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Kurzfassung

Mit dem kontinuierlichen Anstieg der Komplexität von Softwareprojekten geht auch ein
Komplexitätsanstieg der zugehörigen Änderungsverläufe einher. Versionskontrollsysteme
wie Git stellen eine etablierte toolbasierte Lösung für das Interagieren mit Softwareände-
rungen dar, verfolgen Änderungen jedoch stets auf Basis von Dateien und deren Zeilen,
unabhängig davon, ob es sich bei den Inhalten um Quelltext oder normalen Text handelt.

Dies führt letzten Endes zu Mängeln hinsichtlich der Genauigkeit von Auswertungen, die
auf Basis dieser Daten versuchen, das Ziehen von Schlüssen über vergangene Änderungen
zu ermöglichen. Tatsächlich zeigen Studien, dass auch heute Entwickler viele bestehende
Lösungen größtenteils für unzufriedenstellend erachten und sich stattdessen gezwungen
sehen, auf eine manuelle Suche durch die Versionkontrollhistorie zurückzugreifen.

Software Evolution Visualization (SEV) und auf Versionskontrolldaten basierende Data-
Mining-Ansätze stellen in der Forschung etablierte Gebiete dar, deren Erkenntnisse
Entwicklern wiederholt bei solchen Problemen helfen konnten. Durch Kombination der
Forschungsergebnisse auf beiden dieser Gebiete wird im Rahmen dieser wissenschaftlichen
Arbeit ein moderner Ansatz zur Visualisierung von Versionskontrollhistorien erarbeitet,
der quelltextnah Änderungen auf der Codesymbol-Ebene berücksichtigt.

Unter Zuhilfenahme hochmodernster Konzepte und Technologien wird auf das Unter-
suchen von Möglichkeiten, solch einen Ansatz durch zielorientierte Literaturrecherche
und in Absprache mit Experten auf dem Gebiet der Softwareentwicklung umzusetzen,
abgezielt. Die Ergebnisse dieser Arbeit demonstrieren nicht nur die effektive Realisierbar-
keit, sondern auch das Potential dieser Klasse von Visualisierungskonzepten anhand von
szenariobasierten Evaluationsverfahren.

Keywords: Software Evolution Visualization, Software Repository Mining, Quellcode-
Diffing, Datenvisualisierung, Informationsbedürfnisse in der Softwareentwicklung
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Abstract

As the complexity of software projects increases, so too does the complexity of their
historical evolution. Version control systems, such as Git, constitute an established tool
solution for interacting with software evolution, yet track changes based solely on files
and the lines contained therein, regardless of whether the contents reflect source code or
plain text.

This results in inaccuracies that render processing this data to gain further insights into
properties of past change events very challenging. In fact, studies show that, to this
day, many developers remain dissatisfied with existing solutions, resorting to the tedious
alternative of browsing the commit history themselves to extract the information they
need.

Software evolution visualization and version control data mining have become well-
established research fields over the past decade and have proven to aid developers in
addressing such issues time and time again. Combining these two ideas, this thesis
presents an approach to software history visualization based on the very building blocks
of code, code symbols with associated identifiers.

Utilizing current state-of-the-art concepts and technology, this thesis aims to examine
the feasibility and promise of such an approach through a thorough literature review and
interviews with experts in the field of software engineering. Its findings demonstrate both
the viability and potential of this class of visualization concepts by way of scenario-based
treatment evaluation.

Keywords: software evolution visualization, software repository mining, source code
differencing, data visualization, information needs in software engineering
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CHAPTER 1
Introduction

Due to the complexity of software projects, software development is often quite com-
plicated and fraught with obstacles for managers and developers alike. Whether it is
changing requirements, developer reallocation, or large-scale project scope, keeping track
of all changes to the source code can prove to be quite the Herculean task.

Fortunately, version control systems like Git enable teams to capture changes in a way
that is both semantically meaningful and lends itself to software history inspection and
manipulation. However, the sheer volume of change information stored in such systems
may also prove more and more unwieldy the further development progresses, to the point
that developers frequently resort to manually inspecting sets of changes one by one until
they can find the information they are looking for [1], [2].

This thesis fundamentally examines the ways data mining, visualization and interaction
techniques based on source code-level change information can be leveraged to address
this issue, using current state-of-the-art concepts and technologies in the fields of Mining
Software Repositories (MSR) and Software Evolution Visualization (SEV) as well as
feedback from experts in the field of software engineering.

1.1 Problem Statement
Given that many developers’ information needs relate to code changes in the past (as
seen later in Chapter 6), version control information needs to be processed further to
compute more goal-oriented data aggregations. While this may simply take the form of
metric-based textual summaries, interactive visualizations have proven to provide a highly
intuitive interface by which information can be effectively and efficiently dissected. This
visualization-based approach has been utilized to address many commonly encountered
problems such as finding code experts, evaluating code ownership and identifying change
frequency and locality [3], [4].
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1. Introduction

However, most state-of-the-art visualization approaches used today focus on changes at
the level they are reported in by the version control system: files and lines. As such,
the resolution of processed changes can be quite coarse and the semantic properties of
changes and features, such as which attributes of the program have actually been altered,
are largely discarded, so changes are primarily analyzed at the plaintext level.

While this loss of detail might be acceptable for some purposes (such as in the context of
more functionally-oriented source code modularization approaches), this can result in
misleading change clustering for more intricate modules and data structures as frequently
found in object-oriented languages. Moreover, it disregards information that developers
may associate with code changes, rendering navigation (e.g., searching, filtering, . . . )
based on these change aspects impossible.

1.2 Motivation
As current scientific literature suggests, modern treatments fail to provide a satisfactory
solution to these problems, opening the path towards novel solutions based on sub-
file-level change information [5], [6]. Consequently, this thesis proposes an interactive
visualization based on changes to code on the symbol level.

In their role as addressable elements with an associated identifier, code symbols (as later
defined in Chapter 2)—such as packages, type declarations, functions and variables—
constitute important building blocks of source code. As features develop, so do the names
and properties (e.g., modifiers, type information, body structure, . . . ) of these symbols.
That being the case, developers often end up associating changes to code symbols with
software features, serving as a more fine-grained and intuitive mental model for source
code changes.

Consequently, this thesis aims to leverage the unique qualities of symbol information to
design and implement a useful and efficient interactive visualization that aids developers
in satisfying their information needs related to past changes.

1.3 Research Goals
This thesis aims to examine how visualization-based approaches can be applied to software
projects to analyze and monitor changes made over the course of software development
by leveraging semantically meaningful symbol-level information in order to provide more
specific results which can then be used to identify code characteristics and potential
issues.

As a part of this thesis, an architectural process for extracting, storing and querying
this fine-grained data was designed and evaluated with requirements from both current
scientific research and planned interviews with software developers in mind. To this end,
a visualization prototype was developed to serve as an interface and tangible basis for
evaluation.
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1.4. Structure

Concretely, this thesis aims to answer the following research questions:

RQ1: What insights can developers gain from symbol-level code history information?
First and foremost is identifying the relevant information needs from developers
relating to symbol-level changes. This also serves to elicit information- and
visualization-related requirements, as well as to verify which of the intended
use cases in the areas of code expertise, code ownership, code hotspots, code
rationale and recent activity analysis present the best opportunities for interactive
symbol-based visualizations.

RQ2: How can a symbol-based visualization be designed to satisfy the information needs
of developers?
Specifically, this thesis is interested in design considerations that need to be
taken into account when developing a symbol-based visualization. Expecting that
analyzing changes intricately linked to programming language-specific concepts
on such a fine-grained level presents unique challenges to visualization design
and implementation, it discusses what problems one might encounter and how to
address them in a way that leads to a useful and efficient visualization. To this
end, a concrete visualization prototype based on an accompanying data mining
approach for version control information be implemented.

RQ3: Does the proposed visualization approach lead to the intended benefits for devel-
opers?
Finally, determining whether the proposed visualization conforms to developers’
use cases and how it compares to the requirements lifted during RQ1 requires
a final evaluation. Based on the decisions made during the development of the
visualization prototype, this thesis discusses how the proposed concept addresses
the problems raised by developers and where room for improvement remains
according to the received feedback.

1.4 Structure
The structure of this thesis is largely based on the individual steps necessary to investigate
the described problem as well as to design, validate, implement and evaluate a suitable
treatment according to the approach by Wieringa [7]:

• Chapter 1—this chapter—serves as an initial summary of this thesis, outlining the
main problem, hypotheses and core research goals covered over the course of the
following chapters.

• Chapter 2 explains the key terms and concepts used throughout this work, ranging
from general ideas in the fields of algorithmics, formal languages, graph theory,

3



1. Introduction

data visualization and version control to more complex topics such as Software
Evolution Visualization (SEV) and code differencing.

• Chapter 3 contains a brief summary of existing scientific literary research, particu-
larly in the fields of information needs in software engineering, code differencing
and SEV.

• Chapter 4 acts as a review of the current state of the art concerning data mining
approaches based on version control and source code, with a focus on current
solutions to the problems of efficient file parsing and tree differencing in a temporal
context.

• Chapter 5 describes the research methodology of this thesis, including the concrete
modalities behind the overall approach and steps taken to ensure correctness and
rigor throughout the entire design and engineering process.

• Chapter 6 contains the requirements analysis performed as part of the design
process, consisting of a review of relevant scientific literature as well as a summary
of the construction and results from the first set of expert interviews.

• Chapter 7 concerns the design considerations made throughout the design process,
detailing both the iterative improvement cycles of the proposed visualization
concepts and the architectural decisions behind the implemented data mining
approach.

• Chapter 8 explains the concrete implementation details behind the analysis frame-
work created to extract the data necessary for the final visualization prototype as
well as the visualization itself.

• Chapter 9 serves as the evaluation of the visualization approach, containing both a
summary of the results from the second set of expert interviews and a discussion of
the research outcomes of this thesis.

• Chapter 10 concludes this thesis with a brief summary of its findings as well as a
discussion of the potential for future work in related research areas.

4



CHAPTER 2
Fundamentals

This chapter is meant to provide a brief overview and explanation of the most important
terms mentioned in this thesis. Where certain names are ambiguous, the corresponding
description is additionally meant to disambiguate them from any homonyms 1 and related
terms.

2.1 Graph and Source Code Structures
This section concerns graphs and related structures that can be used to describe programs
in source code form.

2.1.1 Graph Concepts
This subsection is dedicated to common graph concepts, not necessarily related to software
development.

Graph. A graph is a mathematical structure used for modeling relationships between
entities using the abstraction of nodes (or vertices) connected by edges. A graph’s edges
can have a defined direction, in which case the graph is said to be directed, otherwise
the graph is said to be undirected. In certain contexts, edges can have additional values
associated with them, such as weights, which are frequently used to model optimization
problems.

Graphs as discussed in this thesis are implicitly assumed to be simple (disallowing
multiple identically treated edges between two nodes), loop-free (disallowing nodes to be
connected to themselves) and connected (every node is reachable from any other node by
following edges).

1Words are considered homonyms when they share the same spelling and pronunciation but differ in
meaning.
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2. Fundamentals

Cycle. A cycle is a sequence of distinct edges which can be followed to go from a
node back to itself without repeating other nodes in the process. For directed graphs,
a directed cycle is a cycle that respects the directions of all followed edges. If a cycle
ignores some or all edge directions, it is considered an undirected cycle (often just called
a “cycle”). Therefore, every directed cycle is also an undirected cycle (when ignoring
edge directions) and undirected graphs can only contain undirected cycles.

Tree. A tree is a special type of graph that disallows cycles. The directed equivalent of
a tree is often called an arborescence in graph theory, and while this is technically the
more fitting term for most tree data structures found in software engineering, the term
“tree” is frequently used synonymously in many literary works and practical contexts,
including this thesis. Similarly, the terms “tree” and “tree graph” usually refer to a
rooted tree, in which a special node in the graph is declared the root.

Trees can be traversed by following their edges from the root node, which is said to go in
the direction from parent to child nodes. Depending on the prioritization between visiting
nodes and traversing their child nodes, the traversal is said to be a preorder traversal
(if visiting parent nodes before their children) or a postorder traversal (if visiting child
nodes before their parents). In the special case of binary trees (rooted trees where nodes
may only have up to two child nodes), there is also a third kind of common traversal
called an inorder traversal, which visits each parent node after their “left” child node but
before their “right” child node.

DAG. A Directed Acyclic Graph (DAG) is a directed graph that—like a tree—disallows
cycles, but only directed ones. In other words, nodes in a DAG are allowed to form an
undirected cycle but not a directed cycle.

DAGs have the useful property of possessing a topological sorting, which is a sequence
of the graph’s nodes such that, when imagining removing the nodes from the graph in
this order, only ever removes nodes without incoming edges. In cases where the edges in
a directed graph model dependencies between nodes, this means that the nodes in the
graph can be processed very efficiently, in an order that respects their dependencies.

2.1.2 Source Code Structures
This subsection is dedicated to ways source code can be described on an abstract level.

Language. A language in a computer science context can refer to at least two different
but related concepts: A programming language and a formal language. Simply put, a
formal language is a set of words, with each word constructed from concatenating elements
of the same fixed alphabet set. Formal languages are often defined using a grammar that
specifies rules describing how to derive words belonging to the language. Programming
languages can be viewed as a subset of formal languages corresponding to input texts
that can be read by a parser to produce a program, but the term “programming language”

6



2.1. Graph and Source Code Structures

is usually associated with not just the syntactic properties of its corresponding formal
language but its semantic properties, as well.

In this thesis, the word “language” primarily refers to formal languages (especially in
parsing-related contexts), with the word “programming language” used with a concrete
name like Java to refer to programming languages. An exception are the terms “language-
specific” and “language-agnostic”, which do, in fact, refer to programming languages in
most contexts.

Control flow. The control flow of a program represents the ways by which execution
passes between its components or statements. For example, the control flow of a method
usually consists of all combinations of the “branches” created by condition checks (e.g.,
if and while) that end in the method terminating (e.g., by returning to the caller or
raising an exception).

Symbol. The term “symbol” can refer to multiple (sometimes related) concepts, includ-
ing, but not limited to, logical symbols, alphabet elements, grammar symbols, grammar
symbol instances, identifiers and symbol data types. In this thesis, “(source code) symbol”
refers to a code element with an associated identifier (also known as its name) and
other attributes such as position, type and function signature. Common types of symbols
include packages, type declarations (classes, interfaces, enums, type aliases, derived types,
. . . ), type members (fields, methods), variables and constants. This definition is closely
related to the “symbol object” as used by Aho et al. [8]. In the context of this thesis,
“constants” refers to variables that disallow reassignment (e.g., final variables in Java).

2.1.3 Graph Structures in Software Engineering

This subsection is dedicated to graph structures that can be used to describe source code.

CST. A Concrete Syntax Tree (CST)—sometimes called a parse tree—is a tree data
structure that is produced by a parser as the result of applying the rules of a language
grammar, with each node corresponding to a rule in the grammar [8, p. 45]. In some
contexts, the CST represents the final parsing result of a program, as is the case when
using so-called CST parsers like Tree-Sitter [80] and Chevrotain2.

Due to this low-level nature and lack of any strictly language-dependent structure,
CSTs can sometimes be viewed as being language-agnostic, which can prove helpful for
applications dealing with multiple programming languages but difficult when trying to
extract specific information, as the mapping to “keys” for properties and the interpretation
of their values are usually not part of the CST (names and values act mostly as strings
that need additional context to process).

2https://github.com/Chevrotain/chevrotain, Accessed: Apr. 3, 2024
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2. Fundamentals

AST. An Abstract Syntax Tree (AST) is a tree data structure that resembles the
final parser output for a specific programming language. In many cases, parsers directly
output an abstract syntax tree without fully generating the concrete syntax tree first,
while in others, the AST represents a second parsing step resulting from transforming
the CST.

In contrast to CSTs, ASTs usually contain more than just purely syntactic code informa-
tion [9, p. 13] and are therefore language-specific. For example, tokens such as visibility
modifiers are typically stored in some kind of “visibility” property, and the values of
such properties are usually pre-defined (if not defined as part of an enumerated type
altogether). Operations are also normally already nested by order of semantically correct
application (operator precedence) and ASTs often omit unneeded intermediate nodes
present in the CST or evaluate constant expressions as they are parsed.

In some sense, ASTs constitute a syntactical representation of the source code bound,
in part, by the semantics of the programming language. They follow a specific schema,
and so, their representation is strongly tied to their respective language—different AST
formats are rarely interchangeable.

CFG and DFG. A Control Flow Graph (CFG)—not to be confused with context-free
grammars, which are also often abbreviated as CFG—is a graph representation of the
control flow of a program. Similarly, a Data Flow Graph (DFG) is a graph representation
of the data flow of a program (i.e., how values are assigned and passed). These two types
of graphs frequently occur in the same context, at least within the field of visualization,
due to their collective expressiveness regarding the “behavior” of a program and their
utility in debugging and formal verification.

2.2 Source Code Change Tracking
This section concerns the ways software evolution is recorded, analyzed and interpreted.

2.2.1 Version Control System (VCS)
This subsection is dedicated to aspects of capturing source code changes over time.

Version control. Version control refers to the concept of using a program and a
persistent data structure to keep track of all or some revisions (or versions) of certain
content, usually a file. Modern Version Control System (VCS) tools are based on
the concept of diffing, which allows for processing versioning information efficiently by
computing the differences to the previous version as opposed to returning the entire
after-state file for each change.

Modern version control systems mostly fall into the categories of centralized and distributed
version control systems. Centralized version control systems such as Subversion store the
entire version history of a project exclusively on the server, which acts the single source

8



2.2. Source Code Change Tracking

of truth. Distributed version control systems such as Git have the version history of a
software repository copied to each client, which retains its own copy of the repository
separately from the server. In the context of this thesis, the term “version control” and
“version control system” primarily refer to versioning by Git due to it being the by far
most widespread version control system.

Differencing. Differencing or diffing is the process of computing the differences between
two versions of a file, also simply referred to as a diff. In the case of Git, all differencing
is performed line by line, with its algorithm based on the Longest Common Subsequence
(LCS) optimization problem.

Commit. A commit is a set of file differences in the context of a software project.
Commits form a DAG by virtue of a pointer that points to zero or more parent commits.
A commit is called an initial commit if it has zero parents and a merge commit if it has
more than one.

2.2.2 Code Differencing
This subsection is dedicated to differencing techniques related to source code and aspects
thereof.

Tree differencing. Tree differencing is the more general term for differencing tree data
structures as opposed to traditional text line differencing. It is itself a specialization of the
graph differencing problem, which in turn is based on so-called graph isomorphisms [10]
and the concepts of mappings, tree editing costs and edit distance [11]. The process of
determining the optimal way to transform one tree into another is called tree edit script
generation.

Code differencing. Fundamentally, code differencing simply refers to differencing
when applied to source code. In the context of this thesis and its referenced works,
however, it is more commonly considered a special kind of tree differencing that takes the
structure of source code text files as defined by their programming language’s grammar
or parsed syntax tree (usually the AST rather than the CST) into account. This can
result in more expressive diffs that accurately model changes in program properties as
opposed to lines, which often contain text belonging to multiple nodes on the same level
(e.g., different parts of a statement or multiple expressions).

Symbol-level change information. Symbol-level change information refers to change
information as determined by applying a code differencing procedure to two versions of
an AST and only retaining the differences related to code symbols, omitting large pieces
of change information that do not affect the semantics of a program in any meaningful
way. For example, reformattings are usually not reflected in an AST and reorderings in
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2. Fundamentals

unordered contexts (such as fields of a class in Java) are not reflected in symbol-level
change information (as these have no effect on the properties of the symbols themselves).

LP and ILP. Linear Programming (LP) is an algorithmic approach to solving opti-
mization problems based on linear constraints on unknown real-valued variables. Integer
Linear Programming (ILP) is similar to linear programming, but requires all variables to
be integers instead. This has important implications for the performance of solving algo-
rithms: LP problems can be solved efficiently (in polynomial time), while ILP problems
are generally significantly harder to solve. Still, despite formally still generally being as
computationally expensive as a brute-force search, ILP solvers have become very efficient
in practice over the last decades. Due to the nature of tree differencing problems, optimal
edit scripts can be computed using an ILP formulation and solver [12].

Refactoring. A refactoring is a type of code change that aims to restructure parts of
a program without altering its behavior. Common examples include moves, renamings
(which “delete” a semantic code element and insert a “new” one in a similar fashion to
moves), code outsourcing, method inlining and supertype extraction.

This thesis defines a refactoring to be an intra-file refactoring if all—both source and
destination—code positions involved are located within the same file (e.g., renamings),
otherwise it is referred to as an inter-file refactoring (e.g., extracting a superclass).
Refactoring detection is the algorithmic concept of identifying refactorings as part of edit
script generation. This is a task that can prove to be very challenging because each type
of modification allowed during code differencing increases the work required to check all
possible modification and refactoring traces.

2.3 Data Analysis and Visualization
This section concerns the terms found in software repository data mining and data
visualization.

2.3.1 Mining Software Repositories (MSR)
This subsection is dedicated to concepts related to data mining as applied to software
repositories.

MSR. Mining Software Repositories (MSR) is the field of research dedicated to identi-
fying ways to extract information and gain insights from software repositories, such as
codebases under version control [13].

ITS. An Issue Tracking System (ITS) is a software that allows developers and managers
to keep track of bug reports as well as feature or enhancement requests over the lifetime
of a software project. They are often used in conjunction with VCSs to form relationships
between task items and corresponding development branches.
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CI/CD. Continuous Integration / Continuous Delivery (CI/CD) is a practice that
enforces the frequent merging of changes, testing of software state and provision of
delivery workflows, usually in combination with a suitably configured VCS code base
on a public or company-wide repository hosting platform, where it is used as a simple
way to perform regression and feature verification tests in addition to providing an
easy automated way to deploy the compiled software artifact to staging and production
environments. If deployment to production environments is also automated as part of
the overall workflow, CI/CD can also refer to “Continuous Integration / Continuous
Deployment”, which shares the same acronym.

