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Abstract

GitHub is one of the most widely used platforms for version control management,
hosting millions of open-source software projects. The commit culture of a repository
provides valuable insights into development practices and software evolution within a
project. It demonstrates how teams communicate project release plans, discuss and re-
solve issues, design and implement features, and adhere to guidelines and best practices.
It also provides patterns and insights that help teams identify shortcomings in their de-
velopment workflow and formulate improved contribution guidelines. The insights are
also useful in contexts where open-source repositories are forked and customised by
users. Understanding commit relationships and tangling helps users keep their forks
aligned with the original repository, in terms of bug fixes, features, and security up-
dates, while still preserving their local customisations. This study highlights patterns in
developer practices, such as making multiple commits for a feature, and how tangled the
commits are with one another. In this thesis, I analysed commit culture in two open-
source repositories of the Eclipse IDE and the Microsoft STL library. I used multiple
information sources in the repositories, such as commit messages, pull requests, linked
issues, comments, and commit authors, for the analysis. The gathered information was
further used to identify related commits and form commit groups by appropriate rea-
soning. I also measured tangling degrees between code changes of commits at the file
and function levels. The study found that the Eclipse repository exhibited a stronger
multi-commit culture compared to the STL repository. The STL repository commits
were found to be heavily tangled at the file level compared to the Eclipse repository
commits. During the study, several information sources in the repositories were also
identified that proved to be useful for the analysis.
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1 Introduction

Version control is a software engineering practice that tracks and manages changes to
software code [27]. Version control systems are software tools that enable teams to
collaborate and coordinate work effectively in a distributed environment, and maintain
easily trackable versions of source code. Version control systems have become an im-
portant component of software development. GitHub, in particular, is the largest and
most popular platform for hosting source code. As of 2025, GitHub hosts 630 million
repositories. 63% of these repositories are open-source or public repositories, with 1.12
billion contributions [8].

A change in a repository is called a commit. Developers save the changes into ver-
sion control systems by making commits. The changes may be related to a bug fix, a
new feature implementation, a documentation change, or an image update. This makes
commit history a rich source of information to understand the development process in a
team. Apart from code diffs, other information surrounding the commits, such as com-
mit messages, pull requests, code review comments, discussions, labels and linked issues,
collectively describes a commit culture in teams. It highlights how developers structure
their work, document important information, coordinate with other developers, manage
releases and follow project-specific contribution guidelines in an open-source repository.

Prior research in this area has primarily examined commits in the context of individ-
ual commits and automation of commit classification [16, 24]. This was studied for tasks
such as bug prediction [2], effort estimation [1], and planning of software maintenance
activities [16]. These studies rely only on commit messages and code diffs as informa-
tion sources. However, modern repositories contain several other information sources
that provide very useful contextual information related to commits. These information
sources are not considered in the existing studies.

While existing studies focus on understanding individual commits, they provide lim-
ited insight into how commits interact with one another over time. Code changes
introduced by different commits may overlap in the same parts of the source code. This
overlap of changes is called tangling. Thus, analysing commits also involves under-
standing where and how the code changes overlap in commits.

In software engineering, tangling can refer to commit tangling [10, 11] or code tangling
[17]. Tangled commits are defined as code changes to software that address multiple
issues at once [10]. In the context of features, the code of features is often tangled with
the base code and possibly with the code of other features [17]. This is called code
tangling. In this study, I will address code tangling and refer to it simply as tangling.
Tangling degree is the metric used to quantify tangling. It indicates the extent to which
different features are mixed together in the same module, file, class or function.
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1 Introduction

1.1 Motivation
Understanding commit culture provides useful insights that can be used to identify
challenges and shortcomings in development practices, tailor contribution guidelines
to overcome shortcomings, improve feature traceability, and ease onboarding of new
contributors. The insights are especially relevant in scenarios where original repositories
are forked and customised by users. These forks need to be periodically updated with
the original repositories without losing the customisations.

When a particular feature needs to be imported from the original repository, it is
important to identify all commits related to the feature. This study provides insights
into how related commits can be identified using information sources available in repos-
itories. The number and size of commits in a commit group also indicate the complexity
and size of a feature. Tangling degree can also be used as an indicator to understand
the complexity of features. A higher tangling degree might increase the probability
of inadvertently inducing bugs during fork updates. Based on the commit groups and
tangling degrees, appropriate measures, such as testing, impact on other features, etc.,
can be taken for a smooth update of forks. Thus, identifying commit relationships and
understanding tangling degrees can help simplify this update process.

