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Abstract

Comprehending a codebase requires developers to construct men-
tal models spanning multiple levels of abstraction, from architec-
tural overviews to individual components. These components differ
across paradigms (e.g., classes in object-oriented systems, functions
in functional programming). Software visualization supports this
process by translating abstract software structures into perceptu-
ally meaningful forms that align with human cognitive processes.
When grounded in familiar metaphors, such as cities or landscapes,
visualization can further narrow the gap between abstract program
constructs and developers’ mental models.

How can language-agnostic expressive metaphors, direct ma-
nipulation, and extended-reality be integrated to create immersive,
explorable virtual-city environments that help developers explore,
understand, and refactor complex, large software systems?

Our research advances this idea by extending the city metaphor
to represent classes and packages as buildings and districts, where
architectural details encode structural and behavioral properties.
We classify classes into Class Archetypes using heuristics based on
metrics, intra-class, and inter-class relationships. We then develop a
specific building for each archetype: Utility classes become factories,
data classes become depots, constant definers become archives, and
adapter classes appear as surrounding structures. Building on this
foundation, we aim to develop a unified, interactive, and immersive
visual language for program comprehension.
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1 Introduction

Program comprehension is a fundamental activity in software en-
gineering, consuming a large portion of developers’ time and ef-
fort [18, 20, 27, 29]. Understanding complex software systems re-
quires navigating multiple layers of abstraction, from architectural
overviews to source code [3, 5, 21]. Over the past decades, research
in software visualization has supported program comprehension
by transforming abstract software artifacts into perceivable visual
forms [6, 7, 19]. A number of studies have explored software visual-
ization for guiding refactoring choices [2, 11], visualizing documen-
tation [23], and supporting a number of software comprehension
tasks, such as software metrics [16, 17, 25], the evolution of a sys-
tem [4, 13, 24], software architecture [12, 14, 26, 31], small-scale
software artifacts [8, 15, 17].

In parallel, advances in visualization technologies and computer
graphics have expanded the ways in which software can be visually
represented and explored. 3D visualizations offer spatial repre-
sentations of software artifacts, making structural relationships
and dependencies more intuitive to explore [30, 31]. Virtual and
Augmented Reality (VR/AR) further enhance this experience by im-
mersing developers in interactive environments to leverage spatial
cognition, depth perception, and embodied interaction [14, 15, 22].

Interaction with source code has evolved from text-based edit-
ing to more intuitive and exploratory paradigms [2, 9]. Early work
on linking visualization and editing demonstrated the benefits of
bridging static and dynamic aspects of software behavior [8]. In im-
mersive contexts, direct manipulation of visual elements can enable
developers to refactor and navigate code through natural spatial in-
teractions, reducing context switches and cognitive friction [10, 14].
Designing such interactions requires careful alignment between
visual metaphors, code semantics, and user cognition.

Software visualization and interaction frameworks rely on data
provided by Mining software repositories (MSR) practices. By ex-
tracting metrics, evolutionary, structural, and behavioral informa-
tion from source code, MSR techniques enable accurate system
representations [28]. The adoption of modular reverse-engineering
platforms (e.g., Moose [1]) and semantic analysis tools (e.g., Lan-
guage Servers,! CodeQL?) facilitates the construction of language-
agnostic, queryable models of software systems. These models serve
as the foundation for dynamic and interactive visual environments
that evolve alongside the underlying codebase.

Building on these research areas, we envision a unified visual-
ization and interaction framework for system comprehension and
source code manipulation.

Thttps://microsoft.github.io/language- server-protocol/
2https://codeql.github.com/
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Figure 1: Research plan.

2 Research Focus

The overarching goal of my PhD research is to develop a concep-
tual framework for immersive software engineering that supports
system comprehension and manipulation across diverse contexts.
Our research addresses three interconnected aspects. Figure 1 illus-
trates the exploratory studies conducted, and the engineering and
conceptual contributions we plan to investigate in pursuit of the
ultimate goal. For each contribution, we also indicate which ones
have already been published or submitted.

Mining. Source code and evolution mining is a necessary foun-
dation for collecting the data to visualize and for developing a deep
understanding of the domain. We are developing a flexible mining
pipeline to support multiple programming languages, enabling the
envisioned language-agnostic visualization framework.

Interaction and immersion. This aspect investigates how in-
teractive environments, particularly virtual and augmented real-
ity, can enhance system comprehension, facilitate information re-
trieval, and enable direct manipulation of code entities through
cyber-physical interactions.