2.3.2 Software Evolution Visualization (SEV)
This subsection is dedicated to categories of data visualization.

Visualization. A (data) visualization is a way to visually present information in a way
that allows the identification of patterns, trends or results from a holistic view based on
a set of raw or processed data points. Visualizations often feature ways to interact with
the displayed data through options such as filtering, searching, grouping, distorting or
zooming.

Time-based visualization. A time-based visualization is simply a type of visualization
that uses data with a temporal component as its input. This usually manifests as an
additional axis in the visualization, either as a literal time axis or some way to navigate
between data points at different points in time or in specific timeframes.

Software visualization. A software visualization is a visualization that depicts some
type of information associated with a software repository or artifact. Frequently, these
visualizations center around some kind of inherent structure present in source code, e.g.,
code hierarchies, component dependencies and size or complexity comparisons.

SEV. Software Evolution Visualization (SEV) is a field that finds itself at the inter-
section of time-based visualization and software visualization, aiming to show how a
codebase has evolved over time [14]. The most prominent source of the temporal data
component is usually VCS change information. Part of what makes visualizing data in
this area so complex is the fact that both software as a structure and the ways in which
it is modified over time can be quite difficult to accurately convey at the same time.
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CHAPTER 3
Related Work

This thesis includes aspects from research topics in the areas of information needs in
software engineering, language parsing, code differencing, software evolution, software
history mining, software evolution visualization, as well as general data visualization and
interaction techniques.

3.1 Information Needs in Software Engineering
Several studies have been conducted on developers’ information needs. The main concern
of this area of research is the identification of questions and challenges that arise during
software development and providing extension points for further research based on these
identified issues. Fundamentally, these are exactly the kinds of issues and ideas areas
like Software Evolution Visualization address, and the implications for this thesis will be
further elaborated on in Chapter 6.

Fritz and Murphy [15] conducted eleven open interviews with software engineers of the
same company across three different locations to elicit frequent development-related
questions and what domains they consult to try to answer them, yielding a categorized
list of 461 questions, which they went on to use in their software history plugin prototype
design. In the same vein, LaToza and Myers [16] received 179 free-text responses to
their survey at Microsoft with hard-to-answer questions about code, resulting in 371
questions clustered by subject and intent. Begel and Zimmermann [17] also put out
multiple surveys at Microsoft focused around hard-to-answer questions, albeit more from
the perspective of a data scientist rather than that of a developer, the results of which
show a large breadth of questions of interest regarding software.

1The actual number of elicited questions was 78, but only 46 of them are listed in the paper due to
space constraints. Unfortunately, as of April 2024, the link to the website containing the complete listing
leads to a generic “Page not found” error page.
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In 2015, Codoban et al. [1] published the results of their survey about the motivations,
strategies and challenges when it comes to questions related to software history with
participants from both the industry and social media, revealing a well of untapped
potential for history-related information needs. These findings were later re-analyzed
by Ragavan et al. [2], showing that they are largely consistent with the concepts found
in Information Foraging Theory (IFT), which sheds further light on the origins of—and
connections between—the responses. McKee et al. [5] performed both interviews and
surveys to discover the shortcomings of currently available tools when dealing with
merging, merge conflicts and frustration-inducing issues related to software history,
highlighting the demand for higher-usability tooling. These same findings were later
included in a larger journal article on the topic by Nelson et al. [18], giving further insight
into the consequences of increased complexity in the face of inadequate tool support.

Regarding information needs for visualization, Merino et al. [19] conducted a litera-
ture review of over 300 papers on software-centric visualization, aiming to identify the
characteristics of prevalent visualization techniques, which ultimately demonstrated
the importance of change-related information needs and visualizations among software
practitioners. Related to this—but from an auditory perspective—is the paper on the
visualization approach by North et al. [20] which contains valuable insights into the use of
sound to convey information. A paper by McNair et al. [21] additionally includes a sum-
mary of questions related to software architecture posed by them as well as researchers,
developers and managers in other studies across scientific literature, and shows how they
can be addressed using a visualization-based approach.

3.2 Code Differencing
Ever since the introduction of the concepts of graph isomorphisms [10] and edit distance
metrics for trees [22], a lot of research effort has gone into how differencing can be
applied to structures like common source code representations. Seeing as the data mining
approach for this thesis relies on VCS source code history information, fine-grained
change detection plays an integral part in its realization.

3.2.1 Tree-Based Differencing
Probably the most fundamental method of differencing source code is tree differencing
on the AST or CST structures produced by language parsers. In 1996, Chawathe et al.
[23] developed the by now eponymous two-traversal tree edit script generation algorithm
with support for tree move operations. This approach was later expanded upon by Fluri
et al. [24], who modified the algorithm to perform better on structures like source code
representations. These two algorithms form the foundation of both the AST differencing
framework GumTree [25] and multi-level refactoring detector RefactoringMiner [26], [27].
Somewhat similar in nature to GumTree is the Shift AST2 family of tools which form a

2https://shift-ast.org/, Accessed: Mar. 25, 2024
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code analysis ecosystem focused on ECMAScript source code.

Qingtao et al. [28] also proposed their own AST-based differencing technique that groups
changes based on change content, location, author and timestamp. Since many of these
approaches rely on similarity metrics, there have also been papers such as the one by
Sunghun et al. [29], who investigated the features of functions to determine similarity
metrics suitable for accurate function mapping.

There have also been attempts to make code differencing more space-efficient at scale: The
LISA framework by Alexandru et al. [30] is one such approach which exploits redundancy
in ASTs to analyze the entire history of a VCS repository. Similarly, HyperAST [31]
and HyperDiff [32] are tools that employ spatial and temporal compression and use a
combination of a DAG and Tree-Sitter [80] CSTs, as well as the findings of the paper by the
same authors on co-evolution tracking [33] based on GumTree [25], RefactoringMiner [27]
and Spoon [34]. CodeShovel [6] and CodeTracker [35] are both approaches to on-demand
symbol-level history mining for individual code symbols based on ASTs with refactoring
detection.

3.2.2 Language-Agnostic Differencing
Aside from approaches based on CSTs and language-specific ASTs with or without parser
plugin systems, there have also been endeavors to design more language-agnostic differ-
encing algorithms which take advantage of language-agnostic source code representations.
Effendi et al. [12] developed so-called “MU graphs” as a language-agnostic intermediate
representation for source code and a graph differencing approach using ILP with support
for type stubs and type inference for dynamic programming languages to accurately
cluster changes and mine static analysis rules. This approach is partially based on code
change pattern mining techniques using data and control flow information by Nguyen
et al. [36] and Dilhara et al. [37].

There are also a number of tools [38], [39], [40] that rely on the XML-based “srcML” [41]
code representation, which aims to enable language-agnostic code analysis and trans-
formation. Counted among them is also srcDiff [42], which uses the well-known LCS
algorithm by Myers [43] combined with preorder traversal for more efficient differencing
than the traditional AST-based approach.

3.2.3 Other Techniques
Aside from the above techniques which are all inherently based on source code “as is”
in CST, AST or graph form, there has also been quite a bit of research into other
representations. Hata et al. [44], for example, based their differencing approach itself
on the line-based diff capabilities of Git by creating a separate history for individual
symbols and their associated code. This was later followed up by the papers of German
et al. [45] and Higo et al. [46] who split the data into individual tokens with added
classification information—from their srcML origin and structural context, respectively—
before applying Git’s line-based differencing.
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There are also techniques that use in-IDE change recorders [47], [48], [49], [50], [51] to
capture more fine-grained code changes as they occur, which, in turn, assists in tasks
like code differencing for merge conflict resolution and history refactoring. Other unique
approaches include leveraging other programming paradigms: LSDiff [52], for example,
uses logic programming to infer changes based on facts derived from source code.

3.3 Software Evolution Visualization
Numerous papers have delved into assistive visualization, from visualization and interac-
tion design in general to more granular classes of visualizations designed for specific types
of data sources and information needs. As this thesis is primarily concerned with creating
a useful and efficient visualization, the approaches listed here serve as a good guideline
for how both visualization and interaction techniques can be employed to achieve high
usability and clearly communicate information related to software evolution. A more
elaborate exploration of the most important implications for this thesis can be found in
Chapter 6 as part of the requirements analysis.

3.3.1 Visualization and Interaction Design
The oft-quoted paper by Keim [53] on information visualization represents a foundation
for categorizing visualization approaches using a classification scheme that accounts for
data source, visualization technique, as well as interaction and distortion techniques.
Maletic et al. [54] also published a paper in which they described pivotal aspects of
software visualizations, as well as navigational needs of their users in a similar vein to
the interaction and distortion techniques identified by Keim. Fritz and Murphy [15]
developed a prototype to showcase how information can be organized relative to different
pivot data domains to cater to different information needs. Caserta and Zendra [14]
conducted a literature survey in which they classify different types of static software
aspects visualizations and their used visual abstractions.

Shahin et al. [3] later introduced a classification scheme for software architecture visu-
alization approaches which has since seen widespread use across other research papers.
Similarly, McNair et al. [21] had previously refined a classification approach for soft-
ware evolution visualization based on target aspects. A literature review paper by
Bani-Salameh et al. [55] uses these two classification schemes to categorize a number
of visualization approaches and provides a good overview over the prevalent techniques
in SEV. The following categories of related works are also very roughly based on the
classification scheme by Shahin et al.

3.3.2 Graph- and Charts-Based Visualization
This class of visualizations contains techniques that primarily rely on different types
of charts or structures akin to directed or undirected graphs, where nodes represent
some kind of entities and edges represent some kind of entity relationships. EvoLens by
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Figure 3.1: Graph-based visualization by Alexandru et al. [57, p. 16]

Ratzinger et al. [56] is one such graph-based visualization, which sees packages displayed
as boxes, classes displayed as nodes, and change coupling between classes displayed as
edges with corresponding thickness. The graph visualization by Alexandru et al. [57]
visible in Figure 3.1, on the other hand, places nested charts inside the nodes of the
graph and uses the edges of the graph for dependency relationships such as inheritance
or control flow dependencies. More straightforward is the set of graph visualizations by
Guo et al. [58], which render the AST, DFG and CFG for a given piece of source code
in one of the three supported programming languages, respectively. Rozenberg et al.
[59] proposed RepoGrams, consisting of a collection of “footprint” stacked bar charts for
representing code metrics like code ownership or commit localization where the size of
each bar corresponds to the size of a specific commit in version control history. Grabner
et al. [4] created a visualization ecosystem focused around harvesting information from
multiple sources, including VCS history, ITS items and CI/CD results, and show how
this data can be combined to yield a more holistic view of the software beyond its source
code using mostly charts-based techniques.

3.3.3 Metaphor-Based Visualization
This class of visualizations contains techniques that mainly utilize existing mental models
from real-world contexts to communicate information. Perhaps the most well-known
visualization technique in this category is the “3D blended city” approach that constructs
a “city” from “buildings” whose dimensions and appearance mirror the properties of an
element in a collection of data items. Some examples of this include the works by Xie
et al. [60] and Dal Sasso et al. [61], which use files and classes for the data represented by
the “buildings”, respectively. Other approaches that one might also prefer to include in
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Figure 3.2: Timeline metaphor visualization by Girba et al. [62, p. 4]

the category of graph- and charts-based visualizations focus on timelines, as you would
expect to find in a real-world schedule or program overview. Most notable here are
the visualizations by Girba et al. [62]—pictured in Figure 3.2—and Kuhn and Stocker
[63], which use color coding to represent change authors, as well as the file-level change
event view component in the visualization by Yoon et al. [64]. Additionally, there are
techniques using a “rewiring” metaphor to represent correlations between two states of
nested sequences such as the AST difference viewer by Chevalier et al. [65] shown in
Figure 3.3, with identically lettered boxes representing matching code regions.

Figure 3.3: Rewiring metaphor as found in the paper
by Chevalier et al. [65, p. 93, modified]
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Figure 3.4: Editor overlay visualization by Escobar et al. [71, p. 168]

3.3.4 Editor-Based Approaches

Having experienced a resurgence in recent years are the visualization approaches which
prominently feature a file viewer or directly integrate themselves into IDEs. Around 2010,
there were quite a few papers such as those by Holmes and Begel [66], Fritz and Murphy
[15], as well as Bradley and Murphy [67], which focused around the idea of adding views
or overlays directly to the IDE to provide context for the current source code state and
the changes that led to it through the perspectives of the commits, ITS items and people
involved in those changes.

A number of approaches that followed shifted the focus more towards diff viewing, such
as the previously mentioned visualization by Yoon et al. [64] and the web-based AST
diff viewer DiffViz by Frick et al. [68] which has adapters for various code differencing
backends such as GumTree [25]. The Code Time Machine by Aghajani et al. [69] also
allows diff viewing but places more importance on code history exploration by providing
a multitude of linked visualizations displaying commit frequency, date timeline, a code
metrics diagram and a stacked color-coded text view display for the individual commits
of a specified file.

Recent techniques again see the information placed directly in the IDE more often, such
as the plug-ins for JetBrains IntelliJ IDEA from Kurbatova et al. [70] and Escobar
et al. [71], the latter of which is shown in Figure 3.4. These two approaches both try to
integrate the refactoring information from RefactoringMiner [27] into the version control
tool windows and text editor, respectively. Escobar et al. in particular go into more detail
as for their design decisions and general reception according to a user study, showing the
visualization-related advantages and shortcomings of their approach.
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Figure 3.5: Matrix-based visualization by Rufiange and Melancon [72, p. 142]

3.3.5 Hybrid and Isolated Approaches
Last are the approaches whose main contributions do not neatly fit any of the above
categories. As for matrix-based visualizations [3], Figure 3.5 depicts AniMatrix by
Rufiange and Melancon [72], which uses bar charts for timeline navigation and a matrix
display to show relationships between code elements with a pronounced focus on the use
of animation to communicate time-based information. Novais et al. [73] is also a hybrid
SEV approach using multiple different kinds of visualization techniques: a treemap view
for code structure comprehension, an inheritance tree and a dependency graph. Even
more sophisticated in this regard is the approach by Kim et al. [74], whose visualization
consists of six linked primary views, which, in turn, consist of two to six secondary
components, including timelines, treemaps, lists, word clouds and charts. Finally, there
is the previously mentioned paper by North et al. [20] which investigates the effectiveness
of sound when paired with version control history visualization.
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CHAPTER 4
The State of Version Control

History Mining

Seeing as this work deals with the visualization of software histories, investigating ways
to extract the necessary change information plays a key part in its conception. More
specifically, this thesis is interested in approaches to harvesting semantically meaningful
symbol-level change information from VCS histories of projects with Java as their primary
programming language. What follows is a more detailed examination of the current
state-of-the-art techniques for parsing and code differencing touched upon in Section 3.2.

4.1 File Parsing
Before tackling the problem of code differencing, there is the problem of file parsing.
Specifically, the representation and parser used largely impact the granularity of informa-
tion fed into code differencing platforms, thus also affecting the code difference accuracy.
ASTs usually contain helpful, semantically labeled information, whereas CSTs focus more
on directly representing the productions of the language grammar as a tree of tokens.
While the latter can typically be generated faster due to remaining on a purely syntactical
level, its lack of semantically meaningful information about the relationships between its
nodes beyond the implied compositional relationship between parent and child nodes can
necessitate additional language-dependent parsing to uncover information that would
already be included in many AST representations.

4.1.1 AST-Based Approaches
For libraries that produce and analyze ASTs for Java, there is Spoon [34], which is an
open-source code analysis suite which (at the time of writing) supports up to Java 20. In
addition to code parsing and AST traversal helpers, it also supports AST querying with

21



4. The State of Version Control History Mining

pattern matching, imperative code transformation, automatic symbol solving, as well
as Maven POM declaration files. Under the hood, Spoon uses the Eclipse JDT Parser1,
which can also be used as a standalone parser but uses a different AST representation
than Spoon.

There is also JavaParser [81], which is a different AST parser that features code trans-
formation and symbol solving components, and (at the time of writing) supports up to
Java 18. Last but not least, there are also AST parser generators which support the use
of custom grammars to parse a variety of languages, the most notable in this context
being ANTLR [75], which is not only widely used and provides language bindings for
Java but also comes with a repository of ready-made grammars, including a lexer and
parser grammar for Java 20.

4.1.2 CST-Based Approaches
By far the most popular library on the CST end of the spectrum is the Tree-Sitter [80]
parser generator, which—despite still being in a pre-release development state at the
time of writing—offers support for a wide variety of markup and programming languages
and provides language bindings for Java. Its official Java parser appears to support up to
Java version 19 based on the language features it can process without errors. One other
noteworthy CST parser implementation for Java is the java-parser npm package used
by the formatting tool Prettier. Notably, this parser was created using the Chevrotain
CST parser generator2, which does, however, not support Java as a target language for
the generated parsers.

4.1.3 Hybrid Approaches
Besides these two general approaches to source code parsing, there are also structures
which try to combine the advantages of both: Moderne’s “Lossless Semantic Trees”3

are trees conceived for their OpenRewrite refactoring ecosystem that are structurally
similar to ASTs but preserve formatting information—similarly to CSTs—and include
type information that would normally be either computed on top of the AST during
semantic analysis in compilers and interpreters or appended by symbol solvers with AST
parser libraries like Spoon [34].

Incidentally, there also exist so-called “Lossless Syntax Trees”4, which are based on a
concept known as a “red-green tree”5 that essentially generates an AST-like view into a
CST, thus also preserving formatting information while retaining more high-level syntax
information.

1https://github.com/eclipse-jdt/eclipse.jdt.core, Accessed: Apr. 3, 2024
2https://github.com/Chevrotain/chevrotain, Accessed: Apr. 3, 2024
3https://docs.openrewrite.org/concepts-and-explanations/lossless-semantic-trees, Accessed: Oct. 27,

2025
4https://github.com/rust-analyzer/rowan, Accessed: May 4, 2024
5https://learn.microsoft.com/en-us/archive/blogs/ericlippert/persistence-facades-and-roslyns-red-

green-trees, Accessed: May 4, 2024
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4.2 History Mining and Change Detection
Next are the actual algorithms and differencing techniques used on top of the representa-
tions mentioned above.

4.2.1 Classical Tree Differencing Algorithms
Most approaches to modern tree-based source code differencing can be traced back to
the paper by Chawathe et al. [23], whose algorithm was among the first well-known
approaches to compute tree matchings and tree edit scripts with support for subtree move
operations. Capturing subtree moves is essential since these are, of course, a frequent
occurrence in source code history when moving code across functions or changing the
nesting context of statements via control structures, and could be seen as a first step
towards refactoring detection. However, the matching part of their algorithm makes
the key assumption that each leaf node in either tree has at most one leaf node in
the other tree with low update cost. While this assumption may make sense for some
markup languages and schemas, it is highly detrimental for computing good matchings for
source code representations where similar or even identical nodes are commonplace. An
attempt to fix this was made by Fluri et al. [24], whose algorithm circumvents problems
related to matchings with multiple viable candidates on either or both sides by employing
similarity metrics and greedy maximum-similarity matching. These two algorithms,
together with the LCS algorithm by Myers [43], form the basis for most of the code
differencing approaches listed below.

4.2.2 GumTree 3.0 and GumTree-Spoon 1.69
GumTree is a commonly used Java-based tree differencing framework written by Falleri
et al. [25]. Similar in flexibility to parser generators like ANTLR [75], it can be combined
with parsers for all kinds of languages since it is, at heart, a tree edit script generation
tool. At the time of writing, the latest plugins for Java parsing use versions of the JDT
and JavaParser [81] parsers compatible with up to Java 14. By default, GumTree uses
an adapted version of the algorithm by Chawathe et al. for edit script generation and
therefore offers limited support for low-level intra-file refactorings such as moving variable
declaration sites inside of a class.

GumTree is inherently designed for file-to-file comparisons, so changes on the file-level
(e.g., moving a class) and inter-file changes (e.g., moving a method from one class
to another) do not get picked up. Additionally, due to being a general-purpose tree
differencing tool, the resulting edit scripts consist of actions to “nodes” and “trees” as
opposed to actual syntactic code elements, leading to very fine-grained, localized changes.

Using the findings from their paper on hyperparameter optimization for AST-based
source code differencing [76], Martinez et al. later developed GumTree-Spoon (gumtree-
spoon-ast-diff), which adapts GumTree to work more effectively with Spoon [34] ASTs.
In particular, this version leads to improved edit script quality, with changes that more
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closely reflect the granularity expected from developers. For example, changes may be
associated with Java language constructs such as methods instead of plaintext tokens.
It also allows further examination of the detected changes using Spoon’s APIs. It is
worth noting, however, that even this version of GumTree maintains its tendency towards
minimum-cost edit script generation due to the underlying optimization scheme. This
can result in some unexpected edit script operations whenever multiple categorically
identical code elements are involved, as is the case when multiple field declarations,
which are commonly found bundled together at the top of class declarations by code
style convention, are changed at once. Still, in most cases, the resulting edit scripts are
accurate enough to be acted on, be it through a library client or via Spoon.

4.2.3 srcML and srcDiff
The srcDiff tool by Decker et al. [42] offers another approach to language-agnostic file-
to-file diffing. It operates on program files in srcML [39] format, which is a largely
language-independent XML-based source code representation, and aims to produce more
understandable and accurate edit scripts compared to GumTree [25]. In this context,
“understandable” can be understood to mean “closer to the developer’s intention” as
srcDiff uses the LCS algorithm by Myers [43] to perform tree differencing on a level-by-
level sequential basis, leading to purposefully suboptimal edit distances and avoiding the
performance penalty usually incurred by tree differencing. Additionally, while srcDiff
itself only outputs a purely structural diff—closer to a diff for general XML files—without
any refactoring change information, it is designed to be partially refactoring-aware: For
example, the fact that variables could have been renamed is taken into account for node
matching purposes. While intriguing, seeing as this project is not listed in the tools
section on the official srcML website6 and no published artifact is mentioned in the paper
itself or easily found online, this solution cannot be used as a base or library for the
purposes of this thesis.