1.2 Objectives
The main objectives of this thesis are: To investigate whether developers use multiple
commits to implement a feature, bug, or enhancement and to measure file-level and
function-level tangling between commits.

The corresponding research questions that guide this thesis are:
RQ1: Do developers use multiple commits for the same feature/change in the main

branch in well-known open-source repositories?

Here, I will primarily study commits in the main branch of repositories. However,
during analysis, I will review some commits related to pull requests that will be merged
to the main branch. But the main focus is on the commits of the main branch.

RQ2: How tangled are commits with one another in terms of shared modified files
and functions?

1.3 Methodological Overview
To answer these research questions, I selected two repositories: the Eclipse platform
and the Microsoft STL. The Eclipse platform repository contains the source code for a
well-known integrated development environment (IDE), popularly used for Java-based
software development. The Microsoft STL repository provides Microsoft’s implemen-
tation of the C++ Standard Library, which is distributed with the Visual Studio IDE.
I selected one release for each of the two repositories. I analysed each commit within
the release manually using information sources, such as commit messages, source code
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1.4 Structure of the Thesis

diffs, pull requests and their discussions, linked issues and bug reports, labels, commit
authors, and commit dates.

I then identified related commits and formed commit groups based on reasoning
such as feature implementation, scenarios, infrastructure changes, or syntactic similar-
ity. Next, I measured file-level and function-level tangling degrees to quantify overlap
between commits.

1.4 Structure of the Thesis
This thesis is further structured as follows: First, I briefly discuss the related work on
commits, commit classification, and code tangling in Chapter 2.

Chapter 3 describes a detailed methodology followed during this thesis. It describes
the repositories examined, the information collection process, and the approach to
grouping related commits, how tangling degrees were measured and visualised. This
chapter also explains how some of the steps in the process were automated and verified.

In Chapter 4, I present the results of this study on commit groups, information sources
used for repositories during commit analysis, and tangling degrees for both repositories.

Chapter 5 presents a discussion of the results, where I interpret the findings, compare
them with existing literature, address limitations and threats to validity, and conclude
by highlighting the significance of the study and future work.

In Chapter 6, I conclude the thesis report.
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2 Related work
In this thesis, I analyse commit culture in open-source repositories, with a particular
focus on whether developers use multiple commits to implement a feature, bug fix or
change and how tangled commits are in terms of modified files and functions. Prior
research has studied commits with different perspectives and objectives than those
addressed in this study.

2.1 Commit analysis and classification
Commits are widely studied in the context of software maintenance and evolution for
tasks such as bug prediction [2], planning of software maintenance activities [16], effort
estimation [1] and so on. A common objective in this area is commit classification,
where commits are categorised based on the type of maintenance activity they address.

Different categories for commit classification have been proposed in the existing liter-
ature. Commits were classified based on maintenance activities: corrective: fixing bugs,
perfective: system and design improvement, and adaptive: adding new features in the
study by Levin et al. [16]. Dos Santos et al. [24] further extended the categories in
their studies: corrective, perfective, features, non-functional and unknown. Here, they
adopted the definitions for corrective, perfective and features from the study by Levin
et al. Additionally, the non-functional category was associated with documentation and
non-functional requirements, and the unknown category addressed files generated by
version control systems. Benett et al., in their study related to software maintenance
and evolution [3], adopted the following categories for maintenance activities: adaptive:
changes in the software environment, perfective: new user requirements, corrective: fix-
ing errors, and preventive: preventing problems in the future. Sabetta et al. aimed to
automatically identify commits that address security-related code changes, such as fixes
for security vulnerabilities [23]. So, it can be seen that there is no consensus related to
categories for classification followed in the literature [24].

Several studies also explored automation of commit classification. Levin et al. [16]
studied commits from 11 GitHub repositories and automated commit classification.
They considered 3 maintenance activities as categories for commit classification: cor-
rective: fixing bugs, perfective: system and design improvement, and adaptive: adding
new features. They manually created a labelled dataset, trained and evaluated pre-
dictive models using source code diffs and commit messages for commit classification.
They trained 3 models: one using only commit messages, one using only source code
diff, and another using both commit messages and code diff as inputs for classification.
It was found that models showed significant improvement in performance when both
commit messages and code diffs were used as input.

