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Resumo

A medida que as pipelines de CI/CD (Continuous Integration/ Continuous Delivery or Deploy-
ment) se tornam cada vez mais complexas, os desenvolvedores de software t€ém mais dificuldade
para perceber as estruturas dos workflows, rastrear falhas e navegar pelos histéricos de execucao.
As ferramentas tradicionais, como o GitHub Actions, usam registos textuais e interfaces 2D que
podem dificultar a visualizacdo de relagdes temporais e padrdes de concorréncia em vdrias exe-
cugdes de pipelines.

Esta dissertag¢@o explora como a Realidade Virtual (RV) pode melhorar a visualizagio de work-
Sflows CI/CD. Usando uma metédfora de uma fébrica, os dados da pipeline sdao traduzidos para
ambientes imersivos 3D em que: os workflows tornam-se pisos, com 0s seus workflow runs cor-
respondentes representadas como blocos colocados em cada piso, 0s jobs tornam-se sub-blocos
dentro dessas runs e o tempo desdobra-se como profundidade espacial. Os utilizadores podem
percorrer o histérico da pipeline e compreender os padrdes de execugdo através de movimentos
naturais.

Foi implementado um protétipo funcional em RV utilizando o Unity que transforma os dados
do GitHub Actions num espaco 3D interativo. O sistema inclui algoritmos de mapeamento tempo-
ral, organizagao de layout paralelo e sequencial para runs e jobs concorrentes e dependentes, com-
pressdo de tempo para periodos inativos e dudio espacial para detecdo de falhas. Os utilizadores
podem explorar o histérico do workflow, identificar problemas e compreender o comportamento
da pipeline através da navegacgado espacial.

Um estudo de utilizadores comparou o sistema em RV com a interface web do GitHub Actions,
utilizando tarefas de navegacao temporal, dete¢do de falhas e depuragado (debugging). Em RV, os
utilizadores concluiram as tarefas mais rapidamente e obtiveram taxas de sucesso mais elevadas
do que quando utilizaram a interface do GitHub Actions. O sistema em RV recebeu pontuagdes
de usabilidade mais altas, tendo os participantes considerado o mesmo mais facil de usar e menos
complexo.

Esta pesquisa fornece diretrizes préticas para a visualizacdo imersiva de CI/CD. Ela demon-
stra que os layouts espaciais em 3D ajudam nas tarefas de visdo geral e na navegacdo temporal,
enquanto as interfaces tradicionais funcionam melhor para andlises detalhadas.

Palavras-chave: andlise imersiva, realidade virtual, visualizacdo de CI/CD, engenharia de soft-
ware, GitHub Actions, visualizacdo espacial, padrdes temporais, detecdo de falhas
Classificacao ACM:

* Human-centered computing — Human computer interaction (HCI)
— Interaction paradigms — Virtual reality

* Human-centered computing — Visualization — Visualization application domains — In-
formation visualization

» Software and its engineering — Software creation and management
— Software development process management
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Abstract

As CI/CD pipelines become increasingly complex, developers struggle to understand workflow
structures, track failures, and navigate execution histories. Traditional tools like GitHub Actions
use textual logs and 2D dashboards that can make it challenging to visualize temporal relationships
and concurrency patterns across multiple pipeline runs.

This dissertation explores how Virtual Reality can improve CI/CD workflow visualization.
Using a factory metaphor, pipeline data is translated into immersive 3D environments: workflows
become floors, with their corresponding workflow runs represented as blocks placed on each floor,
jobs become sub-blocks within those runs, and time unfolds as spatial depth. Users can walk
through the pipeline history and understand execution patterns through natural movement.

A working VR prototype was implemented using Unity that transforms GitHub Actions data
into an interactive 3D environment. The system includes temporal mapping algorithms, parallel
and sequential layout organization for concurrent and dependent runs and jobs, time compression
for inactive periods, and spatial audio for failure detection. Users can explore workflow history,
identify problems, and understand pipeline behavior through spatial navigation.

A user study compared the VR system against GitHub Actions’ web interface using tasks for
temporal navigation, failure detection, and debugging. In VR, users completed tasks more quickly
and achieved higher success rates compared to when using the GitHub Actions interface. The VR
system received higher usability scores, with participants finding it easier to use and less complex.

This research provides practical guidelines for immersive CI/CD visualization. It demon-
strates that spatial 3D layouts help with overview tasks and temporal navigation, while traditional
interfaces work better for detailed analysis.

Keywords: immersive analytics, virtual reality, CI/CD visualization, software engineering, GitHub
Actions, spatial visualization, temporal patterns, failure detection
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UN Sustainable Development Goals

The United Nations Sustainable Development Goals (SDGs) provide a global framework to achieve
a better and more sustainable future for all. It includes 17 goals to address the world’s most press-
ing challenges, including poverty, inequality, climate change, environmental degradation, peace,
and justice.

This dissertation on Immersive visualization of CI/CD pipelines contributes to achieving sus-
tainable development through technological innovation that enhances software engineering pro-
cesses and promotes more efficient development practices. By improving how developers un-
derstand and debug CI/CD workflows, this work supports the advancement of modern digital

infrastructure and productive employment in the technology sector.
More specifically, this work contributes to the following Sustainable Development Goals:

SDG 8 Promote sustained, inclusive and sustainable economic growth, full and productive em-
ployment and decent work for all

SDG 9 Build resilient infrastructure, promote inclusive and sustainable industrialization and fos-
ter innovation

SGD | Target | Contribution Performance Indicators and
Metrics
3 8.1 Demonstrated improvement in CI/CD task com- | Task completion time reduc-
pletion times, directly contributing to sustained | tion; Developer productivity
economic growth through enhanced developer | metrics; Software delivery cy-
productivity in software engineering workflows. cle efficiency

8.2 Developed innovative VR-based approaches for | VR technology  adoption
software engineering tools, aiming to achieve | rates; Innovation patents/pub-
higher economic productivity through advanced | lications; Advanced HCI
spatial visualization techniques. implementation metrics

9.1 Enhanced reliability of digital infrastructure by | Pipeline failure detection accu-

9 providing superior CI/CD pipeline monitoring and | racy; Infrastructure reliability
failure detection capabilities through immersive | scores; System improvements
visualization.

9.4 Reduced computational waste in development cy- | Computational resource sav-
cles by enabling faster identification of pipeline | ings; Failed build reduction;
inefficiencies, promoting sustainable software en- | Energy efficiency in CI/CD
gineering practices. processes

9.5 Advanced scientific knowledge in immersive an- | Published research contribu-
alytics through empirical validation of VR appli- | tions; Open-source tool adop-
cations in software engineering, fostering techno- | tion; Academic-industry col-
logical capability development. laboration metrics
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Chapter 1

Introduction

Immersive technologies such as Virtual Reality (VR) have expanded far beyond entertainment,
finding applications in data visualization, education, and software development. Immersive an-
alytics, a subfield within this broader trend, investigates how VR and related interfaces enhance
data analysis by leveraging spatial, interactive, and multisensory environments. Foundational re-
search has shown that higher levels of immersion can enhance users’ spatial understanding and
performance in complex tasks [2], while more recent work in immersive analytics has applied
these findings to data exploration and decision-making [32]. Additional studies have shown that
VR can help users build a more intuitive and embodied understanding of data by engaging their
senses and spatial awareness in ways that go beyond traditional charts and graphs [25].

A field in which a large volume of data is being generated is the Software Engineering industry,
where the continuous building, testing, and deployment of software produces substantial amounts
of process-related information. In particular, the adoption of Continuous Integration and Con-
tinuous Deployment (CI/CD) practices has become common in modern development workflows,
contributing to the substantial amounts of process-related information produced. These pipelines
automate the building, testing, and deployment of code changes to improve software quality and
delivery speed [39]. GitHub Actions, a cloud-native CI/CD service, allows developers to define
workflows that respond to repository events, such as pushes or pull requests. While the adoption
of GitHub Actions is growing, developers often face challenges related to YAML configuration
complexity and workflow maintenance [37]. Despite these advances, existing tools for inspecting
and debugging GitHub Actions workflows rely heavily on 2D dashboards and textual logs. Un-
derstanding temporal patterns, repeated failures, or performance regressions becomes cognitively
demanding as workflows grow in complexity and historical depth. This research aims to enhance
the accessibility and intuitiveness of CI/CD pipeline visualization, especially for developers new

to these systems, by utilizing the spatial and interactive capabilities of immersive environments.



2 Introduction

1.1 Motivation

Given the learning curve associated with CI/CD tools and the complexity of their traditional in-
terfaces, this research deliberately focuses on improving the experience for developers starting to
work with these systems. Rather than targeting professional programmers who have already de-
veloped expertise with existing tools, the investigation prioritizes making CI/CD concepts more
approachable and intuitive for newcomers to the field. Conventional CI/CD tools like GitHub
Actions are helpful in inspecting individual workflow runs but offer limited support for explor-
ing broader patterns across time, branches, or contributors. For example, comparing workflows
between feature branches or identifying recurring failures often requires developers to switch be-
tween logs, dashboards, and tables, forcing them to reconstruct relationships and trends manually.
This dissertation is motivated by the potential for VR environments to make these connections
more intuitive. Spatial layout, color, interaction, and sound can be used to represent job status,

duration, and structure in a way that supports:

* Visual comparison of workflows over time or across branches.
* Faster recognition of failed jobs or long-running builds.

* Pattern detection through grouping, scale, and proximity.

The availability of real GitHub Actions data in structured JSON format enables the creation
and testing of immersive systems using real-world complexity without needing artificial or sim-

plified datasets.

1.2 Problem Statement

CI/CD workflows like those supported by GitHub Actions are powerful tools for automating soft-
ware integration and deployment. However, their growing complexity poses challenges regard-
ing visibility, traceability, and historical understanding. Studies have shown that one of the key
difficulties in adopting continuous practices is maintaining team awareness and transparency, es-
pecially when diagnosing build and test results across time and multiple branches [39]. While
GitHub Actions provides logs and dashboards to inspect individual runs, it lacks dedicated tools
for temporal pattern recognition, failure propagation analysis, or comparative inspection across
workflows. These limitations make it harder for developers to detect recurring issues, identify
regressions, or understand how workflows evolve, particularly in large-scale or long-lived projects
[39]. While immersive visualization techniques have demonstrated benefits for understanding
complex structured data, their application to CI/CD pipelines remains limited. Current GitHub
Actions tools are primarily focused on 2D textual views, providing minimal support for interac-
tive, overview-driven analysis that could enhance contextual understanding of workflow behavior

over time.
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1.3 Research Questions

This dissertation investigates how immersive VR environments can support understanding CI/CD
workflows through structured visualization. The following research questions guide the develop-

ment and evaluation of the system:

* RQ1: Does a VR-based visualization system help users more easily identify and interpret

CI/CD workflow structure and failures compared to a traditional 2D interface?

* RQ2: Does using spatial layout in a 3D environment contribute to reduced task time and

fewer errors when exploring workflow execution data?

* RQ3: How do users perceive the ease of use, learnability, and overall satisfaction with the

VR-based visualization system compared to traditional tools?

1.4 Objectives

This dissertation explores how immersive virtual reality can support the visualization and inter-
pretation of CI/CD pipelines, focusing on workflows executed through GitHub Actions. The main

goals are:

* Design and implement a VR-based prototype for visualizing GitHub Actions workflows

using real structured data;

» Create a spatial 3D layout that enables users to explore workflow runs and job structures

interactively;
* Include auditory cues as an additional layer of feedback, particularly for failed jobs;

* Conduct a user study comparing the VR system to the standard GitHub Actions interface,

assessing usability and perceived effectiveness across common CI/CD debugging tasks.

1.5 Document Structure

This dissertation is organized into five chapters, each addressing a key aspect of the research.

Chapter 1 introduces the background, motivation, problem statement, objectives, and research
questions that guide this work.

Chapter 2 reviews the existing literature and related work in immersive analytics, CI/CD visu-
alization, and Virtual Reality, setting the context for the proposed solution.

Chapter 3 describes the conceptual design.

Chapter 4 details the technical details, and implementation of the Immersive Simulator for
CI/CD Pipelines.

Chapter 5 details the user study methodology, tasks, collected data, and analysis performed to

assess the effectiveness and usability of the prototype.
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Finally, Chapter 6 summarizes the main findings, discusses limitations, and suggests directions

for future research.



Chapter 2

State Of The Art

This chapter presents a comprehensive review of the research domains that inform the development
of immersive CI/CD pipeline visualization systems. The review is structured to build understand-
ing from foundational concepts to specific applications, ultimately identifying gaps that motivate

the research contributions of this thesis.

2.1 Information Visualization

Information visualization is the use of visual representations of abstract data to support human cog-
nition and decision-making. Its primary goal is to transform data into graphical formats, allowing
the human visual system to detect patterns, trends, and outliers [29]. The concept of “amplifying
cognition” through visual means was introduced by Card, Mackinlay, and Shneiderman in their
foundational book Readings in Information Visualization: Using Vision to Think [10], where they
describe how visual artifacts can support memory, inference, and perceptual processing. This
idea has been reiterated and expanded upon in later literature, including survey work on recent
advances in interactive visualization systems [29].

This field is particularly valuable in large-scale, high-dimensional, or dynamic data where
raw numeric or textual formats are insufficient to reveal structure. With the rise of big data and
real-time analytics, information visualization has become crucial across domains like business
intelligence, scientific research, and education. In these areas, visualization helps users make
sense of large, dynamic, or high-dimensional datasets that would be difficult to interpret using raw
tables or text [29].

Research has consistently shown that well-designed visualizations enable faster and more ac-
curate understanding compared to non-visual formats [29, 19]. Modern web-based tools such as
D3.js, Plotly, Vega-Lite and many others exemplify the progress made in interactive information
visualization, allowing developers and analysts to build responsive and dynamic visual interfaces
[6, 38, 42]. Figure 2.1 shows examples of visualizations generated with D3, illustrating the diver-

sity and flexibility of these approaches.
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Furthermore, recent research has explored hybrid visualization strategies that combine two-
dimensional and three-dimensional elements, each supporting distinct cognitive tasks. As the field
of information visualization continues to evolve, new strategies are emerging to accommodate the
growing complexity of data and user tasks. One such direction involves integrating 2D and 3D
elements to support spatial reasoning, structural clarity, and improved navigation, topics explored

in more detail in the following section.
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Figure 2.1: Examples of interactive visualizations created using D3 (source: [6]).

2.1.1 Two-Dimensional (2D) and Three-Dimensional (3D) Information Visualiza-
tion

Two-dimensional (2D) visualizations have long been the foundation of data analysis. Examples in-
clude bar charts, line graphs, scatter plots, heat maps, and treemaps. These techniques are popular
because they are straightforward, easy to read, and excellent at supporting tasks like comparison,
trend detection, and categorization [29]. Figure 2.2 illustrates how small changes in noise levels

and layout can influence the readability of 2D plots such as scatter plots and line graphs.
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Figure 2.2: Effect of visual design on time-series perception: scatter plots (a—c, g) and line graphs
(d—f, h) perform differently depending on data noise, outliers, and display aspect ratio. Source:
[45].

Despite their strengths, 2D techniques face limitations when applied to high-dimensional, hi-
erarchical, or spatially complex data. Reducing data to two dimensions often leads to loss of
structure or distortion [43]. Three-dimensional (3D) visualization introduces depth as an extra
visual cue. This visualization has been used to represent complex structures, like data moun-
tains, hierarchies (e.g., cone trees [35]), and network graphs in ways that can improve structural
understanding and spatial reasoning [43]. These representations are particularly helpful in tasks
requiring overviews of complex relationships or navigation through dense information spaces. An
example of a 3D representation is shown in Figure 2.3 where two of the dimensions are used to

represent the geographic map and the third to stack trajectories and detailed attribute data.

Figure 2.3: Stacking-based 3D visualization of radiation trajectories along a geographic route.
Two spatial dimensions encode location, and height encodes attribute value (radiation): the inter-
face shows radiation values along the Tokio-Fukushima highway. (source: [44]).

However, 3D visualization comes with trade-offs. Challenges such as occlusion, perspective
distortion, and the need for spatial navigation can increase cognitive effort and reduce precision
in fine-grained comparisons [20, 19]. As a result, its effectiveness is highly task-dependent: while
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3D visualizations can enhance spatial understanding and exploratory analysis, studies have shown
that 2D representations often deliver better or equivalent results for tasks involving precise judg-
ment or comparison [14]. To address the limitations of both approaches, hybrid visualizations
combining 2D and 3D elements have been proposed. These strategies aim to balance expressive
power and usability, enabling users to switch between or coordinate perspectives as needed. A
recent survey highlights design patterns for combining 2D and 3D views through spatial linking,
interaction control, and animated transitions [19]. These approaches are particularly valuable in
domains involving multiscale, temporal, or structured data. These hybrid strategies are illustrated
in Figure 2.4, which shows different linking methods between 2D and 3D views; visual alignment,

coordinated interaction, and animated transitions.
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Figure 2.4: Examples of methods for linking 2D and 3D views: visually (top row), interactively
(middle row), and through animation (bottom row). Source: [43].

In summary, neither 2D nor 3D visualization is inherently superior. Instead, the suitability
of each approach depends on the data characteristics and the analytical goals of the user. Hybrid

methods continue to gain traction as a flexible compromise in modern visualization systems.