4.2.4 RefactoringMiner 3.0 and CodeTracker 2.6
RefactoringMiner is a refactoring detection framework for Java developed by Tsantalis
et al. [27] and Alikhanifard and Tsantalis [77]. It is publicly available on GitHub and still
in very active development, with the paper for the newest release still in its pre-publishing
stage at the time of writing. This library uses a matching algorithm inspired by Fluri
et al. [24] and can detect a wide variety of medium-level refactorings, including inter-file
refactorings as well as more complex changes involving many-to-one and one-to-many
mappings. However, with the exception of changes to methods in certain situations, it
generally does not allow the retrieval of unmatched elements, necessitating the use of
a separate change detector for simple changes like additions and deletions. Changes
without semantic implications for the program are also generally ignored, e.g., reordering
method parameters is counted as a refactoring (since it usually changes the method
signature), whereas reordering methods in a class is not.

6http://www.srcml.org/tools.html, Accessed: May 15, 2024
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CodeTracker by Jodavi and Tsantalis [35] is a code symbol history extractor based on
RefactoringMiner that allows retrieving information on-demand on a per-symbol basis.
In other words, given a specific code symbol, it harvests related change information from
VCS history using RefactoringMiner for that symbol only. As one might expect, part of
the main performance benefit of this approach is strongly tied to the fact that only one
symbol is actively tracked throughout the procedure. For example, since a single symbol
can only be in a single file or class, a search can be conducted in locations where the
symbol was last seen, which can dramatically reduce the number of changed files that need
to be examined. As such, this library works best when wanting to know the history of
symbols that still presently exist in some form since their discovery only requires parsing
the current workspace once. For symbols that have been deleted, however, a library
client would need some kind of way to discover them quickly, which involves making sure
that they have, in fact, been deleted as opposed to refactored to avoid double-searching
or result duplication. Still, even for current symbols, the entire search would have to
be invoked for each single one if one wants to precompute change information for all
symbols, leading to algorithmic overhead so significant that this type of usage ultimately
defeats the purpose of the library. It is worth noting that CodeTracker borrows its change
hierarchy and overall approach from CodeShovel [6], which is a method-level history
extractor using text-based method body similarity metrics for method diffing that also
works on demand. However, CodeShovel is only interested in method symbols, whereas
CodeTracker can track other kinds of symbols, as well.

4.2.5 HyperAST and HyperDiff

HyperAST [31] and HyperDiff [32] are part of a fairly new history-aware repository-scale
tree representation and code differencing toolset written in Rust by Le Dilavrec et al.
Somewhat confusingly and contrary to the name, the HyperAST representation is actually
not based on ASTs and instead relies on the CST parser ecosystem of Tree-Sitter [80]
as well as the Merkle DAGs of Git repositories. More specifically, HyperAST as a data
structure acts as an extension of the Merkle DAG from the file-level to a syntactic level:
Rather than including only information about individual files, this approach opts to
include the contents of CST code elements in the DAG structure, as well. This, in turn,
leads to spatial and temporal compression of syntax elements across the repository history
as CST nodes get reused whenever possible, both within the same commit and across
the entire history. The resulting DAG then basically constitutes something akin to an
all-encompassing CST containing all elements from VCS history with as little redundancy
as possible.

With HyperAST as the data structure, HyperDiff acts as the tree-based code differencing
component. Since the DAG structure contains compressed nodes, this involves decom-
pression when performing a diff between commits. However, since nodes include a hash of
their subtree structure, decompression can be performed lazily and is only necessary if two
subtrees actually differ. Other than that, the overall approach is mostly an adaptation
of GumTree [25] written for Rust. In fact, for evaluation purposes, Le Dilavrec et al.
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implemented a port of the GumTree algorithm using HyperAST with eager instead of lazy
decompression in Rust. While their results show a large improvement in terms of overall
runtime between their fully lazy approach and the Java-based GumTree baseline, both the
figures and some brief remarks in the paper [32, pp. 8-9] reveal that the performance gains
relative to their Rust-based GumTree implementation are much smaller in comparison,
lending credence to the idea that the runtime improvements can largely be attributed
to the switch in programming language. Additionally, although not completely clear
from the paper or the source code of the published artifacts, HyperDiff seems to require
computing the HyperAST first, meaning that significantly more memory space is needed
when compared to a sequential commit-by-commit diffing approach. In any case, the fact
remains that the published artifacts represent more of a prototype than a ready-to-use
library, so while the overall idea is certainly interesting and relevant, it means HyperDiff
is not currently suited to being part of the mining approach for this thesis due to a lack
of polish and documentation.

4.2.6 Historage and FinerGit

The last class of code differencing techniques that deserves a mention here are approaches
that exploit conventional VCSs to perform the differencing for them. Tools like Historage
by Hata et al. [44] construct a separate Git repository and corresponding history where
fields, methods and constructors are elevated to separate files. The built-in change
detection mechanisms of Git are then used to find additions, deletions, moves, renames
and modifications of these code element files. A major drawback of this particular
approach is that, since Git uses line-based differencing and lines of code often encompass
multiple code elements, changes end up getting grouped together and are usually quite
coarse-grained, similar to how changes are captured in the original Git repository.

This problem is somewhat rectified in FinerGit by Higo et al. [46], who—similarly to
a paper on token-level blame information mining by German et al. [45]—further split
each line into separate lines for each token with its corresponding syntactic meaning; for
example, pairs of parentheses get prefixed with the name of the structure they belong to,
leading to fewer line-based change detection errors. Despite these improvements, this
approach still exhibits multiple significant shortcomings: The algorithm is computationally
intensive due to large amounts of disk operations, requires Git to perform a complete
re-indexing, essentially doubles the amount of project source code on disk and cannot
capture related changes such as refactorings that involve partial modifications to multiple
code elements, even within the same class. As shown by Grund et al. [6, p. 1518],
FinerGit also tends to produce less accurate results than other approaches and runs the
risk of more easily running out of memory. All in all, while these types of approaches are
certainly unique enough to deserve to be mentioned here, they ultimately appear to be
inferior to the previously mentioned techniques due to these key disadvantages, at least
for the purposes of this thesis.
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4.3 A Note on GitHub’s Symbol-Related API Capabilities
Lastly, GitHub’s APIs were also considered as a possible avenue to query symbols and
their related changes. In recent years, GitHub has added features to provide code
navigation assistance with support for various programming languages to their website,
such as a side pane with a list of symbols from the currently viewed file7. Under the hood,
these code navigation features utilize GitHub’s Haskell library semantic8 to correctly
parse source code files and extract symbol information. However, while GitHub allows
for text-based symbol-related filters in search queries only, none of the captured symbol
information appears to be exposed via their official REST9 or GraphQL APIs10, rendering
this working direction a dead end.

4.4 Summary
All in all, while there are many different approaches to computing the history of code
symbols, none of the papers directly deal with computing the history of all symbols
over all commits, and the degree of refactoring-awareness differs from library to library.
Approaches based on srcDiff [42], HyperDiff [32] and GitHub symbol information have
not been taken into consideration due to multiple factors, such as limited availability and
documentation. Furthermore, Historage [44] and FinerGit [46] are Git-based solutions
which ultimately suffer from having to construct an entire second version control history
and relying on Git’s innate diffing capabilities.

This more or less leaves GumTree [25] and its surrounding ecosystem with GumTree-
Spoon [76], RefactoringMiner [27] and CodeTracker [35] as the remaining options. Im-
plementing the code differencing from scratch based on the algorithms by Chawathe
et al. [23] and Fluri et al. [24] would also be a possibility, but since such a solution would
presumably pale in comparison to even the simplest alternative of GumTree in terms
of accuracy and take quite a bit of time to develop, this avenue was deemed not worth
exploring for this thesis. Both GumTree and GumTree-Spoon are primarily designed for
file-to-file comparisons and would therefore require additional care to take VCS changes
on the file level into account. For the same reason, neither library can detect changes
involving moving nodes across files, and refactoring detection remains rather limited.
Meanwhile, RefactoringMiner and CodeTracker support taking a VCS history as input
and can detect a large variety of refactorings. However, RefactoringMiner does not output
any mapping information, meaning simpler changes not classified as refactorings cannot
be retrieved, while CodeTracker requires information about the most recent location of
each code symbol, which is difficult to determine for symbols that have been removed,
and has to traverse the history for each symbol individually.

7https://docs.github.com/en/repositories/working-with-files/using-files/navigating-code-on-github,
Accessed: Apr. 3, 2024

8https://github.com/github/semantic, Accessed: Apr. 3, 2024
9https://docs.github.com/en/rest/repos/contents?apiVersion=2022-11-28, Accessed: Apr. 3, 2024

10https://docs.github.com/en/graphql/overview/public-schema, Accessed: May 20, 2024
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Ultimately, it appears as though a solution not dissimilar to that of Escobar et al.
[71] would prove to be the most effective option: using regular AST differencing—for
example, GumTree—for simple tree-based changes in conjunction with RefactoringMiner
for refactoring detection. While running both libraries concurrently certainly incurs
some computational overhead, their strengths nicely cancel out each other’s weaknesses,
resulting in change information on all symbols throughout the entire VCS history with
support for complex refactorings to boot.
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CHAPTER 5
Methodology

Naturally, in order for this thesis to yield accurate, insightful and actionable research
findings, it has to follow proper structural standards for how information is attained,
acted upon and evaluated. In the case of this thesis, its research results are primarily
based on two artifacts: a symbol-based software history visualization concept and the
implementation thereof in conjunction with the data mining and software architecture
approach necessary to fully realize it. This section deals with the step-by-step procedure
put in place to provide a methodical and goal-oriented process by which to design and
evaluate a possible solution to the problem outlined in Chapter 1.

5.1 Research Questions
The research questions listed in Chapter 1 serve as the goals for this thesis. In terms
of milestones as part of a greater work, these research questions are modeled after the
design science approach by Wieringa [7] in that they map to the problem investigation,
treatment design & validation and treatment evaluation phases outlined as part of the
design and engineering cycles.

RQ1. First and foremost, designing a treatment requires prior context and analysis. In
the case of this thesis, these components are provided by two components: a review of
current academic and industrial literature, intended to identify relevant information needs
related to symbol-level changes from developers, as well as a survey on information- and
visualization-related requirements conducted as part of semi-structured expert interviews,
both of which are described in Chapter 6 as part of a requirements analysis.

RQ2. Second is the actual treatment design & validation. For this purpose, visualization
mockups were created based on the findings of the literature review. These mockups were
then validated through sets of open questions from the expert interview questionnaire
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in order to gauge interest and get first feedback on the early stages of the proposed
visualization approach, a process further explained in Section 6.2. Additionally, any
possible design for a symbol-based history visualization must not neglect the underlying
data mining approach, the software architecture of which was largely based on a prior
analysis on state-of-the-art file parsing and VCS symbol information extraction techniques
found in Chapter 4. The entire design process and all design considerations are recorded
in Chapter 7.

RQ3. Last is the evaluation of the implemented treatment. This implementation, as
described in Chapter 8, uses the findings from the aforementioned evaluation on state-of-
the-art tools described in Chapter 4 for the data mining approach and the findings from
the requirements analysis described in Chapter 6 for the implementation of a suitable
visualization prototype. The resulting artifact was then evaluated using a second round
of semi-structured expert interviews, this time centered around the created prototype
in the context of scenarios derived from the information needs elicited and evaluated as
part of answering RQ1 and RQ2.

5.2 Related Work
For identifying related work as part of literature research in Chapter 3, the following
domains were primarily taken into consideration for direct searches, listed here in
alphabetical order along with a selection of examined topics:

• Algorithmics: trees, file parsing, program compilation, tree differencing and edit
script generation

• Code Differencing: differencing approaches on ASTs & CSTs, refactoring detection,
efficient VCS history mining techniques, code representation formats

• Information Needs in Software Engineering: general software engineering infor-
mation needs, VCS- and software evolution-based information needs, information
needs rooted in data visualization

• Software Evolution Visualization (SEV): specialized extraction, visualization and
interaction techniques for the domain of software evolution and VCS change infor-
mation

• Visualization: general visualization and interaction techniques and associated use
cases, use of colors and metaphors

Initial research began with the papers by Codoban et al. [1], Grabner et al. [4] and
Ragavan et al. [2], then progressed mainly using direct searches, forward reference tracking
and backward reference tracking. The primary platforms enabling these search methods
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were IEEE Xplore1, the ACM Digital Library2 and Google Scholar3 due to their vast
collections of scientific works and advanced search capabilities. Where appropriate,
searches were also triggered by virtue of repeatedly occurring author names, as was the
case with Codoban et al. and Tsantalis et al., for example.

In terms of recency, most included works were published in the year 2015 or later, with
some papers as recent as 2024. However, to provide additional context for traditional
issues tackled in the field of AST- and VCS-based visualizations, certain historic works
dating back as far as 1957 also find mention in this thesis.

5.3 State-of-the-Art Analysis

While the state-of-the-art analysis for data mining techniques also uses the general
approach of Section 5.2, it additionally considers online sources in the form of public
VCS software repositories and websites of products or services found in the industry.
These were primarily found with a simple Google search using keywords provided by the
scientific literature examined as part of collecting relevant related work.

5.4 Requirements Analysis

Both as part of the deeper problem investigation process and as part of the treatment
design & validation, a thorough requirements analysis was performed. This analysis
consists of two components: the literature review and semi-structured expert interviews,
which are meant to give insight into requirements from other scientific works and experts
in the field of software engineering, respectively.

5.4.1 Literature Review

The literature review acts as a summary of external findings related to information needs
in software engineering and Software Evolution Visualization. It accomplishes this task
by comparing the papers collected in Section 5.2 to draw conclusions about commonly
occurring problems or questions. These commonalities have been rigorously collated
through reading and note-taking, resulting in the question table found in Section 6.1.1
and a textual description of current pain points when dealing with software history or
the act of extracting or extrapolating information from it. These questions then form
the basis for the perspective-based visualization mockups detailed in Section 7.2.

1https://ieeexplore.ieee.org/Xplore/home.jsp, Accessed: Oct. 23, 2025
2https://dl.acm.org/, Accessed: Oct. 23, 2025
3https://scholar.google.com/, Accessed: Oct. 23, 2025
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5.4.2 Semi-Structured Expert Interviews
Using the findings and mockups which resulted from the literature review, the thesis
then proceeds to a round of semi-structured expert interviews. In terms of content, these
interviews focus primarily on the issues, possible solutions and visualization concepts
from the literature review, packaged as a survey questionnaire written using Google
Forms4 with both open and closed questions, with the latter following the Likert scale [78]
system for constructing low-bias answer options.

The experts in question were all from the INSO research group at TU Wien. In total,
four experts were chosen for the requirements analysis, with one expert for a preliminary
pilot interview and three for the actually evaluated interviews, the purpose of the pilot
interview being to gather feedback for the structure and wording of the questionnaire as
well as the overall interviewing process.

All interviews were conducted via an online video conferencing tool, with the participants’
answers being manually entered into the questionnaire fields by the interviewer over the
course of the interview. Any questions regarding clarifications were answered whenever
the resulting bias was deemed low-risk; for example, terms were readily explained when
ambiguities arose, whereas design decisions and intentions were not (since whether or
not a design reads correctly is part of the assessment).

The results of the quantitative questions from the interview were compiled for the figures
in Section 6.2.2 using Microsoft Excel, then exported as CSV once in a format suitable
for LATEX packages to consume.

5.5 Conceptualization
The initial proposal visualization mockups were all hand-drawn using pen and paper,
whereas the perspective-based mockups were written in HTML, CSS and TypeScript
with the Vue.js front-end framework so as to facilitate faster transfer when moving from
conceptualization to implementation. Naturally, the perspectives themselves were a result
of the different categories of information needs as identified in the literature review phase,
and the decision to move forward with the search-based design was similarly informed by
the evaluation of these concepts through the semi-structured expert interviews conducted
as part of the requirements analysis. This ultimately resulted in the final visualization
prototype design, which was then realized using the reactivity functionality of Vue.js
as part of one half of the implementation. This overall structure intuitively reflects the
iterative design process as part of the treatment design & validation.

4https://docs.google.com/forms, Accessed: Oct. 23, 2025
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5.6 Implementation
The actual realization of the visualization prototype and data mining application likewise
took place over several iterations, with each iteration leading to incremental progress on
the overall artifact implementation. Iterations took place in roughly three-week intervals,
separated by a thesis status meeting and a progress report on the current state of the
implementation. It was also through this iterative process that a decision to reduce the
scope of this thesis due to time constraints was ultimately reached, more on which is
explained in Section 8.1.4. The final prototype was developed using a Docker container
setup for simple and environment-independent deployment.

5.7 Evaluation
In the final evaluation stage, the implemented treatment was then judged by participants in
a second round of semi-structured expert interviews. Fundamentally similar in structure to
the requirements analysis interviews described in Section 5.4.2, also using a questionnaire,
online conferencing, pilot interviews and the same number and source of participants,
this set of interviews placed a greater focus on a scenario-based expert assessment of the
implemented visualization prototype in the context of live demonstrations as presented
by the interviewer.

The scenarios for these demonstrations were largely based on the questions and use
cases from the literature review corresponding to the search-based visualization concept
chosen as a result of the requirements analysis interviews as well as the capabilities of
the finished prototype.

The final results from this evaluation were then processed similarly to the first set
of interviews for illustration in this thesis, ending with a last interpretation of the
quantitative and qualitative feedback received as well as a discussion of the outcomes
and findings of this thesis as a whole.
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CHAPTER 6
Requirements Analysis

As outlined in Section 5.4, a thorough requirements analysis has been conducted to inform
the further course of action for this thesis. This step is split into two tasks, which have
been addressed in this order: a scientific literature review and qualitative semi-structured
expert interviews.

6.1 Literature Review
As part of the literature review, this section seeks to collate the most important re-
quirements as identified across scientific literature. More specifically, the review corpus
consists of the works outlined in Chapter 3, which likewise leads to an investigation
across the same three major domains: information needs in software engineering, code
differencing and software evolution visualization. Seeing how the requirements analysis
step for the domain of code differencing is intricately tied to both the current state of
the art and the technical feasibility of specific concepts and features moving into this
thesis, it has naturally taken precedence over the other two steps, which more so concern
themselves strictly with results from literary surveys, interviews and studies. Its findings
and conclusions can therefore be found in the prior Chapter 4.

As for the other two domains, there exists a clearly identifiable overlap which is more or less
pronounced when looking over the collected sources, i.e., many papers on software history
visualization naturally include sections about the fundamental information needs that
serve as the motivation for their proposed concepts, and some works about information
needs illustrate ways to go about capitalizing on this in the form of proposed effective
graphical representations for the desired information fragments. Thus, the following two
sections are divided based on the domain with the overall subjectively perceived stronger
focus for particular pieces of information, rather than the section of their respective works
as part of Chapter 3, and some papers or concepts may find mention in both sections.
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6.1.1 Information Needs in Software Engineering
Searching and navigating through source code history can be quite a difficult task,
especially for large codebases. Developers often need to find suitable reversion points
during trial-and-error development to be able to undo unsuccessful experiments [1] or
gather the information required for merge conflict resolution [5]. Towards this end,
developers frequently employ search-space reduction techniques by code region and date
to find the information they are looking for [1, p. 4]. However, due to the high information
density in VCS information and large amounts of noise in diffs [1, p. 4] coupled with
a lack of proper support for recognizing move, rename and reformatting operations [2,
p. 1650], relevant changes often tend to disappear in the shuffle. Today’s developers most
frequently employ the git log command in the Git CLI and IDE features like IntelliJ
IDEA’s history functions, yet surveys such as those by Grund et al. and McKee et al.
demonstrate that tool support for software history exploration is something the majority
of developers still feels unsatisfied with [6, p. 1513] and has been shown to constitute the
third highest unmet need among open-source developers [5, pp. 6-7].

Proof of this issue can be found throughout numerous research papers on questions
frequently asked by developers, where source code history plays an integral part in finding
the answers developers seek for a significant number of them [1], [2], [5], [6], [15], [16].
A summary of the most recurring questions in this context can be found in Table 6.1,
subject to interpretation of intent by the respective authors as well as the author of
this thesis. With the exception of the paper by McNair et al. [21], whose questions
are based on either what the authors consider typical use cases or lifted from other
literary sources, all the listed papers conducted their own surveys and interviews to elicit
relevant questions regarding source code evolution—as well as related topics such as code
ownership and code hotspots—which were considered difficult to answer or for which
tool support was deemed unsatisfactory by respondents.

As the results from the survey by Fritz and Murphy [15] show, questions regarding changes
made to source code make up one of the largest categories of developer questions. The
paper by LaToza and Myers [16] likewise lists many relevant hard-to-answer questions
about change times, contexts, authors, recency, rationale and relationships. It further
highlights the frequent need to find a person knowledgeable about the current state of
the code, or “code expert” for short, which is corroborated by plenty of other sources
(see Q01 and Q02 in Table 6.1), including papers like the one by Begel and Zimmermann
[17], which focus more on the managerial aspects of software development. Notably,
the reported questions also included questions about code structure, such as code size,
dependencies and type relationships (see Q15 and Q20), which is also backed by Codoban
et al. [1], whose respondents repeatedly remarked on the importance of change effects on
related modules or APIs. In the case of Codoban et al., McKee et al. [5] and Grund et al.
[6], important use cases for source code history are more directly highlighted due to the
qualitative nature of their conducted interviews, leading to direct developer quotes which
paint a clearer picture over what questions are actually being asked and which practical
applications would provide the most utility.
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Question Subject Sources
Q01 Who is the expert for this code?

(Who modified it the most?)
Code expertise [16, p. 4] [17, p. 17] [1, p. 3]

[6, p. 1512] [21, p. 135] [15,
p. 178] [66, p. 2]

Q02 Who last changed this code? Code expertise [21, p. 135] [15, p. 178]
Q03 How has this code changed over

time?
Code history [16, p. 3] [1, p. 3] [6, p. 1512]

[15, p. 178]
Q04 When was this code element

created and by whom?
Code history [6, p. 1512] [21, p. 135] [15,

p. 178]
Q05 What changes have occurred in

this particular timeframe?
Code history [1, p. 4] [21, p. 136]

Q06 What code has recently changed? Recent changes [16, p. 3] [21, p. 135] [15,
p. 178] [66, p. 2]

Q07 What have I recently changed? Recent changes [1, p. 3] [6, p. 1512]
Q08 Which recent changes are related

to my work?
Recent changes [1, p. 3]

Q09 Who is working on what? Recent changes [15, p. 178]
Q10 Has this code ever been changed? Code stability [16, p. 3]
Q11 Which code elements have not

been changed recently?
Code stability [21, p. 136]

Q12 Who changed this code? Change author [16, p. 3] [1, p. 3] [6, p. 1512]
[15, p. 178]

Q13 Why was this code changed? Change rationale [16, p. 3] [1, p. 3] [6, p. 1512]
[15, p. 178]

Q14 What else changed when this
code changed?