4



2.2 Code tangling

Barnett et al. [2] studied commits from 342 Java-based GitHub repositories for defect
prediction. They used Just-in-time (JIT) defect predictor models to predict how likely
commits are to introduce defects in the future. In general, JIT models use only source
code changes for defect prediction. In this study, the relevance of commit messages
was studied. The JIT models used commit message length and meaningful content as
additional input. The results showed that longer or more detailed commit messages
tend to carry useful indicators for defect prediction. However, the content of commit
messages is an even stronger indicator for defect prediction.

Limitations of existing commits related studies While existing studies demonstrate
the usefulness of commit messages and source code diffs for commit classification, bug
detection, maintenance activities planning, they treat commits as independent enti-
ties [15, 16, 23, 24]. These studies rely only on commit messages and code diffs as
information sources.

Modern version control systems like GitHub, however, provide other rich information
sources related to commits, such as pull requests, labels, commit authors, and linked
issues. These information sources are underutilised in existing studies. Moreover, ex-
isting studies do not explicitly investigate whether multiple commits contribute to a
single feature, bug fix or change. They do not study commits as a group of related
commits.

In this study, I will analyse individual commits and create groups of related commits
that contribute to a particular feature, bug or change. I will also introduce new cat-
egories for commit groups. Understanding commit groups provides useful information
related to feature traceability and types of commit groups. This information can be
used during fork updates against original repositories to include new features and fixes.

2.2 Code tangling
Another important aspect of commit analysis is code tangling. In software engineering,
tangling can refer to commit tangling [10, 11] or code tangling [17]. Herbold et al.
defined tangled commits as code changes to software that address multiple issues at
once [10]. In the context of features, Liebig et al. [17] mentioned that the code of
features is often tangled with the base code and possibly with the code of other features.
This is called code tangling. In this thesis, I will focus on code tangling.

Tangling degree is the metric used to quantify the extent of tangling. Krüger et
al. [14] annotated the location of features in the source code using feature names.
Then they measured the tangling degree as the number of other features included in
a considered feature. Unlike these existing studies that measure the tangling degree
across the entire source code in terms of features, I will evaluate the tangling degree
within the code changes introduced by commits. This is to adhere to the focus of my
study on commits.

I will assess tangling in two levels: file-level and function-level tangling. File-level
tangling degree for any given commit indicates how many other commits have modified
the same files as that commit. Function-level tangling degree for any given commit
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2 Related work

indicates how many other commits have modified the same functions as the chosen
commit. Function-level tangling degree offers a more granular measure than file-level
tangling degree and offers deeper insights into code change interactions.

2.3 Fork maintenance and updates
In software development, it is a common practice to fork existing open-source reposito-
ries and customise the code according to one’s requirements. However, over time, the
original repositories receive new features, security patches and bug fixes. Updating the
forks with new features from the original repositories becomes a tedious task due to
merge conflicts. It is also important not to lose the fork customisations during updates.

Marcondes et al. [19] provide an approach to systematically update forks against the
original project or repository. 1 The study emphasises using domain-specific language
(DSL) for customising code in forks, without actually modifying the original source
code. It uses DSL instructions, such as replace file, replace unit, add unit, remove string,
etc., that are applied to the original source code to generate the required customisation.
However, this idea provides guidelines on how to implement customisations in new forks
without changing the original source code. It does not solve the problem for the forks
that have existed for several years with many customisations.

My study complements the study related to fork updates [19] by providing insights
into identifying commits related to features, and information sources that can be used
for this identification. It also gives information about the tangling degree of source code
diffs. This helps to evaluate the complexity of a feature and identify measures to take
to avoid inadvertent bugs during the update process.

To summarise, prior studies have extensively studied commits for classification, de-
fect prediction, and maintenance activities planning, basically considering commits as
individual entities and relying on limited information sources. This thesis extends ex-
isting work related to commits by analysing commit culture through the concept of
considering related commits as a group contributing to a feature or change, and mea-
suring tangling degrees at file and function levels, utilising multiple information sources
available in modern version control systems.