2.2 Immersive Analytics

Immersive analytics (IA) represents a significant evolution in data visualization, extending beyond
traditional 2D and 3D techniques by embedding users within data environments that support full-
body interaction, multisensory feedback, and a strong sense of presence through technologies like
Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR). These settings allow
users to interact with data as if it were part of the physical world, offering new pathways for

exploring complex, multiscale, and dynamic datasets.

2.2.1 Definition and Evolution

Immersive Analytics (IA) is the use of immersive technologies, such as VR, AR, and MR, to
enhance data exploration, interpretation, and decision-making. It aims to support analytical rea-

soning through embodied interaction, spatial cognition, and multisensory feedback [15, 34]. Im-
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mersive visualization expands the scope of traditional and 3D visualization by introducing these
elements and placing the user inside the data space [24]. These immersive environments allow
users to navigate and manipulate data, unlocking new modes of understanding for complex, mul-
tiscale, and dynamic datasets [24]. The foundations of immersive analytics emerged in the early
2010s but were strongly influenced by much earlier work in scientific visualization and virtual
reality from the 1990s. For instance, Bryson’s work on data spaces in VR [9], Cruz-Neira et al.’s
CAVE system [12], and Bowman et al.’s early research on 3D interaction for scientific data [7] are
often cited as conceptual and technological forerunners of IA. These early examples highlighted
spatial metaphors and depth cues to support cognitive performance. Over time, improvements in
head-mounted displays, motion tracking, and spatial interaction frameworks allowed immersive
analytics to take shape as a distinct research area. Fonnet and Prié offered a historical overview
of this transition and identified how IA sits at the intersection of InfoVis and immersive systems
[16, 24]. Immersive analytics is not simply about visual fidelity; it reconfigures the relationship be-
tween user and data. While traditional visualizations maintain a separation between observer and
display, immersive systems enable users to inhabit the visual space. This embodiment enhances
spatial cognition, attention, and memory [23] and supports intuitive exploration using motion,
gestures, and head orientation [24].

The user-centered framework emphasizes this shift: immersive analytics is not only about
fidelity but about interaction, perspective, and situated cognition, treating users as participants
rather than external viewers [34]. This diversity of interaction styles is reflected in several immer-
sive systems developed in recent years, combining VR, AR, and tangible interfaces for different

domains and user contexts (see Figure 2.5)

2.2.2 Key Concepts and Benefits

Immersive analytics environments distinguish themselves through several interrelated concepts

that differentiate them from conventional approaches:

Spatialization: Information is mapped into 3D space, enabling users to perceive data structures
and relationships through proximity, orientation, and motion. Spatial layouts can improve
memory retention and provide intuitive navigation through data [23]. A typical immersive
setup includes handheld controllers, head tracking, and spatial input modalities for manipu-

lating 3D data layouts, as seen in Figure 2.6.

Embodiment and Presence: Users feel physically present in the environment, manipulating vi-
sual elements through gestures and body movement. This sense of "being there" can en-

hance task engagement, especially in exploratory or multiscale contexts [34].

Multimodal Interaction: Beyond vision, immersive systems frequently integrate sound (e.g.,
sonification), haptics, or other feedback channels. Sonification and spatial audio, for in-
stance, have been shown to direct attention, encode time-based changes, or guide users in

large datasets [4, 8].
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Figure 2.5: Illustration of several recent Immersive Analytics systems: (1) Corsican Twin, (2) the
Embodied Axes controller for precise interaction with 3D visualizations in AR, (3) AR personal
navigation of networks on wall-size displays, (4) the UpLift system for building energy analytics,
(5) the FIESTA system for collaborative immersive analytics in VR [26], (6) a study of small-
multiples in VR, (7) the Tilt Map system for 3D Choropleth maps visualization, (8) a multiscale
navigation system in AR, (9) bare hand interactions in AR maps, and (10) immersive unit visual-
ization [15].

Real-World Metaphors: Immersive systems may adopt spatial metaphors grounded in everyday
experience, such as architectural layouts or mechanical structures, to increase intuitiveness.

This strategy is commonly used in abstract data visualization to foster sensemaking [24].

These techniques have shown benefits across several domains. For example, immersive net-
work visualizations allow users to understand hierarchy and connectivity more effectively than in
2D [21, 23]. Similarly, IA has also been applied to urban data visualization [4] and biological data
like cell tracking

2.2.3 Sonification in Immersive Analytics

Sonification is the use of non-speech audio to convey information or highlight patterns in data
[5]. In immersive analytics, it complements visual representations by offering an additional sen-
sory channel, well suited for directing attention, encoding temporal dynamics, and reducing visual
overload. Sonification becomes especially powerful when paired with spatial audio in immer-
sive environments, allowing users to locate and interpret events using directional cues and sound
properties like pitch or rhythm [8, 4].

Research suggests that sonification can improve engagement and performance in data-rich

environments, especially where continuous monitoring or multitasking is required [4, 8]. For
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Figure 2.6: A user interacts with an immersive 3D network visualization using a head-mounted
display and controllers. A virtual laser pointer is implemented to highlight and select nodes.
Users can scale and relocate the network using pinch-to-zoom interaction with both controllers.
The figure shows the karate network in a 3D layout [23].

example, in immersive robot teleoperation, spatial audio cues have been shown to reduce task
errors and guide user attention to off-screen events [8]. In urban analytics, sonification has helped
users explore the diffusion of noise pollution by layering sound on top of visual representations of
acoustic phenomena [4].

Sonification also enhances temporal perception in immersive systems. When visualizations
encode complex or asynchronous workflows, sound can help communicate the timing, duration,
and sequence of events. For instance, rising pitch or rhythmic pulses can indicate acceleration or
synchronization across stages [17]. These auditory cues reduce dependence on spatial awareness
alone and offer redundancy to support users with visual fatigue or cognitive overload.

Despite these advantages, most current immersive systems use sonification in limited or ad
hoc ways—often just as alarms or ambient sounds. Systematic design approaches and user-driven
mapping strategies remain an open area for research [4]. As immersive analytics matures, inte-
grating sound as a first-class information modality, rather than a supplementary one, may prove

essential for making sense of dynamic, multiscale, or time-sensitive data.
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Figure 2.7: Visualization of urban noise propagation paths in VR. Green lines show direct sound
paths, blue indicates diffraction, and yellow shows reflections. This multimodal approach inte-
grates visual and auditory feedback for spatial reasoning about acoustic behavior. Source: [4]

2.2.4 Toolkits and Systems

A limited but growing number of toolkits support the development of immersive analytics systems
by abstracting low-level rendering and interaction components. Fonnet and Prié (2021) summa-
rize several of these efforts and emphasize the importance of reusable frameworks in accelerating
immersive analytics research [16]. An example is the Immersive Analytics Toolkit IATK) [11],
which provides Unity components for creating immersive visualizations with abstract datasets.
IATK has been used in academic research to implement spatial data exploration and 3D timelines
[24], though its adoption remains mostly within prototyping contexts. Two use cases of IATK
are shown in Figure 2.8, demonstrating interactive brushing and linked views in immersive and
augmented environments.

Another notable system is DXR (Data Explorer for XR), which is designed for immersive
scientific visualization and emphasizes flexible integration with high-dimensional data sources
[41]. DXR provides an architecture for building VR visualizations, including timeline-based and
spatiotemporal layouts. Figure 2.9 shows various immersive visualizations created with DXR,
including 3D bar charts and spatial narratives.

However, no single dominant toolkit exists. Many systems are still built directly on game

engines (Unity, Unreal) or web-based XR frameworks customized for specific domains.
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1 Meta@immersive AR point of view

Figure 2.8: Two examples of immersive visualization with IATK: (1) immersive VR visualization
of multidimensional financial data using brushing to link multiple views; (2) an augmented desktop
setup with a 3D map above a physical workspace linked to 2D displays [11].

2.2.5 Challenges and Opportunities

While immersive analytics systems offer rich and engaging ways to explore data, they also present
several technical and cognitive challenges. One common issue is user fatigue caused by prolonged
use of head-mounted displays and spatial interfaces. Motion sickness, limited display resolution,
and occlusion of visual elements can further reduce effectiveness in long sessions [15]. Addi-
tionally, immersive environments may impose a higher cognitive load due to the need to spatially
parse large datasets, especially in 3D layouts with overlapping elements [34].

Another barrier is the lack of standardization in tools and evaluation methods. Most current
systems are customized or built on game engines with limited reusability, restraining broader
adoption. A review by Choe et al. highlights that immersive analytics often lacks standardized
user testing protocols, relying instead on small-scale studies with ad hoc tasks and subjective
feedback [18]. This limits comparability and generalization across systems.

Despite these challenges, several opportunities exist. Improvements in standalone VR/AR
hardware, hand tracking, and wireless systems reduce friction in setup and mobility, expanding
the range of possible deployment scenarios from collaborative analytics to on-site industrial use,
among others. [15].

A typical challenge in immersive data visualization is conveying temporal structure and se-
quential logic in datasets that unfold over time. Many existing systems focus on the spatial repre-
sentation of data attributes but offer limited support for visualizing temporal flows or asynchronous
parallelism [23]. This becomes particularly relevant when users need to understand both global
execution patterns and fine-grained task dependencies. Designing spatial-temporal mappings that
balance clarity, scale, and narrative coherence remains an open research opportunity. Addressing
some of these challenges, especially in conveying temporal flow and execution structure in com-
plex technical domains, remains a key area of investigation and motivates the system introduced

in the following chapter.
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Figure 2.9: DXR enables rapid prototyping of immersive data visualizations: (b, c) declarative
specifications represent visualizations; (a: right) DXR’s GUI inside VR enables parameter con-
trol; (d-e) custom 3D graphical marks; (f-i) examples including vector fields, decaying materials,
basketball analytics, and 3D currency timelines [41].

2.3 CI/CD Pipeline Visualization

Continuous Integration (CI), Continuous Delivery, and Continuous Deployment (collectively re-
ferred to as CI/CD) are modern software engineering practices that aim to automate code inte-
gration, testing, and deployment in order to reduce errors and accelerate delivery cycles [39].
A CI/CD pipeline manages a series of tasks, from code commits to deployment, offering quick
feedback to developers and encouraging continuous improvement. However, as pipelines grow
more complex, visualizing and comprehending their execution becomes challenging. This section
explores the CI/CD visualization field, highlighting standard practices and challenges across var-
ious platforms. It examines the common visualization approaches used by major CI/CD systems
and identifies gaps in current interfaces. The section then focuses on GitHub Actions as a rep-
resentative platform for detailed analysis, given its widespread adoption and typical visualization
challenges. Finally, it reviews initial attempts at immersive CI/CD visualization that have emerged

in recent research.

2.3.1 Continuous Integration and Continuous Delivery/Deployment

CI/CD are interrelated practices that automate the process of building, testing, and releasing soft-
ware changes. CI focuses on integrating code into a shared repository frequently, often multiple
times a day, with automated builds and tests validating each change. CD extends this process by
automating the preparation of these builds for release, while Continuous Deployment goes further
by automatically deploying validated builds into production environments without human inter-
vention [39]. Figure 2.10 illustrates the conceptual relationship between CI, CD, and Continuous
Deployment, as presented in the original study. It highlights how these practices are sequenced

and interdependent.
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Figure 2.10: The relationship between continuous integration, delivery, and deployment. Source:
[39]

Developers

These practices aim to increase software quality, shorten feedback loops, and reduce the cost
of delivering changes. However, their adoption introduces architectural and organizational com-
plexity. Figure 2.11 shows a synthesis of challenges and practices in CI/CD adoption, mapping in-
terdependencies between problems and mitigation strategies. This visualization provides a broader
view of developers’ structural complexity in real-world deployments.

CI/CD pipelines often consist of multiple interdependent jobs and stages, with tasks executing
sequentially and in parallel. As pipelines evolve, they become increasingly dynamic and challeng-
ing to monitor, especially in projects with high release frequency or multiple contributors. Re-
search highlights that developers must often interpret the state of builds and deployments through
a mix of log files, console outputs, and dashboard views, which are typically fragmented and text-
heavy [1]. Several studies have emphasized the role of visualization in addressing these issues.
Visual representations of pipeline states, execution flows, and failure points can help reduce cog-
nitive load and improve awareness of system behavior [1, 13]. Despite this, many current tools

fail to support these needs in large-scale or rapidly evolving environments adequately.

2.3.2 CI/CD Platforms and GitHub Actions

The CI/CD landscape encompasses several major platforms, each with distinct characteristics and
adoption patterns. Jenkins, one of the earliest and most established platforms, offers extensive
plugin ecosystems and self-hosted flexibility but requires significant configuration overhead. Git-
Lab CI/CD provides integrated DevOps capabilities within GitLab’s unified platform, supporting
both cloud and self-managed deployments. Azure DevOps delivers comprehensive Microsoft
ecosystem integration with Azure Pipelines for CI/CD automation. CircleCI and Travis CI focus
on cloud-native approaches with streamlined configuration for GitHub repositories. Bitbucket
Pipelines offers Atlassian ecosystem integration, while newer platforms like GitHub Actions
have rapidly gained adoption.

GitHub Actions, introduced in 2018 as part of the GitHub ecosystem, has emerged as a partic-
ularly significant platform due to its integration with repositories, support for declarative YAML
configurations, and access to a marketplace of reusable actions [36]. GitHub Actions allows de-
velopers to define and automate workflows that span testing, deployment, notifications, and other

tasks, making it a flexible and powerful tool for modern software pipelines.
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Figure 2.11: An overview of challenges and practices in adopting CI/CD and the relationship
among them. Source: [39]

Despite its widespread use, developers face difficulties understanding and debugging workflow
executions, especially in large or highly parallelized pipelines. Challenges include interpreting
lengthy log files, lacking a clear temporal overview, and the absence of visual representations
of job dependencies and statuses [36, 22]. These issues mirror those in other CI/CD systems,
where visual and structural gaps impede situational awareness and effective troubleshooting [46].
Among the various CI/CD platforms, GitHub Actions has gained particular traction due to its

seamless integration with the world’s largest code hosting platform.

2.3.3 Immersive CI/CD Visualization Systems

To address the limitations of traditional CI/CD interfaces’ limitations, a few exploratory systems
have applied immersive and spatial visualization techniques to this domain. These efforts build
upon research in immersive analytics, which shows that spatial metaphors and embodied interac-

tion can enhance the comprehension of complex workflows [15, 23].



2.4 Discussion 17

One example is VR-DevOps, a virtual reality prototype designed to visualize DevOps pipelines
in immersive 3D space. The system organizes pipeline stages using spatial layout and supports
interaction for navigation and anomaly identification [33]. Figure 2.12 shows a visualization of
the VR-DevOps system with pipeline runs as vertical planes colored by status, stages and internal
steps are displayed in a structured manner that facilitates spatial reasoning and visual comparison
across executions [33].
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Figure 2.12: A VR-based pipeline visualization from VR-DevOps, showing colored run planes,
execution stages, and internal steps. Source:[33]

While VR-DevOps illustrates the feasibility of immersive pipeline exploration, its implemen-
tation targets relatively small-scale workflows and has been evaluated only in preliminary usability
studies. Current immersive systems often do not address the full complexity of CI/CD workflows.
Open challenges include representing parallelism and asynchrony, encoding temporal sequences,
and supporting real-time feedback. These limitations reflect known research problems in immer-

sive visualization more generally, particularly concerning scalability and semantic clarity [15, 23].

2.4 Discussion

The literature on information visualization, immersive analytics, and CI/CD systems reveals gaps
in how complex, temporal workflows are represented and explored. Traditional CI/CD tools rely
heavily on textual logs and fragmented dashboards, which slow developers’ ability to understand
execution flow and locate failures [1, 36, 22]. Many visualization tools aim to clarify pipeline
states but fail to support forming a cohesive mental model, particularly in dynamic or parallel
execution contexts.

Immersive analytics introduces spatial, embodied, and multimodal strategies that have shown
benefits in other domains, such as scientific visualization and robotics [15, 23, 8]. Applied to
CI/CD, these techniques offer the potential for more intuitive representations of hierarchy, tem-

poral structure, and concurrency. However, most existing immersive systems focus on abstract or
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domain-specific datasets and do not address software engineering workflows or temporal data at
scale.

Key challenges include managing asynchronous tasks, encoding temporal logic, and main-
taining readability in parallelism. Developers struggle with overloaded log outputs and lack visual
support for tracing dependencies across stages [36]. These gaps suggest the need for systems that

integrate:
* Spatial hierarchy to separate workflows and jobs,
» Temporal mapping for sequence and duration,
» Consistent status encoding (e.g., success/failure),
* Interaction techniques for navigation and filtering,
* Compression strategies to manage scale,
* Multimodal feedback to guide attention and reduce overload.

Sonification remains underused despite evidence that spatial audio can support event localiza-
tion and temporal perception in immersive environments [4]. Most current systems use sound only
for alerts, missing opportunities to integrate it into the core analytic process.

Overall, the intersection of immersive analytics and CI/CD remains underexplored. There
is a clear opportunity to develop systems that map software pipelines’ temporal and structural
features into immersive environments, improving navigation, comprehension, and debugging. The
following chapter presents a proposed approach to address these challenges through spatial and

temporal structuring, interaction mechanisms, and multimodal feedback.



Chapter 3

Immersive Simulator for CI/CD
Pipelines

The previous chapter identified key limitations in existing CI/CD visualization tools, particularly
their inability to represent temporal progression, job concurrency, and hierarchical relationships in
an integrated way. Although immersive analytics has shown promise in other domains, its use in
CI/CD contexts remains underexplored.

