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Abstract

Workflow runs record the executions of continuous integration
and delivery specifications. They serve as the primary monitoring
mechanism, enabling failure detection and integration reliability
assessment. However, understanding run intricacies is far from trivial.
Each run involves multiple interdependent execution units (e.g.,
attempts, jobs, and steps) whose relationships are not immediately
visible. Moreover, current tools provide limited support for detecting
patterns across runs, particularly in projects with high workflow
execution frequency. As a result, run monitoring remains constrained
to fragmented views that are cumbersome to use.

We present a novel approach that supports workflow run com-
prehension through interactive and animated visualizations. Our
approach enables developers to inspect end-to-end execution traces
and to identify structural and behavioral patterns. We implemented a
GitHub Actions prototype and analyzed runs from public reposito-
ries to illustrate its potential. Preliminary insights suggest that the
approach is feasible and provides a starting point for workflow run
comprehension analysis.
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* Software and its engineering — Continuous integration; Soft-
ware visualization; Program comprehension.

Keywords

GitHub Actions, CI/CD, workflow runs, visualization

1 Introduction

Workflow runs record the executions of continuous integration and
delivery (CI/CD) specifications and serve as the primary monitoring
mechanism [13, 30]. Each run encapsulates execution units, such as
attempts, jobs, and steps, within a shared execution context. These
runs provide developers with evidence to assess process reliability
and the impact of changes on integration behavior.

However, understanding the intricacies of runs is far from trivial.
Jobs may execute in parallel across distributed environments, and
steps may vary according to matrix configuration strategies [16], com-
plicating the reconstruction of how the overall execution unfolds [14].
Inferring the execution logic of such interleaved traces is inherently
difficult and time-consuming when information from intermediate
paths (e.g., logs) is missing or incomplete [18]. In projects with
thousands of runs, intertwined execution paths and incomplete traces
obscure recurring behaviors and anomalous patterns [30].

Existing tools typically provide fragmented and predominantly
textual representations of runs, which are difficult to inspect across

different levels of granularity. Fine-grained views expose only partial
information of individual executions. They offer limited interactivity,
lack animation, and do not support end-to-end run tracing [13].
Coarse-grained views often provide summarized execution listings
but hide the contextual details required to understand historical
behavior [15]. As a result, run data remains dispersed, limiting
developers’ ability to achieve a comprehensive understanding.

Prior research has identified several limitations in how developers
understand runs. Diagnosing failures remains difficult, as developers
still lack efficient means to uncover their underlying causes [37,
38]. Resource usage is also hard to assess, leading to inefficient
allocation of time and computational resources [7, 39]. Furthermore,
failures across histories are challenging to analyze, since available
views are too fragmented to reveal patterns or support effective
troubleshooting [19, 42]. In addition, workflows evolve continuously
through debugging, refactoring, and reconfiguration [35], entailing
significant maintenance costs that are difficult to monitor without
appropriate tooling [30, 34].

We introduce the idea of reifying runs as first-class visual entities.
Our approach models each execution unit within a unified Workflow
Run Domain Model that captures its full context. From this model,
we create interactive and animated visualizations that reveal how
executions unfold [24]. To illustrate this vision, we implemented an
early prototype named Run-Visualizer and used it to explore workflow
runs from GitHub Actions (GA), a widely used CI/CD platform [11].
The data, detailed approach, scripts, and videos of the paper are
publicly available in the replication package [1].

2 Related Work

Prior work on workflow runs focuses on build and test failures, not
visual comprehension. Rausch ez al. analyzed runs in open-source
projects, linking build outcomes to task complexity and tooling [27].
Pinto et al. examined cultural and behavioral causes of failures, such
as overconfidence and speed pressure [26]. Zhang et al. [41] analyzed
millions of builds to identify recurring compiler error patterns. Other
works explored automated and predictive techniques for failure
diagnosis, understanding and prevention [4, 21, 28, 29, 34, 36, 40, 43].
Valenzuela-Toledo ef al. studied how large language models explain
GA run failures [37].

Research on visual representations of workflow runs is still limited.
Existing platforms such as GitHub provide coarse and mostly static
execution views that summarize run outcomes but omit how execution
units compose execution traceability [9]. The most related approach,
uPrintGen [2], focuses on visually locate conclusion states within
log files rather than visualize the workflow run units.
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Figure 1: Polymetric Run View. & https://bit.ly/4pddOWO

Our vision takes a different direction. It reifies workflow runs
into interactive and animated visualizations, enabling developers to
explore them at multiple levels of detail and reconstruct complete
execution traces.