1This paper was originally published in Portuguese. Translation tools were used to study this paper.
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3 Methodology
For this study, I will select two open-source repositories and analyse commits made in
one release for both repositories. To address RQ1, I will analyse commits to identify if
there are related commits. The definition of related commits can be found in section
3.2.1 below. First, I will gather all commits that belong to one release. As the focus of
this study is on code changes, I will exclude commits related to documentation changes,
version bumps, icon or image updates and configuration changes. After filtering out
commits, I will analyse the remaining commits in two passes to identify commits that
are related to each other. In the first pass, I will use commit messages and their
extended description as an information source to understand if commits are related. In
the second pass, I will use other information sources such as code diffs, linked issues, pull
requests, labels, and commit authors to understand more about commits and further
form groups of related commits. After analysing the commits, I will have the results for
RQ1 in the form of a table that shows commit groups and their commits. All commits
in a group contribute to the same feature or change. These results present the extent
to which developers use multiple commits for the same feature/change, in terms of the
number of analysed commits and commit groups formed in both repositories.

To address RQ2, I will measure tangling degrees for code changes of commits at the
file and function levels. First, I will generate code diff files for all commits. To measure
file-level tangling, I gather a list of modified files for each diff file by regular expression
search using the file header format present in diff files. I then compare each commit pair
to find the list of files that are modified by both commits of the pair. I then visualise
the file-level tangling degree between commit pairs in the form of a heat map, with cell
values indicating the number of common modified files for a commit pair. I will also
plot a bar graph to show the number of commits tangled with a given commit that
modified the same files as those of a given commit.

I will follow a similar process to measure function-level tangling between commits. I
gather a list of modified functions for each diff file by regular expression search using
the hunk header format present in diff files. Then, for each commit pair, I will find a list
of functions modified by both commits in the pair. The function-level tangling degrees
will be visualised using heat maps and bar graphs. Figure 3.1 presents an overview of
the steps involved in the methodology.

3.1 Selection of Repositories
The criteria that guided my selection of repositories are described in this section.
GitHub was my conscious choice of version control system for this study, as it is the
largest and most popular platform for hosting open-source code, with approximately
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3 Methodology

Figure 3.1: Overview of methodology
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3.2 Analysis of commits

630 million open-source or public repositories as of 2025 [8].
Number of contributors, programming language, and size of repositories in terms

of number of commits per release are the properties I considered during the selection
of repositories. Since the focus of this study was the analysis of commit culture in
larger communities, it was important to have at least 100 contributors for the selected
repositories. To introduce variety, I chose two repositories with different programming
languages, while also considering my familiarity with those programming languages,
as analysing source code diffs was a major task in the study. I further selected the
releases with fewer than 100 commits to keep the effort of analysing the commits to an
achievable level, as it was a manual task. Thus, two repositories meeting these criteria
were chosen.

Based on these criteria, two repositories that I selected for the study are: Eclipse
platform [6] and Microsoft STL [20]. The Eclipse platform repository contains the
source code for a well-known integrated development environment(IDE), popularly
used for Java-based software development. It has 194 contributors, 148 forks and pri-
marily consists of a Java code base(96%). Based on the branches and timeline of
the commits, it can be noticed that the community follows a 3-month release cycle.
For this study, I chose the commits between the branches R4_33_maintenance and
R4_34_maintenance, consisting of 84 commits.

The Microsoft STL repository provides Microsoft’s implementation of the C++ Stan-
dard Library that is distributed with the Visual Studio IDE. The repository has 260
contributors, 1.6K forks and primarily consists of a C++ code base (99%). All devel-
opment occurs on the main branch, while releases are marked with tags. For this study,
I focused on commits between the release tags vs-2022-17.13 and vs-2022-17.14, which
consisted of 81 commits.

3.2 Analysis of commits
The goal of this section is to identify commits that are related. This identification
forms the basis for addressing research question RQ1. In the following subsections,
I will define the criteria I used to determine whether commits were related. I will
then introduce how the relevant commits for the selected branches were identified and
filtered. Then, I will describe what information was collected for each commit. Finally,
I will explain how related commits were identified and commit groups were formed,
providing the information that was captured during the process.

3.2.1 Definition of related commits
I considered two commits related if:

• the commits addressed the same feature, issue or bug.

• the commits addressed different parts of the same scenario.

