (1991). We chose this model as base-
line, as it provides a fine-grained description of the ideal-typical
debugging process and considers localizing and fixing the bug as
two separate phases. To account for the fact that students were
working with unfamiliar code, we extended the model with a code
comprehension step. The mapping was conducted by the first au-
thor and validated by a second researcher who independently coded
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25% of all data (one out of the four screen recordings). Inter-rater
agreement was assessed using Cohen’s kappa (x = 0.71), indicating
substantial agreement. Remaining discrepancies were discussed
and resolved collaboratively.

We only considered actions for the mapping that were previ-
ously assigned to a debugging episode. Several actions could be
directly mapped to a process step. For example, parsing the code
with the mouse was mapped to the code comprehension step as
the students seem to inspect the code in order to understand its
structure. Especially for interpreting timeframes with no or random
mouse movements, the audio data provided important information
and thus indicated the debugging process step. For example, the
utterance - Wait, what happens if we disable this part now?” was
mapped to hypothesis selection, as the students expressed an idea
about a potential bug location they wanted to evaluate. However,
not all actions could be mapped to a specific process step. Actions
related to navigating the code (e.g., scrolling or changing the view)
were therefore excluded from the mapping for this reason. In Ta-
ble 1 we display the mapping for one exemplary debugging episode
from the selected example.

Step 4: Comparing mapping with the ideal-typical debug-
ging process. For each debugging episode the students’ debugging
processes were visualized according to the visualization of the de-
bugging process model proposed by Araki et al. (1991). Refer to
Figure 2b for two exemplary process visualizations. In particular,
we analyzed whether process steps were omitted, repeated, or car-
ried out in a different order, allowing us to identify deviations from
the ideal-typical debugging process.

4.3 Insights from the Case Study

Across the four analyzed screen recordings (containing 19 debug-
ging episodes), we observed some recurring patterns. These obser-
vations illustrate how the proposed approach reveals patterns in
students’ debugging processes that may indicate key sources of
difficulty. Given the small and specific sample, these insights aim to
illustrate detailed, context-specific aspects of students’ debugging
processes rather than to provide generalizable findings.

A frequently recurring pattern was that the students did not
verify their changes. In some cases, fixes were not validated at all
(refer to debugging episode B in Figure 2b), while in others, unsuc-
cessful attempts were followed by further modifications without
verifying whether the final solution actually resolved the bug (refer
to debugging episode A in Figure 2b). While this behavior some-
times still resulted in a correct solution, in other cases the changes
did not fix the bug or added new bugs to the program that remained
unnoticed. As verification is essential for confirming correctness, its
omission indicates that this step appears to be challenging for stu-
dents. Beyond missing verification steps, the students also showed
trial-and-error approaches. For example, the students modified
the program despite explicitly stating that they do not understand
the code (e.g., ‘T don’t know what that means, but let’s just change it”
- debugging episode A in Table 1), suggesting that their program
modification steps were not guided by explicit hypotheses about the
program behavior. This suggests that their debugging was at times
driven by trial-and-error rather than by reasoned hypotheses. An-
other observed pattern was fragmented debugging processes in
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Observed behavior

Verbalization

Actions

Process-Step

While getting familiar with the program the stu-
dents recognized that the tail sometimes does not
follow the snake as it is supposed to be.

While verifying a previous addressed bug, one stu-
dent focuses again on the tail of the snake.

The students are discussing the code and are in-
specting the different options behind the drop-
down menus.

They decide to change values (from 3 to 0), without
understanding the code properly.

They check their changes by running the program.
The changes were not successful. Now the snake
gets longer with every step.

The students realize that they should change all the
values (back) to 3. However, they still do not know
why the fix is correct.

The students change the values (from 0 to 3).

They run the program, but one student is already
thinking out loud about another failure and so they
are already discussing this problem and are not
paying attention to the tail. This is not a proper
verification whether the bug is already fixed.

“When you go down, it gets longer and
longer. When you go up and across, it gets
shorter and shorter.”

Execute the program

Break: Students are working on other bugs.

“When it goes up and there...”

“~ What is [variable name]? [...] - It
changes by three there, but not there. Oh,
I think that’s the length!”

“I don’t know what that means, but let’s
Jjust change it.”

“ We have to set [variable name] to three!
- Yeah, I think so as well, because now its
getting longer all the time. - I have no idea
what [variable name] means.”

“Here. And there as well.”

“ And just to check, right at the very
beginning. Don’t look down. - But right
at the very beginning, what is she doing
there?”

Inspect drop-down menu -
Parsing Blocks

Inspect drop-down menu -
Change value - Change value -
Change value

Execute the program

Change back to initial value -
Change value - Change back to
initial value - Change value

Execute the program

Observe the failure

Observe the failure

Code Comprehension

Program modification

Bug fixed? - No

Correction-hypothesis
modification

Program modification

Table 1: Mapping of exemplary actions to debugging process steps. For some actions, process steps were inferred from audio
data. The corresponding debugging process is shown in Figure 2b, (debugging episode A), addressing the bug where the tail of

the snake does not follow the head correctly.

which students omitted several steps of the ideal-typical debugging
process, resulting in incomplete or shortened debugging processes
(refer to debugging episode A in Figure 2b). Nevertheless, these
shortened processes often still resulted in a successful outcome,
indicating that students’ debugging processes can deviate from the
ideal-typical process while still leading to correct solutions.