Change context [16, p. 3] [1, p. 6]

Q15 What are the type and de-
pendency relationships of the
changed code?

Code context [16, p. 5] [1, p. 3]

Q16 Which modules are affected by
this change?

Code context [1, p. 4]

Q17 When was this code changed? Change date/time [16, p. 3]
Q18 Which code elements were

changed frequently?
Code hotspots [21, p. 135] [15, p. 178]

Q19 Which code elements were
changed by the most people?

Code hotspots [21, p. 135]

Q20 How big is this code? Code properties [16, p. 4]

Table 6.1: Frequently asked questions about source code evolution
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Despite these lists of frequently asked questions providing a good starting point, alone
they only paint a vague picture of how developers would realistically want to go about
finding answers for these questions, focusing more on the dimensions (changes, code
elements, people, . . . ) of the problem. Looking into the respective papers again reveals
pivotal aspects essential to improving tool support for software history exploration, with
a desire for better usability at the top: Results from McKee et al. [5] suggest that
usability is, in fact, the most desired improvement when it comes to aiding in conflict
resolution, with confusing terminology and unappealing graphical presentation mentioned
as contributing factors. Yet another factor that compounds this problem is the amount of
noise that developers often need to contend with when trying to find the information they
are looking for [1]. Codoban et al. and Ragavan et al. [2] remark that trivial code changes
such as changes in whitespace or other reformattings, combined with unsatisfactory
support for detecting file moves and renamings, complicate reading diffs and threaten
both the validity and utility of metrics such as code ownership, which plays an integral
role in answering questions about code expertise.

Furthermore, there exists a perceived lack of useful options for expressive search, filtering
and grouping [1], [5], which might otherwise help mitigate these issues to some extent.
Tangentially related to this is the problem of missing change context, which appears to be
frequently overlooked: Developers want to view changes not just in isolation but also as
part of a collective of related changes [5] such as changes within the same commit or in a
dependency relationship [1]. Ragavan et al. [2] highlight that the frequently encountered
lack of detail in commit messages presents a big problem that often necessitates looking
for related changes to understand the rationale behind a change. Additionally, works
such as the paper by Grund et al. [6] show the demand for a complete software history
exploration software with higher-granularity change detection to aid in these endeavors.
Notably, the results from the survey by Codoban et al. [1] suggest that developers use
information even from uncommitted changes when inspecting source code history, and is,
overall, leaning towards recent changes being more important than old changes; however,
it is unclear whether inspection of uncommitted source code is indeed a prominent use
case since it finds little mention in any of the other sources, even those directly citing
their findings.

6.1.2 Software Evolution Visualization

Apart from the more utility-oriented aspects of the prior section on information needs,
there are also challenges regarding the representation and interactivity components of
usability to consider. The oft-cited paper from Keim [53] offers a good overview of the
fundamentals of visualization design for data mining applications. In it, the process of
visual data exploration is described as following three general steps: Initially, only an
overview of the information should be presented to the user. This “overview” step should
enable the efficient initial identification of interesting clusters of information. To further
narrow down which clusters to take a closer look at, the second step allows for zooming,
filtering and other interaction techniques to hide or highlight different areas of interest.
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Finally, the visualization requires some manner of “drill-down” capability to allow the
user to actually and properly navigate through the information, again either through
means of highlighting or hiding.

Holding it all together is the targeted use of interaction and distortion techniques,
which Keim groups into five distinct categories: Projection allows for a more natural
exploration of multidimensional data by restricting which dimensions inform the layout of
the presented information. This technique aligns nicely with the findings of the previous
section regarding the use of different perspectives to provide ways for more intuitive
information comprehension. Filtering techniques make it possible to constrain which
data or properties thereof are shown or otherwise influence the way the data is displayed.
For these techniques, a distinction can be made between methods to filter by selection
and navigation (“browsing”) or inclusion and exclusion (“querying”). Zooming refers to
techniques which alter the fidelity of the information displayed. This encompasses not
only including more details for lower-level, “drilled-down” pieces of information but also
varying the resolution or granularity of information, e.g., allowing the user to change the
unit of measurement for one or more data axes. Distortion techniques offer alternative
avenues to filtering by making sure that existing detail is not lost through navigation.
Instead, additional detail should only be added or highlighted, without replacing the
more coarse “overview”. Finally, “Linking and Brushing” is an interaction technique that
applies whenever multiple related visualizations or sub-views are visible at the same time.
This inherent connection or relationship between visualizations can be emphasized by
sharing some kind of interaction state for identical or closely related data points across
components, allowing the data to appear universally instantiated or “linked”. A common
way to accomplish this in a simple manner is to ensure that data points share the same
color across different views, which is what Keim refers to as “brushing”.

On a related but more general note, Merino et al. [19] outline several criteria by which
visualization papers may be categorized: the motivation for the visualization (“task” and
“need”), the visualization’s target audience (“audience”), the data to be visualized (“data
source”), the means of visualization (“representation” and “medium”) and the underlying
software solution that generates the data (“tool”). Turning the motivation for the paper
on its head, however, reveals that these features may just as well be used to examine and
solidify the basis of an in-progress visualization approach, providing some more general
points to keep in mind during both the design and implementation phases. Suffice to say,
the above techniques and pointers from Keim [53] and Merino et al. [19] in particular
have had an effect on this thesis from the ground up, starting at the proposal stage, where
the initial draft already took these aspects into consideration. This is further expounded
upon in Section 7.1, which delves into more detail regarding early design considerations.

Apart from these more general aspects, there are, of course, more specialized design
decisions to consider. Looking at the questions compiled in Table 6.1 from the previous
section reveals that frequently sought-after information typically concerns more than
one information domain. For example, some questions might place a stronger focus on
the source code and its evolution, whereas others put a stronger emphasis on the people
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working on said source code and their actions throughout development. It therefore
stands to reason that compiling all of this information into one single visualization—or, at
least, a single view—is tantamount to underestimating the complexity of the task at hand
and overestimating the amount of information that can be contained by one coherent
and intuitive visualization. Indeed, there have been cases where less information has
already resulted in severe information overload, such as the network graph visualization
by North et al. [20]. It follows that splitting the visualization into distinct perspectives
for different use cases is a reasonable approach to take. When put together to form
a cohesive whole, this method has been shown to help when faced with a diverse set
of fields of interest as inputs to a visualization-based solution [60]. However, this also
warrants extra caution, as the issues pointed out by McKee et al. regarding the sharing
of terminology and presentational patterns in service of a consistent experience apply
just as well to such components within the context of a single visualization.

Regarding the general type of representation, approaches such as that of Yoon et al. [64]
have shown the feasibility of timeline-based visualizations for communicating software
evolution. Additionally, since VCS history constitutes the primary data source proposed
by this thesis, the stronger emphasis placed on the time dimension of data plays another
crucial role in reaffirming the pertinence of this type of visualization for the kinds of use
cases represented by the questions in Table 6.1, which almost always relate some manner
of subject to timed events. The originally intended target medium of a web application
is likewise based on the interpreted findings of papers such as those by Holmes and Begel
[66], which provide valuable insight into the difficulties of working with limited screen
estate for SEV. Considering this medium, the innate relationships between the different
kinds of data points in software evolution, as well as the points regarding “Linking and
Brushing” outlined by Keim [53], it is also clear that the methodical use of colors can
greatly help in conveying and connecting information. Visualizations such as those by
Kuhn and Stocker [63] provide a clear example of how colors can be used effectively to
provide information at a glance, with participants from the study by North et al. [20]
actively remarking on the help provided by the use of color. The latter study additionally
demonstrates that, despite its advantages for swift visual communication, iconography
needs to be used with care, since using it on its own can be prone to omitting the very
information it is meant to convey; for example, some respondents mentioned the difficulty
added by solely relying on developers’ profile pictures without any indication of their
name. Lastly, it is important to note that the study likewise found that one should be
careful when handling additional multimedia output such as sound, which appeared to
cause disorientation among some participants when used as an integral visualization
element.
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6.1.3 Literature Review Findings
Summing up, the findings of the literature review provide a clear indication of how to
proceed with the semi-structured interview phase of the requirements analysis. Past
works reveal that there are numerous questions related to developers’ information needs
regarding software history, which not only involve a diverse set of aspects and information
domains, but have also yet to be addressed in a satisfactory way by a validated approach
to SEV. While it has become clear that it is difficult for one visualization to address all
these elicited concerns, using approaches such as different perspectives or axes can yield
better coverage across these information needs. Regarding current sentiment, common
gripes with existing solutions mainly involve lacking navigational options such as search,
filter and grouping functions as well as noisy or coarse output due to missing filtering
options, insignificant changes and lack of refactoring support, with many developers
stating they would favor change detection below the standard file level found in many
other pieces of software, such as Git itself. Furthermore, since change interdependencies
are also largely ignored, many detected changes lack the supporting context necessary
to understand them in the context of the software’s history. Lastly, goal-oriented
visualizations working towards a solution to these issues should orient themselves after
existing nomenclature and representational patterns to improve usability and keep the
overall developer experience consistent but take care to avoid common pitfalls such as
information overload or overreliance on visual metaphors and iconography over clarifying
symbols such as text.

The hypothesis to be confirmed during the semi-structured interviews proposes that
symbol-level information can be used to address these concerns in a satisfactory way,
leading to an answer to RQ 1 as stated in Chapter 5. The issues discovered during the
literature review seem to bolster this hypothesis in a myriad of ways: Since symbols
are the very building blocks of software, they are fine-grained, intuitive to grasp in the
context of mental models of software (i.e., people naturally associate properties of changes
with specific code symbols for the aforementioned reasons), provide clear links to other
changes and symbols based on a project’s software architecture and its evolution, can be
easily identified and searched for, operate on the syntactic level and thus innately ignore
whitespace and other reformatting changes, and can be traced with refactoring tools to
enable move and rename detection as well as filter out non-essential changes.

Moving forward, this thesis proceeds with an adaptation of the first visualization prototype
from the initial proposal, which offers a stronger and more streamlined focus on the
time-oriented data aspect of software history as opposed to the other two. To this
end, the literature review suggests five different perspectives of interest which are worth
further investigating in the interview phase: an exploration-based view which focuses
on the history of the software architecture as-is, a search-based view which focuses on
finding information related to specific code symbols, a ranking-based view which focuses
on finding information by way of comparison using different metrics, a people-based
view which focuses on finding changes related to what components different people have
contributed to, and a change-based view which focuses on the effects of individual changes
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on symbols related to the change itself or the change subject’s placement in the software
architecture or type hierarchy. Section 7.2 goes into more detail about the impact of
the literature review on the design of the visualization mockups that were used for the
semi-structured expert interviews.

6.2 Semi-Structured Expert Interviews
To cross-verify the findings of the literature review, as well as to shed new light on
relevant topics either specific to this thesis or not heavily focused on by the previously
discussed papers, a series of qualitative semi-structured interviews was designed and
carried out. To this end, a questionnaire consisting of both closed and open questions
was formulated, which was refined over the course of the overarching interviewing phase.
The final version of the questionnaire can be found in Appendix A.

As outlined in Chapter 5, the overall interviewing process was split into two parts: a
pilot interview and three evaluated interviews. The pilot interview saw an expert give
their opinion on the structure, quality and clarity of the provided questionnaire, as well
as feedback on the overall quality of the survey itself. Parts of the feedback received also
stem from personal impressions and interpretations of the concrete interview proceedings,
such as encountered misunderstandings and instances of general confusion, rather than
explicitly from the interviewee. The response from this first interview ultimately resulted
in several changes to the questionnaire and interview process, which were then used for
the main set of interviews.

All interviews were carried out individually using an online conferencing tool and lasted for
roughly an hour each, with the notable exception of the pilot interview, which took about
75 minutes. The actual questionnaires were filled in by the interviewer in response to the
participants’ answers, which were usually quick and to the point for many of the more
straightforward multiple-choice questions, such as those of the first block, which centered
mainly around demographic characteristics. Whenever participants hesitated or sounded
unsure when giving their answer, they were subsequently asked about potential perceived
ambiguities and to either reaffirm or change their choice as they saw fit. Questions that
arose about the ongoing topic—or survey in general—were generally met with short
explanations in an attempt to clear misunderstandings, disambiguate used terminology or
clarify components of the visualization prototype mockups, whereas questions concerning
details such as technical implementation specifics or general sentiment were politely
dismissed to avoid drifting into side tangents and causing cognitive biases, respectively.
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6.2.1 Interview Design
Following the literature review, the general design goals of the interview questionnaire
were defined as follows:

1. Establish the respondents’ demographic makeup.

2. Cross-verify the findings and hypotheses found in literature.

3. Validate the vision for the visualization approach to symbol-level change detection.

4. Gauge the utility of different source code history features and interaction options.

Based on these design goals, the questionnaire is split into four major blocks of questions,
beginning with a block dedicated to demographic characteristics such as age group,
identified gender, and year range of professional programming experience. The purpose
of this first block is mainly to establish an overall impression of the group of participants
with the intent of forming a basis for the credibility of the survey results.

The second block, titled “Current State of Software History Usage”, addresses the second
design goal by way of eliciting information about day-to-day use cases for software
history, as well as misgivings associated with state-of-the-art solutions. The questions
in this block are based on insights stemming from the literature review, consequently
asking about the tools used to check source code history, importance and frequency of
consulting historical data in the context of software engineering, perceived pain points
concerning the experience with modern tooling, perception of “recentness” and relevance
of uncommitted changes, views on easily understandable terminology, weight of changes
relating to elements absent from the current codebase, as well as overall sentiment
regarding change detection granularities below the commonly encountered file level.
In general, the questions are arranged in such a way that more specialized topics are
often preceded by more generalized topics, to target progressing through the interview
incrementally and avoid anchoring effects or consistency bias.

The third block serves as the introduction to both the general visualization concept and
the individual perspective-based views as illustrated by the prototype mockups. Each
section of this block focuses on a different view, explaining the intent behind the offered
navigation options, and asking the respondent to evaluate the perceived usability in
addition to the usefulness of commonly found properties of code symbols or changes
thereof for the purposes of searching and filtering. Importantly, the first two questions
of each section concern the participant’s quantitative and qualitative assessment of the
specific featured view, respectively, in order to get both an impression of general sentiment
and more detailed constructive feedback.

The fourth and final block contains questions regarding general code symbol change
comparison as well as overall feedback and improvement suggestions, closing the interview
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with a brief review of mentioned oddities and points from previous discussions around
the individual visualization perspectives.

Answer options for most multiple choice questions follow either a five-point Likert
scale [78], although the actual formulation of the option text varies by domain—e.g.,
importance or frequency—and some questions instead opt for leaving out a neutral option,
reducing the range of options to four. Generally, neutral answers were allowed to give
participants the ability to express their honest opinion without having to choose whether
to lean more strongly in a positive or negative direction; for example, questions centered
around “usefulness” all use “Useless” (or “Not useful”), “Rarely useful”, “Sometimes
useful”, “Useful” and “Very useful” as answer options. For the purposes of establishing
significance, however, questions about VCS tooling and pain points with current systems
instead use “Never”, “Rarely”, “Sometimes” and “Often”; also in part because an “Always”
or “Very often” option would not make much intuitive sense when talking about irregular
occurrences in a non-comparative context, whereas never having used a specific tool or
encountered a specific type of problem is notably more feasible. Other frequency-based
questions do include an “Exclusively” or “Very often” option. The only importance-based
question concerns the relevance of code symbols deleted without refactoring and also
uses just “Not important”, “Slightly important”, “Moderately important” and “Very
important” for similar reasons.

After the pilot interview, several parts of both the questionnaire and the overall steps of the
interview process were changed according to explicit and implicit feedback. Initially, the
explanation of the thesis and its topic at the beginning of the interview was significantly
shorter and solely delivered through spoken communication. Similarly, the visualization
mockups were originally explained incrementally throughout the interview whenever
specific aspects of particular views became important to conveying the workings and
intent behind their design. In the finalized approach, the interview begins with a more
comprehensive—albeit not necessarily more in-depth—explanation aided by a screenshot
of a commit page on GitHub. Additionally, following confusion about the fact that
all prototype mockups are based on the same visualization concept, the relationship
between the different views was explicitly highlighted, and a general explanation of
common UI elements was included before delving into the individual visualization views,
implicitly leading to parts of the explanation that was originally given at the beginning
of the first section on the exploration-based visualization being cut. Thankfully, it
became apparent during the main set of interviews that these changes—along with minor
adaptations in wording and terminology for increased clarity—indeed led to avoiding all
major misunderstandings encountered during the pilot phase.
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6.2.2 Interview Findings
This section will briefly review the results of the three main interviews conducted over
the course of the requirements analysis phase.

Demographics

Questions 1–3 pertained to basic demographics questions—namely, the participants’ age
group, declared gender and years of professional programming experience. Important to
note is that professional programming experience was verbally communicated to refer to
years working on programming projects with stakeholders outside of a self-educational
context; in other words, projects for school or one’s own university studies were considered
to be excluded. As for the results: All three participants belonged to the 25–34 year age
group and exclusively identified as male. Participants P1 and P2 both specified 5–10
years of experience, and P3 2–5 years.

Current State of Software History Usage

Questions 4–12 pertained to the current tools and usage behaviors when interacting with
software history via version control. When asked about which kinds of VCS they use
for source code, all three participants indicated they exclusively use Git. As for which
tools they use with or on top of Git, Figure 6.1 gives a concise overview of the given
responses. Interestingly, all three respondents primarily use online platforms and code
editors for interacting with Git, but differ in how they use Git outside of these methods:
P1 uses both UI tools and the command line, P2 exclusively sticks to the command line
and P3 rarely uses any such separate tooling, save for dedicated tools in certain cases.
Regarding how frequently version control information is checked, both P1 and P3 had to
look up information within the last week, answering with “in the last 3 days” and “this
week” respectively. P2, on the other hand, last checked in on the state of their project’s

Never Rarely Sometimes Often

Dedicated source
code history tools

1 2
Git command line

1 2
Git UI tools

1 1 1
Code editors

3
Code hosting platforms

3

Figure 6.1: Tools used to browse or inspect source code history
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software history “earlier this month” (between 2 and 4 weeks ago), clarifying that they
were currently keeping to committing rather than inspecting past changes.

On the question of common problems encountered when using tools to read or interact
with software history, Figure 6.2 shows which of the provided pain points gleaned from
the literature review apply to real-world contexts in the eyes of the interviewees. Clearly,
the issue of “inconsistent terminology” seems to be less relevant than expected, with
all three remarking on how this did not come up in their daily work very often, if at
all. On the other hand, problems regarding difficulties with finding the right change
in a series of commits appear to be universally understood; P2 commented on how
finding changes in general heavily depends on the team’s “commit discipline” since larger
commits usually tend to actually contain multiple independent changes, leading to vague
commit messages, which in turn leads to confusion when trying to locate a specific change.
The second-largest problem all participants seemed to agree on was related to irrelevant
changes: P1 mentioned that existing solutions such as “ignore whitespace” options are
insufficient to deal with this problem, explicitly naming modifications such as moving
braces and the addition or deletion of trailing commas. In a similar vein, P2 noted that
the frequency of reformatting changes would become a more prominent issue in the near
future due to the recent rise of AI (referring to the increased use of LLM services for the
purpose of composing and changing source code).

Never Rarely Sometimes Often

Having to sift through commits
to find the change I’m looking for

3
Unappealing graphical presentation

2 1

Difficulties locating the rele-
vant change within a commit

1 2
Lack of usability

1 1 1

Lack of useful filtering op-
tions / Too many results

1 1 1

Inconsistent terminology
1 2

Irrelevant changes showing up
2 1

Refactorings being easily recognizable
1 1 1

Figure 6.2: Problems when working with software history tools
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Never Rarely Sometimes Often Very often

Non-recent
2 1

Recent
1 2

Uncommitted
1 1 1

Figure 6.3: Age of changes usually checked

Questions 8 and 9 address the perceived importance of recent changes when it comes to
inspecting source code history. Regarding the scale of what constitutes as “recent”, all
three participants gave very different responses. P1 and P3 both agreed that the rate of
progress in a software project, measured by the frequency of commits, should be what
decides what is recent and what is not. Similarly, P2 mentioned how the timing of releases
often leads to a mental model in which the current release cycle informs the concept
of recency. Generally, when it comes to the difference between uncommitted, recent
and older changes, the results shown in Figure 6.3 paint a somewhat ambiguous picture.
Taking all into account, it would seem as though the difference in overall importance is
slight at best, with “Uncommitted” and “Recent” each scoring just one point higher than
“Non-recent” in total. Interestingly, the relevance of uncommitted changes appears to be
somewhat disputed, seeing as P2 mentioned how they always perform detailed checks
before committing, whereas P3 generally only ever checks already committed changes.

The last questions in this block, ranging from 10–12, center around opinions on symbol-
based software history in general. First, similarly to the prior question about the meaning
of recency, respondents were asked to decide on an umbrella term for classes, methods,
fields, variables, parameters, and the like. Surprisingly, only one of the three participants—
P3—agreed with the common term for these entities found throughout literature—“code
symbols”. P2 favored the term “code units”, and P1 found none of the options provided
satisfying, including the option of such an umbrella term not existing. All in all, this
would suggest that there is indeed no common colloquially known term for these kinds of
entities, so referring to them by name or listing them might prove more effective in overall
communication. Importantly, when asked about the concept of change detection more
fine-grained than the conventional line diff-based approach, such as on a symbol level, all
participants responded positively, giving one “Useful” and two “Very useful” ratings,
showing the appeal of the general premise of this idea. The final question of the block
asks about the importance of fully removed code symbols. While P1 commented that
they usually have no need for checking such elements, they still thought that the option
for doing so is at least “Slightly important”. P2 and P3 both gave a rating of “Moderately
important” but likewise agreed that this is a lower bound, and both considered giving
a rating of “Very important”. P3 went further into detail, describing a workflow where
recovering the source code of an erroneously removed code fragment is not too rare of an
occurrence.
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Symbol Properties and Search Filters

Questions 13–21 pertain to feedback for the developed visualization prototypes. Of
these questions, numbers 14 and 16 address sentiment towards the utility of general
history-related symbol properties and search filters, respectively. Beginning with symbol
properties, Figure 6.4 shows the responses of the interviewees. The only somewhat notable
outliers are the “Person who last changed it” and “Number of people who contributed
to it” options, with the former receiving slightly more positive and the latter slightly
more negative feedback than other options. Concerning the latter option, participants
commonly remarked that the number of contributors alone usually tells very little, with
the concrete list of contributors constituting more useful information.