• the code changes in the commits were syntactically similar.

9



3 Methodology

• the commits addressed infrastructure changes for the same component.

Syntactically related commits are commits that modify the same syntactic elements
in source code. These commits are not necessarily related to a common product feature,
but the code changes follow a similar syntactic pattern.

3.2.2 Overview and filtering of unified diff files
After selecting the repositories, the next step was to analyse commits. For the Eclipse
repository, I generated a unified diff file for the selected branches R4_33_maintenance
and R4_34_maintenance to obtain an overview of files and lines of code (LOC). Since
I aimed to understand code commits contributing to features and issues in this study, I
primarily focused on code files (.java files). I excluded configuration, infrastructure and
properties-related files such as pom.xml, manifest.mf, .gitignore, .setup, and others.

For the STL repository, I generated a unified diff file for the selected release tags
vs-2022-17.13 and vs-2022-17.14 to obtain an overview of the files and lines of code
(LOC). Although some files were .cpp and .hpp files, there were many files without any
extensions. Each component of the STL Library has a header file with its name, but
without any extension in the path stl/inc/. Since these header files contained several
function definitions, I included these files for the analysis. As the focus was on source
code, I excluded other configuration, documentation and test files.

3.2.3 First pass
For a systematic analysis of commits, I created a table containing commit information,
an excerpt of which is shown in Figure 3.2. The analysis was conducted in two passes.

Identification of relevant commits

The goal of this step was to identify commits that belonged to the chosen release.
I opened the Code tab of the repository in a browser, selected the older of the two
branches chosen for the study, for example, the branch R4_33_maintenance for the
Eclipse repository. I then clicked on the Commits as shown in the Figure 3.3, which
displays all commits in reverse chronological order, with the most recent commit listed
first. The first commit ID from this list represents the latest commit made to the
R4_33_maintenance branch. I noted this commit ID, say X, for further use, because
the next commit after this would correspond to the first commit for the next newer
branch.

Next, I switched to the newer branch, R4_34_maintenance. I scrolled through the
list of commits until I located the commit ID X. I started with the commit immediately
above the commit ID X, as this would be the first commit for the R4_34_maintenance
branch and continued in the reverse order of the commit list. I followed the same
process to identify the relevant commits for the chosen STL repository release as well.
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3.2 Analysis of commits

Figure 3.2: An excerpt of a table showing commits and their information

Information collection

For each commit, I collected information such as commit ID, commit description, mod-
ified files and entered it into the table (Figure 3.2). Some large commits consisted of
several modified files. For example, 49 files were modified for one JUnit commit in
the Eclipse repository. In such cases, I just mentioned the number of files that were
modified, rather than listing 49 files.

Filtering of commits

Since the focus of the study was on code changes, I excluded commits related to doc-
umentation changes, version bumps, icon or image updates and configuration changes.
A version bump refers to a software versioning process, where the version of a software
is increased to a new unique value for every software release. There were many such
version bump commits in the Eclipse repository, where versions were modified in mani-
fest.mf files. When the commit messages included the words suggesting documentation,
version bump, configuration, etc, I further looked at modified files and code changes in
those commits. After verifying that the changes were not related to code functionality
or features, I filtered such commits out. I also entered this filtering information for
each commit in the table (Figure 3.2) under the column Status, indicating whether
each commit was included or excluded in the study.
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Figure 3.3: Steps to view the commit list for a branch on GitHub
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Identification of related commits

During the first pass, I clicked on each commit to read the commit messages and de-
scriptions and marked the commits that appeared to be related. Some related commits
were clearly and easily identifiable in this pass. Others were less obvious and not im-
mediately apparent from reading just the commit messages and their descriptions.

In some cases, authors mentioned the issue ID that the commit addressed in the
commit message description. This information also helped me identify related commits,
i.e., if the same issue ID is mentioned for different commits, it indicated that they
addressed the same feature or issue.

The first pass analysis took approximately one week for each repository.

Commit group formation after the first pass

After completing the first pass, I created another table to group all related commits.
An excerpt of this table is shown in Figure 3.4. In the remainder of the report, I will
refer to a group of related commits that were identified as a "commit group".