3 Approach

Our approach consists of three stages: (i) data extraction, (ii) model
population, and (iii) visualization generation.

3.1 Data Extraction

We mine structured and unstructured run data from GitHub using
its REST API. Execution metadata files in JSON format describe
the run units (e.g., jobs, steps). Log files record execution traces,
including command outputs, timestamps, and status messages.

3.2 Workflow Run Domain Model Population

The domain model represents the internal structure of a GA run. It
includes two main groups of entities: execution and context.
Execution entities describe how the execution unfolds. A run con-
sists of one or more attempts, corresponding to individual executions
of a workflow. Each attempt groups several jobs, which may execute
multiple steps concurrently or sequentially. Each step defines the
commands to be executed. Log files record the execution of steps in
text form. Logs are divided into sequential text fragments, or chunks,
linked to one or more conclusion states (e.g., success or failure).
Contextual entities capture detailed information about the cir-
cumstances of a run failure. A failure-context object connects a run
failure to its related execution units, including the workflow, attempt,
Jjob, step, log, commit, and author. It forms a cross-referential struc-
ture that encapsulates the full trace of the failure run. A commit
represents the code change that triggered the run, while the commit
author identifies the developer responsible for that change. Several
failure-context are grouped into a failure-context collection.
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3.3 Visualization Generation

We developed Run-Visualizer, a domain-specific tool for visualizing
GitHub Actions runs in the Glamorous Toolkit [17], supporting
coarse- and fine-grained views.

3.3.1 Coarse-grained views. These views present two polymetric
visualizations [20] of a run: polymetric runs and polymetric actors.

The polymetric runs view provides an overview of execution
activity across workflows (Figure 1). Each run is represented as
a rectangle arranged chronologically. Runs of the same workflow
appear in continuous rows to preserve grouping and temporal order.
The width encodes the number of jobs. The height represents the
execution time, normalized across the dataset. The background color
denotes the outcome (e.g., green for success, red for failure), and the
border thickness indicates the number of attempts. A hatched header
band marks the triggering event (e.g., push or pull request).

The polymetric actors view shifts the focus from executions to the
actors behind them (Figure 2). Each rectangle represents an actor
(i.e., the committer). Actors are identified by the user name and email
extracted from the head commit of each run. The width encodes
the number of runs triggered by the actor. The height represents
the count of different workflows the actor has triggered at least
once. The color differentiates bots from human actors (black for
bots, green for humans). Actor initials appear within each rectangle
for quick identification. Rectangles are arranged in rows sorted by
area, computed as the product of runs and workflows. This layout
emphasizes actors with broader participation.

3.3.2  Fine-grained views. These views provide detail of the workflow
run execution units: run-anatomy and run-failure-context collection.

The run-anatomy view describes the internal structure of a single
run (Figure 3). It is composed of five coordinated panels: Attempts,
Jobs, Steps, Log, and Commit. The Attempts panel summarizes the
main execution units. Each attempt is displayed as a rectangle whose
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Figure 3: Run Anatomy View. @ https://bit.ly/49Uu8Hx

height represents total duration and width reflects the number of jobs
it contains. The background color encodes the conclusion state (e.g.,
success, failure) and is used consistently across entities. Within each
attempt, jobs are grouped according to the workflow dependency
structure and arranged in execution order. Each job is shown as a
rectangle where height corresponds to execution time and width
indicates the number of steps it includes. Linking edges depict
dependencies between jobs and their constituent steps. The Steps
panel decomposes each job into smaller rectangles aligned along a
shared axis. Step height and width represent step duration.

The Log panel adopts a microprint-based approach [12]. This
design enables a log overview without requiring developers to read
their full textual content. It displays the textual output of the run
as uniformly sized chunks. The number of chunks results from
partitioning the log at step level. Chunks are displayed as small
fixed-size rectangles, sorted in the greed by temporal progression.

The commit panel links each run to the specific change and
developer that initiated it. The color distinguishes bots (black) from
human actors (green), and the commit message is displayed in yellow
for differentiation purposes.

The run-anatomy view provides animated transitions to illustrate
the temporal flow of execution. Selecting an attempt reveals its jobs,
and expanding a job displays its steps in execution order.

The run-failure-context collection view supports the exploration
of multiple failure-context objects (Figure 4). It integrates four
perspectives: failure-context collection, author—-workflow matrix,
failures by step, and failures by commit.