This chapter presents a conceptual framework for visualizing GitHub Actions workflows in an
immersive environment. It begins with a problem statement outlining developers’ core challenges
when interpreting complex CI/CD pipelines (Section 3.1). Then, it defines the key execution ele-
ments of GitHub Actions and their structural and temporal semantics (Section 3.2). After this, it
identifies common developer tasks and derives visualization requirements to support these activ-
ities (Section 3.3). It then discusses multimodal design considerations for combining visual and
auditory feedback (Section 3.4). Next, it introduces a spatial metaphor that maps these elements
into a 3D representation (Section 3.5). The chapter then outlines the visual encoding principles for
communicating execution structure, status, and timing (Section 3.6). It concludes with interaction

goals to support practical analysis and navigation within the system (Section 3.7).

3.1 Problem Statement

CI/CD pipelines, such as those implemented with GitHub Actions, play a major role in automating
software development workflows. However, as these pipelines grow in complexity and concur-
rency, developers face increasing difficulty understanding their structure and behavior. Challenges
include diagnosing failures across distributed jobs, tracking the evolution of workflows over time,
and comparing execution outcomes across branches or commits.

Existing tools for GitHub Actions primarily rely on logs and 2D dashboards that present in-
formation on a per-run basis. These representations offer limited support for visualizing temporal
patterns, concurrency, or failure propagation, making it harder for users to detect regressions, un-

derstand dependencies, or reason about performance issues across multiple runs [39]. Addressing

19
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these challenges requires new approaches that align with how users perceive time and structure.
One such approach is immersive analytics, which enhances understanding through spatial layout
and embodied interaction. Although effective in other domains, it remains largely unexplored in
CI/CD workflows.

This dissertation addresses the lack of practical tools for intuitive, interactive, and immer-
sive exploration of CI/CD workflows. It investigates how virtual reality can be used to represent
workflow executions in a spatially meaningful way, supporting more explicit temporal reasoning,

structural navigation, and failure diagnosis.

3.2 CI/CD Execution Model

CI/CD pipelines in GitHub Actions are organized around a structured hierarchy that controls how
automated tasks are defined and executed. This hierarchy includes three key elements: workflows,
workflow runs, and jobs. Understanding their semantics is essential for modeling these pipelines

visually.

Workflow: A static YAML file committed to a repository, defining a set of jobs and their execu-
tion logic. Each workflow is triggered by specific events, such as pushes or pull requests.

Workflow Run: A dynamic execution instance of a workflow created in response to a triggering
event. Workflow runs are characterized by start and end times, execution outcomes, and instances

of job executions.

Job: A unit of work executed within a workflow run. Jobs consist of sequential steps and may

run concurrently or depend on the completion of other jobs using the needs keyword.

Steps and Actions: Jobs are composed of sequential steps that execute shell commands, scripts,
or reusable actions

To illustrate these concepts, consider the example workflow YAML file shown in Listing 3.1:

Table 3.1: Core CI/CD elements and key attributes.

Element Key Attributes Description
Workflow Name, Trigger type Static definition of job structure and execution
logic.

Workflow Run Run ID, Status, Start/End | Instance of workflow execution triggered by
time, Outcome an event.

Job Name, Status, Duration, | Executable unit within a run, may depend on
Dependencies or run in parallel with other jobs.

Steps Step name, Execution or- | Ordered commands or actions within a job,
der, Action reference such as shell scripts, tests, or tool invocations.
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name: CI Pipeline # Workflow
on: [push, pull_request] # Trigger events
jobs:
test: # Job 1
runs—-on: ubuntu-latest
steps: # Steps within the job
— uses: actions/checkout@v3 # Action step
— name: Run tests # Command step

run: npm test

build: # Job 2
needs: test # Dependency on ’test’ Job
runs—-on: ubuntu-latest
steps:
- uses: actions/checkout@v3
— name: Build application
run: npm run build

deploy: # Job 3
needs: [test, build] # Dependencies on multiple jobs
runs—-on: ubuntu-latest
if: github.ref == 'refs/heads/main’
steps:

- uses: actions/checkout@v3
- name: Deploy to production
run: ./deploy.sh

Listing 3.1: Example GitHub Actions workflow showing the hierarchical structure

These elements form a clear hierarchical and temporal model: workflows define job structures;
workflow runs execute them in response to events; and jobs are scheduled within runs based on
their declared dependencies. Jobs without dependencies execute in parallel, while dependent ones
follow a defined order. Multiple workflow runs may also execute concurrently if triggered in rapid
succession.

Figure 3.1 illustrates the relationship between these elements, highlighting both containment

and execution dependencies as they appear in the example workflow.
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Figure 3.1: Hierarchy and dependency structure in GitHub Actions workflows, showing the rela-
tionship between the workflow definition (Listing 3.1) and its execution instances

This structural and temporal model guides the spatial layout and encoding strategies discussed

later in this chapter.

3.3 User Tasks and Visualization Requirements

To create an effective visualization for CI/CD pipelines, it is essential to understand the core

reasoning tasks developers perform when interacting with these systems. Prior research has high-

lighted key challenges in maintaining, debugging, and optimizing CI/CD workflows.

Common Developer Tasks

* Failure Detection and Diagnosis: Locating failures and understanding their causes is crit-

ical to maintaining reliability. Users need to trace failing jobs and identify patterns or prop-

agation across workflows.

* Temporal Pattern Recognition: Developers benefit from seeing how workflow behavior

evolves over time to identify regressions, recurring issues, or intermittent problems.

* Concurrency and Dependency Inspection: Understanding how jobs run in parallel or

sequence is essential for debugging timing-related issues and optimizing performance.

* Comparative Analysis: Comparing runs across different commits or branches helps in

tracking regressions or evaluating the impact of changes.



3.4 Multimodal Design Considerations 23

* Navigation and Drill-down: Users must move fluidly between high-level views of the

pipeline and detailed information about specific runs and jobs.

Supporting Tasks Through Visualization

These tasks relate directly to the CI/CD elements defined earlier. Table 3.2 summarizes the relevant

elements and attributes for each task.

Table 3.2: Developer tasks and corresponding CI/CD elements.

Task Relevant Elements Key Attributes

Failure Detection and Diagnosis | Workflow Runs, Jobs Outcome, Duration, Dependencies

Temporal Pattern Recognition Workflow Runs Start/End time, Trigger event

Concurrency and Dependency | Jobs Dependencies, Execution order

Inspection

Comparative Analysis Workflow Runs, Work- | Trigger, Attempt number, Outcome
flows

Navigation Workflow Runs, Jobs Hierarchical structure, Timing

Visualization and Interaction Goals

From the identified tasks, we derive the following goals for the visualization model:

1. Temporal Clarity: Clearly reveal execution timing, sequencing, and overlaps.
2. Hierarchical Representation: Make workflow, run, and job structure visually explicit.

3. Failure and Status Highlighting: Use visual and auditory cues to distinguish outcomes

and prioritize failed runs.
4. Comparative Context: Allow users to compare multiple runs effectively.

5. Scalability and Focus: Support both broad overviews and fine-grained inspection without

overwhelming users.

6. Multimodal Feedback: Utilize visual and auditory channels to emphasize important infor-

mation and effectively direct the user’s attention.
These goals inform the design choices discussed in Sections 3.4, 3.5 and 3.6, grounding them
in real-world user needs.
3.4 Multimodal Design Considerations

Effectively visualizing complex CI/CD pipelines can demand using multiple perceptual channels

to communicate various types of information efficiently. While visual encoding handles structural
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and temporal relationships, auditory feedback can be a complementary channel for critical events

and status changes.

Auditory Design Principles

Auditory cues follow established principles for non-intrusive but informative feedback:

* Event-Driven Sounds: Distinct audio signals associated with specific pipeline events (e.g.,

runs or job failures).

» Spatial Audio: Positional audio corresponding to the 3D layout allows users to locate events

without direct visual inspection.

» Severity Mapping: Different sound characteristics (pitch, intensity, duration) that reflect

the criticality of events, with failures receiving more prominent auditory treatment.

This multimodal approach ensures that users can monitor pipeline health through ambient

awareness while focusing their visual attention on detailed analysis tasks.

3.5 Design Metaphor

To support an intuitive understanding of CI/CD pipelines, a spatial and metaphorical model was
developed that maps the abstract execution semantics of GitHub Actions into a physical structure.
The chosen metaphor is inspired by the layout of a multi-story industrial building, where each
floor represents a different workflow, and workflow runs and jobs are arranged within and across
those floors to reflect their execution over time.

This metaphor is intended to provide a stable mental model that reinforces the temporal, hier-
archical, and concurrent nature of CI/CD systems while remaining general enough to be adapted
into different visualization formats. Each visual element corresponds to a fundamental concept in

GitHub Actions, supporting clarity and traceability throughout the visualization.

Mapping Core Elements to the Metaphor

The spatial metaphor maps each CI/CD element to a distinct representation, as illustrated in Fig-

ure 3.2:

* Workflow — Floors of the building. Each workflow defined in the repository is assigned a
distinct horizontal layer, vertically stacked with others. This vertical separation reinforces

the independence and parallelism of workflows while allowing comparison across them.

* Workflow Run — Units arranged across and along the depth axis (X- and Z-axis) on each
floor. Each workflow run appears as a discrete instance positioned based on when it was
triggered and whether it overlaps in time with other runs. Runs that execute concurrently

are placed side by side, while sequential runs are positioned one after the other in depth.
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* Job — Subcomponents inside each workflow run unit. Jobs are arranged laterally within
their respective run container. As with workflow runs, parallel jobs are displayed side by

side, while jobs constrained by dependencies are positioned sequentially.

Workflow Runs

Workflow

Figure 3.2: Conceptual design metaphor showing the mapping of CI/CD elements to spatial rep-
resentations in the building-inspired layout

Supporting Temporal and Structural Reasoning

This metaphor serves multiple cognitive functions aligned with the visualization goals outlined

earlier:

* Hierarchy: The vertical stacking of floors separates different workflows, while the contain-
ment of jobs inside workflow runs reflects the execution hierarchy. Users can distinguish

between the structural levels at a glance.

» Time: Temporal sequencing is expressed through spatial progression along the Z-axis. This
allows users to intuitively read time as depth, identifying when runs occurred and observing

temporal proximity between them.

* Concurrency: Both workflow runs, and jobs that execute concurrently are displayed side by
side. This arrangement highlights overlaps in execution at multiple levels, making parallel

activity immediately visible and aiding the diagnosis of concurrency-related issues.

 Failures and Comparison: Because workflow runs are displayed as aligned units across
time and workflows, users can more easily compare job outcomes across runs and identify

patterns in pipeline behavior over time.

By adopting this building-inspired metaphor, the design provides a stable spatial framework
that supports exploration, comparison, and analysis of CI/CD pipelines, establishing the founda-

tional logic upon which later visual and interactive representations are based.
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3.6

Immersive Simulator for CI/CD Pipelines

Visual Encoding and Structural Mapping

With the metaphor established, this section clarifies the spatial arrangement and visual represen-

tation

of core CI/CD elements. These representations establish the structural rules that dictate the

layout, grouping, and appearance of elements within the visualization.

Spatial Dimensions and Layout

The three-dimensional layout uses space to represent structural hierarchy and temporal relation-

ships:

Z-axis — Temporal Progression: Time flows along the depth axis. More recent workflow
runs are displayed at the front, while older runs move towards the back. Similarly, within
each workflow run, jobs are sequenced along the Z-axis according to their execution order,

with earlier jobs positioned towards the back and later jobs towards the front.

X-axis — Parallelism and Grouping: Lateral space is used to display concurrency. Work-
flow runs that execute concurrently are placed side by side along the X-axis. Within each
run, jobs that start simultaneously or in parallel are positioned next to each other, making

execution overlaps immediately visible.

Y-axis — Workflow Layering: The vertical axis separates workflows into distinct layers or
floors. Each floor is reserved for a single workflow definition, which keeps execution units

organized and facilitates comparison across workflows without visual interference.

Grouping and Containment

Logical grouping reinforces structural clarity:

Jobs within Workflow Runs: All jobs in a single workflow run are within a shared bound-
ing space. This containment reinforces their shared execution context and allows users to

treat a run as a coherent analytical unit.

Runs within Workflows: Workflow runs are aligned sequentially along the Z-axis and
grouped within the same vertical layer. This preserves the relationship between a workflow

definition and its executions while allowing temporal and structural reasoning.

Separation of Workflows: By assigning each workflow its own floor, the design avoids vi-
sual entanglement between unrelated executions and supports more explicit inter-workflow

comparisons.

Visual Attributes for State and Status

While layout encodes structural and temporal properties, additional visual attributes are used to

represent the execution state:
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¢ Color — Execution Outcome: Color is used to differentiate successful, failed, or cancelled
jobs and runs. These colors provide immediate feedback about pipeline health and help

direct user attention toward anomalies or failures.

» Shape and Size — Abstraction Level: Workflow runs, and jobs are represented with sim-
plified geometric shapes (e.g., blocks or units) sized consistently for comparability. Visual

uniformity supports pattern recognition and avoids distortion of relative importance.
» Spatial Gaps — Execution Gaps: Gaps between runs or jobs may represent idle periods,
execution delays, or asynchronous activity, further reinforcing temporal reasoning.
Encoding Principles Summary

The visual encoding strategy prioritizes consistency, legibility, and structural clarity. Each design

choice is grounded in a semantic mapping (Table 3.3).

Table 3.3: Visual encoding mapping between CI/CD concepts and visual representations

CI/CD Concept Visual Mapping Purpose
Workflow Vertical floor Separate pipelines, support
comparison
Workflow Run Unit along Z-axis (time), placed later- | Show temporal order and
ally if concurrent concurrency
Job Element inside run unit laid out later- | Show structure and depen-
ally dencies
Execution Outcome Color (e.g., green, red, gray) Indicate success, failure,
cancellation
Execution Time Z-position and optional gaps Represent when and how
long executions occurred

The visualization model provides a foundation for later interaction and immersion by sys-
tematically encoding structure, timing, and status. These mappings serve as the visual grammar
through which CI/CD pipelines are interpreted and explored without relying on traditional 2D

charts or textual logs.

3.7 Interaction Design Considerations

While the previous sections outlined the structural and visual encoding of CI/CD workflows, a
practical analytic experience also depends on the user’s ability to dynamically explore, compare,
and reason about the system. This section identifies the interaction goals necessary to support

meaningful engagement with the visualization.
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Navigating and Exploring Workflow Space

Given the multi-dimensional layout of the visualization, users must be able to traverse the spatial

model effectively. This includes the ability to:

* Move across different workflow floors to examine how distinct pipelines behave.
* Progress along the temporal axis to review past or recent executions.

* Focus on specific runs or jobs, adjusting viewpoint or level of detail to support inspection.

These navigation goals ensure that the system supports both broad overviews and targeted
analysis.
Inspecting and Comparing Execution Units

Users require access to metadata and contextual information for specific runs and jobs to support

deeper analysis. This involves:

* Selecting individual workflow runs to retrieve execution status, timing, trigger context, and

other metadata.
* Inspecting jobs within a run to understand their order, duration, and outcome.

* Comparing two or more workflow runs from the same or different workflows to identify

behavioral changes or recurring patterns.

These interactions support debugging, regression tracking, and validation of pipeline behavior

across different commits or branches.

3.8 Summary

This chapter presented the conceptual framework for immersive CI/CD visualization, including
the core execution model, spatial metaphor, visual encoding, and interaction design. These ele-
ments form the foundation for translating conceptual structure into an interactive system, which is

addressed in the next chapter.



Chapter 4

Prototype Implementation

This chapter presents the technical implementation of the prototype developed to support the re-
search objectives outlined in previous chapters. The system transforms GitHub Actions workflow
data into an interactive virtual reality (VR) environment, enabling users to explore the structure,
execution, and temporal dynamics of CI/CD pipelines through spatial, visual, and auditory cues.
Its primary purpose is to investigate how immersive analytics techniques can enhance understand-
ing of software automation processes compared to traditional two-dimensional tools.

The prototype was designed to support a user study comparing VR-based and conventional
CI/CD activity representations. To achieve this, it implements a spatial metaphor based on a
multi-level industrial factory, where workflows, runs, and jobs are distributed across vertical and
horizontal axes according to their hierarchy and execution order. Time is encoded along the depth
of the environment, allowing users to navigate backward through workflow history in a physically
embodied manner.

The system was built using Unity' and the XR Interaction Toolkit> and is compatible with
various VR configurations, including seated, standing, and room-scale setups. Workflow data is
obtained from the GitHub Actions platform, either through live API queries or from preprocessed
datasets that are stored locally. The prototype incorporates interactive tools, accessibility features,

and performance optimizations to ensure both usability and experimental reliability.

4.1 System Architecture

The prototype follows a layered architecture designed to support extensibility, maintainability,
and the performance constraints of immersive virtual reality. It is structured into four primary
subsystems: data handling, visualization, interaction, and audio. Each subsystem is responsible
for a distinct aspect of the system’s behavior. These subsystems collectively transform GitHub
Actions data structures, namely workflows, runs, and jobs, into a spatial, interactive representation

within a 3D environment.