The table consisted of information like commit group number, commit group ID,
commit group name, LOC, number of modified files, number of individual commits
within the commit group and comments. The commit group number is a serial number.
I added the commit group ID and the commit group name for reference to easily identify
commit groups. For 2 related commits, I considered the commit ID and commit message
of the first commit within each commit group, as the commit group ID and commit
group name of that commit group, respectively. LOC is the total number of LOCs of
individual commits of each commit group. Similarly, the number of files is the total
number of files modified in individual commits of a commit group. The number of
individual commits indicates the number of related commits in a commit group. My
observations, reasoning and notes regarding why I considered certain commits to be
related were documented in the comments column.

Since some commits were not related to any other commits, I considered such inde-
pendent commits as their own commit group. So, the table entries for such cases in the
Figure 3.4 show the groups with a number of individual commits as 1. For the Eclipse
repository, 21 commit groups were formed after the first pass.

3.2.4 Second pass
The goal of the second pass was to look into code diffs of commits and other information
sources to identify new commit groups, if present. The information sources that I used
during the second pass are code diffs of commits, pull requests, discussions, comments,
labels, commit authors and linked issues in the descriptions. The second pass also
helped in correcting mistakes due to oversights during the first pass.

During the second pass, I did a deep dive into the commits and analysed each commit
by looking into the code diff to understand the code changes. I read data from other
information sources to understand more about the context and scenarios related to
commits. I documented additional observations and reasons why particular pairs or
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Figure 3.4: An excerpt of a table showing commit groups and their information
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groups of commits appeared to be related, under the comments column in the excerpt
of the table shown in figure 3.2, which would be later referred to create commit groups.
I colour-coded the new commit groups found during the second pass, using the same
colours for the column Commit group ID. This can be seen in the Figure 3.4.

During the second pass, I analysed 37 commits for the Eclipse repository, which took
approximately one week, and 71 commits for the STL repository, which required around
two weeks. The STL source code was particularly challenging to analyse. Since it is
the source code for a library, it contains several template definitions, multiline function
headers spanning up to 3 lines, multiple overload functions, operator-overloaded func-
tions, nested preprocessor statements and so on. The scenarios described in the issue
and commit descriptions were highly specific to particular situations, which required
me to read more about concepts, issues and documentation to gain domain knowledge.

Analysing the code diff was particularly useful in gaining a better understanding of the
intentions behind the commits. The information collected in the first pass was enough
to identify some related commits. However, new commit groups emerged only after the
detailed analysis during the second pass. For the Eclipse repository, I identified 7 and
1 commit groups during the first and second passes, respectively. During the second
pass, I also identified 4 commits that belonged to older commit groups formed during
the first pass. For the STL repository, I identified 4 and 5 commit groups during the
first and second passes, respectively.

All the commit groups and their related commits are further discussed in the Results
section 4.2

3.3 Tangling degree of commits

This section addresses research question RQ2. In this section, I will describe different
levels of tangling degrees measured in this study. I will then outline the process followed
to develop scripts. These scripts measure and visualise file-level and function-level
tangling through heat maps. Next, I will present different approaches I took to measure
function-level tangling for both repositories. Finally, I will explain the process of how
I derived the tangling degrees from the cell values of the heat maps and plotted them
as bar graphs.

Instead of measuring the tangling degree across the entire source code in terms of
features, I focus on evaluating the tangling degree within the code changes introduced
by commits. I assess the tangling degree in two levels: file-level and function-level.
File-level tangling degree for any given commit indicates how many other commits
have modified the same files as that commit. Function-level tangling degree for any
given commit indicates how many other commits have modified the same functions as
the chosen commit. Function-level tangling degree offers a more granular measure than
file-level tangling degree.
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3.3.1 Presentation of tangling degrees
This section describes how file-level and function-level tangling degrees for commits are
presented in this study. I used heat maps to visualise file and function level tangling,
where the cell values indicate the number of common modified files and functions be-
tween commit pairs. I also plotted bar graphs showing the tangling degrees for each
commit.

Heat maps showing file-level tangling The heat maps show file-level tangling be-
tween commits. Each cell value represents the number of common modified files for the
corresponding commit pair on the x and y axes.

Heat maps showing function-level tangling The heat maps illustrate function-level
tangling between commits. Each cell value represents the number of common modified
functions for the corresponding commit pair.