Not useful Rarely
useful

Sometimes
useful

Useful Very useful

Number of code ele-
ments contained in it

2 1

Number of total changes to it
1 1 1

Size / complexity of it
2 1

Number of its
type relationships

1 2

People who contributed to
it and to which amount

1 2

Number of people
who contributed to it

2 1

Number of re-
cent changes to it

1 2

Date and time of
the last change to it

2 1

Person who last changed it
1 1 1

Person who created it
2 1

Figure 6.4: Properties of code elements and their perceived usefulness
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When it came to search filters and other possibilities for speeding up finding a relevant
symbol or change, Figure 6.5 likewise shows two main outliers, being the last two options,
“Never changed” and “Changed by a lot of different people”, which were both universally
received as being somewhat situationally useful but still necessary for a handful of use
cases. Among the most common additionally requested options were “In a specific package”
and “Matching a supplied query”, which were all mentioned by every participant. P3 went
into further detail, noting that a declarative query language which allows matching by
path, name, type relationships such as “implementing a specific interface” and visibility
in a similar fashion as XPath would be very useful.

Useless Rarely
useful

Sometimes
useful

Useful Very useful

Changed by a lot
of different people

3

Never changed
1 2

Changed most
frequently

2 1

Changed by a cer-
tain other person

1 2

Changed by
me specifically

3

Introduced in a
specific timeframe

1 2

Changed in a specific
timeframe (from-to)

1 1 1

Changed after a
point in time (from)

1 1 1

Changed least recently
2 1

Changed most recently
1 1 1

Figure 6.5: Search options and their perceived usefulness
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Visualization Concepts

Finally, all remaining questions in the third block revolve around the concrete visualization
prototypes as described in Section 7.2. Figure 6.6 illustrates the general sentiment towards
the individual views. During the interviews, it became very clear that the search view
represented the most desired conventional interface through which to interact with
symbol-level change information. All three participants held the opinion that search is
by far the most important and fundamental functionality for a visualization concept like
this. In contrast, the list view was largely seen as a lesser counterpart to the search view.
P2 remarked on how this prototype functioned the way he would imagine the search view
to work when no search term is entered. Adding to this, however, P3 mentioned how
such a “global” view would likely become confusing in the presence of a history with
many commits and symbols. When it comes to the change-to-change view, P1 and P2
both thought that while this represents an ambitious idea that could prove quite useful
in practice, the actual technical implementation and approach to clustering dependent
changes in a semantically accurate way was perceived to be very hard or even infeasible.
Additionally, P1 initially had difficulties identifying what the view actually does and what
the common link between the displayed symbols was. Whether the change-to-change
view depicts a specific class or a specific instance of a change was also largely seen as
unclear.

Most of the criticism received applies to general decisions on what to show and how to
represent it in the visualization. Despite many points only being brought up in the context
of specific views, the similarities between the views as part of a general visualization
concept ultimately implied that the same issues would arise in the other views, as well.
First and foremost was confusion about the iconographic elements of the visualization.
P2 and P3 both had difficulties with parsing the meaning of the icons shown, both those

Useless Rarely
useful

Sometimes
useful

Useful Very useful

Change-to-change view
1 2

People view
3

List view
2 1

Search view
1 2

Exploration view
3

Figure 6.6: Usefulness of visualization concepts
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present besides each symbol entry in the left-hand list and the icons for the different
kinds of change events on the timelines. Second, the question of how changes would
be displayed when multiple instances fell into the same timeframe on the timeline was
raised. P1 in particular noted that this could become quite confusing and was unsure
about whether or not the idea of “stacking” changes would work.

In terms of missing information, P1 mentioned they would have liked some kind of
indication of where the displayed symbols are actually located within the codebase, or
even just what package or class they belong to. P3 continually emphasized the importance
of additional information such as a diff in a dedicated pop-up when wishing to inspect
the change events displayed on the timeline in further detail. For missing features related
to the core visualization concept itself, the only comment came from P2, who would have
enjoyed being able to compare symbols at different change events even for non-adjacent
symbol states, e.g., to determine the aggregated differences for a symbol over multiple
change events. The “Compare” feature brought up at the end of the questionnaire was
generally received as a good idea, with all three participants giving it a rating of “Useful”.

Overall, general feedback given at the end of the interview was by and large very positive.
P1 remarked on how such a tool could be very useful for observing progress in student
projects at the university, such as evaluating whether each student of a group regularly
contributes to their project. P3 said the design of the visualization was quite nice and
praised the amount of thought that must have gone into the current iteration.
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CHAPTER 7
Conceptualization

Needless to say, the realization of this thesis involves many different planning and design
steps. This chapter is dedicated to the results of the iterative processes of these steps; in
other words, it serves as a summary of any challenges that occurred during planning as well
as the evolution of—and reasoning behind—the design decisions made to accommodate
new insights gained from previous steps.

7.1 Initial Proposal
Starting at the thesis proposal stage, the initial design goals were intentionally based on
broad appeal. While it was clear that there was a significant demand for works delving
into more sophisticated syntax-aided Software Evolution Visualization, the issues which
were hypothesized to benefit from symbol-level code information were both complex and
diverse. Without conducting thorough literary research beforehand, the initial design
goal was therefore to demonstrate the viability and benefits of this approach from a more
generalized perspective based on the more commonly encountered problems such as the
lack of high-granularity changes and change discovery as well as possible intersections of
such low-level change information with other data sources, such as developers’ change
ownership. This resulted in a trifecta of possible working directions for the visualization,
which were all included in the thesis proposal presentation.

7.1.1 Flow-Based Visualization
The first of the original concepts is based on the idea of “flows” as found in so-called Sankey
diagrams [79]. Sankey diagrams are a kind of flow diagram in which the transfer, intake
and outtake routes of resources are modeled with stripes of varying thickness depending
on some metric, providing a clear picture of the nature of the relationships between two
corresponding sets of data points, which may represent the before and after states of a
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Figure 7.1: Sankey diagram-based concept

resource-dependent process (e.g., energy production/consumption diagrams), belong to
the same domain at different states (e.g., voter flows between political elections) or depict
a correlation between data points of different but related domains (e.g., composition trees).
In fact, one of the presented prior works by Chevalier et al. [65] shown in Section 3.3
used a very similar visual metaphor to show changes between two versions of code, and
other like-minded approaches can be seen in VCS diff viewers built into IDEs.

As seen in Figure 7.1, this mainly manifested in a concept from the third of the just-
mentioned categories of use cases for Sankey diagrams, demonstratively showing the
relationship between change authors and code elements in this case. As such, the
connecting stripes represent the relative total change ownership for each pair of data
points, with the absence of such a relationship—e.g., Pascal Weber not having touched
the computeId function—naturally resulting in the absence of a connecting stripe.
To further emphasize the “amount” of changed code and follow the examples seen in
Chapter 3, the stripes are additionally colored in a red-to-green color palette, with red
representing the largest and green the smallest size. Similar logic applies to the contours
of the developer and function nodes: Here, red represents the subject or object with
the largest amount of total changes and green the subject or object with the smallest
amount. In order to reduce clutter, code elements are innately grouped according to
their container hierarchy (e.g., functions in classes, which are found in packages, which
are part of other packages, . . . ) and container elements may be expanded to show
additional detail for the child elements contained therein. This was directly inspired by
the “distortion” techniques mentioned by Keim [53], in the sense that coarser information
is still preserved when drilling down: The PdfHandler node remains visible despite
having been expanded. Other touches also found in the other approaches are profile
pictures for developers, icons to highlight the different types of code elements and a text
prompt that acts as a hint to click on nodes for further details.
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Seeing as version control history consists of time-dependent data, such a visualization
would logically utilize only a fraction of data at a time, as opposed to showing all changes
at once, which could result in quite the extreme information overload for larger projects.
More precisely, the part of software history displayed may depend on restrictions on
either the time axis itself—e.g., a given start and end date or a starting commit—or
the relationships of the resources displayed; for example, one could imagine only listing
the changes of a subset of developers or only those which affect a certain subset of code
elements. Notably, this kind of mapping-based visualization also indirectly serves to show
several other categories of information for the selected data subset, such as where multiple
developers worked in the same code areas, which symbols have been edited by a large
number of people, and—if viewing changes from a specified timeframe—how focussed
development efforts were at the time (i.e., “Did most developers only touch a handful of
components or did everyone have a hand in everything?”). Aiding in finding relevant
information is the increase in granularity afforded by symbol-level code history, which
avoids the introduction of unwanted connecting stripes due to insignificant changes (e.g.,
formatting fixes) while also allowing greater precision for determining the aforementioned
change “amount”, which would otherwise likely use metrics such as LOC counts that
may be vague as far as judging developers’ contributions goes.

7.1.2 Orbit-Based Visualization

The second of the original three concepts was heavily inspired by astronomy and the
idea of “orbits”. Seen in Figure 7.2, this more playful metaphor views code elements
akin to planets, around which the developers—which can be likened to spaceships—orbit.
The planets themselves can be considered to be part of “systems” according to both
code hierarchy and co-change evolution history, i.e., placing code elements often edited
together in some sense (e.g., frequently edited in close succession, often changed as part of
the same commit, edited by developers with high activity similarity, . . . ) closer together.
Importantly, the developer nodes leave behind a trail of their trajectory throughout the
codebase, with any components touched resulting in a “stop” of their “tour”; in other
words, the trail will closely pass or orbit around code elements edited by the respective
person. Just like how the code elements retain the same type of red-to-green contour as
in the flow-based design, the trails themselves are also colored using the same palette:
Here, red signifies more recent activity, while green indicates old activity.

Although the illustration may not depict it clearly, the trail is also implied to shrink in
size the further in the past the activity lies. Additionally, while not strictly based in
any physically accurate context, this visualization is intended to take some semblance
of inertia into account: If developers spend more time on a certain code element, then
not only does their icon linger around the code element for longer but the color gradient
and size of its corresponding trail gets “compressed” around that code element, as well.
In other words, the trails of developers may not only differ in length but also in how
their respective sizes and gradients change along their lengths. This is one of the reasons
this concept in particular can be said to place a much stronger emphasis on the qualities
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Figure 7.2: Concept based on developers touring around code elements in orbits

or modalities of development progress in a literal sense—i.e., how codebase change is
progressing over time—than the other two designs. In this sense, it is also the only
concept to more directly deal with the idea of higher-order changes, or “changes in change
behavior”, if you will. After all, this is directly reflected in both the number and the
color gradient (or size) change of trails.

Arguably, this form of data representation is the most heavily time-oriented of all three
concepts since the timeframe shown can affect not only the direct trajectory of the
developer nodes but the quality of their trails, as well. For this reason, this visualization
can only really work when applied to a continuous section of history, as “jumps” would
make the information too difficult to efficiently parse. Therefore, what this concept
promises in versatility, it loses due to its limitations; for example, search- or filter-based
use cases would require a thorough overhaul as they just do not nicely align with this
core idea. Still, in terms of benefits from symbol-level change information, it can be
said that this concept could only really work when paired with high-granularity data,
as the visualization would otherwise suffer from loss of expressiveness and accuracy,
resulting in more sporadic node movements and less logical planet/system distances due
to insignificant changes being picked up and less precise co-change detection, respectively.
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Figure 7.3: Concept based on a 2D matrix correlation view

7.1.3 Matrix-Based Visualization

The third and final concept uses a more traditional matrix view, directly depicting the
overlaps between two kinds of data points. In the form shown in Figure 7.3, it directly
correlates code elements with past dates to show exactly when which symbol was changed,
how, by whom, and more. The change events themselves are represented as nodes whose
background color and icon correspond to the type of event: For example, the green nodes
symbolize the event of symbol creation, whereas the blue node on November 30 is meant
to show that the function generate(int) was renamed on that day. Below each event
node, there are squares meant to represent the change authors involved with each event
through their profile picture. Not only does this make it easy to see who collaborated
with who within a certain timeframe when looking at a specific row in the matrix, it also
allows for practical stacking of events: Since the rename event has two change authors
listed, it can be assumed that the function was, in reality, renamed twice by two different
people on the same day. Furthermore, the change events along the timeline of the same
symbol are connected via a colored stripe, the color of which is here intended to serve as
yet another indication of the change authors involved, here assigned to colors red and
yellow, with gradients forming as a result of immediate change ownership and stripes
also being able to have two colors at once should two developers collaborate as they did
here at the rename event on November 30.
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The connecting stripes also serve the additional purpose of acting as a more immediately
visible representation of change events that involve more than one symbol: The forking
of the stripe here, ending in a rename and a creation event indicate that part of the
function generate(int) was extracted into its own function named computeId();
since the end in the row of the first function results in a rename event as the next change,
it is safe to say that—apart from the extraction refactoring—generate(int) remained
unchanged in all but name. The row headers for the symbols on the left further show the
time of the last update and the total change ownership percentage as seen through the
lens of symbol-level diffing in the form of chips that once again show the profile pictures
of the developers involved.

While this is possibly the most straightforward visualization approach among the three,
this simplicity significantly benefits this concept in both readability and versatility. After
all, matrix-based visualizations innately exhibit similarities to tables and spreadsheets,
with users likely requiring little effort in adjusting their mental models to understand
the data and relationships therein displayed here. On the other hand, this type of
visualization is extremely adaptable for any number of needs: Changing any properties
of the data axes—symbols and dates in Figure 7.3—such as filtering, ordering, grouping,
coloring and changes in granularity alone opens up a magnitude of data mining use cases
revolving around searching within or analyzing software history. This directly addresses
many of the interface and interaction techniques outlined by Keim [53]. Moreover, the
axes themselves may be switched out to address other aspects, such as which symbols were
changed by which change authors. Suffice to say, the other key strength of this approach
lies in its capability of taking advantage of high-granularity change data and refactoring
detection: This leads not only to more precise change information to display but also to
less noise due to insignificant changes and more human-friendly change representation
when it comes to refactorings.

7.2 Prototype Mockups

After the first round of the requirements analysis phase, which involved a literature
review (seen in Section 6.1), several observations made it clear that only one of the
aforementioned concepts was flexible enough to accommodate the use cases extracted
from the relevant papers: the matrix-based visualization. Many of the questions from
Section 6.1.1 refer to specific change events made to code elements by some person, and
far from the majority of elicited information needs rely solely on metric-based changes
such as code ownership, which would have otherwise been more of an indication in favor
of the flow-based visualization concept. Moreover, the diversity of the change subjects
involved (code symbols, people, changes themselves, . . . ) and the more pronounced
focus on the time axis of events would have made it difficult to adapt either of the other
possible options to display the required information in a succinct and visually intuitive
manner.
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As a result, a web prototype using the Vue.js web app front-end framework based on
the matrix visualization concept was created to allow for more concrete mockups for
use during the interview phase of the requirements analysis as well as getting a better
grasp of the visual practicality and challenges of this approach. It should be noted that
despite using a web app framework, Vue.js was mainly used to dynamically update the
data displayed in these mockups—since adjusting all the relevant HTML elements for the
timelines in particular would have been quite tedious—rather than serving as a means for
creating a true first fully interactive prototype. The symbol and event icon set used in
all these mockups is from the Atom Material Design Icons plugin by Boukhobza et al.1,
which is a popular open-source icon set and plugin for the JetBrains suite of IDEs; the
PSI and UI icons in particular are mainly used throughout these mockups for symbol
and change event types, respectively. In terms of UI components, the mockups are based
on the Bulma CSS framework2. The general layout and main components—such as the
row headers, column headers, timelines, chips, and so on—are handcrafted using CSS
and the well-known flexbox layout system. These mockups also use Linus Torvalds’s
name and profile picture from his public GitHub profile3 for demonstrative purposes.

As for visual cues taken from the literature review phase of the requirements analysis,
these design concepts offer several options to sort, filter and zoom changes, although this
is not immediately apparent from the mockups themselves. Besides the obvious sort and
filter options for rows, the timeline button is intended to act as a trigger for the settings
menu for column resolution (commits / days / weeks / months), timeline change event
filters as well as coloring options for event spots and timeline stripes. Moreover, the
pronounced use of colors can be observed in multiple areas: On the timeline itself, creation
events are colored green, deletion events red, syntax-only changes (e.g., a renaming)
blue and changes with semantic implications (e.g., signature or type changes) amber,
alluding to the traditional traffic light color trifecta of green-yellow-red, which is used
as a visual metaphor for the creation-modification-deletion lifecycle of code symbols.
Furthermore, a red-to-blue color gradient is used for the code ownership chips on the left,
with blue representing little involvement or activity and red representing strong coupling
or collaboration, which is based on the classic hot-to-cold visual metaphor. Even on a
grayscale level, the increased brightness of secondary text such as function signatures and
field types is intended to provide additional information without significantly detracting
from the actual symbol name while also remaining dark enough to remain reasonably
legible. As noted by North et al. [20], developers’ profile pictures are sometimes insufficient
to identify the respective user; however, since people’s names can get quite long and
multiple developers may contribute to the same change event, this design tries to find
a compromise by including the names in popovers when hovering over profile pictures
instead of showing all names outright. Additional measures, such as color-coding change
authors using a border around the profile pictures, are also being taken into consideration
for the final design, pending feedback from the interview phase of the requirements

1https://github.com/AtomMaterialUI/a-file-icon-idea, Accessed: Nov. 3, 2024
2https://github.com/jgthms/bulma, Accessed: Nov. 4, 2024
3https://github.com/torvalds, Accessed: Jul. 11, 2024
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analysis. This section will now proceed with a more detailed look at the different views
that resulted from the questions elicited during the literature review.

7.2.1 Exploration-based Visualization

First is the exploration-based view shown in Figure 7.4, which is geared toward browsing-
and hierarchy-based use cases. It allows the user to navigate through code elements
along their code hierarchy and view the change history of all symbols with the same
parent, similarly to how one might navigate through packages or folders in a tree view,
as found in nearly all popular modern graphical IDEs. This familiarity in navigational
context aids in discovering known symbols quickly and allows one to relate changes from
related symbols—in this case, symbols with the same parent element—without the need
for further input, although the ability to further constrain which elements should be
shown through means of sorting and filtering remains. This approach is also notable for
its capability for summarization, seeing as the history of container elements additionally
serves the purpose of guiding the user toward interesting results while navigating.

Representing the original vision behind the matrix-based visualization concept, this
perspective alone already allows one to answer many of the questions posed in Table 6.1
from Section 6.1: the row headers show code ownership percentages of individual symbols
(Q01), the last event on a symbol’s timeline denotes the last known change (Q02), each
symbol’s history is visible through its timeline (Q03), the creation date can be read from
the start of a symbol’s timeline (Q04), which changes occurred to sibling symbols in a
certain timeframe is immediately apparent (Q05), unchanged symbols feature no change
events after creation (Q10), change events are always accompanied by change authors
(Q12), additional change information may be found within change event details or sibling
symbols’ histories (Q13), the dates of modifications are always visible in the column
headers (Q17) and code complexity may be extrapolated from the number of change
events and change authors (Q20). Many of these information needs are also covered by
other perspectives, but the ease of navigating along the codebase’s natural structure
makes the process of finding the symbols one wants answers for simpler with this kind of
visualization in many cases.

7.2.2 Search-based Visualization

Second is the search-based view shown in Figure 7.5, which is aimed toward finding
specific code symbols more easily, such as cases where only the name of a symbol is known
and where deep directory or package structures would make navigating the code hierarchy
tedious. It can therefore be seen as a natural counterpart to the exploration-based
visualization that focuses less on the tree-like sibling and parent-child relationships and
more on the direct navigation to a specific point of interest. To aid in future discovery
and provide context for the exploration-based view, the header lines for each code symbol
additionally include their location in the code hierarchy. The occurrences of the search
term within the search results also gets highlighted with an underline text decoration.
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Due to their similarities, this visualization can be used to answer mostly the same
questions as the previous; however, the sorting and filtering options do take on a more
important role as means to speeding up discovery since the pool of possible search results
naturally encompasses all symbols from across the entire codebase by default.

7.2.3 Ranking-based Visualization
Third is the ranking-based view shown in Figure 7.6, which serves as a global ranking
across all code symbols, not dissimilar to the concept of the search-based view but
without a search term to filter elements by. It follows that this visualization is most
effective when—as the name suggests—the user is interested in the top- or bottom-ranked
elements when sorted by some criterion, optionally with an applied filter if only interested
in specific types of symbols.

As it turns out, several of the questions identified in Section 6.1 directly address use cases
that depend on this kind of global ordering capability. Notably, questions regarding recent
changes (Q06), including those concerning subsets thereof such as recent changes made
to symbols of interest (Q08), might be answered using such a visualization. Inversely,
stale elements (Q11)—symbols which have not seen any recent activity—can be found by
the same token simply by reversing the sort order. Lastly and perhaps most obviously,
rankings using metrics other than recency are also possible, aiding in endeavors such as
finding the most frequently modified (Q18) code elements or those touched by the largest
number of people (Q19).

7.2.4 Person-based Visualization
Fourth is the person-based view shown in Figure 7.7, which exchanges the rows previously
used to represent code symbols for a list of change authors. Intuitively, this also changes
the timelines in each row to denote developers joining and modifying the codebase. To
avoid redundant visual clutter, the small change author lists beneath each change event
exclude the person the row belongs to. Furthermore, the chips under the name of each
row header now illustrate the amount of collaboration between pairs of people; more
specifically, the relative amount of change events where another person changed the same
symbol within a close timeframe, which is why the percentages listed are not identical
despite involving the same people.