1Unity Game Engine: https://unity.com/
2Unity XR Interaction Toolkit Documentation: https://docs.unity3d.com/Packages/com.unity.xr.
interaction.toolkit@3.0/manual/index.html
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The system is implemented in Unity using C# and relies on the XR Interaction Toolkit for
cross-platform VR support. Rendering is handled through the Universal Render Pipeline (URP),
with TextMeshPro* used for sharp text rendering. Unity’s Input System ensures consistent inter-
action mapping across different VR devices. Table 4.1 summarizes the main technologies used in
the implementation.

Figure 4.1 illustrates the overall system architecture, highlighting how the four subsystems

interact to support immersive CI/CD pipeline visualization.

Table 4.1: Key technologies used in the implementation.

Technology Version Purpose

Unity 3D 6000.0.24f1 | Core engine and scene management
C# (.NET) Standard 2.1 | Scripting language

XR Interaction Toolkit 3.0.6 VR interaction abstraction
Universal Render Pipeline | 17.0.3 Optimized rendering for VR
TextMeshPro 3.0+ High-quality text rendering

Unity Input System 1.11.1 Cross-device input support

Subsystems Overview

The architecture is composed of four distinct subsystems, each handling a specific aspect of the
immersive visualization experience. These subsystems work together to transform raw GitHub
Actions data into an interactive 3D environment while maintaining a clear separation of concerns
for maintainability and extensibility.

Data Handling: Manages the retrieval, parsing, and internal representation of GitHub Actions
workflow data. It supports live API access and offline JSON datasets through a provider pattern,
abstracting data sources behind a common interface (detailed in Section 4.2).

Visualization: Responsible for spatializing workflows, runs, and jobs using the factory metaphor.
It includes algorithms for timeline scaling, layout placement, and temporal compression. This sub-
system also implements the visual encoding of run and job statuses using color-coded materials.
For accessibility, it includes a colorblind-safe palette (detailed in Section 4.6).

Interaction: Supports user navigation and interaction with the 3D environment. This includes
multiple locomotion options (joystick, teleportation, physical movement), vertical traversal be-
tween workflow floors, and hover-based inspection panels for detailed run metadata. Features for
accessibility are included in this subsystem, such as toggles to turn on or off audio cues and color
modes (detailed in Section 4.5).

Audio: Provides spatialized sound cues for failed runs, helping users locate issues using
sound. Audio is triggered based on workflow status and positioned accurately in the 3D space,

complementing visual feedback (detailed in Section 4.4).

3Unity Universal Render Pipeline: https://unity.com/features/srp/universal-render-pipeline
4Unity TextMeshPro Documentation: https://docs.unity3d.com/Packages/com.unity.ugui@3.0/
manual/TextMeshPro/index.html
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Modularity and Extensibility

The system architecture emphasizes modularity. Data is abstracted using a provider pattern, sup-
porting live API fetching and static file loading without altering downstream logic. Visual ele-
ments are instantiated using prefabs, allowing for efficient reuse and scalable layout generation.
Materials are loaded dynamically from the Unity Resources folder at runtime, making it easy to
modify or extend the visual encoding scheme without recompiling the application.

Configuration values for layout spacing, time scaling, and interface behavior are exposed
through the Unity Inspector, enabling fine-tuning during testing. The separation of concerns
across components supports independent testing and facilitates future extensions, such as sup-

porting other CI/CD platforms or expanding the range of interaction techniques.

4.2 Data Layer

The data layer serves as the basis of the VR system by simplifying the retrieval, transformation,
and structuring of GitHub Actions data into a format suitable for immersive visualization. It sup-
ports real-time data acquisition from the GitHub REST API and the loading of preprocessed static
JSON dataset files. Internally, all data is structured to match the hierarchy of GitHub Actions:

workflows contain multiple runs, and each Run contains multiple jobs.

Data Sources and Repository Selection

The system supports two data sources:

* GitHub REST API: Real-time CI/CD data is fetched using asynchronous HTTP requests
through Unity’s UnityWebRequest system. API access supports public and authenticated
modes, with personal access tokens managed via a configuration file.

* Locally stored JSON files: Static datasets are bundled within Unity’s Resources folder
and include real snapshots and synthetic datasets already transformed into the internal for-
mat. These allow consistent offline testing with predictable and repeatable test conditions

without further preprocessing.

API Endpoints Used

Data from GitHub Actions API is retrieved in a three-stage hierarchical process using the REST
API endpoints shown in Table 4.2.

Each endpoint supports pagination and optional date filtering. For the workflow runs endpoint,
date constraints are added using created query parameters (e.g., created=>2024-09-01).
These filters help reduce the retrieved data volume, which is crucial for performance in immersive
contexts. On the client side, additional boundary validation ensures that only runs within the

specified range are processed. Partial ranges (e.g., "after date X") are also supported.
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Table 4.2: GitHub REST API endpoints used in the system.

Note: All endpoints use the base URL pattern /repos/{owner}/{repo}/actions/. ..

Endpoint Purpose

.../workflows Lists all workflows in the target repository and re-
trieves their metadata
.../workflows/{id}/runs | Retrieves runs associated with a specific workflow,
with support for date-based filtering
.../runs/{id}/jobs Retrieves all jobs associated with a specific work-
flow run

Provider Pattern and Implementation

To separate data retrieval logic from the rest of the system, the application uses a provider pattern

based on a shared interface:

public interface IWorkflowDataProvider {

Task<WorkflowData> GetWorkflowDataAsync();

Two implementations of this interface are available:

* GitHubApiDataProvider fetches data directly from the GitHub REST API. It supports
pagination, date filtering, and authentication handling. Data is retrieved in three stages:

workflows, runs per Workflow, and jobs per Run.

* LocalJsonDataProvider loads data from JSON files bundled with the application. This
enables consistent results during development and testing and supports the use of both real-

world and synthetic datasets.

Both providers deliver the data using the same internal structure. The system uses coroutine-
based loading to ensure non-blocking execution and paginates API requests to manage memory
usage. Visual objects are instantiated only after data validation, avoiding unnecessary overhead

and ensuring frame rate stability in VR.

Date Filtering and Temporal Data Management

The system implements date filtering capabilities to manage data volume and focus visualization

on specific periods:

* API-Level Filtering: GitHub API requests include created query parameters to filter

workflow runs at the source, reducing network overhead and processing time.

* Client-Side Refinement: Additional date boundary validation ensures precise temporal

filtering, handling edge cases where API filtering may be approximate.
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* Configurable Date Ranges: The system supports flexible date range specifications with
optional start and end dates, enabling partial range filtering (e.g., "from date X" or "until
date Y").

* Date Range Validation: Date parsing ensures consistent interpretation of input formats and

temporal alignment across datasets.

Date filtering is particularly valuable for large repositories where the complete history would
exceed VR performance constraints, allowing users to focus on specific development periods or

recent activity patterns.

Data Transformation and Validation

The system transforms GitHub API responses into internal serializable classes that align with
Unity’s serialization model. The transformation is hierarchical: each Workflow contains a list of

Runs, and each Run contains a list of Jobs. During this process:

e All timestamps (e.g., created_at, started_at) are parsed for timeline positioning.
* Parent-child relationships are validated to ensure structural consistency.

» Optional fields are handled using default values or fallback substitution to ensure data in-
tegrity and prevent runtime exceptions (e.g., using run-level timestamps when job-level data

is unavailable)

Error Handling and API Constraints

The system implements robust error handling to manage GitHub API constraints:

* Rate Limiting: API requests include proper authentication headers and implement pagina-

tion (100 items per page) to stay within GitHub’s rate limits.

* Network Resilience: Failed requests are logged with detailed error messages.

Resulting Data Structure Format

After transformation, the data is loaded into the system in a unified structure suitable for visual-
ization. The simplified format in Listing 4.1 illustrates the internal model:
This structure allows direct mapping to spatial and visual elements in the 3D scene, preserving

hierarchy, execution order, and status.

Real and Synthetic Dataset Support

During development, the system primarily relied on synthetic datasets inspired by the Facebook
React repository’s CI/CD structure. These JSON-based synthetic datasets simulate realistic CI/CD

patterns while enabling controlled testing with known properties, such as:
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Prototype Implementation

"workflows": [

{

"id": 12345,
"name": "CI",
"state": "active",
"path": ".github/workflows/ci.yml",
"runs": [
{
"id": 56789,
"status": "completed",
"conclusion": "success",
"event": "push",
"created_at": "2024-12-01T10:00:002z",

"jJobs_list": |
{

"id": 111,

"name": "Build",

"status": "completed",

"conclusion": "success",

"started_at": "2024-12-01T10:01:00z2",

"completed_at": "2024-12-01T10:05:002Z"
I
{

"id": 112,

"name": "Test",

"status": "completed",

"conclusion": "failure",

"started_at": "2024-12-01T10:05:102",

"completed_at": "2024-12-01T10:08:302Z"

Listing 4.1: Unified data structure format for visualization

Varied success and failure distributions
Simultaneous job execution across workflows
Extended or minimal durations for timeline scaling

Predictable temporal patterns for algorithm validation
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The synthetic approach allowed for rapid prototyping and feature development without the
constraints of API rate limits or network dependencies. Both synthetic and captured datasets from
GitHub repositories are stored in JSON format and processed identically through the local JSON
data provider (LocalJsonDataProvider), ensuring consistent data handling regardless of the
data source origin. The selection between live API data, synthetic datasets, and cached snapshots

is configurable before starting the system.

4.3 Factory Visualization System

This section describes the implementation of the spatial factory metaphor used to visualize GitHub
Actions workflows in the VR system. The layout is hierarchically structured, with each level of the
CI/CD pipeline mapped to a corresponding visual component: floors for workflows, conveyor belts
for timelines, blocks for workflow runs, and sub-blocks for jobs. All elements are procedurally
instantiated and spatially arranged based on the underlying workflow data and a shared temporal
reference system.

Figure 4.2 provides an overall view of the implemented factory layout. It illustrates the com-
plete hierarchical structure, which includes multiple workflow floors, conveyor belts, and work-
flow runs positioned according to their temporal execution. Additionally, it features temporal

timeline markers, temporal portals (to allow collapsing long periods of time without events), and

all other elements present in the system that will be discussed in the following sections.
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Figure 4.2: Complete factory layout demonstrating the full visualization system implementation.
The image shows multiple workflow floors stacked vertically (each at 3.5-unit intervals), conveyor
belts spanning workflow timelines, positioned workflow runs as blocks, jobs as sub-blocks, and
temporal markers featuring timestamps and temporal portals. This view illustrates the integration
of all spatial factory metaphor components working together to visualize GitHub Actions CI/CD
data.
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Temporal Foundation and Reference System

Before establishing the spatial layout, the system creates a temporal foundation that translates
workflow timestamps into spatial positions along the Z-axis, turning time into a navigable dimen-
sion within the immersive environment. All positioning calculations operate relative to a shared
global reference point and a configurable time scale.

Z-Axis as Time Axis:

Time is encoded along the Z-axis, from the most recent events near the user (Z = 0) to older
events extending further away (Z+). This temporal layout places the present closest to the entry
point and the past further into the scene, enabling intuitive backward exploration through CI/CD
history.

The reference point is computed by collecting all timestamps (start and end) from every work-

flow run and selecting the latest one. This reference time defines the temporal origin:

z = (referenceTime — eventTime) X timeScale
Formula Components:
* z: Final Z-coordinate position along the temporal axis
* referenceTime: Latest timestamp across all workflows in the dataset
* eventTime: Timestamp of the specific workflow run or job being positioned

 timeScale: Conversion factor set to 0.5 world units per minute for temporal-to-spatial map-
ping
This setup ensures that newer runs are always placed closer to the user and older runs consis-

tently further away, preserving temporal context throughout the factory environment.

Timeline Markers and Navigation Aids

Timeline markers are instantiated at 30-minute intervals along the factory floor to support temporal
orientation. These are visualized as thin vertical structures anchored to the left side of the scene
(X =-5) and extending across the temporal depth of the environment. Their labels are positioned
at X =-10 and Y = 1.5 for legibility as shown in Figure 4.3.

Timeline markers follow an adaptive labeling strategy:

* Full format (dd MMM yyyy HH:mm) is used for the first marker, day transitions, and after

time gaps
¢ Compact format (HH : mm) is used for regular intervals

* Markers are gray by default and turn orange after time jumps to indicate a resumption of

activity (as detailed in Section 4.3)
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This visual rhythm supports user navigation by anchoring workflow activity to absolute time

references, aiding in both detailed inspection and macro-level interpretation of CI/CD patterns.
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Figure 4.3: Timeline markers positioned at 30-minute intervals along the factory floor, providing
temporal reference points for navigation and orientation within the VR environment.

Workflows as floors

Each GitHub workflow is represented as a horizontal floor in the 3D scene. Floors are vertically
stacked from ground level upward using a constant spacing of 3.5 units, with workflow positioning
determined by their order in the loaded dataset. The first workflow in the dataset is positioned at
the base height (1.0 units above ground level), with subsequent workflows stacked vertically above

it. This positioning is computed using the formula:

y = baseHeight 4+ (work flowIndex - ySpacing)

where work f1owIndex corresponds directly to the workflow’s position in the original dataset
(0 for the first workflow, 1 for the second, etc.).

Figure 4.4 demonstrates the practical application of the positioning formula.

Formula Components:

¢ y: The final vertical position (Y-coordinate) for the workflow label reference point

* baseHeight: Set to 1.0 world units as the reference height for workflow labels, with other

elements positioned relative to this baseline

» workflowIndex: The zero-based index of the workflow in the processing loop, correspond-

ing to the workflow’s order in the loaded dataset (O for first workflow, 1 for second, etc.)

* ySpacing: Fixed spacing of 3.5 world units between consecutive workflow floors, providing

adequate vertical separation for VR navigation
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Workflow 3 (Y=8.0)

Workflow 2 (Y=4.5)

Workflow 1 (Y=1.0)

Figure 4.4: Three workflow floors showing vertical stacking with labels: "CI" (bottom), "Do-
cusaurus” (middle), and "Update Cargo.lock" (top), demonstrating the 3.5-unit spacing between
floors.

This creates evenly spaced floors with adequate vertical separation while keeping the first
workflow clearly above the ground level.

For each workflow, a physical floor is instantiated and automatically scaled to match the length
of the workflow’s temporal timeline. The timeline represents the complete temporal span from the
earliest workflow run to the latest activity within that specific workflow. All workflow elements
are hierarchically organized under a parent container to maintain a structured scene arrangement
and enable efficient operations.

Figure 4.5 provides additional perspective views of the workflow floor arrangement, highlight-

ing the spatial organization and scale relationships in the VR environment.



4.3 Factory Visualization System 39

Dependabot Updates

: <=
7 — \\ ~ :
/ \ = ==
# —
= ~ i B y , \ \6//
(a) Perspective view of multiple workflow floors. (b) User-perspective view highlighting scale and depth.

Figure 4.5: Workflow floor spatial arrangement from different perspectives, demonstrating the
vertical stacking system and VR environment scale.

Conveyor Belts as Workflows Temporal Infrastructure

Each workflow floor includes a conveyor belt that provides the temporal foundation for workflow
runs. The conveyor belt spans the complete timeline of the workflow and adapts dynamically to

accommodate all runs within that workflow:

* Width Adaptation: The belt width encompasses all workflow runs horizontally. The sys-
tem calculates the leftmost and rightmost run positions, adds 0.5-unit margins, and centers

the belt at the midpoint between these bounds.

* Length Adaptation: The belt length represents the workflow’s complete temporal span,
calculated using:

length = (referenceTime — earliest Timestamp) - timeScale + margin
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Component Description

referenceTime Latest timestamp across all workflows in the dataset,

serving as the temporal reference point

earliestTimestamp Earliest run_started_at within the specific

workflow being processed

timeScale Conversion factor set to 0.5 world units per minute

for temporal-to-spatial mapping

margin Fixed 10-unit buffer added for visual separation and

timeline clarity

Table 4.3: Conveyor belt length calculation components

The conveyor belt is positioned 0.6 units below the workflow label reference point, which
places it approximately 0.4 units above the actual floor level (since floors are positioned 1.0 unit
below the label reference). This 0.4-unit elevation resembles real-world conveyor belt heights and
provides comfortable viewing and interaction angles for VR users. A default length of 25 units is
used when no valid timestamps are available.

Figure 4.6 shows an empty conveyor belt above a workflow floor.
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Figure 4.6: Empty conveyor belt on a workflow floor, positioned above ground level.

\

Workflow Runs as Blocks

Workflow runs are represented as rectangular blocks positioned on the conveyor belt. Each run
consists of a base block encoding its temporal duration and execution status, with smaller job
blocks positioned within it to represent individual tasks. Figure 4.7 demonstrates a single workflow

run with its job blocks.
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Figure 4.7: A single workflow run visualized as a base block containing job blocks. The base
block represents the run’s temporal span while job blocks show individual task execution.

Positioning System:
Workflow runs are positioned using both temporal and spatial coordinates:

* Temporal Positioning (Z-axis): Run position along the timeline is calculated based on

execution timestamps:
length

2

where zStart is derived from the run start time and 1ength represents the run duration.

zPosition = zStart +

» Spatial Positioning (X-axis): Parallel runs are arranged using a lane assignment algorithm
to prevent overlaps:
x = lanelndex - (runWidth + laneGap)

Formula Components:

x: Final horizontal position (X-coordinate) for the workflow run block

lanelndex: Zero-based lane number assigned by the algorithm (0 for first lane, 1 for

second, etc.)

runWidth: Width of the workflow run block (derived from the prefab dimensions)

laneGap: Default spacing of 2 units between adjacent lanes to ensure visual separation

Lane Assignment Algorithm:

The system uses a Greedy lane assignment approach:

1. Runs are sorted chronologically by start time
2. Each run is assigned to the first available lane where no temporal overlap occurs

3. New lanes are created when overlaps are detected with existing runs
Temporal overlap is determined using the condition:
startTimey < endTimegp and startTimeg < endTimey

Workflow runs are positioned on top of the conveyor belt infrastructure and scaled propor-
tionally to their temporal duration. Runs materials indicate execution status through color coding

(success, failure, in progress).
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Figure 4.8 demonstrates the visual status encoding for different workflow execution states,

showing the color-coding system that will be detailed in Section 4.6.