Visualization. This aspect focuses on designing a visual pattern
language that defines mappings between software artifacts and
visual metaphors (e.g., buildings, districts). These metaphors encode
software metrics as well as structural and behavioral properties.

Evaluation. For the main conceptual contribution, we plan to
evaluate the visual pattern language with a focus on system com-
prehension, assessing how well its abstraction help developers
understand system behavior, structure, and evolution. We then
evaluate the interaction model, examining how it supports system
comprehension and source-code manipulation.

3 XR System Comprehension and Manipulation

Our initial effort focused on exploring the interaction capabilities
of VR systems. We identified a set of elementary actions that can
be performed on a virtual 3D object (e.g., grab, move) and modeled
interactions as sequences of these actions. We then mapped these in-
teractions to the corresponding operations in a target domain. We
presented an approach for customizing a visualization through
direct manipulation of a VR-native interface (e.g., snapping to-
gether 3D objects), thus avoiding unnecessary context switches [10].
Later, we extended our set of interactions to source code manip-
ulation [11]. In this context, we introduced a novel approach to
refactor code by directly manipulating their visualization in VR.

Regarding the visualization aspect, we developed a novel visu-
alization metaphor for representing the classes of a Java codebase
using the Class Contours metaphor [11]. Each class is depicted as
a two-dimensional architectural structure whose visual attributes
correspond to class metrics and properties (e.g., number and kind of
methods and attributes, number of lines of code). Figure 2 shows an
example of Class Contours. In a recent contribution, we analyzed
the visual patterns emerging from Class Contours, showing that
different types of classes (e.g., data classes, utility classes) exhibit
distinct visual characteristics. This work demonstrated that devel-
opers can infer class roles at scale from their visual characteristics,
even without reading the source code.
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Figure 2: Three classes visualized with Class Contours.

We also started identifying visual patterns of Class Contours
and mapping them to implementation patterns. By reifying these
implementation patterns into detection rules, we define what we
call Class Archetypes. We aim at encoding these archetypes into the
visualization. First, we identify the class archetypes, then we use
them as the basis for building their corresponding visual represen-
tations. This approach allows each class type to highlight relevant
aspects of its implementation while omitting unnecessary details.

In parallel, we focused on mining codebases and developing a
graph-based model to represent them. Our initial approach relied
on parsing the source code using the Moose framework [1]. While
Moose proved to be a powerful tool, it lacked support for capturing
evolutionary information and for manipulating the source code. To
address these limitations, we shifted to language servers, which
allow us both to gather detailed codebase information and to trigger
refactorings. In our most recent approach, we explored CodeQL, a
semantic code analysis engine that treats source code as queryable
data. By designing a custom set of queries, we are able to extract
all the information necessary to populate and our graph model.
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4 Research Agenda

The next steps of our research will follow four main directions.

Extending the metaphor. We plan to expand the catalog of
class archetypes and design corresponding visual metaphors. We
will define rules for mapping software metrics and structural prop-
erties to visual attributes that are both perceptually salient and
semantically meaningful.

Enhancing interaction and immersion. We aim to integrate
the visualization into a VR environment to support immersive
exploration. Users will be able to interact with visual elements to
retrieve information and trigger actions such as refactorings.

Cross-language visualization. We intend to develop an ab-
straction layer capable of parsing and representing code from mul-
tiple programming languages. Our goal is to ensure that the visual
language remains consistent regardless of syntax or paradigm.

Evaluation. We plan to conduct a full evaluation to assess how
effectively the visualization metaphor supports developers in sys-
tem comprehension tasks. We will design a controlled experiment
to measure the extent to which the visualization conveys architec-
tural and evolutionary insights about a codebase. The study will
investigate the impact of the metaphor on developers’ ability to
build accurate mental models of system structure and evolution. We
will also examine whether VR/AR interaction and immersion en-
hance task performance by enabling developers to explore, analyze,
and manipulate the system more quickly and accurately.

5 Conclusion

Our research aims to advance the field of software engineering
by developing a unified visual and interactive language for pro-
gram comprehension. By combining novel and expressive visual
metaphors, immersive environments, and cross-language support,
we envision a future in which developers can perceive, navigate,
and manipulate software systems as if they were exploring a living
city. Ultimately, our goal is to bridge the gap between source code
and human cognition, enabling deeper understanding and more
effective interaction with large and complex software systems.
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