Unsurprisingly, this visualization aims to answer questions from Section 6.1 related to
people and the changes authored by them, such as what everyone on the team is currently
working on (Q09). It can also act as a quick refresher on what the user themselves
was last working on (Q07) and who has been working in the same code areas as oneself
(Q08). Other metrics, such as the aforementioned collaboration statistics, rough extent
of activity in certain timeframes, how many people someone is actively collaborating
with as well as commit behavior can also be gleaned quite easily and make identifying
potential problems such as developer deadlocks—e.g., two people being blocked by the
progress of each other—more straightforward.
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7.2.5 Context-based Visualization

The fifth and final visualization mockup is the context-based view shown in Figure 7.8,
which centers around exploring the implications of changes beyond just the individual
change itself. Indeed, this perspective’s rows are based on code symbols related to a
specific change, with the respective subject-of-change symbol being the first row and the
column of the observed change being highlighted in the timeline view. In the example
depicted in the figure, a deletion change event for a field called registered is being
outlined. Besides the history of the field itself, affected components both inside and
outside the parent code element with related changes are also listed, although external
changes only get counted if the respective change modified the public interface of the
parent element or the subject of change itself. The container—in this case, a class—is
also listed among the downstream changes since modifications to elements other than
those directly affected by the main change may also be of interest when trying to decipher
code rationale.

The reasoning for this perspective relates to questions from Section 6.1 which called for
more detailed exploration of type relationships and other dependencies (Q15) as well as
modules affected by certain changes (Q16). Hoping to provide additional context beyond
the raw VCS diff and concentrating on the most affected elements (such as those relying
on affected interfaces), its main aim is to shed new light on both code rationale and
coupling between elements within the codebase.

7.3 Software Architecture

To implement the general SEV approach as outlined in Section 4.4, several factors need
to be taken into consideration. The overall software architecture was originally conceived
during the literature review phase of the requirements analysis, as it became clear that
the components and integrations would have to meet very similar requirements regardless
of which visualization views or finer details would be deemed necessary after the interview
phase. Ultimately, the structure still ended up being dramatically changed after the
interview phase due to circumstances outlined later in this section.

7.3.1 First Draft

For the initial version of the software architecture, the application is split into five
components: a visualization frontend, a web backend, an analysis framework, a refactoring
detection server, and a graph database to persist output information. All of these
components communicate via different kinds of protocols and data exchange formats,
or are directly integrated into each other, as is the case with the web backend and
analysis framework. To coordinate the efficient deployment of these components, the
containerization software Docker is used alongside the Docker Compose service and
definition format.
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To start with, the web frontend serves as the host for the visualization application. Largely
in part due to the fact that Vue.js was used to build the visualization prototypes, it is
also featured here as the main frontend framework alongside the UI component library
Bulma4, which was likewise initially used for prototyping, because of the convenience
of code reuse as well as general usability. For efficient bundling and development server
hosting, the frontend uses Vite as the preferred option over Webpack due to performance
benefits useful for faster iteration and great integration with Vue.js since it was created
by the same developer. Modern type-checking and stylesheet capabilities are enabled by
TypeScript and Sass, respectively. Additionally, dotenv is used for seamless operation
both locally and inside a Docker container.

The web frontend communicates with the web backend via a traditional REST-like API
served over HTTP. There were originally considerations to include WebSocket capabilities
for a live display of indexing progress, but this idea was later discarded in favor of a
simpler interface between the two components. Otherwise, the web backend uses the
popular Java-based Spring Boot to manage its HTTP server. Since the analysis framework
uses Java to utilize the AST differencing packages made available only for Java and other
JVM-based languages, this enables the analysis framework to be directly included as a
Maven dependency in the web backend, essentially separating the two components only
for reasons pertaining to cleaner abstraction and separation of concerns. This leaves the
Spring backend acting primarily as an intermediary between the visualization frontend,
the analysis framework and the database. Because of the hierarchical nature of code
symbols, a graph database was chosen for data persistence; in this case, Neo4J, mainly
due to being the core graph database supported by the Spring team via its Spring Data
Neo4J package.

The analysis framework is the package containing the business logic for handling the
core symbol change information data mining and aggregation processes. It accomplishes
these tasks through the use of GumTree-Spoon [76], which can parse Java files and
determine AST node mappings to be used for change detection. Notably, the analysis
framework is only used for the analysis of new VCS changes, as it defers any data
persistence responsibilities to the web backend component, which stores symbol-level
change information in the graph database.

For inter-file refactoring detection, the tool RefactoringMiner [77] is used. However, due
to conflicts with Maven dependencies between GumTree-Spoon and RefactoringMiner, the
latter is run in a separate JVM instance as a standalone application to avoid difficulties
pertaining to dependency resolution and the usage of multiple class loaders. This
refactoring detection server uses the open-source RPC library gRPC to communicate
with the analysis framework component of the other Java application. An RPC solution
in particular was chosen because of the increased communication efficiency afforded by
binary encoding using Protobuf and streamlined encoding/decoding functionality.

4https://github.com/jgthms/bulma, Accessed: Nov. 4, 2024
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7.3.2 Second Draft
Due to complications that arose during the implementation stage (see Chapter 8),
leading to a reduction in scope, the final software architecture design ended up being
a more simplified version of the initial draft. Specifically, the design now consists of
two components: the web frontend and the analysis framework. Data persistence has
been simplified to file-based storage to simplify serialization such that only one object
mapping model is required. Structurally, the role of the web frontend remains unchanged
compared to the first draft, except that data is now retrieved from a static JSON file
instead of being fetched from the web backend via HTTP. This JSON file represents
the result of an indexing process from the analysis framework, which now acts as a
standalone Java application. Further details on the final serialization scheme can be
found in Section 8.1.3. The analysis framework itself expanded in size to the point
that it now consists of subcomponents of its own, handling commit diffing, symbol tree
extraction, symbol differencing and serialization, respectively. The concrete interactions
between these subcomponents are outlined in Section 8.1.

7.4 Final Visualization Design
Based on the feedback from the interview stage of the requirements analysis described
in Section 6.2.2, several improvements have been made to the visualization design. The
visualization, which can be seen in Figure 7.9, has been based on the original prototype of
the search-based view from Section 7.2.2, chosen because of its very positive reception—in
fact, it was deemed the most important view out of all the prototypes.

Looking at the general navigation, the top bar features buttons for navigation through the
time axis, with “Previous days” and “Next days” loading in the data for the closest past
and future timeframe, respectively, always shifting the view by the maximum number of
displayable days (18 in this case). The “Today” button was added due to the perceived
importance of recent commits, making it easier to navigate back to the present day after
inspecting change events further in the past. On the left, sort and filtering options have
been disabled due to scope reductions (see Chapter 8). As part of the search result row
headers, a description of the kind of symbol (package, class, method, variable, . . . ) has
been added before the symbol path to address the feedback about unclear or confusing
symbol icons. Additionally, each row header now features a button with the creation
date of the corresponding symbol, which navigates to the shown date on the time axis
when clicked. To distinguish deleted symbols from those still existing, the name of
deleted symbols is displayed in a reddish hue instead of plain black, and the highlights
showing the positions where the current search query matches the symbol name use wavy
underlines instead of straight ones. The buttons at the bottom of the search results pane
allow navigating between pages of search results.

On the main timeline view, change event stacks now display the types of symbol property
changes on that day with separate pills, sorted from most to least significant, e.g., changes
affecting public interfaces such as type (“TYP”) or visibility (“VIS”) changes will be

69



7. Conceptualization

Figure
7.9:

T
he

finalvisualization
design

(idle
state)

70



7.4. Final Visualization Design

displayed before more contained changes such as updates in initial value (“VAL”). If the
number of pills exceeds four, only the first three will be displayed, and excess pills will
be represented by a “+X” pill (X being the number of additional pills). These pills are
additionally meant to aid in the visual parsing of the change event icons since the pill
listed first will always correspond to the displayed icon. Not all changes are represented
by pills, however; minor but still relevant changes such as line number updates—which
allow the user to locate the symbol declaration in its file—are not highlighted in any
special way. An exception to this are days with exclusively minor changes, which are
displayed as stacks with a smaller white dot without an icon, illustrated by, for example,
the last two visible change event stacks for the “creationContext” variable symbol. The
boxes with the “+2” and “+1” texts that can be seen to the lower-right of the change
event stacks are used to indicate the number of additional change events for that stack,
i.e., the number of additional commits with relevant symbol property changes.

Figure 7.10 shows how the visualization displays additional information when interacting
with changes on the timeline view. Hovering over any cell of the timeline view highlights
the respective row and column in a slight shade of gray to make comparisons with other
search results or stacks on the same day slightly easier. Hovering over a change event
stack displays a textual representation—e.g., “Annotation”—of the main type of change,
similarly to the firstmost pill. Clicking on any change event stacks opens a popover
box listing all relevant commits and their changes in a diff-like view. Initially shown
commit information includes the commit’s shorthand SHA hash, date, time, timezone
and summary message. If the commit message includes a description part in addition to
the summary part, the summary text will be highlighted, and hovering over it displays
the description text. Each commit includes a table of symbol property changes, with the
first column showing the property names and the second column showing the change in
property value. For single-value properties such as visibility, the diff consists of the before
and after values separated by a right-facing arrow. For multi-value properties such as
annotations or modifiers, added and removed values will be displayed alongside a circled
green plus and red minus, respectively; removing the last value for any such property
will result in an additional notice text such as “(All annotations removed)”, “(No longer
initialized)” or “(No longer generic)”. More specific information about the displayed
symbol values is once again available upon hovering over any more complex value; for
example, the hover text for types will reveal their fully qualified name, and the hover
text for longer initialization values will show the full initialization expression. Symbol
creation and deletion events always include all symbol properties (and their values).

Finally, Figure 7.10 also shows the newly added end markers, visible—in this example—
after the last change event stack for each displayed symbol. These end markers indicate
the end of the change history for the corresponding symbol, so no new change events will
appear on the symbol timeline beyond this point. This not only makes it clearer which
change events are the last in a symbol’s current history but also highlights symbols that
have never changed by placing the end marker directly after their creation event, as is
the case with the “indexDto” variable symbol shown in the example.
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CHAPTER 8
Implementation

This chapter covers the details of the concrete implementation of the final visualization
application as described in Section 7.4. The implementation is split into two large com-
ponents: the analysis framework used to extract the symbol version history information
and the interactive visualization frontend to filter and display this information.

8.1 Version Control History Mining
The analysis framework itself consists of multiple subcomponents that largely interact
with each other along a pipeline-like structure where each subtask uses the output of all
prior subtasks within the same task—in this case, the same commit—as input, although
raw VCS information is commonly replaced with more concise structured objects before
being passed on. Several subtasks themselves consist of a kind of pipeline where work is
subdivided even further in much the same way.

8.1.1 Terms and Setup
Before continuing on to the summary of the main symbol history extraction process
itself, this section covers the general setup and important terminology and semantics
used throughout the next section. To begin with, the main application starts with taking
a path within a Git repository as well as a Git revision expression (e.g., a branch name,
tag name, commit hash or HEAD) as input. It then constructs the skeleton of a final
output History object with Strand objects that will be mutated inside the main loop.

Strands

Strands are the fundamental building block used for symbol analysis to know how to
store, override and discard currently tracked workspace state information. At their core,
strands are parent–child ancestry chains of commits such that only the first commit in a
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strand can have more than one parent and only the last commit in a strand can have
more than one child. This essentially means that a strand must always start with a merge
or initial commit, end with a pre-merge or branch head commit, and otherwise contain
only linearly dependent commits. By this definition, all Git histories can be uniquely
and deterministically subdivided into strands. The important property of these commit
chains that is exploited here is the fact that—save for commits added later that might
necessitate reindexing—no commit (or strand) can depend on the workspace state of any
commit other than the final commits of strands, allowing the intermediate workspace
states of any non-final strand commits to be overwritten, greatly reducing the memory
footprint of the analysis in the process.

Within a History, each Strand is assigned a unique ID number, which will be simply
referred to as a “strand ID” from here on. Additionally captured in the History
object are the parent–child relationships between strands (as defined by the strands
corresponding to the parent of the start commit and children of the end commit) in the
form of a DAG as well as the mapping from each commit to their associated strand. For
simplicity’s sake, Strand objects are also where the CommitDiff objects containing
the actual symbol-level change information will be stored.

Bare and Embedded Symbols

To understand the structure of this information, the traits of the Symbol class and its
objects must first be explained. This class is used to capture two different but related
concepts, here called bare and embedded symbols. Bare symbols represent the state of
a symbol as a standalone entity, without any ties to a commit, other symbols within
the same AST or related symbols across commits. They therefore capture exclusively
local information about the symbol in question, such as name, visibility or initialization
expression for field symbols. The way this information is stored as Property records is
later described in Section 8.1.2.

Embedded symbols, on the other hand, represent a symbol as it exists in a commit
workspace and historical context, and therefore contain additional information such
as their parent symbol (e.g., the class symbol for a method symbol), their originating
commit’s hash and a SymbolKey that uniquely identifies this symbol across the entire
history using a combination of a strand-unique symbol ID together with the previously
mentioned strand ID. Note that the complete symbol hierarchy information is not stored
within individual embedded symbols (for example, they do not contain any information
about child symbols), but rather, externally in a symbol tree as part of a symbol
workspace, explained later in this section. Additionally, embedded symbols contain
information about relationships between symbols, more specifically predecessor symbols;
for example, symbols that are “merged” after processing a merge commit often result
in the after-state symbol containing links to (the keys of) all symbols from the before
state with a PrdRole (short for “predecessor role”) of MERGED. Ultimately, symbols
themselves are always diffed using their “bare” properties but stored for use in future
commit diffs with their complete embedding information.
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Symbol-Level Commit Diffs

The aforementioned change information stored in a CommitDiff can be divided into
four distinct types: additions, successions, deletions and updates. The addition set simply
contains a copy of embedded symbols newly introduced in the commit in their initial
then-current state. The deletion set similarly contains the embedded symbols deleted in
the commit. However, in contrast to added symbols, deleted symbols simply have their
before state “moved” instead of copied since their state will not be mutated afterward;
even if another symbol with the same name, properties and relationships later reoccurs,
it will be given a new symbol ID and therefore have a different SymbolKey.

The update set contains SymbolUpdate instances for all actual symbol changes, i.e.,
changes where the symbol exists both before and after the change. Since a commit can
have multiple parents, the same symbol can receive multiple updates in each such commit,
up to one for each parent. Additionally included are the SymbolKey and commit hash
information for both the source symbol (the “before state”) and the target symbol
(the “after state”). The actual change information about modifications made to symbol
properties is stored as a hash map indexed by property keys. For more details about the
structure of properties and their associated data structures, see Section 8.1.2. Updates
also come with a set of so-called update flags, which are used to signal modifications
that sometimes do not affect the properties of a symbol, which is primarily used for
the disambiguation of the relationship between symbol path changes and symbol moves,
e.g., a symbol can change its path without having moved relative to its parent and—less
commonly—be moved even without changes to its symbol path (such as when the parent
symbol gets replaced by a different symbol with the same name or Spoon path fragment).

Successions

Succession indicators are, as the name implies, mainly used for tracking the predecessor–
successor relationships discussed earlier. More specifically, the succession set of a
CommitDiff instance tracks the so-called pure successions that occur when two symbols
are in a predecessor–successor relationship without any actual changes having taken place.
The reason for this inclusion has to do with the concept of the strand-based locality of
symbols: To ensure that the primary history analysis only requires a single pass (i.e., no
commit is processed more than once), symbols are “copied” when transitioning from one
strand to the next whenever no changes take place. Symbols are then given the strand
ID of the child strand, ensuring that an unmodified symbol “exists” on all strands it is
a part of, just with a different strand ID. This additionally simplifies the tracking of
time-oriented symbol relationships by allowing symbols to pass through multiple strands
with the same symbol ID (the one initially given to the closest common ancestor) as
long as they are not deleted or merged with another symbol not originally belonging to
the same symbol (therefore having a different symbol ID) at a merge commit. In this
sense, successions, pure or impure, are ultimately a way to keep track of which Symbol
objects belong to the same abstract symbol, i.e., the symbol as a unique semantic entity
as defined by change events.
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Symbol Workspaces

The final concept worth explaining here, before delving into the main change information
extraction process, is the SymbolWorkspace. A symbol workspace represents a complete
symbol hierarchy of the Git worktree at a specific commit. As already mentioned, it
contains the tree data structure consisting of nodes with Symbol values that allows
navigating from a child to a parent symbol, as well as navigating between freshly-parsed
bare symbols which have not had their ParentProperty set yet. Additionally, each
symbol workspace acts as a “cache” of sorts for parsed mappings and Spoon AST instances,
which are reused when the workspace of a parent commit is compared to that of one of
its child commits. To be more specific, it stores the CtCompilationUnit instances
returned by Spoon, indexed by the relative path (with the project root path as the base)
of the corresponding file. The tree nodes of main file declaration Symbol instances (e.g.,
a top-level class) corresponding to each file are indexed using a similar mapping. Since
diffs output by GumTree-Spoon result in AST differences based on Spoon’s CtElement
objects, each workspace also contains a mapping from string representations of Spoon’s
CtPath objects to the tree node corresponding to the symbol located at this Spoon path,
thereby connecting nodes from a Spoon AST to symbols in the symbol tree.

8.1.2 Symbol History Extraction
Similarly to the way strands are first detected when constructing the initial skeleton for
the History object, the extraction process mainly consists of a single loop over the
repository commits in reverse topological order, guaranteeing that parent commits will
always occur before any of their child commits. The general structure of each iteration is
as follows:

1. Find all relevant Git worktree files

2. Retrieve the parent commits’ strands’ symbol workspaces

3. Create a file-to-file mapping from each parent commit to the current commit

4. Construct the target symbol workspace for the current commit

5. Produce a symbol-level diff and store it

6. Replace the symbol workspace for the current strand with the target symbol
workspace

7. Delete unneeded symbol workspaces of completed strands

This workflow is designed to work for initial commits (with no parents), regular commits
(with one parent) and merge commits (with multiple parents) alike.
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General Iteration Procedure

The first step is very simple, as it just involves identifying which files from the worktree
of the current commit are relevant for the following diffing process. For this thesis,
this means that only files with the extension “.java” will be scanned for changes.
Likewise, retrieving the parent workspaces is done via a lookup in a HashMap. No special
handling is required here as—per the iteration order—any commit currently processed is
guaranteed to have already had its parent commits processed in previous iterations. For
initial commits, the list of parent workspaces is left empty.

In the next step, JGit’s DiffFormatter is used to determine changes between each
parent worktree and the current worktree. The result is a many-to-many file map-
ping between ⟨parent index, source path⟩ tuples and target path values, with the JGit
difference information stored as relationship data. Git additions are marked by their
source path being null and deletions by their target path being null. This mapping
is then augmented with mappings for unchanged files, which, by construction, are ex-
actly all files left unmapped from the current worktree for each individual parent. The
consequently created edges carry no additional Git diff data, being left null. Besides
these “unchanged-type mappings”, the file mapping additionally serves to extract strict
additions and deletions. Strict additions are all files added that do not exist in any
parent worktree; in a way, this makes these files “true” additions since there is no before
state that could be used for copying or diffing. As a sidenote, this implies that additions
for initial and regular commits are always strict (since there is at most one parent).
This distinction is only relevant for additions, however, since deletions always pertain to
individual source symbols, which are associated with a specific parent.

The target symbol workspace generation and symbol-level diffing are explained in
more detail in the following sections. Relevant, for now, is the fact that the result-
ing SymbolMapping is destructured and then stored as a new CommitDiff in the
Strand object for the current commit afterward. The workspace for the current strand
also gets remapped to the newly created target symbol workspace, freeing the previous
workspace object to be garbage-collected. This replacement is one of the boons enabled
by the strand destructuring of the Git commit history, as only the final commit in a
strand can have any dependents outside of the strand it is closing. Finally, once all child
strands of a strand have started processing, the workspace of that strand is no longer
of any use and can be freed for garbage collection, as well. To that end, each strand is
associated with a countdown initialized to its number of dependent strands that gets
decremented for each starting commit of a child strand. When the counter for a strand
reaches zero, it is removed from the strand-ID-to-workspace HashMap.
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Target Workspace Construction

The first step towards symbol-level diffing comes in the form of constructing the target
symbol workspace containing the symbol tree of the current commit. Generally, this
involves using Spoon to parse the source code of all source code files, then using a
preorder traversal of the resulting AST to capture the local properties of its symbols
and construct the symbol tree. For this purpose, the content of each source code file is
loaded into a VirtualFile, which is then parsed into a CtCompilationUnit. The
compilation unit’s main declaration serves as the base for the symbol tree located under
the respective package symbol in the symbol tree. Package symbols for the symbol tree
are not created in bulk beforehand, but rather, entire package symbol hierarchies are
dynamically created for each missing package when adding the symbol hierarchies of files
to the symbol tree according to the package declaration in the compilation unit. The
so-called Symbolizer is used to derive the file symbol trees from main declarations.
Construction takes place in two phases: The element capture phase and the property
capture phase.

In the element capture phase, the AST subtree rooted at the main declaration is efficiently
parsed using a form of recursive tree parsing. At each AST node, the procedure first
checks if the node in question is a terminal node, i.e., cannot contain any descendants
relevant for the construction of the symbol tree and is itself not a valid symbol tree
element; recursion stops if this is the case. Otherwise, it checks the node itself to
determine whether or not it constitutes a symbol declaration of some kind; if this is
the case, the CtElement and the current parent element are added to the output,
and the parent element for all child AST node traversal is set to this element. To
ensure this process works without friction, the traversal starts with a virtual root element
as the initial parent value that is later stripped from the completed element tree by
returning its first child, which is expected to be the element corresponding to the main
type declaration itself, instead. Whether or not any element–parent tuples are added
to the output, as long as the current node is not a terminal node, the procedure checks
which child nodes are worth descending into—i.e., could contain nodes relevant for the
element tree—and issues recursive calls for each child node in order. The element–parent
pairs resulting from the initial call to the recursive function are then used to build the
element tree, which is easily accomplished thanks to the fact that the recursion followed
a preorder traversal, i.e., tree nodes can be constructed knowing that parent elements
already exist as nodes in the element tree. Importantly, at this stage, the tree still
consists of CtElement AST nodes that have yet to be turned into proper bare symbols.