(a) Successful workflow execution (b) In-progress workflow (yellow) (c) Failed workflow execution (red)
(blue)

Figure 4.8: Workflow run status visualization through color coding: success, in-progress, and
failure states.

Figure 4.9 illustrates different run arrangements, showing how the lane assignment algorithm

handles parallel and sequential execution patterns.

(a) Parallel runs (side by side). (b) Sequential runs (front to back).

Figure 4.9: Spatial encoding of workflow runs: (a) parallel runs appear side by side along the
X-axis, and (b) sequential runs are arranged along the timeline in the Z-axis direction.

Jobs as Sub-blocks

Jobs within workflow runs are visualized as smaller rectangular blocks positioned on top of their
respective workflow run. Each job is spatially arranged to preserve temporal relationships while
avoiding visual overlap.

Track Assignment and Width Calculation:

The system uses adaptive track assignment to optimize horizontal space usage within each run:

1. Jobs are sorted chronologically by start time
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2. Each job is assigned to the first available track without temporal overlap
3. Track width is dynamically calculated based on the total number of tracks:

availableWidth — (trackCount — 1) X trackGap
trackCount

jobWidth =

Formula Components:

* jobWidth: Width allocated to each individual job block

« availableWidth: Usable horizontal space within the run (runWidth - 1.0 units for

margins)
¢ trackCount: Total number of parallel tracks needed for all jobs in the run

» trackGap: Fixed spacing of 0.5 units between adjacent job tracks

Job Positioning System:

Jobs are positioned using both temporal and spatial coordinates:

» Temporal Positioning (Z-axis): Job position along the timeline based on execution times-

tamps:

jobLength
jobZPosition = jobZStart + JOOLengin

Formula Components:
— jobZPosition: Final Z-coordinate position of the job along the timeline

— jobZStart: Starting Z-position derived from the job’s started_at timestamp

— jobLength: Temporal duration of the job converted to spatial units (jobZEnd - jobZS-
tart)

» Spatial Positioning (X-axis): Jobs are distributed across tracks within the run’s horizontal

space:

Width jobWidth
jobX Position = runX Position — % + relativeX Position + %

Formula Components:

jobXPosition: Final X-coordinate position of the job within the 3D scene

runXPosition: X-coordinate of the parent workflow run block

runWidth: Total horizontal width of the parent run block

relativeXPosition: Job’s position within the run, calculated from track assignment

jobWidth: Width allocated to each job based on track count and available space
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Jobs are scaled proportionally to their temporal duration and positioned with a 0.5-unit hori-
zontal margin within the run. Job materials indicate execution status through color coding, con-
sistent with the workflow run visualization approach detailed in Section 4.6.

Figure 4.10 demonstrates job layout patterns within workflow runs, showing how the track

assignment algorithm handles different execution scenarios.

(a) Parallel jobs distributed across mul-(b) Sequential jobs arranged chronolog-(c) Combined workflow run showing
tiple tracks within a single run. ically along the timeline within a run. both parallel and sequential job execu-
tion patterns.

Figure 4.10: Job positioning within workflow runs: (a) parallel execution patterns use horizon-
tal tracks, (b) sequential patterns follow temporal progression along the Z-axis, and (c) realistic
workflows combining both parallel and sequential job dependencies.

Time Compression and Inactivity Management

The system compresses gaps longer than a specified threshold to avoid unnecessary spatial elon-
gation during long periods of inactivity (default: 2 hours). The time compression threshold is
configurable through the Unity Inspector interface, allowing for adjustment of the compression
sensitivity based on repository activity patterns and user preferences. Gap detection aggregates all
runs across all workflows into a single chronological list and identifies inter-run gaps exceeding
the threshold.

For a time period to qualify for compression, it must represent complete inactivity across the
entire repository, meaning no workflow runs exist during that period in any workflow.

When such a gap is detected, it is collapsed using a time portal. Events following the gap
are shifted forward in Z-space by subtracting the cumulative duration of all prior compressed
segments.

This repository-wide compression strategy ensures that the temporal-spatial mapping remains
consistent and intuitive while effectively reducing navigation distances during periods of complete
development inactivity.

Portal Implementation:

Each time-compression portal is instantiated as a semi-transparent blue vertical block. Portal

thickness is scaled logarithmically based on the duration of the compressed gap:

H
thickness = baseT hickness x log,, < gaptours >

minGapHours
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Formula Components:
* thickness: Final thickness of the portal block in world units
 baseThickness: Minimum portal thickness for the smallest compressible gap
» gapHours: Duration of the compressed time gap in hours
* minGapHours: Minimum gap duration threshold (default: 2 hours)

The logarithmic scaling ensures that portals grow visually distinguishable but remain man-
ageable in size, a 2-hour gap and a 200-hour gap don’t result in proportionally massive visual
differences that would disrupt the VR environment’s scale and navigation.

Portals are positioned at the temporal boundaries of compressed gaps and extend across all
workflow floors to maintain visual consistency throughout the factory environment.

Each portal contains two types of labels:

* A floating top label positioned above the portal for overhead viewing

* A world-anchored side label positioned at the left side of the factory for lateral viewing

Both labels display identical information including the duration of the compressed gap (e.g.,
"Time Jump: 4h 30min") and the start and end timestamps. The dual positioning ensures users
can access temporal information from different viewing angles and navigation positions within the
VR environment.

Figure 4.11 illustrates both label types positioned on time compression portals within the fac-
tory environment.

e = e VT L

Time Jump: 22,9 hours Time Jump: 22,9 hours’
31 ago — O1 set 31ago - 01 set

022120113 s =R

(a) Portal with floating top label showing time jump dura- (b) Portal with world-anchored side label displaying start
tion. and end timestamps.

Figure 4.11: Time compression portal labeling system: (a) floating top labels indicate the duration
of compressed time gaps, and (b) side labels provide precise timestamp information for the com-
pressed interval boundaries.

These elements visually signal discontinuities in the timeline while preserving user awareness
of the skipped interval. The system significantly reduces required travel distance in VR by com-
pressing inactive periods, allowing users to reach areas of interest more quickly while maintaining
rendering efficiency.



46 Prototype Implementation

Portal

P 04 st 2024 0112

Figure 4.12: Time compression portal spanning the factory environment, showing the semi-
transparent blue structure that signals temporal discontinuities in the workflow timeline.

Scene Hierarchy and Prefab Management

To maintain performance and modularity, all elements are instantiated from prefabs and organized

hierarchically:

* Workflows/ contains all workflow floors
¢ Each floor contains its ConveyorBelt/ and associated runs
* Each run contains its Jobs/ sub-objects

» Labels, materials, and panels are instantiated as children to ensure positional coherence

4.4 Audio Layer

The audio layer of the system provides spatial auditory cues to assist users in detecting failed
workflow runs and navigating the immersive environment more efficiently. This section outlines
the implementation of 3D audio features, covering spatial configuration, triggering logic, lifecycle

management, and accessibility considerations.

Spatial Audio for Failure Detection

Failure-specific sounds augment visual indicators and improve user awareness in complex work-
flow scenes. For each run with a conclusion marked as "failure", a 3D audio source is instan-
tiated at runtime and positioned at the corresponding visual marker location in the scene. These
sources emit a continuous siren-like alert, emulating industrial warning sounds.

Figure 4.13 demonstrates the audio system in action, showing a sound icon positioned above

a failed workflow run while successful runs remain silent.
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Figure 4.13: Spatial audio visualization showing a sound icon above a failed workflow run while
successful runs have no audio indicators, demonstrating selective audio feedback for failure de-
tection.

The audio source is fully spatialized using spatialBlend = 1.0, which ensures positional
rendering in the user’s headset. Distance-based attenuation follows Unity’s logarithmic roll-off
model: full volume from Om to 1m, falls off logarithmically to silence between 1m and 10m, and
is silent when more than 10m away. This configuration avoids distracting users with audio from
distant workflow floors while preserving immersion. Table 4.4 summarizes the key properties used

in the spatial audio setup.

Table 4.4: Spatial Audio Configuration for Failure Events

Parameter Value / Description
spatialBlend 1.0 (Fully 3D)

minDistance 1.0 (Full volume within 1 meter)
maxDistance 10.0 (Silent beyond 10 meters)
rolloffMode Logarithmic

loop Enabled (continuous playback)
dopplerLevel 1.0 (enabled, minimal effect)
volume 0.7 (moderate intensity)

Sound Triggering and Lifecycle

Failure sounds are instantiated programmatically during the construction of the visualization scene.
The system prevents redundant audio sources by maintaining an internal registry of already-
triggered runs. Each audio source loops continuously until the associated run object is destroyed
or the system is reset. This ensures that sound output remains consistent with the current visual
state without leaving orphaned audio objects in memory.

The AudioManager class serves as a centralized controller, managing the loading of sound
assets (from Resources/Sounds/run_failure), creation of audio GameObjects, and cleanup
of sources when runs are removed, or scenes reloaded. Table 4.5 outlines the typical lifecycle states

of an audio source in the system.
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Table 4.5: Failure Audio Source Lifecycle Events

Event Condition System Behavior

Trigger Run.conclusion == "failure" | Instantiate audio source at run position
Duplicate Check Run ID already active Prevent second audio instance
Cleanup Run destroyed or scene reset Destroy audio GameObject

Mute Toggle User toggles sound off Mute all active audio sources

Unmute Toggle User toggles sound on Restore volume on all sources

UI Interaction Sounds

User interface interactions are supported by default click sounds provided by the XR Interaction
Toolkit. These are triggered when users interact with Ul elements like toggles and dropdowns.
While these sounds were not customized, they contribute to the responsiveness of the interface
and reinforce action confirmation. No additional configuration was applied to these assets beyond
what the toolkit offers.

Audio Accessibility and User Control

A global toggle allows users to turn all auditory feedback on or off. The toggle is accessible
through the floating menu panel attached to the user’s non-dominant hand and takes immediate
effect. When audio is disabled, all existing and future failure sounds are muted programmatically
by setting each source’s mute property. This ensures the user’s preference is consistently respected
across all audio contexts.

For accessibility and testing, the same mute functionality is also mapped to a keyboard key
(M) in non-VR builds. The toggle state is applied retroactively to active sounds and is preserved

throughout the session.

Integration and Performance Considerations

Audio feedback is tightly integrated into the visualization layer, with each failure sound bound to a
corresponding 3D run object. Positioning is matched precisely to the run’s conveyor belt location,
ensuring coherence between visual and auditory cues. The system avoids unnecessary perfor-
mance overhead by limiting sound activation to failed runs and ensuring the timely destruction of
inactive sources.

This audio layer enhances situational awareness by converting workflow failure events into
spatially localized sounds, reducing the need for constant visual scanning and supporting a more

immersive and efficient CI/CD environment exploration.
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4.5 Interaction Layer

The interaction layer enables users to navigate and explore the immersive CI/CD visualization
using multiple locomotion techniques and context-sensitive inspection tools. Designed to accom-
modate user preferences and accessibility needs, the system integrates seamlessly with Unity’s XR

Interaction Toolkit to provide a VR interaction experience.

Navigation Systems

» Physical Movement: Room-scale tracking through Unity’s XROrigin component enables
natural movement within the user’s physical play space, with automatic head and controller

tracking

* Joystick Locomotion: Smooth movement via the right-hand controller joystick, with con-
figurable rotation (snap or smooth) mapped to the secondary axis for continuous navigation

 Teleportation: Point-and-click teleportation maintains correct orientation and world-space

alignment, providing a comfort-focused alternative to continuous motion

* Floor Navigation: Vertical movement between workflow floors is supported through two

mechanisms:

— Button Controls: X and Y buttons on the left-hand controller move down or up one
floor respectively, with each transition spanning exactly 3.5 world units to match the

factory layout spacing

— Dropdown Menu: A dynamically populated UI dropdown lists all workflows using
the format "FloorIndex — WorkflowName",enabling immediate teleportation to

any floor

Figure 4.14 illustrates the controller button mapping for floor navigation and joystick-based

locomotion.
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(a) Left controller (b) Right controller

Figure 4.14: VR controller input mapping: (a) left controller with X (down arrow) and Y (up
arrow) buttons for floor navigation with directional indicators, and (b) right controller with joystick
for horizontal movement and rotation within the factory environment.

User Interface Menu

A floating UI menu is attached to the user’s non-dominant hand, providing centralized access to
system controls and navigation options. The menu remains consistently accessible throughout the
VR experience while maintaining an unobtrusive profile during exploration.

Menu Components: The hand-mounted menu includes two primary controls:

* Audio Toggle: Enables users to turn spatial audio feedback on or off for workflow failure

events, with immediate effect on all active and future audio sources

* Floor Selection Dropdown: A dynamically populated dropdown listing all workflows us-
ing the format "FloorIndex - WorkflowName", enabling instant teleportation to any

workflow floor while maintaining the same XZ position

The dropdown menu is automatically updated when new workflow data is loaded, ensuring that
floor navigation options remain synchronized with the current visualization state. Floor selection
through the dropdown provides an alternative to the button-based elevator system, particularly
useful for quick navigation across multiple workflow levels.

Figure 4.15 shows the hand-mounted menu interface positioned on the user’s left hand (non-

dominant hand in right-handed mode).
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Spatial Panel
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Figure 4.15: Hand-mounted user interface menu attached to the left hand, displaying audio con-
trols and floor selection dropdown for convenient access during VR exploration.

The menu’s hand-mounted design ensures that controls remain within easy reach without clut-
tering the main visualization space, supporting interaction while maintaining focus on the CI/CD

data exploration.

Data Inspection and Information Panels

The system provides data inspection tools to examine workflow details directly within the VR
environment:

Hover-Based Information Panels: When users hover over workflow run blocks with the con-
troller pointing ray, detailed information panels showing detailed information about the workflow
run. These panels are automatically managed through the XR Interaction Toolkit and disappear
when hover interaction ends, ensuring clean visual transitions during exploration.

Panel Content and Layout: Each information panel displays workflow run metadata orga-

nized into two main sections:

* Run Overview: ID, name, status, conclusion (with color coding in normal mode), trigger

event, creation/start/end dates, duration, attempt number, and total job count

* Job Breakdown: Individual job details including name (truncated for display), color-coded

execution status, and compact execution time formatting

Figure 4.16 demonstrates the information panel system in both in-scene context and complete

content view.
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Run data

1d: 10728080369

Name: ClStatus: completed

Conclusion: Failure

Event:

Creation date: 05 set 2024 21:59 p.m.

Run data Start date: 05 set 2024 21:59 p.m.
10: 10728080369 N End date: 05 set 2024 22:12 p.m.

@ Name: CI Duration: 12m 35s

Attempt: 1

Jobs: 17

Jobs:

set 2
Duration: 12m 355 ' 21:59-22:04 (4,5m)
Attempt: 1 21:59-22:04 (5,0m)

[ Jobs: 17
21:59-22:02 (2,8m)
21:59-22:05 (5,6m)
21:59-22:05 (5,6m)

sts (ubunt...] 22:00-22:05 (5,8m)
21:59-22:03 (3,6m)
21:59-22:03 (3,4m)
22:00-22:12 (12,4m)
Tests (windo...] 21:59-22:05 (5,9m)
21:59-22:00 (57,0s)

(a) Information panel positioned in-scene above a work- (b) Complete panel content showing all available run and
flow run for VR legibility. job metadata.

Figure 4.16: Information panel system: (a) spatial positioning within the VR environment and (b)
metadata display with job-level breakdowns.

Magnifier Tool: A virtual magnifier attached to the user’s dominant hand provides enhanced
accessibility for detailed inspection. The tool toggles visibility via button input and temporarily
hides the controller model during use to maintain focus on magnified content.

Figure 4.17 demonstrates the magnifier tool’s effect by comparing the view without and with

magnification when inspecting detailed elements within the VR environment.

\7 A

(a) View without magnifier showing standard text readabil- (b) Magnifier tool in use, enhancing text clarity and detail

ity. visibility.

Figure 4.17: Comparison of text inspection with and without the magnifier tool, demonstrating
enhanced accessibility for detailed content examination in the VR environment.

4.6 Visual Encoding and Accessibility

The visual encoding system of the prototype uses color and material differentiation to commu-
nicate status information clearly while supporting accessibility for users with color vision dis-

abilities. This section describes the implemented color logic, accessibility options, and material



4.6 Visual Encoding and Accessibility 53

management strategies used to ensure consistency and usability in the immersive environment.

Status-Based Color Encoding

Color is the primary channel for encoding the status of workflow runs and individual jobs. The
color palette selection process prioritized accessibility and visual hierarchy considerations before

determining the final color assignments.