Bar graphs showing file-level tangling Bar graphs show, for each commit, how many
other commits it is tangled with, based on common modified files. For each commit on
the x-axis, its corresponding value along the y-axis indicates how many commits share
at least one modified file with that commit.

Bar graphs showing function-level tangling Bar graphs show, for each commit, how
many other commits it is tangled with, based on common modified functions. For each
commit on the x-axis, the corresponding value along the y-axis represents the number
of commits that share at least one modified function with that commit.

3.3.2 Generation of diff files for the Eclipse repository
To calculate the tangling degrees, I generated a diff file for each commit. I performed
this step manually for the Eclipse repository. I used the git command, shown below, to
generate a diff of a particular commit, 9d9bf70 in this example. This command gives
the diff with respect to its immediate previous commit and redirects the output to a
newly created file named 1.diff

$ git diff 9d9bf70^ 9d9bf70 > 1.diff

Since the focus was only on code files, I modified the git command to include only
.java files for the Eclipse repository as below:

$ git diff 9d9bf70^ 9d9bf70 -- ’*.java’ > 1.diff

This way, I manually generated 37 diff files for the Eclipse repository, one diff file
corresponding to each commit.
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3.3.3 Generation of diff files for the STL repository
Since there were 71 included commits for the STL repository, I avoided the manual
process of generating diff files for each commit. I automated the generation of diff files
by developing a script. The script would run a git diff command for each commit ID
and generate a corresponding diff file. I developed this script using a large language
model(LLM), ChatGPT. I gave a prompt to generate a script that reads a specific
sheet from an Excel file. For each row, the script reads the columns containing the
commit serial number and commit ID. Then the script runs a git diff command using
the commit ID and redirects the output to a newly created diff file, named after the
commit’s serial number. For example, for a row with a value of 1 as commit serial
number and 2cef491 as commit ID, the script runs the following git diff command and
generates a diff file named 1.diff.

$ git diff 2cef491^ 2cef491 > 1.diff

While working with the STL repository, I noticed that every code change for bug fix
or feature implementation also included test file modifications to ensure test coverage
for new code changes. As my focus was on code changes, I excluded the test files
from diffs. The git diff option that I used for the Eclipse repository to just include
.java files by specifying the file extension was not applicable for the STL repository for
two reasons: the STL repository had several code files without any file extension. For
example, around 130 files in the location stl/inc/ were code files without any extension.
Also, the test files were with .cpp extensions. So, I used a different approach to exclude
the test files by filtering based on their path (tests/). I added an exclude flag with the
test files’ path to the git diff command.

$ git diff 2cef491^ 2cef491 ’:(exclude)tests/’ > 1.diff

Script verification

During verification, I read the script. I checked the output folder to see how many diff
files were generated. I noticed that file names were of the format 1.0.diff. The serial
numbers from the Excel sheet were interpreted as floats, resulting in output diff files
being named as 1.0.diff. To maintain consistency with the file naming format I used
during manual generation for the Eclipse repository, I updated the script to convert the
values to integers.

Additionally, I noticed that the number of generated diff files did not match the
count of included commits. Some commit IDs, which consisted of only integers and a
letter ’e’, for example 0372e78, were being converted to an exponential number format
by default Excel formatting to 3.72E+80. Some commit IDs, which consisted of only
integers and started with a zero, for example 0190042, were being formatted by Excel,
omitting the leading zero to display the value as 190042. To prevent these formatting
issues, I enclosed such commit IDs in quotes. The script failed to generate the diff files
for these commit IDs with quotes. So, I modified the script to handle the quotes.
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I verified the results from the script by manually verifying the content of the generated
diff files for 10 randomly chosen commits. I also verified that 71 diff files were generated,
one for each commit. The script is available in my GitHub repository [26], which
accepts paths to the Excel file, the local repository and the output directory to save
the generated diff files.