In the property capture phase, this element tree is then converted into a symbol tree
using one-to-one mapping. For this purpose, each element’s local properties are extracted
from the element, determined by their CtElement subtype as evaluated using dynamic
type checking. Which properties are captured here ultimately decides which information
will later be available for diffing and displaying. It is worth reiterating that all properties
captured at this stage are local, i.e., only require the immediate context (the current
element and its parent in the element tree) to be defined, such as name or visibility.
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All properties are stored in a type-safe way, using its own hierarchy of custom Property
classes to ensure each property is associated with values suitable for that property; for
example, a VisibilityProperty must be instantiated using a Visibility enum
value. Each Property subclass is additionally fitted with a PropertyKey annotation,
which is a unique string identifier used for storing properties in maps, diffing and
serialization. Finally, the symbol tree resulting from this phase is attached to the correct
package symbol node in the target workspace’s symbol tree.

Symbol Properties

The property capture procedure collects a wide array of information, including general
element attributes such as name or line range, enum-set-based attributes such as the
list of modifiers, list-based attributes such as enum constant arguments, and type-based
attributes such as declared type parameters.

Properties that are always set include the flags property, which uses an IMPLICIT enum
constant to indicate that the symbol does not syntactically exist in the source code,
as well as the Spoon path and simple path properties. The Spoon path is the unique
identifying AST path of the symbol’s corresponding code element as returned by Spoon.
As a result, it is used throughout the symbol history extraction process as a universal
identifier for symbols whenever they need to be located within the CtCompilationUnit.
Notably, since Spoon’s path creation methods turned out to be quite computationally
expensive when applied to an entire symbol tree’s worth of code elements, seemingly
always traversing the full path from the AST root node and creating objects at each
step, the analysis framework uses a memoization mechanism to avoid recomputation of
path segments for previously encountered code elements within a commit. In contrast to
the Spoon path, the simple path property more accurately captures a human-readable
version of the symbol’s path. It starts out identical to the Spoon path but replaces
named path segments with just the code element’s name and discards positional path
segments entirely since the absolute index of child elements is usually not essential for
understanding their locations within the code hierarchy. In this sense, the simple path
of a symbol provides a more intuitive notion of a location within a code hierarchy at
the cost of no longer being unique, e.g., in the case of shadowed variables within the
same method. Properties that are almost always set include the line range and name
properties, which are only unset in special cases like implicit elements (e.g., record fields
and methods) and the root package, respectively.

Properties that are set where corresponding information is available include annotations
on the symbol, visibility, modifiers, (return) type, declared type parameters and type
bounds, enum constant arguments, initial value, supertypes (extended classes or interfaces)
and realizations (implemented interfaces). While expressions are captured as string code
snippets from the argument AST elements, type usages are captured with their entire
structure, i.e., generic types, upper type bounds, lower type bounds and the use of generic
type parameters are all recursively included in the property value.
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Symbol Tree Reuse and Error Handling

In order to avoid having to reparse parts of the symbol tree corresponding to unchanged
files, symbol subtrees from parents are reused wherever possible. Generally, this means
that for each file symbol subtree, as long as a parent commit exists for which there exists
no Git change information, that parent commit’s symbol tree can simply be inherited
(within a strand) or copied (when switching strands). This is very useful for intra-strand
changes or for merge commits, where it is not unusual to find at least one participating
branch (usually the target branch) where a large number of files remain unchanged. An
exception to this rule is made for the ROOT package node, which is always inherited
as-is since it contains no useful information and primarily acts as a common parent
for all top-level package symbols. Since subtrees copied using this technique can later
skip diffing entirely, this ensures that no symbol merging can take place between ROOT
symbols for single-initial-commit Git histories. An added side effect of this mechanism is
some degree of robustness when it comes to (parsing) errors: The last known state of the
file symbol subtree will simply be silently propagated until the file becomes parseable
again, which will automatically be tested for after each subsequent modification to the file
in question. This avoids the problem of symbols being “deleted” when the file becomes
unparseable and “reintroduced” once the file is fixed.

Symbol Diffing

After the target workspace has been constructed, all that remains is to diff it with
the symbol workspaces of all parent commits. Symbol diffing again takes place in
multiple stages: package mapping, file symbol mapping, symbol addition and deletion
capture, symbol augmentation and diffing, as well as symbol addition and succession
post-processing.

The package mapping stage involves simply mapping the package subtrees of each parent’s
symbol trees to the target symbol tree. In this context, “package subtree” refers to the
maximal subtree of a symbol tree rooted at the ROOT package node consisting only of
nodes with package symbols. ROOT package symbols are always mapped to each other.
Other package symbols get paired up whenever their parent package symbols have been
matched and their Spoon path is identical.

The file symbol mapping procedure tries to establish mappings for all sub-package-level
symbols, i.e., symbols correlating to main type declarations and their descendants. If
a file remains unchanged relative to some parents, those parents’ file symbol subtrees
are directly matched without any diffing taking place. Note that this behavior for
unchanged files applies to all “unchanged parents” as determined during target workspace
construction, not just the parent the tree was copied from as part of symbol tree reuse.
Otherwise, if a file is associated with an addition or modification change event as per
the file mapping, GumTree-Spoon’s AstComparator is used to generate mappings
corresponding to a raw AST diff. Notably, this raw diff matches Spoon’s CtElement
nodes, not the symbols themselves; however, the corresponding symbols can be easily
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retrieved from the respective symbol workspaces using the CtPath index mentioned
earlier in Section 8.1.1. From this AST diff, the procedure only considers any matches
between elements where both the old element is a defined symbol in the parent tree and
the new element is a defined symbol in the target tree. Any matches from a non-existent
symbol to a defined symbol and vice versa will simply result in an unmatched symbol
that will later be interpreted as an addition or deletion (relative to that specific parent),
respectively.

Since GumTree-Spoon sometimes ends up matching main type declarations to nested
type declarations or other elements, which is often considered undesirable, the matching
procedure ensures that main type declarations between parent and target files are always
matched to each other, discarding any conflicting matches from the raw diff. Additionally,
GumTree-Spoon also does not match so-called implicit elements. This primarily affects
diffs involving record fields and methods, which, while present in the AST, do not appear
in the source code and are thus considered implicit. To ensure that source-code-level
type conversions such as turning a record class into regular class and vice versa (without
changing the interface of the class) result in explicit and implicit symbols being treated as
“continuations” of their counterparts instead of as additions or deletions, implicit symbols
(the symbols correlating to the implicit elements in question) are additionally attempted
to get matched to unmatched symbols from the other side, matching by Spoon path first
and ⟨parent spoon path, Spoon node type, simple name⟩ tuple second.
Symbol addition and deletion capture determines which symbols are strict additions
(added relative to all parents) and deletions (either absent or deleted relative to all
parents). The symbol augmentation and diffing phase is the most involved phase of the
entire symbol diffing process. Generally, change processing occurs for each symbol in the
target symbol tree according to a preorder traversal. This way, processing can rely on
parents of target symbols having already been processed by the time their children get
their turn. Note that deletions do not require any additional handling since they are
not present in the target tree and have no actual change information to be processed in
addition to the deletion itself, which has already been recorded in the previous phase.
Inside the loop, each target symbol is assigned its symbol and strand IDs, although
the latter will always be equal to the ID of the current commit’s strand, even in the
case of pure successions. If a symbol is a strict addition, it is assigned a new unique
symbol ID and processing ends since additions—just like deletions—have no actual
change information to process; in the CommitDiff, where non-succession additions will
eventually end up, they are implicitly understood as change events where all their symbol
properties count as “new” or “changed”.

If a target symbol’s source symbols from the parent commits all share the same symbol
ID, then that target symbol simply inherits this symbol ID. This is always the case for
intra-strand commit sequences (by virtue of only having one parent as per the definition
of a strand) but also occurs when a symbol remains mapped throughout multiple strands,
only to get merged back together at a merge commit. In that case, there is no “actual”
symbol merging taking place as the symbols merged together share the same origin and
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therefore belong to the same abstract symbol. Within a strand, symbols get updated
in-place, otherwise—when switching strands—a succession takes place and the source
symbols are declared as DIRECT predecessors. If a target symbol’s source symbols have
conflicting symbol IDs, the symbol receives a new unique symbol ID. Source symbols
without any changes are linked as DIRECT predecessors (pure successions) and those
with changes as MERGED predecessors (impure successions).

For mapped pairs of source and target symbols with changes, symbol property diffing
follows next. Diffing on properties is performed in a universal way across all properties
via an equality check, effectively resulting in the distinction between removed properties,
unchanged properties, added properties and changed properties. Of these, the final diff
only contains changed properties with their new value (since you can derive whether or not
the property existed before from the change history for the visualization) and properties
with the null value as a stand-in for the removal of properties (which is possible
since all removable properties are non-nullable). This diff is then used to instantiate a
SymbolUpdate, which additionally has update flags—for the symbol being RENAMED,
having its BODY_UPDATED, being MOVED in general, being MOVED_WITH_PARENT and
being REPLACED with a different type declaration—set where applicable.

The final phase, the symbol addition and succession post-processing procedure, checks
the symbols marked as additions by the symbol addition and deletion capture step,
and separates them into true additions (e.g., symbols that may have been added at a
merge commit) and successions (e.g., symbols that resulted from merging parent symbols).
These addition and succession symbols are then copied as embedded symbols and returned
in the final overall SymbolDiff output, together with the symbol update and deletion
sets from previous steps.

8.1.3 Serialization
Once all commits have been processed, the resulting diff results from the Strand objects
is then serialized to JSON using Jackson. At this point, all symbols are given new unique
symbol IDs to reflect their corresponding abstract symbol, i.e., all input symbols in a
predecessor–successor relationship are mapped to belong to the same output symbol.
For the diff results themselves, the properties of symbols get denormalized so that every
captured state of a symbol contains all the symbol’s then-up-to-date property values
and a list of property keys to indicate the properties that have changed (or have been
removed).

Symbols are also given a keys array of smaller objects containing important attributes
that are used for search indexing, e.g., all the names the symbol was ever known under.
For lookups with temporal restraints, each of these “keys” also includes start and end
dates for the validity of the key from a chronological perspective; note that this might
not necessarily align with a key’s “perceived” validity if the respective symbol has been
modified in parallel-running strands. These symbol states are then grouped by ISO 8601
YearMonth (YYYY-MM representation) for fast index-based lookups on the visualization
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frontend. Data on commits is included as a separate array on the top-level of the primary
JSON object, and any prior occurrences of commit hashes now point to an element in
this array instead.

8.1.4 Challenges

Over the course of the implementation, there were several complications due to difficulties
implementing the actual change extraction. Initially, the analysis framework was based
around the actual AST diff returned by GumTree-Spoon. While the current version still
utilizes the mappings between code elements returned as part of the diff, the actual edit
operations themselves are not used to create the symbol diff, instead diffing the Spoon
properties of the elements through the Property objects returned by the property
capture component of target workspace construction. Many of the properties of this
approach came from the operations taking place on the AST but needing to be projected
onto the symbol tree, which led to complications owing to the fact that the symbol tree is
itself a graph abstraction of the original AST: determining which operations were actually
relevant and how the changes affected relationships between symbols or compounded on
each other. There were also a lot of cases where the returned AST diff would simply
see the entire type declaration removed and an entirely new tree of elements inserted,
causing inaccuracies when it came to the detected changes.

Refactoring detection was also made more difficult due to dependency conflicts between
GumTree-Spoon and RefactoringMiner [77], which, because of problems with conflict
resolution through Maven, would have meant the two would have to run in two different
JVM instances and use some form of RPC or HTTP to communicate. Additionally, even
when only using the simple refactoring detection offered by GumTree-Spoon, it remained
unclear how one could partially update the project-wide AST without having to reparse
the entire project, as there seemed to be no documented way to accomplish this, despite
being necessitated by the step-by-step nature of VCS-backed commit-by-commit diffs
and a desire for an efficient approach that exploits the redundancies exposed by knowing
which files are changed by a commit and which remain unchanged.

Ultimately, these difficulties led to the minimum viable implementation of the analysis
framework exceeding the originally intended scope for the purposes of this thesis, which
resulted in a reduction in scope regarding the refactoring detection and visualization
interaction options. The final prototype uses file-based mappings as a basis for symbol
mapping, meaning all refactorings returned by GumTree-Spoon are, as implemented,
constrained to taking place within the same file. For the visualization, this meant that
filtering and sorting options would be left for future work, although the requirements
analysis of this thesis provides a good picture of how these functionalities could be
effectively implemented.
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8.2 Visualization Frontend
The visualization frontend itself is written using primarily Vue.js and TypeScript. It
consists of two major components: the change information querying service and the
visualization. When the web application is initially launched, the change information
querying service first indexes the JSON output from the analysis framework, then makes
the resulting index available for the visualization, which then applies post-processing to
all objects for the presentation layer.

8.2.1 Change Information Querying
The visualization frontend uses Fuse.js1 for its search indexing. At startup, the keys
of all symbols are entered into the index as keys for their respective symbol. When the
user triggers a search, Fuse.js first uses this runtime index to search for key matches.
Since the match score returned by Fuse.js measures distance, the returned match score
for search results is first inverted (sreal = 1 − sfuse), then followed by a small penalty
for deleted symbols to ensure currently still existing symbols appear first in the search
results for similarly strong matches. To avoid flooding the visualization with weak-match
symbols, only items above a threshold match score of 0.8 are included in search results.
When looking up change events for particular symbols in a particular timeframe, the
YearMonth-indexed states of the symbol are retrieved according to the YearMonth
values of the start and end date, which are later filtered by the visualization based on
the concrete displayed days.

8.2.2 Visualization
In the visualization component, several reactive values are used to keep track of the end
date to display (the date span specifying how many days can be displayed is hard-coded),
the DateObject records for all displayed days, the YearMonth values corresponding
to the current date range, the list of all search results, the start index of the displayed
search results, the list of displayed search results itself and the Cell objects displayed
in the timeline view. All dates used to refer to days on the timeline throughout the
visualization frontend use date normalization, setting the time component to midnight
in the local time zone to allow for easier date comparisons. This is different from the
DateObject type, which is used for records that contain the individual components of
a day used for the column headers, namely weekday (MON–SUN), month (JAN–DEC) and
day of the month (1–31).

When a search is triggered, debouncing is used to avoid lookups in the Fuse.js index
on every input. Afterward, search results are converted to SymbolElement records,
which use a symbol’s kind property and modifiers to determine which icon and kind text
(e.g., “abstract class”) to display. Typed symbols such as fields, variables and methods
additionally have type text generated, which is truncated to fit into the width of the search

1https://www.fusejs.io/, Accessed: Oct. 9, 2025
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results, e.g., List<AVeryLongType> might get truncated to List<...>. Similarly,
the path of each symbol is truncated from the end to only include the list of last package
names that can be displayed, e.g., “com.example.very.long.packagename” might
get truncated to “...long.packagename”.

Searching or changing the cell region—either by changing the page of search results or the
date range to display—causes the Cell records for the timeline view to be re-computed.
This is done by first extracting all relevant change events to display, then grouping this
data by symbol and date. For each cell with change events, the accumulated states
then get assigned a CellEventCategory corresponding to the kind and severity of
the most drastic change; for example, a cell with only change events affecting line ranges
is categorized as MINISCULE, change events with renamings or type changes will cause
the category to be at least MAJOR, and symbol additions or deletions cause the category
to be ADDED or DELETED, respectively. It is this category, alongside the kind of the
most drastic change (e.g., RENAMED), which affects the displayed cell color and icon.
Miniscule-category cells are those that get displayed as only a smaller change event dot
on the timeline. The kind values associated with each type of change are additionally
used for determining which “pills” to display above the change event dot, sorted by their
associated severity and always starting from the change event which was used to decide
the cell color and icon.

Based on the creation and (optional) deletion event of each search result symbol, each cell
is also assigned starts and ends truth values, which are used to determine whether
the colored strip on the timeline should start, end, continue (if both are true) or be
absent altogether (if both are false). The last-change indicator displayed after the last
change event for still existing symbols is triggered by the last truth value, which is
computed in the same step. Since the number of cells displayed on each view update
is large, columns and cells use string-based hashing to allow Vue.js to only re-render
columns and cells that change, which significantly improves responsiveness due to the
usually large amount of empty or continuation cells. Special care has gone into making
sure that cells with identical appearance but different underlying change information still
get re-rendered.

When it comes to the details popover that gets triggered when clicking on a change event
dot, the visualization computes the list of properties to display (e.g., all for addition
and deletion events, only updated properties for modification events) and refers to a
mapping of property display functions for how to render values of individual properties.
This allows each property to be rendered using a suitable human-readable representation;
for example, list-type properties such as placed annotations or implemented interfaces
get treated as lists of type values, and simple properties such as symbol kind or initial
value use additional text formatting to ensure readability (“Enum constant” instead of
ENUM_CONSTANT) and conciseness (shortening to “(Longer expression)” if too long),
respectively.

85



8. Implementation

Where full information, such as the fully qualified name or full initialization expression, is
hidden or truncated, an abbr text is additionally set. Property values with an abbr text
are underlined via CSS to indicate that hovering over them reveals additional information.

The data returned by the property display functions is also used to determine how to
render the before–after diff of property values: Changes to simple properties will simply
see the old and new value separated by a right-facing arrow, while changes to list-type
properties are additionally diffed using an LCS algorithm to make sure individual values
retain their relative order and value changes (e.g., added or removed annotations) are
inserted at the right indices (these changes are displayed with background highlighting
as well as green plus and red minus signs in the popover).
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CHAPTER 9
Evaluation

This chapter covers the evaluation of the visualization approach as described in Chapter 7
and implemented as summarized in Chapter 8 in addition to the evaluation of this thesis
as a whole, with an interpretation and discussion of the results as well as an examination
of the threats to internal and external validity.

9.1 Scenario-based Expert Evaluation and
Semi-Structured Interviews

As outlined in Chapter 5, the overall process for the evaluation of the visualization
approach was carried out in a similar manner to the interviews conducted as part of
the requirements analysis phase, with the aim of validating the final prototype and
discussing the general sentiment towards this area of research after multiple rounds of
usage scenario-based demonstrations. In terms of methodology, this meant that the
expert interviews were divided into one pilot interview and three evaluated interviews,
with the pilot interview once again serving as a way to gather feedback for the design of
the questionnaire, usage scenarios, and general interviewing process. For the final version
of the evaluation questionnaire, see Appendix B.

The interviews were carried out individually using an online conferencing tool and lasted
for roughly 40 minutes each, with the exception of the pilot interview, which took
about 50 minutes. It is worth noting that the evaluation was carried out with a slightly
different group of respondents compared to the requirements analysis phase, consisting
two returning participants and one new interviewee.
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9.1.1 Scenario and Interview Design
As already touched on above, the questionnaire for the evaluation phase was designed
with three key goals in mind:

1. Establish the respondents’ demographic makeup and VCS usage.

2. Validate the visualization prototype via demonstration and discussion based on
predetermined usage scenarios.

3. Discuss overall thoughts on the visualization and the general outlook on symbol-
based SEV as a whole.

Like before, this naturally leads to the questionnaire being split into three parts, each
corresponding to one of the goals just listed. The initial block centered around demo-
graphic characteristics was included due to the differing respondent group, expanded
with a short question about general VCS usage to provide additional context for the
second and third block answers.

The second block revolves around the aforementioned usage scenarios. Each usage
scenario section consists of three parts: a question about the general use case, a live
demonstration of how the visualization addresses the use case and a closing question
about the perceived usefulness of the visualization in this context. The first question
in particular serves the important purpose of validating the use case itself before the
eventual judgment on the efficacy of the visualization. The closing questions are always
accompanied by a brief discussion on the perks and drawbacks of the visualization
from the participant’s perspective after the live demonstration. Both questions utilize
Likert-scale answer options: “Not very useful” / “Somewhat useful” / “Useful” / “Very
useful” and “Poor” / “Fair” / “Good” / “Excellent” for usefulness and performance,
respectively.

The usage scenarios themselves are derived from the requirements analysis phase, largely
based on the findings of the literature review from Section 6.1, specifically the core
question categories related to symbol-based change search, seeing how it was the search
view which was ultimately chosen for the implementation (see Section 7.4). Specifically,
the use cases chosen for the scenario-based evaluation center around code evolution
(“What has changed?” and “Has it changed?”), the creation and change timeline (“When
has it changed?” and “When was it created and deleted?”), change motivation (“Why
was it changed?”) and change authorship (“Who has changed it?” and “Who created or
changed it last?”). The concrete data for the live demonstration was based on the output
of the analysis framework when being fed itself as the input, with slight adjustments
made to showcase the final usage scenario with multiple authors.

The third block poses two key questions regarding the concept of symbol-based visu-
alization: First, it asks the participant about the general perceived usefulness of the
visualization following the usage scenarios, given the same answer options as before
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(“Not very useful” / “Somewhat useful” / “Useful” / “Very useful”). During the actual
interview, respondents are urged to again consider the subjective relevance of the provided
usage scenarios, the visualization’s performance in these scenarios and the difference in
presentation, interaction methods and change granularity by virtue of changes being
tracked on the symbol level. The second question addresses the overall sentiment towards
symbol-level visualization as a field of research, framed as a question of interest, with the
answer options “Not interested”, “Slightly interested”, “Interested” and “Very interested”.
Participants are encouraged to reflect on the advantages and disadvantages of symbol-level
change visualization in general as well as the potential for future developments in this
working direction (contrasted with traditional change detection and visualization as
known through Git). Finally, the questionnaire ends with a last call for comments from
the interviewee.