Palette Selection and Validation

The color palette is derived from the Tango color scheme but was modified to avoid red-green
contrasts, which are problematic for users with the most common forms of color blindness. The
selection process focused on blue, yellow, and red as the base hues to ensure intuitive status map-
ping while maintaining accessibility. The final palette was validated using color vision simulation
tools, including the BYU Colorblind Image Tester’ and the David Math Logic colorblind simu-
lator®. These tests confirmed that status indicators remained distinguishable under deuteranopia,
protanopia, and tritanopia simulations.

Figure 4.18 shows the validation process using the BYU Colorblind Image Tester. The original
palette was submitted for evaluation, and the simulation result for 80% deuteranopia showed the
tool’s prediction of "friendly" with 100% confidence, confirming full color distinguishability for

users with red-green vision deficiency.

5https ://biocapps.byu.edu/colorblind_image_tester
6https ://davidmathlogic.com/colorblind
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Colorblind Image Tester /

Upload biology-oriented, scientific figures and obtain a prediction about whether the
figures are friendly to people with moderate-to-severe, red-green colorblindness
(deuteranopia). This application will show a version of the image that approximates how it True
would look to a person with deuteranopia. It will also provide a prediction about whether
the image would be friendly to a person with deuteranopia. It makes these predictions
‘based on a convolutional neural network (CNN) trained on manually reviewed images.
The CNN is accurate, but it is not perfect; therefore, we encourage biologists to use this

Simulated image \

tool as a starting point, not to obtain definitive answers about whether a given image 15
friendly or not. 41l processing occurs within your browser. We do not store a copy of
uploaded images.

/ Upload an image (.png or .jpg) \ .

Escolner ficheiro [EL Y] Submit

True

\ This image is displayed how someone with 80% deuteranopia would see it. /

4

/ Prediction \

Our model predicts that this image is:

Friendly

(100.00% confidence)

The closer the confidence to 100%, the higher the confidence the model has in its

\ / \ prediction.

(a) Original color palette (b) Deuteranopia simulation result

Figure 4.18: Color accessibility validation using the BYU Colorblind Image Tester showing orig-
inal palette and deuteranopia simulation results.

Based on this validation process, a color scheme was established and applied consistently
across visualization layers. Workflow-level blocks adopt darker tones, while job sub-blocks use
lighter shades for contrast and visual hierarchy. Table 4.6 summarizes the final color assignments

used in the prototype.

Table 4.6: Status-Based Color Encoding Used in the Prototype

Status Workflow Runs (Hex) Jobs (Hex)

Success #204A87 (dark blue) #729FCF (light blue)
In Progress #C4A000 (mustard yellow) #FCE94F (light yellow)
Failure #A40000 (dark red) #EF2929 (bright red)

These colors are applied dynamically to each visual element during the data parsing stage of
scene construction. Job-level colors are adjusted slightly to distinguish them from their parent

blocks while maintaining consistent semantics.
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Color Palette
Color Palette

True Prot. Deut. Trit.
True Prot. Deut. Trit.
(a) Workflow run palette (success, in progress, failure). (b) Job palette with tonal adjustments for hierarchy.

Figure 4.19: Comparison of the outcome-based color schemes used for workflow runs and job
elements. Both palettes maintain consistent semantics and are adjusted for perceptual separation.

Color Palette

True Prot. Deut. Trit.

Figure 4.20: Final palette used in the prototype, combining run-level, job-level, and neutral Ul
colors.
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4.7 Performance Considerations

Some performance strategies were implemented to ensure stable operation on VR hardware. This

section outlines the main optimizations used in the visualization system.

Material Management and Reuse

The system loads materials once during initialization and reuses them across all workflow runs
and jobs with identical status. Materials are loaded from Unity’s Resources system during the
Awake method and cached for reuse, reducing memory overhead by sharing material references

rather than creating duplicate instances for each visual element.

Hierarchical Scene Organization

All scene objects are structured hierarchically under workflow-level parent containers. This orga-
nization enables efficient batch operations when switching between datasets or clearing the scene,
as entire workflow hierarchies can be destroyed or deactivated as single units rather than requiring

individual object management.

Conditional Audio Processing

Audio sources for failed workflow runs are only instantiated when failures are detected, avoiding
unnecessary audio processing overhead. The audio system includes duplicate prevention to ensure

only one audio source exists per failed run, preventing audio overlap and reducing processing load.

Simplified Timeline Rendering

Timeline markers are created as basic primitive cubes rather than complex mesh objects, reducing
rendering complexity. Marker creation is limited to 30-minute intervals, avoiding excessive draw

calls for dense temporal data.

Resource Loading Strategy

Visual assets including materials and prefabs are loaded from Unity’s Resources system during
initialization rather than per-object instantiation. This front-loading approach prevents frame rate
drops during scene construction, though it requires all assets to be available at startup.

During data loading operations, users remain in the VR environment and can navigate freely,
but the workflow visualization elements are not displayed until the complete dataset has been
processed and the scene construction is finished. This approach ensures visual consistency and
prevents partial or incomplete representations during the loading phase.

These optimizations focus on reducing redundant operations and maintaining clean object
hierarchies rather than complex performance systems. The implementation prioritizes simplicity

and reliability over advanced optimization techniques.
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4.8 Summary

This chapter documents the technical implementation of the VR-based CI/CD visualization proto-
type. The system implements a four-layer architecture with data handling (GitHub API and JSON
processing), visualization (3D factory metaphor with workflows as floors, runs as blocks, jobs as
sub-blocks), interaction (VR navigation, hover panels, accessibility tools), and audio (spatial fail-
ure alerts). Key features include temporal-to-spatial mapping, lane assignment algorithms, time
compression portals, colorblind-validated visual encoding, and performance optimizations for VR
hardware.

The following chapter evaluates the system’s performance, usability, and effectiveness in sup-

porting CI/CD pipeline analysis compared to traditional visualization approaches.
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Figure 4.1: High-level architecture of the prototype system, showing the main subsystems and
their relationships.
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Chapter 5

Evaluation

A comparative user study was conducted to evaluate the effectiveness and usability of the VR-
based CI/CD visualization system against GitHub Actions’ traditional web interface. The study

aimed to answer three key research questions:

* RQ1: Does a VR-based visualization system help users more easily identify and interpret

CI/CD workflow structure and failures compared to a traditional 2D interface?

* RQ2: Does using spatial layout in a 3D environment contribute to reduced task time and

fewer errors when exploring workflow execution data?

* RQ3: How do users perceive the ease of use, learnability, and overall satisfaction with the

VR-based visualization system compared to traditional tools?

5.1 Evaluation Setup

The evaluation took place in controlled laboratory environments at the Faculty of Engineering,
University of Porto (FEUP), specifically in the GIG laboratory (room 1220) and university am-
phitheaters (BO11 and B031). Twenty participants with varying levels of CI/CD and VR experi-
ence completed standardized tasks in both environments, providing quantitative performance data

and qualitative feedback to address the research questions.

Hardware and Technical Configuration

The VR system was deployed using a Meta Quest 3 headset operating in PC VR mode, connected
to a laptop computer running the Unity-based prototype. The test machine was equipped with an
AMD Ryzen 7 5800H processor (8 cores, 16 threads, base speed 3.20 GHz), 16 GB of RAM, and
an NVIDIA GeForce RTX 3060 Laptop GPU with 6 GB of dedicated memory.

For the comparative condition, participants used GitHub Actions through the Google Chrome

browser with the Dark Tritanopia theme enabled. Both conditions utilized identical underlying

59
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data from the Facebook/relay repository'. The workflow runs that were considered were those
that occurred between August 28, 2024, to September 1, 2024. This date range was
selected after analyzing the repository’s commit frequency to ensure sufficient workflow activity

and consistency across all test sessions.

Dataset and Temporal Constraints

The system used a fixed temporal dataset rather than live GitHub data to maintain consistent test
conditions across all evaluation sessions. The VR prototype filtered workflow runs to the specified
date range programmatically, while GitHub Actions access was provided through a filtered URL?
targeting the specified date range (alternatively, this filtering could be applied directly through
GitHub’s interface date filters). This approach prevented variations in available data between test-
ing sessions while providing realistic CI/CD activity patterns from an active open-source reposi-

tory.

Environment and Physical Setup

All evaluation sessions were conducted seated to accommodate laboratory constraints and ensure
participant comfort during the 40-45 minute testing periods. The VR setup provided adequate
room-scale tracking within the seated boundaries, while the desktop configuration used standard
keyboard and mouse interaction with a desktop monitor. Figure 5.1 shows the typical evaluation
configuration with a participant using the VR system. The Meta Quest 3 headset was connected
to the laptop computer, allowing the researcher to monitor the participant’s VR experience on the

external display for observation and assistance purposes.

5.2 Participants

The evaluation was conducted with 20 participants recruited from the Faculty of Engineering, Uni-
versity of Porto (FEUP). The target population consisted primarily of individuals with academic
or professional backgrounds in computer science and related technical fields, ensuring familiarity
with software development concepts while maintaining varied levels of experience with CI/CD

systems and virtual reality technology.

Recruitment and Demographics

Participants consisted mainly of undergraduate and graduate students in computer engineering
programs. The sample included 18 participants from computer engineering backgrounds and 2
participants from biomedical engineering.

The demographic composition was as follows: 14 male participants (70%) and 6 female partic-

ipants (30%), with ages distributed predominantly in the 20-29 age range (19 participants, 95%)

Ihttps ://github.com/facebook/relay/actions
2https ://github.com/facebook/relay/actions?query=created:2024-08-28..2024-09-01
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(a) Participant with VR headset and controllers (b) VR system display visible to researcher

Figure 5.1: Evaluation setup showing participant interaction with the VR system. (a) Front view
of participant wearing Meta Quest 3 headset with hand controllers. (b) Researcher’s view of the
VR environment displayed on the laptop screen for monitoring and assistance.

and one participant in the 30-39 age range. Regarding educational background, 17 participants

held bachelor’s degrees (85%), 2 held master’s degrees (10%), and 1 held a doctorate (5%).
Handedness distribution showed 18 right-handed participants (90%) and 2 left-handed partic-

ipants (10%), with no reported ambidextrous participants. Importantly, no participants reported

color vision deficiencies.

Experience Profiles

The participant pool demonstrated varied experience levels across the key technology domains
relevant to the study:

Virtual Reality Experience: The majority of participants had limited VR exposure, with 4
participants (20%) having never used VR, 13 participants (65%) having used it a few times (less
than 5 times), 1 participant (5%) reporting monthly use, 1 participant (5%) reporting frequent use,
and 1 participant (5%) reporting weekly use. This distribution provided a realistic representation
of general VR adoption levels among technical users.

CI/CD Pipeline Experience: Experience with CI/CD concepts varied significantly, reflecting
real-world knowledge distribution in academic and early-career settings. 6 participants (30%) did

not know what CI/CD pipelines were, 4 participants (20%) had never used them, 6 participants
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(30%) had limited experience (less than 5 times), 1 participant (5%) reported monthly use, 2
participants (10%) reported frequent weekly use, and 1 participant (5%) reported daily use.

GitHub Actions Experience: GitHub Actions familiarity was similarly distributed, with 7
participants (35%) not knowing what GitHub Actions was, 6 participants (30%) having never
used it, 4 participants (20%) having limited experience, 2 participants (10%) reporting monthly
use, 1 participant (5%) reporting frequent use, and 0 participants reporting daily use.

Participant Selection Rationale

This experience distribution was intentionally diverse to evaluate system usability across different
knowledge levels, from novice users requiring comprehensive tutorials to experienced users who
could provide informed comparisons with existing tools. The inclusion of participants with limited
CI/CD experience reflects realistic academic environments where students and researchers may
encounter these systems without extensive prior exposure.

The predominantly young, technically-oriented sample aligns with the target user base for
immersive development tools while providing sufficient experience variation to assess both learn-

ability for novices and efficiency gains for experienced users.

5.3 Task Design

The evaluation tasks were designed to assess key aspects of CI/CD pipeline analysis that devel-
opers commonly encounter when working with workflow systems. Based on the literature review
findings that developers struggle with failure detection, temporal pattern recognition, and navigat-
ing complex pipeline structures [36], four specific tasks were developed to test different cognitive

and perceptual capabilities of both visualization approaches.

Task Selection Rationale

The tasks were designed to represent common CI/CD analysis activities identified in the state-of-

the-art review:

* Temporal Navigation: Developers frequently need to locate recent executions to under-

stand current pipeline status and identify when issues began occurring

* Failure Detection: Rapid identification of failed runs is critical for maintaining system

reliability and reducing downtime

* Job-Level Debugging: Understanding which specific jobs caused failures is essential for

targeted troubleshooting and efficient problem resolution

* Multimodal Awareness: Testing whether spatial audio can augment visual information for

failure detection, addressing the identified gap in multimodal CI/CD interfaces
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These task categories align with the visualization goals established in the conceptual design
chapter (3): temporal clarity, failure highlighting, hierarchical representation, and multimodal

feedback integration.

Task Descriptions and Objectives

Four tasks were administered to each participant, with the first three performed in both VR and
GitHub Actions environments and the fourth exclusive to the VR system:

Task 1 - Temporal Workflow Navigation: "Find and tell me at what time was the most recent
run of the workflow with the name *Update Cargo.lock’."

This task evaluates users’ ability to navigate temporal information and locate specific workflow
instances. It tests the effectiveness of the spatial timeline representation in VR versus GitHub
Actions’ chronological listing approach. The task requires participants to understand workflow
organization and temporal ordering.

Task 2 - Failure Detection and Identification: "Find the most recent failed run in the work-
flow with the name *CI” and tell me the last three digits of its ID."

This task assesses rapid failure detection capabilities, a critical skill for maintaining CI/CD
pipeline health. It evaluates how effectively each interface highlights failed executions and sup-
ports quick identification. The task tests both visual scanning efficiency and the cognitive load
required to distinguish failure states from successful executions.

Task 3 - Job-Level Debugging: "Find the jobs that caused the run you found in Task 2 to fail
and tell me their names."

This task examines users’ ability to drill down from workflow-level failures to specific job-
level causes, representing the debugging workflow developers use to isolate and fix pipeline issues.
It tests the hierarchical navigation capabilities of each system and evaluates how well the interfaces
support the transition from overview to detailed inspection.

Task 4 - Spatial Audio Effectiveness (VR Only): "Only using sound, show me an example
of a run that is failing."

This task exclusively tests the spatial audio system implemented in the VR prototype by re-
moving all visual status indicators. For this task, a specialized "no color mode" was activated
where all workflow runs and jobs are rendered in a uniform gray color from the established palette,
eliminating the normal success/failure color coding. Additionally, all textual status information
was removed from the workflow run information panels, including conclusion indicators (success,
failure, in-progress) and job-level status descriptions. This removal of visual and textual cues
forces participants to rely entirely on the 3D spatial audio feedback for failure detection. The task
addresses the research gap in multimodal CI/CD interfaces and evaluates whether spatial audio

can serve as an effective standalone channel for failure awareness in immersive environments.
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5.4 Methodology

The evaluation used a within-subjects comparative design where all participants experienced both
the VR prototype and GitHub Actions interface. This approach allows for a direct comparison of
user performance and preferences while controlling for individual differences in technical back-

ground and cognitive abilities.

Experimental Design

Participants were assigned to one of two testing sequences to minimize order effects and learning
bias using alternating assignments based on participant ID. Participants with odd ID numbers
(1, 3,5, ..., 19) began with GitHub Actions tasks followed by VR tasks, while participants with
even ID numbers (2, 4, 6, ..., 20) began with VR tasks followed by GitHub Actions tasks. This
counterbalancing ensured equal exposure to both starting conditions across the participant pool
and mitigated potential advantages from prior task familiarity.

Each participant completed all four tasks in both environments where applicable, with Task 4
being exclusive to the VR system due to its spatial audio requirements. The task order remained

consistent within each environment to maintain comparability across participants.

Session Structure and Procedure

Each evaluation session followed a standardized protocol lasting 40-45 minutes outlined in Ta-
ble 5.1:

Table 5.1: Evaluation Session Structure

Phase Duration | Activities

Pre-Session 5 min Consent, demographics, comfort assessment
CI/CD concepts tutorial (3 min)
Environment-specific tutorial & sandbox (5-8 min)

First Environment 15-20 min . ..
Tasks 1-3 execution & timing
Post-environment questionnaire
Transition 2-3 min Environment switch, technical setup

Environment-specific tutorial & sandbox (5-8 min)
Tasks 1-3 execution & timing

Task 4 (VR only)

Post-environment questionnaire

Post-Session 3-5 min Comparative discussion, final feedback

Second Environment | 15-20 min

Tutorial Content and Structure

All participants completed a standardized three-part tutorial sequence to ensure consistent baseline

knowledge:
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CI/CD Conceptual Foundation: Participants viewed a tutorial video® explaining CI/CD prin-

ciples and GitHub Actions architecture, covering:
1. Continuous Integration and Continuous Delivery concepts and benefits
2. Workflow definition as automated task scripts triggered by repository events
3. Workflow run creation and execution lifecycle
4. Job structure as grouped steps running on virtual machines
5. Status hierarchies (success, failure, in-progress) at both run and job levels

6. Sequential versus parallel execution patterns

Cl/CD

Automatically runs tests and Automatically delivers code to
checks to catch errors early users or prepares for release

(a) CI/CD concepts definition (b) Jobs structure in YAML configuration

Figure 5.2: Screenshots from the CI/CD tutorial video showing fundamental concepts and work-
flow structure.