At the same time, the students also showcased debugging pro-
cesses that corresponded to the ideal-typical debugging process
model proposed by Araki et al. (1991). When fixes were unsuccess-
ful, students often reflected on the outcome, undid changes, and
revised their hypotheses, which aligns with several key elements
of an ideal-typical debugging process.

5 Discussion and Conclusion

This paper presents a theory-based approach to analyzing students’
debugging processes and demonstrates its applicability and bene-
fits through a case study. By applying this approach, we provide
a programming language-independent perspective on students’
debugging processes. The approach enables the systematic iden-
tification of deviations from an ideal-typical debugging process
and reveals where and how students struggle during debugging.

Such process-level information is difficult to capture using tradi-
tional outcome-based measures, underscoring the added value of
process-oriented analyses.

A key methodological strength of the proposed approach lies in
its theory-based foundation. In contrast to several prior studies
that relied on inductive analyses [8, 23], the approach abstracts
observable actions into debugging process steps grounded in an
ideal-typical debugging process model. While prior research has
primarily assessed intervention effects using pre—post performance
measures [22], the approach enables the analysis of such effects
at the process level by comparing students’ debugging processes
before and after an intervention. This makes it possible to examine
not only whether interventions are effective, but how they change
students’ debugging processes. Furthermore, the approach extends
the view on debugging processes by shifting from snapshot-based
measures [1, 18] to a process-oriented perspective. Instead of
relying on isolated program snapshots, it uses screen recordings
that capture all actions performed by the students. This enables the
reconstruction of entire debugging processes and reveals aspects
that remain hidden in snapshot-based analyses. Beyond its theory-
based and process-oriented foundation, the proposed approach
connects identified process steps with the sequential structure
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Ideal-typical debugging process Localization Correction
[ Ino I Ino
Observe Hypothesis Hypothesis Hypothesis Bug yes ﬁorrgfﬁg)s?; Program Bug ves e
the failure modification selection verification located? ngiﬁcation modification fixed?

(a) Visualization of the debugging process model from Araki et al. (1991) - figure created and adapted by the authors.

comprehension

Debugging episode A Localization Correction
Observe Hypothesis Hypothesis Hypothesis Bug (r:lorrgfﬁ'eos?s' Program Bug
the failure modification selection verification located? P : modification fixed?
modification
Debugging episode B Localization Correction
Observe Hypothesis Hypothesis Hypothesis Bug f\o"gtcrfleos?; Program Bug
the failure modification selection verification located? mggiﬁcation modification fixed?

(b) The process steps highlighted in blue were carried out by the students; the steps in gray were missing. Blue arrows mark transitions between
steps. Dashed blue arrows indicate transitions that were interrupted by another debugging episode.

Figure 2: Visualization of debugging episodes, in contrast to the ideal-typical debugging process.

of the ideal-typical debugging process model. In doing so, it goes
beyond the mere identification of individual process steps in previ-
ous approaches [16, 20]. This enables a structured comparison with
an ideal-typical debugging process, allowing deviations to be sys-
tematically identified and providing a basis for analyzing potential
sources of difficulty. An additional advantage of the approach is its
programming language-independence, as the set of actions can
be readily adapted to different programming languages. For exam-
ple, the action adding a block in Scratch corresponds to adding a line
of code in a text-based programming language, enabling transfer
across programming languages.

The case study provides insights that highlight opportunities
and offer initial perspectives for future investigations using the
approach. Specifically, the analysis indicates that students’ debug-
ging processes often lack verification phases and that their changes
are frequently based on trial-and-error rather than a solid under-
standing of the problem. Interestingly, some students were able
to successfully debug their programs without following the ideal-
typical debugging process, suggesting that successful outcomes do
not necessarily imply the application of such a process. Overall,
these observations underline the importance of considering both
outcome and process, as outcome-based measures do not capture
how students solve the problem.

While these insights highlight the value of a theory-based and
process-oriented analysis, the high level of granularity makes the
approach time-consuming and thus constitutes a key limitation.
Consequently, the approach is currently best suited for in-depth
analysis of small samples. At the same time, this fine-grained anal-
ysis provides a structured representation of debugging processes,
which forms a foundation for future automated process analysis
that opens up the possibility for large-scale analyses of debugging

processes. It is important to note that the case study itself was based
on a small and non-representative sample, which was intention-
ally used to illustrate the potential of the approach rather than to
provide generalizable results.

To further develop the proposed approach, we aim to extend it
by incorporating multi-modal process data such as eye-tracking,
think-aloud protocols, and retrospective interviews. While these
data sources have been used in prior research on debugging pro-
cesses (e.g., [15, 17, 24]), they have typically been analyzed in isola-
tion. Integrating these complementary data sources allows us to link
observable actions with underlying cognitive processes, thereby
providing a more comprehensive understanding of students’ de-
bugging processes. In particular, this triangulation supports the
validation and refinement of the mapping of actions to debugging
process steps.

In summary, by mapping students’ observable actions to the
steps of an ideal-typical debugging process, the proposed approach
facilitates the reconstruction and investigation of entire debugging
processes, rather than focusing on isolated strategies or perfor-
mance outcomes. Its applicability was demonstrated in a case study,
illustrating how the approach can be used to describe deviations
from an ideal-typical debugging process in detail. Overall, this work
contributes a methodological foundation for computing education
research that aims to better understand learning processes and
underlying mechanisms, rather than only focusing on learning
outcomes.
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