It is worth mentioning that the pilot interview—despite its longer runtime—did not lead
to any significant changes to the questionnaire or usage scenarios. The usage scenarios
in particular went through multiple iterations even before the pilot interview, leading
to multiple adaptations such as slight changes to the wording of the central scenario
questions and a shift from three more involved scenarios (roughly 10 minutes in length)
to four simpler ones (roughly 7 minutes in length). Nevertheless, the fact that the (by
the pilot interview) then-current interview process, usage scenarios and questionnaire
seemed to work well in practice served as an implicit kind of feedback in much the same
way as the explicit feedback seen in the requirements analysis interviews.

9.1.2 Evaluation Results
This section serves as a brief review of the results of the three primary interviews
conducted over the course of the evaluation phase.

Demographics

Questions 1–3 pertained to many of the same basic demographics questions seen in
the requirements analysis—namely, the participants’ age group, declared gender and
years of professional programming experience. Once more, it is important to highlight
that professional programming experience in this context refers to years working on
programming projects with stakeholders outside of a self-educational context. Identical
to the requirements analysis, all three participants belonged to the 25–34 year age group
and exclusively identified as male. Participants P1 and P2 both specified 2–5 years of
experience, and P3 5–10 years (which, for P1 and P3, was in line with their previous
answers). The additional question (number 4) regarding the general frequency of using
tools to inspect or browse code history was universally answered with the highest option,
“Often”.
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Usage Scenarios

Following next are the previously mentioned four pairs of questions about the usefulness
of the presented use cases and performance of the visualization in the corresponding
contexts, one pair for each usage scenario, which will here be referred to as the “what”
(S1), “when” (S2), “why” (S3) and “who” (S4) scenarios for simplicity’s sake. Figure 9.1
shows the perceived usefulness for each use case as judged by the interviewees. It would
appear that the participants had a clear preference for the first and third scenarios
pertaining to the “what” and “why” questions, respectively. This can also be seen in
the verbal responses from the interview: P1 remarked that the “when” is often less
important than the “what” and primarily useful for edge cases (where it is, however,
deemed very useful). Expressing a similar sentiment, P2 stated that the fourth scenario
regarding the “who” is generally very interesting but often only of limited use. For
comparison, Figure 9.2 shows the perceived performance of the visualization prototype.
Overall, the absence of “Poor” and “Fair” ratings indicates that the visualization indeed
adequately addresses the presented use cases. Feedback was overall very positive, with P1
remarking that the “why” scenario worked pretty well and P2 saying the “who” scenario
was excellent with nothing further to note.

Recurring feedback included wishes for collapsible timeline regions in the absence of
changes and adjustable timeline granularity as well as comments on the reliance of the
“why” scenario on the expressiveness of commit messages. However, on the topic of the
“why” scenario specifically: While every respondent noted something to the effect that
change rationale can be notoriously difficult to glean from version control information
(a hypothesis which the literature review from this thesis supports), they all seemed to
agree that, given sufficient commit discipline, the visualization works well in helping to
extract this rationale information where available.

Overall Thoughts

The final questions, numbered 13–15, address the overall thoughts on the visualization
in particular as well as symbol-based visualization in general. The results from the
questionnaire are shown in Figure 9.3, where both of these aspects have been combined
for easier comparison. In line with feedback for the visualization’s usefulness in individual
use cases, all participants agree that the developed prototype proved to be “very useful”.
P1 mentioned that the approach looks very promising, while P2 praised the visualization’s
intuitiveness. P3 remarked that it definitely seems more useful than Git in many regards
and that structural changes are presented in a more understandable manner than a
traditional line-based diff. Regarding the overall interview, P2 felt that the presented
use cases were all very sensible. General interest in further research into symbol-level
visualization was above average across the board, with P1 and P2 noting that additional
filter and search options would present a significant improvement for the visualization
prototype for future work.
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Not very
useful

Somewhat
useful

Useful Very useful

(S4) Who changed it?
1 2

(S3) Why did it change?
1 2

(S2) When did it change?
1 2

(S1) What changed?
2 1

Figure 9.1: Perceived usefulness of software evolution information

Poor Fair Good Excellent

(S4) Who changed it?
1 2

(S3) Why did it change?
2 1

(S2) When did it change?
2 1

(S1) What changed?
1 2

Figure 9.2: Perceived performance of the visualization prototype

1 (Lowest) 2 3 4 (Highest)

Interest in future work
2 1

Usefulness of the prototype
3

Figure 9.3: Verdict on the current state of symbol-based visualization
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9.2 Discussion
This section discusses the results of this thesis throughout its chapters, primarily focusing
on the evaluation interview results while also including findings from the state-of-the-art
VCS history mining analysis, the requirements analysis and the implementation where
appropriate.

9.2.1 Interpretation of Results
Ultimately, the evaluation interviews ended with universal positive feedback, with Fig-
ure 9.3 showing both that the developed visualization prototype sufficiently demonstrates
the potential of symbol-based history processing and visualization methods and that
unambiguous interest in future work in this field indeed exists. Based on the concrete
feedback received, it appears that the overall presentation-layer structure of such an
approach does manage to communicate change information on a more granular level in
an intuitive-to-navigate and readable way.

Most of the constructive criticism from the participants addresses the advanced filter
and timeline zoom options which were originally planned to be included prior to the
scope reduction described in Section 8.1.4. However, this feedback serves as a validation
of the findings from the literature review and requirements analysis interview results in
addition to providing a clear direction for future work to add onto this thesis. In any case,
the concluding thoughts of the interviewees demonstrate that even in this limited-scope
visualization prototype, there is enough functionality present for it to provide an immense
help in finding useful historical change information, confirming the thesis’s hypothesis
about the merits of symbol-based history visualization.

9.2.2 Examination of Research Questions
As stated in Chapter 5, this thesis aims to answer three research questions. What follows
is a breakdown of each research question and the answer provided by this thesis, as can
be found in previous chapters.

RQ1: What insights can developers gain from symbol-level code history information?
This first research question pertains to the utility of symbol-level SEV and its
advantages over line-based approaches. For this purpose, a literature review and
requirements analysis interviews were conducted in order to elicit the state of
current research and determine the use cases as well as possible working directions
for this approach. As per the findings in Chapter 6, there indeed exists a need for
solutions to finding accurate information regarding software code history which can
only be uncovered using sub-file-level change detection, such as capturing changes
to code elements or refactoring detection. This resulted in a list of twenty relevant
questions commonly found in scientific literature which closely relate to changes
to code components such as symbols and VCS change information as captured
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by systems like Git, as well as an analysis of the reasons for a lack of suitable
solutions, which ultimately resulted in a set of requirements that was then validated
through semi-structured interviews with experts in software engineering. These
interviews sufficiently showed the demand for symbol-based history processing
tools—particularly, search-based visualization applications—and validated many
of the use cases related to problems frequently stated in contemporary works, such
as difficulties with finding relevant change information within complex version
control histories.

RQ2: How can a symbol-based visualization be designed to satisfy the information needs
of developers?

This second research question pertains to how the information needs identified in the
requirements analysis can be properly addressed by a visualization-based approach.
This question is addressed in two parts: feasibility and design considerations.
First, Chapter 7 and Chapter 8 of this thesis go into the concrete challenges
unique to symbol-based history processing faced when trying to realize such a
concept. With little related work (see Chapter 3 and Chapter 4) available to
look to for visualization-based approaches based on efficient symbol-level history
information mining techniques, it was initially unclear how feasible an actual
implementation might be. As a result, this thesis set out to create both an analysis
framework capable of harvesting this information and a visualization prototype,
thereby effectively demonstrating possible directions in software architecture,
implementation techniques and ways to transform the harvested information into
a format suitable for an interactive visual user interface. Second, Chapter 7 delves
into more detail regarding challenges faced when creating said user interface, based
on the findings from the literature review and requirements analysis interviews
alike, discussing design considerations along all steps of the conceptualization
process, iteration by iteration, until finally coalescing in the final visualization
prototype.

RQ3: Does the proposed visualization approach lead to the intended benefits for devel-
opers?

This third and final research question pertains to whether or not a visualization
yielded by this approach can actually result in a useful abstraction that delivers
on the potential benefits outlined by answering RQ1. For this purpose, the final
visualization prototype was validated through a second round of semi-structured
expert interviews by way of live demonstrations in usage scenarios based on the use
cases previously exposed in the requirements analysis. The results clearly reveal
very positive overall sentiment towards both the concrete visualization prototype
developed and symbol-based SEV as a whole, cementing symbol-based software
history mining and visualization as a promising area of research with significant
potential for future work.
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9.3 Threats to Validity
This section addresses the threats to the validity of the results presented in the require-
ments analysis and evaluation chapters.

Questionnaire-induced biases. While the interview questionnaires underwent multi-
ple revisions in order to be constructed as neutral as possible, it cannot be ascertained
whether the concrete wording, framing or structure of the questions could have influenced
participants’ responses to lean toward more negative or positive answers.

Inconsistency-induced biases. As differing sets of participants were used for the
requirements analysis and evaluation interviews, the ability to draw any causal relation-
ships between the two is impeded. At the same time, the fact that there is some overlap
between the two groups violates assumptions about the independence of the two results.

Contamination bias. The overlap between the participant groups for both sets of
interviews and the fact that all participants stem from the same organization at TU
Wien lead to an inability to rule out external factors such as communication between
interviewees after the requirements analysis and prior to the evaluation phase.

Number of participants. Both the requirements analysis and evaluation interviews
used a sample size of just three. This number of participants is too small to be able to
generalize the results of this thesis to broader populations.

Participant selection bias. The fact that all respondents stem from the same orga-
nization at TU Wien causes the observed results to not be generalizable, as this would
require random sampling from a broader pool of software engineers, including those not
at TU Wien.
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CHAPTER 10
Conclusion

This thesis saw the methodical investigation of a design problem in the research area
of Software Evolution Visualization. The initial stages began with a thorough review
of current scientific literature and state-of-the-art concepts and techniques. Utilizing
this knowledge, this thesis proceeded with semi-structured expert interviews to validate
its initial findings and hypotheses and gather additional actionable feedback that was
later used to refine a visualization concept from a pen-and-paper proposal to a functional
full-stack prototype.

The requirements analysis revealed several insights into information needs in software
engineering, Mining Software Repositories and Software Evolution Visualization alike,
concluding that these areas are ripe with potential regarding the use of symbol-level
change information for software history visualization approaches, as shown by the large
number of comments regarding pain points with existing solutions.

Along the entire process, this work included design considerations, implementation
challenges and possible avenues for realizing a suitable visualization concept. All of these
findings culminated in a treatment evaluation that more than adequately demonstrated
not just the viability of symbol-level visualizations, but also the potential for further
enhancements and interest in continued work in this direction within the field of MSR
and SEV research.

10.1 Future Work
Due to time constraints and the challenging nature of AST-level code differencing and
refactoring detection, not all of this thesis’s original ideas could be brought to fruition
during the design and implementation stages. Ultimately resulting in a reduction of scope,
the requirements analysis and evaluation interview findings nevertheless demonstrate
possible visualization, interaction and distortion avenues for displaying and navigating
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symbol-level change information. As such, many of the design considerations already
outlined in the requirements analysis provide simple extension points to this work,
primarily in the areas of extended search, filtering and zoom functionalities.

Similarly, other possible visualization concepts designed but not realized as part of this
thesis, such as the exploration-, person- and change-based perspectives, garnered very
positive responses from interviewees and present other possible types of symbol-based
visualizations worth exploring in future work.

In terms of functionality, the originally intended solution saw the use of the Refactor-
ingMiner library [27], [77] for more involved inter-file refactoring detection, something
that was foregone in the final implementation, which instead relied on GumTree [25]
and Spoon [34] for intra-file refactorings such as method moves and Git for file-level
refactorings such as top-level class renamings. Naturally, more expressive and accurate
refactoring detection is another aspect that may yet be improved upon as part of future
research.

The empirical expert interviews provide an additional opportunity to gather more
information regarding information needs in software engineering in the context of changes
on the symbol level by way of increasing the breadth and number of survey participants
to further substantiate or refute this thesis’s findings.

Lastly, as the treatment evaluation shows, there exists growing interest in future devel-
opments, so altogether different approaches in the realm of AST- or CST-based data
mining approaches in conjunction with software history visualization are expected to
attract further valuable insights into these examined topics, as well.
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Introduction

Demographics

Information Needs in Software
Engineering

* Indicates required question

A. Requirements Analysis Questionnaire
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1.

Mark only one oval.

18 - 24 years

25 - 34 years

35 - 44 years

45 - 54 years

55 - 64 years

65+ years

2.

Mark only one oval.

Other:

Male

Female

Prefer not to say

3.

Mark only one oval.

< 1 year

1 - 2 years

2 - 5 years

5 - 10 years

10 - 15 years

15 - 20 years

20 - 25 years

> 25 years

Current State of Software History Usage

1. What is your age? *

2. What is your gender? *

3. How long have you been professionally working in programming (in years)? *
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4.

Mark only one oval.

Never

Rarely

Sometimes

Often

Exclusively

5.

Mark only one oval per row.

4. How frequently are you using the Git Version Control System for source code? *

5. How often do you use these tools to browse or inspect source code history? *

Never Rarely Sometimes Often

Code hosting
platforms (GitHub,
GitLab, ...)

Code editors
(IntelliJ, VSCode, ...)

Git UI tools (GitHub
Desktop, Sourcetree,
...)

Git command line
(git log, git blame, ...)

Dedicated source
code history tools
(CodeShovel,
CodeTracker, ...)

A. Requirements Analysis Questionnaire
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6.

Mark only one oval.

In the last 3 days

This week (4-7 days ago)

Last week (8-14 days ago)

Earlier this month (15-30 days ago)

Last month (31-62 days ago)

Earlier this year (63-365 days ago)

Not in the past year (366+ days ago)

I have never had to check source code history

6. When did you last use source code history of any kind to uncover or verify
information?

*
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7.

Mark only one oval per row.

8.

7. When working with software history tools in the past, I have had problems
with...

*

Never Rarely Sometimes Often

Refactorings being easily
recognizable (e.g., method
move)

Irrelevant changes
showing up (e.g.,
reformattings)

Inconsistent terminology
(e.g., unfamiliar/unusual
wording)

Lack of useful filtering
options / Too many results

Lack of usability

Difficulties locating the
relevant change within a
commit

Unappealing graphical
presentation

Having to sift through
commits to find the
change I'm looking for

8. When would you normally call a change "recent"? *

If your answer is "it depends": What circumstances would you say make you more likely to
call a change "recent"?

A. Requirements Analysis Questionnaire
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9.

Mark only one oval per row.

10.

Mark only one oval.

Other:

I don't think an umbrella term exists

Code symbols

Code elements

11.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

9. When you check source code history, how old are the changes you usually need
to check?

*

"Uncommitted" does legitimately refer to changes that are not yet part of any commit. In
this context, unpushed changes count as "recent", not "uncommitted".

Never Rarely Sometimes Often
Very
often

Uncommitted

Recent

Non-recent

10. What umbrella term do you use to refer to packages, classes, methods,
fields, variables, parameters and the like collectively?

*

11. When checking source code history, support for inspecting more fine-grained
code elements (e.g., methods and fields as opposed to files/classes) is...

*
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12.

Mark only one oval.

Not important

Slightly important

Moderately important

Very important

Visualization Mockups - Introduction

The next sections will show you mockups of a visualization prototype showing the history 
of code elements. The images in question depict the same visualization but differ in how 
elements can be discovered and the data displayed.

General layout

Exploration-based Visualizations for Software History

12. How would you rate the importance of the history of code elements that
have been fully removed?

*

Note that "fully removed" does not include scenarios where elements that have been
removed and incorporated elsewhere within the same change (refactorings) such as
moves, renamings, reorderings or inlined methods.

A. Requirements Analysis Questionnaire
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13.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

14.

13a. How useful would you find a visualization that lets you navigate through the tree
of code elements and shows the history of elements within a shared context?

*

"Code elements within a shared context" could be, for example, classes in a package, methods
and fields in a class, parameters and variables of a method, etc.

13b. What do you think of the above visualization concept for navigating through
code elements and showing their change history?

*
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15.

Mark only one oval per row.

14. When looking at a code element (e.g., a package, a class or a method), which
of its properties do you find the most useful?

*

Not
useful

Rarely
useful

Sometimes
useful

Useful
Very

useful

Person who
created it

Person who last
changed it

Date and time of
the last change
to it

Number of
recent changes
to it

Number of
people who
contributed to it

People who
contributed to it
and to which
amount

Number of its
type
relationships
(e.g., subtypes,
usages,
references)

Size /
Complexity of it

Number of total
changes to it

Number of code
elements
contained in it
(e.g. classes in a
package,

A. Requirements Analysis Questionnaire
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Search-based Visualizations for Software History

16.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

17.

members in a
class)

15a. How useful would you find a visualization that acts as a search for code elements
and shows their history?

*

15b. What do you think of the above visualization concept for searching for code
elements and showing their change history?

*
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18.

Mark only one oval per row.

Ranking-based Visualizations for Software History

16. When searching for a code element, I hold the following opinion of these
filter options:

*

Useless
Rarely
useful

Sometimes
useful

Useful
Very

useful

Changed most
recently

Changed least
recently

Changed after
a point in time
(from)

Changed in a
specific
timeframe
(from-to)

Introduced in a
specific
timeframe

Changed by
me specifically

Changed by a
certain other
person

Changed most
frequently

Never changed

Changed by a
lot of different
people

A. Requirements Analysis Questionnaire
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19.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

20.

Person-based Visualizations for Software History

17a. How useful would you find a visualization that shows all changes sorted by
criteria such as change recency or frequency?

*

Change recency ... "What was last changed?"
Change frequency ... "What was changed the most or most often?"

17b. What do you think of the above visualization concept for exploring a sorted
list of code elements and their change history?

*
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21.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

22.

Change-to-Change Visualizations for Software History

18a. How useful would you find a visualization that shows the changes made to code
elements grouped by person?

*

18b. What do you think of the above visualization concept for exploring people
and their authored changes?

*

A. Requirements Analysis Questionnaire
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23.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

24.

Closing

19a. How useful would you find a visualization that shows the code elements related
to a specific code element change?

*

19b. What do you think of the above visualization concept for exploring the code
elements related to a specific change?

*
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25.

Mark only one oval.

Useless

Rarely useful

Sometimes useful

Useful

Very useful

26.

This content is neither created nor endorsed by Google.

20. How useful would you find a "Compare" list feature which allows you to show
changes for previously selected code elements?

*

This notion is a bit difficult to describe. If you have visited technology search or ranking
websites before, you may recognize this feature (e.g., phone comparison on GSMArena,
product comparison on Geizhals, ...).

The intention would be to allow you to more easily compare the changes made to sets of
code elements which do not usually occur together (e.g., packages with different parent
packages, non-adjacent search results, ...).

21. Are there any other features you would add or improve on? *

Also, if there is any general aspect you find particularly important, feel free to mention it
here.

 Forms

A. Requirements Analysis Questionnaire
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APPENDIX B
Evaluation Questionnaire
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Introduction

Demographics

Visualization of Symbol-Level Code
Changes

* Indicates required question

B. Evaluation Questionnaire
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1.

Mark only one oval.

18 - 24 years

25 - 34 years

35 - 44 years

45 - 54 years

55 - 64 years

65+ years

2.

Mark only one oval.

Other:

Male

Female

Prefer not to say

3.

Mark only one oval.

< 1 year

1 - 2 years

2 - 5 years

5 - 10 years

10 - 15 years

15 - 20 years

20 - 25 years

> 25 years

1. What is your age? *

2. What is your gender? *

3. How long have you been professionally working in programming (in years)? *
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4.

Mark only one oval.

Never

Rarely

Sometimes

Often

Scenario 1: Code Evolution Discovery

5.

Mark only one oval.

Not very useful to me

Somewhat useful to me

Useful to me

Very useful to me

4. How frequently would you say you use tools to inspect or browse source code
history?

*

Examples:

GitHub, GitLab, ... (Code hosting platforms)
IntelliJ, VSCode, ... (Code editors)
git log, git blame, ... (Git command line)
GitHub Desktop, Sourcetree, ... (Git UI tools)
CodeShovel, CodeTracker, ... (Dedicated source code history tools)

5. Being able to uncover what changes, if any, have been made to a particular
class/method/field/variable/... over time is...

*

B. Evaluation Questionnaire
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6.

Mark only one oval.

Poor

Fair

Good

Excellent

Scenario 2: Creation and Change Timeline Discovery

7.

Mark only one oval.

Not very useful to me

Somewhat useful to me

Useful to me

Very useful to me

8.

Mark only one oval.

Poor

Fair

Good

Excellent

Scenario 3: Change Motivation Discovery

6. How would you describe this visualization's ability to help you understand
what changes, if any, have been made to a particular
class/method/field/variable/... over time?

*

7. Being able to uncover when a class/method/field/variable/... was created,
changed or deleted is...

*

8. How would you describe this visualization's ability to help you understand
when a class/method/field/variable/... was created, changed or deleted?

*
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9.

Mark only one oval.

Not very useful to me

Somewhat useful to me

Useful to me

Very useful to me

10.

Mark only one oval.

Poor

Fair

Good

Excellent

Scenario 4: Change Authorship Discovery

11.

Mark only one oval.

Not very useful to me

Somewhat useful to me

Useful to me

Very useful to me

9. Being able to uncover why a class/method/field/variable/... was changed is... *

10. How would you describe this visualization's ability to help you understand
why a class/method/field/variable/... was changed?

*

11. Being able to uncover who made changes to a
class/method/field/variable/..., including who created or last changed it, is...

*

B. Evaluation Questionnaire
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12.

Mark only one oval.

Poor

Fair

Good

Excellent

Closing

13.

Mark only one oval.

Not very useful

Somewhat useful

Useful

Very useful

14.

Mark only one oval.

Not interested

Slightly interested

Interested

Very interested

12. How would you describe this visualization's ability to help you understand
who made changes to a class/method/field/variable/..., including who created
or last changed it?

*

13. In general, how useful did you find this kind of visualization concept based
on the demonstrated use cases?

*

14. In general, how interested are you in the possible capabilities of this kind
of visualization concept now that you have seen it in action?

*
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15.

This content is neither created nor endorsed by Google.

15. Do you have any closing remarks or suggestions?

 Forms

B. Evaluation Questionnaire
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