The failure-context collection view allows comparing failures-
context objects. The author—workflow matrix links committers to
the workflows in which their failures occurred, showing both the
frequency of failures and the most common steps associated with each
of them. This relation connects developer activity to the workflow
components where instability is concentrated. The failures by step
view lists steps sorted by their failure frequency, allowing developers
to identify the most error-prone steps across different workflows.
Finally, the failures by commit view links failures to the commits that
triggered them. It shows the author and commit message to reveal
which code changes are most often associated with failures.

4 Exploratory Showcase

We present an exploratory showcase using runs extracted from
the electron' and vercel® repositories. We used electron for views
requiring diverse execution histories and vercel for the failure-context

! https://github.com/electron/electron/
Zhttps://github.com/vercel/vercel/
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Figure 4: Failure-Context View. @ https://bit.ly/47KRpuj

collection view due to its recurring failure patterns. Since interactions
and animations are difficult to convey in textual form, we provide
videos for each case.

The polymetric runs view (Figure 1) illustrates the diversity of exe-
cution behaviors across workflows. Although the repository contains
twenty-two workflows, this excerpt focuses on three representative
ones: Archaeologist, Branch Created, and Build. From these visual
traces, we can discern distinct stability and failure dynamics. Archae-
ologist appears predominantly green, reflecting sustained success
with only a few retries. In contrast, Branch Created displays a uni-
form sequence of purple rectangles, revealing its regular scheduled
executions. For the Build workflow, we observe alternating red and
green rectangles grouped in dense clusters, interspersed with hatched
headers that denote heterogeneous triggering events. These clusters
expose bursts of recurrent failures followed by short recovery periods.
Thicker black borders around some runs indicate multiple attempts.

The polymetric actors view (Figure 2) shows that a few contribu-
tors dominate run activity in the electron repository, visible as the
largest rectangles. Surrounding them, numerous smaller rectangles
represent occasional participants with limited engagement. Several
large black rectangles correspond to bot accounts, indicating sub-
stantial automated execution. This pattern reveals a strong reliance
on automation to sustain repository activity.

Using the run-anatomy view (Figure 3), we observe the trace of a
run’s execution. Because the full trace involves numerous execution
units, the figure shows only a representative portion. The view
depicts a run (ID 18023989912) associated with the Build workflow,
triggered by a pull_request event. The run took about seven minutes
and concluded with a failure after a single attempt. At the top, the
Commit panel links the execution to the specific code change and
the developer who initiated it. Below, the remaining panels show
how the execution unfolded across jobs, steps, and logs. Most jobs
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terminated unsuccessfully. In the Steps panel, a single failure step
dominates the execution time. The Log panel shows a dense grid of
gray chunks, indicating large portions without explicit conclusions.

In the failure-context collection view (Figure 4), two clusters
emerge: push runs failing during cache or build steps lasting about
one and a half minutes, and pull_request runs failing almost in-
stantly during runner setup. The contrast suggests distinct failure
causes between automated and contributor-triggered executions. In
the author-workflow matrix view, failures concentrate around two
contributors (original user names anonymized): Bob and Alice. Bob’s
runs mostly fail at the Run pnpm run build step. Alice’s runs are
dominated by Set up runner errors. The Failures by Step view shows
that most errors originate from Set up runner, followed by pull build
cache and Run pnpm run build, indicating initialization and caching
as primary sources of instability. Finally, the Failures by Commit
view links many failures to test updates or documentation merges.
Minor maintenance changes can repeatedly trigger failures in the
build-and-deploy workflow.

5 Discussion

Our visualizations show that reifying workflow runs as visual entities
is feasible to support comprehensive analysis. Processing all runs and
logs took minutes on standard hardware, and view switching remained
responsive. The visualizations revealed execution behaviors hard
to observe in the standard GitHub Actions interface. For example,
failures cannot be traced end-to-end in a single view, as jobs and
logs are shown separately. They also revealed unanticipated patterns,
such as short-lived workflow instabilities, visible only through visual
encoding. These observations align with prior software visualization
findings and indicate that visual representations support the detection
of unexpected patterns and structural relationships [8, 22, 23].
Animated transitions in the run-anatomy view support execution-
trace reconstruction, aligning with prior research [3, 5, 25, 31-33].

6 Conclusion and Future Work

We introduced an approach to understanding CI/CD workflow runs
through interactive and animated visualizations. Initial results suggest
that visual encodings can convey execution behavior that is difficult
to grasp in existing CI interfaces. Building on these observations,
the findings will inform an empirical evaluation with active GitHub
Actions workflow maintainers. Participants will perform diagnostic
tasks focused on failure localization and workflow stability. The
study will contrast our approach with standard GitHub views [6, 10].
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