GitHub Actions Tutorial: Participants viewed a comprehensive video tutorial* covering:
1. Navigation through the Actions tab and workflow interface
2. Understanding workflow lists and run displays
3. Status interpretation using color and symbol indicators
4. Filtering capabilities and metadata examination
5. Job-level exploration and failure diagnosis techniques

VR System Tutorial: The VR tutorial began with a video introduction® to the factory metaphor,

covering:

3CI/CD Tutorial: https://drive.google.com/file/d/1w24Aqst4MKraZrxWIt0CiWDUR-Ivp4hn/
view?usp=drive_link

4GitHub Actions Tutorial: https://drive.google.com/file/d/10DtmOglTihhL4s5t AWt Xwgt SEW2ZXGov/
view?usp=drive_link

SVR System Tutorial: https://drive.google.com/file/d/11DUxcYPoX6NkObPheZaNpwDgKthzrtd5/
view?usp=drive_link


https://drive.google.com/file/d/1w24Aqst4MKraZrxWTt0CiWDUR-Ivp4hn/view?usp=drive_link
https://drive.google.com/file/d/1w24Aqst4MKraZrxWTt0CiWDUR-Ivp4hn/view?usp=drive_link
https://drive.google.com/file/d/1QDtmOg1TihhL4s5tAWtXwgt5tW2ZXGov/view?usp=drive_link
https://drive.google.com/file/d/1QDtmOg1TihhL4s5tAWtXwgt5tW2ZXGov/view?usp=drive_link
https://drive.google.com/file/d/1lDUxcYPoX6NkObPheZaNpwDqKthZrtd5/view?usp=drive_link
https://drive.google.com/file/d/1lDUxcYPoX6NkObPheZaNpwDqKthZrtd5/view?usp=drive_link
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Run status colors Run Details o

©
= =

(a) Workflow run status indicators and symbols (b) Run details interface with labeled information areas

Figure 5.3: Screenshots from the GitHub Actions tutorial video demonstrating interface navigation
and status interpretation.

1. Spatial layout principles (workflows as floors, time as depth)
2. Visual encoding (color coding, timeline markers)
3. Time compression portals and navigation aids

4. Interaction techniques and audio feedback systems

Inspecting Workflow run Data Workflows and jobs colors explained

Successful jobs

Failed Job

Successful
workflow run

(a) Workflow data inspection using information panels (b) Color-coded status system for workflows and jobs

Figure 5.4: Screenshots from the VR system tutorial video showing interaction techniques and
visual encoding principles.

Tutorial and Sandbox Environments

Tutorial delivery was adapted to participant experience levels. While all participants were initially
scheduled to view the CI/CD conceptual foundation, 2 participants with professional CI/CD ex-
perience requested to bypass both the foundational CI/CD tutorial and GitHub Actions tutorial.
These participants were permitted to proceed directly to the sandbox exploration phase to avoid
redundant instruction and optimize session efficiency. After completing their respective tutorial
sequences, all participants engaged in guided sandbox exploration using different datasets to opti-

mize learning while preserving evaluation integrity:
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GitHub Actions: Sandbox practice occurred within the Facebook/react repository, providing
a realistic workflow environment distinct from evaluation tasks.

VR System: Sandbox exploration utilized a custom synthetic dataset inspired by the Face-
book/react repository, designed to demonstrate all system capabilities, including time compression

portals, diverse workflow states, and spatial audio feedback.

Data Collection

Data collection captured both performance and subjective measures as outlined in Table 5.2. Per-
formance metrics included task completion times (measured from instruction delivery to answer
provision), binary success/failure verification, and navigation pattern observations. Subjective as-
sessment used structured post-environment questionnaires including the SUS [27] questionnaire
translated to Portuguese [30] and VR-specific spatial audio evaluation questions on 5-point Likert

scales [28]. Open-ended response fields captured additional qualitative insights.

Table 5.2: Data Collection Framework

Data Type Measure Collection Method

Task completion time Stopwatch measurement (task start to answer)
Performance | Task accuracy Binary success/failure verification

Navigation patterns Real-time researcher observation

System usability SUS questionnaire (Portuguese) [30]
Subjective Spatial audio effectiveness | 5-point Likert scales (VR only)

Qualitative insights Open-ended response fields

Standardization and Controls

Several measures ensured consistent testing conditions:

* Identical Dataset: Both environments accessed the same Facebook/relay repository data
filtered to August 28 - September 1, 2024

 Standardized Instructions: Task descriptions read verbatim to each participant with clari-

fication allowed only for general procedural questions

» Technical Consistency: VR headset calibration performed for each participant; browser
zoom and display settings standardized for GitHub Actions

* Documentation Protocol: Real-time note-taking by the researcher with post-session veri-

fication of recorded timings and responses

Ethical Considerations and Participant Comfort

The study protocol prioritized participant safety and comfort:
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* VR Safety: Regular comfort checks during VR sessions with immediate discontinuation

available upon request
* Data Privacy: All participant responses anonymized with secure storage of collected data

* Voluntary Participation: Participants informed of their right to withdraw at any time with-

out consequence

This methodology provides a comprehensive framework for comparing the two visualization
approaches while maintaining scientific rigor and participant welfare throughout the evaluation

process.

5.5 Results

This section presents the findings from the comparative evaluation of the VR-based CI/CD visual-
ization system against GitHub Actions’ native interface. The analysis encompasses both quantita-
tive performance metrics and qualitative user feedback collected from 20 participants across four
evaluation tasks.

Prior to conducting comparative analyses, the collected performance data underwent normality
testing to determine appropriate statistical methods. The Shapiro-Wilk [40] test was applied to task
completion times for each environment, as this test is particularly suitable for small sample sizes
(n =20) and provides a reliable assessment of distributional assumptions.

The normality analysis revealed mixed distributional patterns across tasks. Task 1 comple-
tion times demonstrated significant deviations from normality in both environments (p = 0.043 for
GitHub Actions, p = 0.005 for VR), indicating positively skewed distributions with some partici-
pants requiring substantially longer completion times. In contrast, Tasks 2 and 3 showed normal
distributions across both environments (all p > 0.05), while Task 4 (VR-only) also followed a
normal distribution (p = 0.247).

These findings determined the statistical approach for subsequent analyses: non-parametric
Wilcoxon [47] signed-rank tests were employed for Task 1 comparisons due to non-normal dis-
tributions, while parametric paired t-tests were used for Tasks 2 and 3. McNemar’s tests [31]
were utilized to assess differences in binary outcomes between paired samples for success com-
parisons. Task 4, being exclusive to the VR environment, was analyzed using descriptive statistics

and correlation analysis.

5.5.1 Task Performance Analysis

Task performance was evaluated across two primary dimensions: completion times and success
rates. The following subsections present detailed analysis of task completion times, success rate

comparisons, and an overall performance summary.



5.5 Results 69

Task Completion Times

Task completion time analysis revealed significant performance differences between the VR and
GitHub Actions interfaces, with patterns varying across different task types. Figure 5.5 presents

the completion time distributions for all tasks.
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Figure 5.5: Task completion time distributions across all evaluation tasks. Box plots show the
median, quartiles, and outliers for each environment. The asterisk (x) indicates statistical signifi-
cance.

Task 1: The VR interface demonstrated significantly superior performance for finding work-
flow run times. Participants located the time of the most recent "Update Cargo.lock" run sub-
stantially faster in VR (Median = 18.22s, IQR = 26.11s) compared to GitHub Actions (Median
= 84.82s, IQR = 191.52s). The Wilcoxon signed-rank test confirmed this difference as statisti-
cally significant (Z = -3.323, p < .001), indicating that the spatial timeline representation in VR
provides more efficient access to temporal information than GitHub Actions’ chronological listing
approach.

Task 2: VR showed significant advantages for locating specific failed runs and their IDs.
Participants found the most recent failed "CI" run and identified its ID considerably faster using
the VR interface (Median = 13.17s, IQR = 6.01s) versus GitHub Actions (Median = 119.58s, IQR
= 171.12s). The paired t-test analysis revealed a statistically significant difference (t(18) = 5.179,
p < .001), suggesting that the immersive color-coding and spatial organization in VR facilitates
rapid identification of failed runs and access to their information compared to traditional web-
based interfaces.

Task 3: Contrary to Tasks 1 and 2, GitHub Actions demonstrated superior performance for
identifying specific failed jobs. Participants found the jobs that caused the Task 2 run failure and
identified their names faster using GitHub Actions (Median = 8.04s, IQR = 11.12s) compared to
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VR (Median = 16.16s, IQR = 16.17s). The paired t-test confirmed statistical significance (t(17) =
-2.740, p = .015), indicating that traditional interfaces may provide advantages for drilling down
into specific job details within failed runs.

Task 4: As a VR-exclusive task testing spatial audio effectiveness, participants used only
audio cues to locate and demonstrate a failing run. Task completion times (Median =44.10s, IQR =

49.74s) provide performance metrics for audio-only failure detection in immersive environments.

Task Success Rates

Success rate analysis revealed advantages for the VR interface across most evaluation tasks. Fig-

ure 5.6 illustrates the success rate distributions across tasks and environments.

Method

E GH Actions
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Task 1 Task 2 Task 3 Tasks 1,2, 3

Figure 5.6: Task success rates by environment. The asterisk () indicates statistical significance.

Task 1: VR demonstrated significantly higher success rates (90.0%) compared to GitHub Ac-
tions (55.0%). McNemar’s test confirmed this difference as statistically significant (x> = 5.143,
p = 0.016), suggesting that the spatial timeline representation reduces navigation errors and im-
proves task completion reliability.

Task 2: Both interfaces achieved high success rates, with VR slightly higher (95.0%) than
GitHub Actions (80.0%). However, McNemar’s test indicated no statistically significant differ-
ence (x> = 0.800, p = 0.375), suggesting comparable effectiveness for locating failed runs and
identifying their IDs once participants navigate to the relevant workflow.

Task 3: Both environments achieved near-perfect success rates (GitHub Actions: 95.0%, VR:
100.0%) with no statistically significant difference (2 = 0.000, p = 1.000). This indicates that
both interfaces adequately support identifying failed jobs once users navigate to the appropriate
failed run.

Aggregated Analysis: Across all comparative tasks (Tasks 1-3), VR demonstrated signifi-
cantly superior overall success rates (95.0%) compared to GitHub Actions (76.7%). The Wilcoxon
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signed-rank test confirmed statistical significance (Z = 51.000, p = 0.013), indicating the system-
atic advantages of the immersive interface for CI/CD pipeline analysis tasks.
Task 4: The spatial audio-only navigation achieved a 65.0% success rate, providing effective-

ness metrics for multimodal interface components.

Performance Summary

VR demonstrates clear superiority for overview tasks requiring temporal navigation and pattern
recognition (Tasks 1 and 2), while GitHub Actions maintains advantages for detailed information
retrieval (Task 3). The consistently higher success rates in VR suggest improved user confidence

and reduced error rates, particularly for complex navigation scenarios.

5.5.2 System Usability Evaluation

System usability assessment revealed significant user preference for the VR interface over GitHub
Actions. The System Usability Scale (SUS) scores were calculated using the standard approach:
raw item scores were first converted to adjusted scores ranging from O (poorest rating) to 4 (best
rating). For odd-numbered items (1, 3, 5, 7, 9), 1 is subtracted from the raw score; for even-
numbered items (2, 4, 6, 8, 10), the raw score is subtracted from 5. The sum of adjusted scores
is then multiplied by 2.5 to obtain the final SUS score ranging from 0 to 100 [27]. Figure 5.7
presents the SUS score distributions for both systems.

The VR interface achieved significantly higher SUS scores (Mean = 78.0, SD = 10.44, Median
= 80.0, IQR = 12.50) compared to GitHub Actions (Mean = 56.38, SD = 19.29, Median = 58.75,
IQR =35.63). The paired t-test confirmed this difference as statistically significant (t(19) =-4.951,
p < .001). The difference suggests that participants found the immersive visualization approach

more intuitive and user-friendly despite being a novel interface paradigm.

Individual SUS Components

Analysis of individual SUS questionnaire items revealed specific usability advantages and chal-
lenges for each interface. Table 5.3 presents the detailed comparison across all SUS dimensions.

The VR system demonstrated significant advantages in several key usability dimensions. Par-
ticipants found VR less complex (SUS 2) and easier to use (SUS 3), with an easier learning curve
(SUS 7) and higher confidence levels (SUS 9). The VR interface was also perceived as more
consistent (SUS 6), less cumbersome (SUS 8), and having better function integration (SUS 5)
compared to GitHub Actions.

No significant differences were found for frequency of use intentions (SUS 1), technical sup-

port needs (SUS 4), and learning requirements (SUS 10).
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Figure 5.7: SUS score comparison between GitHub Actions and VR interfaces. The asterisk (x)
indicates statistical significance.

5.5.3 Spatial Audio Assessment (Task 4)

Task 4 exclusively evaluated the effectiveness of spatial audio feedback for failure detection in the

VR environment using audio-only navigation with all visual status indicators disabled.

User Confidence and Perceptions

A evaluation of the effectiveness of spatial audio showed that users had moderate confidence in
its performance and found it to be somewhat useful. Table 5.4 presents participant responses to
spatial audio evaluation questions.

These results indicate that while spatial audio cues were detectable, they required concentrated
attention for effective interpretation. Participants perceived audio-only navigation as moderately
mentally demanding and expressed uncertainty about the reliability of audio-only failure detection.
When compared to visual indicators, spatial audio was rated as less effective, suggesting that audio

serves better as a supplementary rather than a primary feedback channel.

Performance Metrics

Figure 5.8 presents the relationship between user confidence levels and actual task success rates.
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Table 5.3: Median (IQR) and Wilcoxon Signed Ranks test results for individual SUS question-
naire items. The asterisk () indicates a significant difference between GitHub Actions and VR
interfaces.

SUS Item GitHul\t;Iiiclzzlz)r(lIsQRifR Wilcoxon Signed Ranks
SUS 1: I think that I would like to use this sys- 4 (2) 4 (2) Z=-0.321, p=0.748
tem frequently.

SUS 2: I found the system unnecessarily com- 3 (2) 2(1) Z=-2.950, p=0.003
plex. x

SUS 3: I thought the system was easy touse. * 3 (2) 45(1) Z=-3.719, p<0.001
SUS 4: 1 think that I would need the support of 2 (2) 2(2) Z=-1.102, p=0.271
a technical person to be able to use this system.

SUS 5: I found the various functions in this sys- 3.5 (3) 4(1) Z=-2.176, p=0.030
tem were well integrated. =

SUS 6: 1 thought there was too much inconsis- 2 (2) 1(1) Z=-2.500, p=0.012
tency in this system. *

SUS 7: I would imagine that most people would 3 (2) 4 (2) Z=-2.678, p=0.007
learn to use this system very quickly. *

SUS 8: I found the system very cumbersome to 3 (2) 1.5(1) Z=-3.461, p<0.001
use. *

SUS 9: I felt very confident using the system. * 2.5 (2) 4 (1) Z =-3.039, p=0.002
SUS 10: I needed to learn a lot of things before 2.5 (3) 2(2) Z=—1.826, p=0.068

I could get going with this system.

Table 5.4: Median (IQR) responses to spatial audio evaluation questions on 5-point Likert scales.

Question Median (IQR)
How easy was it for you to figure out which direction the sound of the fault was coming 3 (2)

from?

How mentally demanding was it to locate the fault based on the sound alone? 3(2)

How confident were you that you had found the faulty run correctly? 3(3)
Compared to using visual clues (colors on the runs and jobs), how do you rate the 2 (2)
effectiveness of sound?

The spatial audio system achieved an overall success rate of 65% (13 successful completions
out of 20 attempts). Performance varied considerably across confidence levels: participants ex-
pressing confidence level 1 achieved 100% success (2/2), confidence level 2 showed 16.7% suc-
cess (1/6), confidence level 3 achieved 100% success (3/3), confidence level 4 maintained 100%
success (4/4), and confidence level 5 reached 60% success (3/5).

Task completion times for successful audio navigation ranged from 7.37s to 106.34s (Median
=44.10s, IQR = 49.74s), indicating substantial variability in spatial audio interpretation efficiency
among participants.

No significant correlation was found between user confidence levels and actual task success
(Pearson r = 0.184, p = 0.436; Spearman p = 0.187, p = 0.430), indicating that subjective confi-

dence did not reliably predict spatial audio navigation performance.
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Figure 5.8: Task 4 success and failure distribution by user confidence levels. Results show the re-
lationship between participant confidence in spatial audio navigation and actual task performance.

5.5.4 Experience Correlation Analysis

Analysis of participant experience levels revealed minimal correlation between prior technical
experience and both system usability ratings and task completion times. For GitHub Actions,
neither GitHub Actions experience (r = 0.319, p = 0.171) nor CI/CD pipeline experience (r =
0.322, p = 0.166) showed significant correlation with SUS scores. Similarly, VR system usability
was not significantly correlated with VR experience (p = 0.055, p = 0.818) or CI/CD experience
(p=0.224,p=0.341).

Task completion time analysis showed similar patterns. For GitHub Actions, no significant
correlations were found between experience levels and total task completion times (GitHub Ac-
tions experience: r = -0.091, p = 0.728; CI/CD experience: r = -0.048, p = 0.856). VR perfor-
mance also showed no significant correlation with experience levels (VR experience: r = -0.263,
p =0.291; CI/CD experience: r = 0.035, p = 0.891). Figures 5.9 and 5.10 present heatmap visual-
izations examining these relationships.

The heatmap analyses consistently show that most participants had limited VR experience,
while other experience levels were more distributed. Although the visualizations suggest poten-
tial trends, the small sample size within each experience combination prevents drawing reliable
conclusions. The limited sample distribution reinforces the statistical findings, indicating that ex-
perience levels did not significantly influence either usability perceptions or task performance for

either interface.

5.5.5 Qualitative Observations

Throughout the evaluation sessions, participant feedback revealed specific usability insights and

interface-specific challenges that provide context for the quantitative findings.
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Figure 5.9: Heatmaps showing mean SUS scores across different experience level combinations.
(a) VR experience vs CI/CD experience for VR interface ratings. (b) GitHub Actions experience
vs CI/CD experience for GitHub Actions ratings.

GitHub Actions Interface Feedback

Participant feedback highlighted several usability challenges with GitHub Actions’ interface de-
sign. Users consistently noted that "finding hours in GitHub is not very intuitive" and that "there
are things that are not intuitive to access and could be more visible like the time when the run
failed." Several participants emphasized the learning curve required, with one noting: "I felt it was
a situation that required some learning about where things are before using, since it’s not intuitive."

Even experienced users found specific tasks challenging: "Despite using GitHub Actions daily
and thinking it’s very useful and easy to use, I didn’t find the way to discover the run start time and
its ID intuitive." Participants noted visual confusion: "Visually, GitHub Actions are very confusing
compared to the product that shows the latest runs in a more intuitive way."

However, participants acknowledged the tool’s value: "Having some experience with Git Ac-
tions, I think it’s an ideal tool for everyone who wants to work on GitHub to ensure that what is
done runs well and passes all tests without having to manually run the tests."

These feedback patterns aligned with observed technical challenges: timestamps were only
visible on hover without visual indication, and workflow run IDs required indirect navigation to

acCcCess.

VR Interface Feedback

Participants expressed strong appreciation for the spatial organization and visual design. One
participant noted: "I really liked visualizing the workflows, could have a feature to show even
more details within a workflow, like jobs and their states." The color-coding system received
particularly positive feedback: "Colors help immensely to identify the status of runs and jobs
because even being farther away you can identify them."

Users found the interface intuitive once familiar with controls: "After understanding how

the commands worked and what they did, it became easier to interact with the environment and
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Figure 5.10: Heatmaps showing mean total task completion times across different experience level
combinations. (a) VR experience vs CI/CD experience for VR interface task times. (b) GitHub
Actions experience vs CI/CD experience for GitHub Actions task times.

understand how to achieve the task objectives." The overall design was well-received: "I found the
product quite easy to use and intuitive. It gives a good temporal perspective of events and also of
runs with failures."

However, participants suggested improvements for detailed information access: "I think it
would make sense to have a dropdown appear when pointing to a particular job, not just for the

entire run, because otherwise it’s not easy to know the name of the failed job, why it failed, etc."

Spatial Audio System Feedback

Participants provided mixed feedback about the spatial audio implementation. The most com-
mon challenge was vertical localization: "The vertical difference hindered the identification of the
sound direction" and "I didn’t perceive where the sound came from." Several noted: "The sound
seemed very similar on floors 0 and 1, but seemed a little louder on 1."

Despite challenges, participants saw potential: "It would have been easier if I knew beforehand
how something with a fault sounds" and "Although I didn’t get it right, the sound is much more
intuitive." Users suggested multimodal enhancements: "The combination of visual feedback (e.g.,
intermittent light) with sound can increase the effectiveness of identifying problems associated
with runs."

These qualitative insights support the quantitative findings, suggesting that VR excels at overview
and pattern recognition tasks, while traditional interfaces maintain advantages for detailed infor-
mation consumption. The feedback highlights specific areas for future development, particularly

in spatial audio design and detailed information presentation.

Limitations

Several limitations should be considered when interpreting these results:
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» Sample Size: With 20 participants, the study provides adequate power for detecting large

effects but may miss smaller differences between interfaces.

» Participant Demographics: The predominantly young, academic sample may not repre-

sent all developer populations, particularly experienced industry professionals.

» Task Scope: The evaluation focused on specific CI/CD analysis tasks and may not general-

ize to all workflow management activities.

* Temporal Constraints: The fixed dataset approach, while ensuring consistency, may not

capture the dynamic nature of real-world CI/CD environments.

* Learning Effects: Despite counterbalancing, some residual learning effects between envi-

ronments may influence results.

5.6 Discussion

The evaluation results demonstrate clear performance and usability advantages for the VR-based
CI/CD visualization system across most evaluation dimensions. The immersive 3D interface
showed superior performance for temporal navigation and failure detection tasks while achieving
significantly higher user satisfaction scores. However, traditional interfaces maintained advantages
for detailed information retrieval tasks, revealing complementary strengths between visualization
approaches.

Performance analysis revealed distinct patterns across task categories. The VR system ex-
celled at overview tasks requiring spatial and temporal pattern recognition, with participants com-
pleting temporal navigation (Task 1) and failure detection (Task 2) significantly faster than with
GitHub Actions. Conversely, GitHub Actions demonstrated superior performance for job-level
debugging (Task 3), suggesting that traditional interfaces remain effective for detailed information
consumption. The spatial audio system achieved moderate success rates (65%) for audio-only
failure detection, indicating potential for multimodal feedback while highlighting implementation
challenges.

Usability assessment showed strong user preference for the VR interface, with SUS scores
averaging 21.6 points higher than GitHub Actions. Individual SUS components revealed that par-
ticipants found the VR system less complex, easier to use, and more confidence-inspiring despite
being a novel interface paradigm. Qualitative feedback supported these findings, with users ap-
preciating the spatial organization and color-coding while suggesting improvements for detailed
information access.

Experience correlation analysis revealed that prior technical background did not significantly
influence performance or usability perceptions for either interface. This finding suggests that the
VR system’s advantages are not dependent on specialized knowledge, supporting its potential
accessibility to users with varying experience levels.

Taking everything into account, the research questions can be addressed as follows:
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RQ1

RQ2

RQ3

Evaluation

Does a VR-based visualization system help users more easily identify and interpret
CI/CD workflow structure and failures compared to a traditional 2D interface? The
results strongly support the effectiveness of VR for workflow structure understanding and
failure identification. Participants achieved significantly higher success rates in VR across
aggregated tasks (95.0% vs 76.7%, p = 0.013), with particularly pronounced advantages for
temporal navigation (90.0% vs 55.0%, p = 0.016) and failure detection tasks.

The spatial timeline representation in VR enabled participants to locate workflow run times
substantially faster (Median = 18.22s vs 84.82s, p < .001) and identify failed runs more
efficiently (Median = 13.17s vs 119.58s, p < .001). Qualitative feedback reinforced these
findings, with participants noting that "colors help immensely to identify the status of runs
and jobs because even being farther away you can identify them" and appreciating the "good
temporal perspective of events." These results indicate that the 3D spatial layout and immer-
sive visualization significantly improve users’ ability to understand workflow structures and

rapidly identify failures compared to traditional 2D interfaces.

Does using spatial layout in a 3D environment contribute to reduced task time and
fewer errors when exploring workflow execution data? The evaluation provides mixed
but generally supportive evidence for this question. For overview and navigation tasks,
the spatial 3D layout demonstrated clear advantages in both completion times and error
reduction. Tasks 1 and 2 showed dramatically reduced completion times in VR, with the
spatial timeline enabling participants to navigate temporal information more efficiently than

GitHub Actions’ chronological listing approach.

However, Task 3 revealed limitations of the spatial approach for detailed information re-
trieval, where GitHub Actions outperformed VR (Median = 8.04s vs 16.16s, p =.015). This
suggests that while spatial layout excels for overview tasks and pattern recognition, tradi-
tional interfaces may be more efficient for drilling down into specific textual details. The
consistently higher success rates across aggregated tasks (95.0% vs 76.7%) demonstrate that
spatial layout does contribute to error reduction overall, particularly for complex navigation

scenarios that require understanding relationships between workflow components.

How do users perceive the ease of use, learnability, and overall satisfaction with the
VR-based visualization system compared to traditional tools? User perceptions strongly
favored the VR system across multiple usability dimensions. SUS scores were significantly
higher for VR (Mean = 78.0) compared to GitHub Actions (Mean = 56.38, p < .001), indi-

cating substantially better-perceived usability despite VR being a novel interface paradigm.

Individual SUS analysis revealed that participants found VR significantly easier to use (p <
.001), less complex (p = 0.003), and more confidence-inspiring (p = 0.002). The learning
curve was perceived as easier (p = 0.007), with better function integration (p = 0.030) and

greater consistency (p = 0.012). Participants felt the VR system was less cumbersome to use
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(p <.001) compared to GitHub Actions. No significant differences were found for technical

support needs or learning requirements, suggesting comparable initial learning barriers.

Qualitative feedback supported these quantitative findings, with participants describing the
VR system as "easy to use and intuitive" and noting that "after understanding how the com-
mands worked and what they did, it became easier to interact with the environment.” How-
ever, participants also identified areas for improvement, particularly requesting enhanced,
detailed information access: "It would make sense to have a dropdown appear when pointing

to a particular job, not just for the entire run."

The spatial audio system received moderate acceptance, with participants rating it as less
effective than visual cues but recognizing its potential as supplementary feedback. Users
suggested multimodal enhancements combining visual and audio feedback to improve ef-

fectiveness.

These findings demonstrate that VR-based visualization can significantly improve CI/CD work-
flow analysis for overview and pattern recognition tasks while maintaining comparable learning
requirements to traditional interfaces.

Compared to existing work like VR-DevOps, this research offers advantages: a more intuitive
factory metaphor versus abstract spatial layouts, temporal compression algorithms for handling
real-world data scale, multimodal feedback through spatial audio, and empirical validation through
controlled user studies. While VR-DevOps demonstrated the feasibility of immersive pipeline vi-
sualization, it lacked scalability solutions and user-centered validation that this work can provide.
Additionally, the VR-DevOps implementation is not publicly available, limiting the possibility of
direct comparison. These differences made direct comparison impractical, as the systems address
different aspects of the immersive CI/CD visualization challenge.

The results suggest that immersive visualization represents a promising direction for developer
tools, particularly for complex data exploration scenarios where spatial relationships and tempo-
ral patterns are important. However, successful implementation requires careful consideration
of when to use spatial versus traditional presentation modes, with hybrid approaches potentially

offering optimal user experiences.
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Chapter 6

Conclusions

This dissertation investigated how immersive Virtual Reality (VR) environments can enhance the
visualization and understanding of CI/CD pipelines, addressing the limitations of traditional 2D
interfaces for exploring complex pipeline structures, temporal patterns, and failure analysis. While
this study used GitHub Actions as the representative traditional interface, the findings can be
generalized to other 2D CI/CD platforms.

This research contributes to the intersection of immersive analytics and software engineering
visualization by introducing a framework for translating CI/CD pipeline semantics into immersive
3D environments. The factory metaphor effectively represents abstract workflow concepts: work-
flows as floors, workflow runs as blocks, jobs as sub-blocks, and time as spatial depth. A fully
functional VR prototype was developed using Unity and the XR Interaction Toolkit!, featuring
temporal-to-spatial mapping algorithms, lane assignments for simultaneous executions, time com-
pression portals for managing inactive periods, and spatial audio feedback for failure detection.

Through a user study with 20 participants using standardized tasks and validated measure-
ment instruments, the research establishes evidence-based guidelines for immersive CI/CD visu-
alization, demonstrating that spatial 3D layouts enhance overview tasks, pattern recognition, and
temporal navigation. At the same time, traditional interfaces remain superior for detailed informa-

tion retrieval and textual analysis.

6.1 Key Findings

The evaluation highlighted significant advantages of VR-based visualization for specific tasks
while emphasizing important contexts where traditional interfaces are more effective. The findings
address the research questions outlined at the beginning of this study.

Research Question 1 asked whether VR-based visualization helps users more easily identify
and interpret CI/CD workflow structure and failures compared to traditional 2D interfaces. The

results support this hypothesis, with participants achieving significantly higher success rates in

1Unity XR Interaction Toolkit Documentation: https://docs.unity3d.com/Packages/com.unity.xr.
interaction.toolkit@3.0/manual/index.html
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VR and faster completion times for temporal navigation and failure detection tasks. The spatial
timeline representation and immersive color coding proved effective for rapid pattern recognition
and failure identification.

Research Question 2 examined whether spatial layout in 3D environments contributes to re-
duced task time and fewer errors. The evidence provides mixed but generally supportive findings.
While VR demonstrated clear advantages for overview and navigation tasks, traditional interfaces
maintained superiority for detailed information retrieval tasks. This suggests that spatial layout
excels for high-level reasoning but may introduce overhead for fine-grained analysis.

Research Question 3 investigated user perceptions of ease of use, learnability, and satis-
faction. Despite being a novel interface paradigm, the VR system achieved significantly higher
usability scores, with participants finding it less complex, easier to use, and more confidence-
inspiring. Importantly, no significant differences were found in learning requirements, suggesting
that the VR system’s advantages are accessible to users with varying experience levels.

Additional Insights: The spatial audio system achieved moderate effectiveness for failure
detection, indicating potential for multimodal interfaces while highlighting implementation chal-

lenges, particularly in vertical sound localization.

6.2 Future Work

Several promising directions emerge from this research for future investigation and development:

Enhanced Information Access and Interaction

Users expressed interest in accessing more detailed information about individual jobs and pipeline
components. Future implementations could provide hierarchical information displays where point-
ing at runs shows basic information, but drilling into specific jobs reveals detailed logs, execution
parameters, and performance metrics. This could be achieved through contextual menus, gesture-
based interactions, or voice commands that maintain the immersive experience while providing

the granular access users expect from traditional CI/CD interfaces.

Improved Spatial Audio and Multimodal Feedback

The moderate effectiveness of spatial audio suggests significant room for improvement. Future
work could explore enhanced 3D audio algorithms, personalized audio calibration, and multi-
modal feedback combining visual and auditory cues. Additionally, addressing the identified chal-
lenges with vertical sound localization could involve implementing head-related transfer functions
(HRTFs) [3] or alternative audio positioning techniques that effectively utilize the spatial capabil-

ities of virtual reality.
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Visual and Aesthetic Improvements

While the block-based visualization effectively communicates pipeline structure, future work
could develop more visually engaging factory representations that better capture the metaphor’s
potential. This could include animated conveyor belts that move runs and jobs through the pipeline
during execution, factory machinery that responds to different job types, and environmental ele-

ments like steam, lighting effects, or mechanical sounds that enhance the factory atmosphere.

Temporal Navigation and Filtering

Current spatial navigation requires users to physically walk through time, which can be cumber-
some for exploring distant time periods. Future systems could implement temporal teleportation
features, allowing users to jump directly to specific dates, times, or pipeline events. Advanced
filtering capabilities enable users to show only failed runs, filter by specific time ranges, or focus
on particular workflow types. These features could be controlled through voice commands ("show
me all failures from last week") or gesture-based timeline scrubbing, making temporal exploration

more efficient while maintaining spatial context.

Advanced Analytics and Pattern Recognition

Building on user feedback about understanding performance trends, future work could incorpo-
rate features for aggregating and analyzing multiple runs from the same workflow. This might
include visual indicators for performance degradation over time, automatic clustering of similar
failure patterns, or predictive highlighting of runs likely to fail based on historical data. Machine
learning integration could automatically surface anomalies, identify recurring issues, and suggest
optimization opportunities, transforming the visualization from a passive display into an active

analytical tool.

Real-Time Data Integration and Dynamic Visualization

Extending the system to handle live CI/CD data streams presents technical and design challenges.
Real-time integration would require performance optimization, incremental visualization updates,
and robust error handling to maintain smooth VR experiences. The visual representation could
become more engaging with runs appearing and moving through the factory as they execute, with
different speeds and visual effects based on job types and execution status. Implementing effi-
cient data streaming, level-of-detail rendering, and predictive loading could enable visualization

of larger datasets while supporting lower-end VR hardware.

Collaborative Features and Multi-User Support

Multi-user support would enable collaborative debugging sessions and team-based CI/CD analy-
sis. This could include shared virtual spaces where team members can point out issues, leave vir-

tual annotations, and collaboratively explore pipeline problems. Features like shared bookmarks,
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collaborative filtering, and real-time voice communication could make the VR environment viable

for distributed teams to analyze and troubleshoot CI/CD issues together.

Cross-Platform and Accessibility Enhancements

Extending the approach to other CI/CD platforms (Jenkins, GitLab CI, Azure DevOps) would
validate the generalizability of the factory metaphor and enable broader adoption. Additionally,
accessibility improvements could include adaptations for users with visual, auditory, or motor
impairments, alternative interaction methods for users uncomfortable with VR, and seamless inte-

gration with existing development workflows and tools.

6.3 Concluding Remarks

This research demonstrates that immersive Virtual Reality significantly benefits CI/CD workflow
analysis, especially in spatial-temporal reasoning and pattern recognition, while it acknowledges
that traditional interfaces are still better for specific detailed tasks. The factory metaphor and em-
pirical validation provide a foundation for hybrid approaches that thoughtfully integrate immersive
and traditional visualization techniques. As VR technology becomes more accessible, the princi-
ples demonstrated here extend beyond CI/CD systems to broader questions about how immersive
technologies can enhance human understanding of complex technical systems, making this work

relevant across multiple domains within computer science and software engineering.
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