The prompts used for developing the script are given in the Appendix 7.1.1

3.3.4 File-level tangling
Once the diff files were generated, I proceeded to measure the file-level tangling degree.
I developed a script that calculates the file-level tangling for commits and visualises
the results in the form of a heat map. Every modified file in a diff file is indicated by
a file header. For example, below is the format of a file header, indicating that the
stl/inc/__msvc_string_view.hpp file is modified:
diff --git a/stl/inc/__msvc_string_view.hpp b/stl/inc/__msvc_string_view.hpp
index aeae9bd2..468378cb 100644
--- a/stl/inc/__msvc_string_view.hpp
+++ b/stl/inc/__msvc_string_view.hpp

This file header format can be used to extract a list of modified files from a diff file
using a regular expression search. In this way, the modified files list can be collected for
all commits using their corresponding diff files. I used ChatGPT to develop the script,
which is available in my GitHub repository [26]. The script takes the path to the diff
files (generated in the previous step) as input, extracts a list of modified files for each
diff file, finds the common modified files for each pair of commits and finally visualises
the results using a heat map.

Script verification

During verification, I noticed that all the diagonal elements in the heat map had large
values. This was due to comparing the commit with itself to find common modified
files. I fixed the script to ignore diagonal values further using a prompt.

To verify the script, I printed the modified files list for each diff file and manually
cross-checked it against the content of 5 diff files, including one large commit that
modified 49 files (Commit 4 in the Eclipse repository). Additionally, I verified the
generated heat map by printing the common modified files for each commit pair and
manually comparing them against the contents of the diff files for 5 commit pairs, which
showed non-zero values in the heat map. I also verified 2 instances of zero values from
the heat map, to confirm that there were no common modified files among those commit
pairs. This verification process was carried out for both repositories.

The prompts used for this script development are documented in the Appendix 7.1.2

3.3.5 Function-level tangling
A block of code change in a diff file is called a hunk [9]. Every hunk is preceded by a hunk
header of a specific format, as shown below, which usually contains the function name.
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To measure function-level tangling degrees, I initially attempted to extract modified
function names from hunk headers in the generated diff files. However, a hunk header
does not always give the actual function name that is being modified [7, 25]. Git uses
a regular expression to match a line that will be used as a hunk header text. Due to
regular expression matching, several hunks that were not part of any function used text
that was not a true function name. For example, code changes in the public or private
section of classes, as well as import statements at the beginning of files, are not part
of any function. However, hunk headers provided block names such as "public" and
"private". As this behaviour did not meet my requirements of function-level tangling, I
discarded this approach of using hunk headers for this purpose.

@@ -2341,9 +2341,8 @@ _NODISCARD constexpr
auto bind_front(_Fx&& _Func, _Types&&... _Args) {

Function-level tangling for the Eclipse repository using JavaParser library

I used parsing libraries that parse source code files and list all functions. Since the
source code languages were different for Eclipse and STL repositories, I could not use
the same parsing library for both. I used JavaParser [12] for the Eclipse repository
with Java source code. The parser takes a source code file and a line number as in-
put and gives the function name that line number belongs to. I utilised one of the
Maven quick-start projects, javaparser-maven-sample [13], referenced in the README
documentation. I cloned this sample project to my local machine and replaced the file
LogicPositivizer.java with a new file FindFunctionForLine.java. It takes a file name and
a line number as input and returns the function name that the line number belongs
to, using the JavaParser libraries. I modified the pom.xml to replace the mainClass
parameter from LogicPositivizer to FindFunctionForLine. After compiling and packag-
ing the project, a JAR file named javaparser-maven-sample-1.0-SNAPSHOT-shaded.jar
was generated in the target folder of the Maven project.

I wrote a small Python wrapper to use the generated JavaParser JAR file. This
wrapper accepts a file and a line number as input and returns the name of the function
that contains the specified line. I then developed a Python script using ChatGPT
that automates the process of identifying modified functions from the diff files for all
commits. The script takes the paths to an Excel sheet (containing commit IDs), the
local Eclipse repository and the folder containing diff files as input.

For each row in the Excel sheet, the script reads the serial number and commit ID,
finds the corresponding diff file from the folder using the serial number. It then parses
the diff file to find all hunks, using the hunk header format regular expression search
and collects the line numbers of the first line of all hunks. Using the git show command,
the script retrieves the version of the file that existed at that specific commit ID and
creates a temporary file with that content. This temporary file and the line numbers
of the hunks are passed to the JavaParser wrapper function to obtain the modified
function names. This process is repeated for all hunks across all commits. The script
then calculates the number of common modified functions in common modified files for
each pair of commits and visualises the results in the form of a heat map. The script
is available in my GitHub repository [26].
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Script verification During verification, I noticed that the script failed to find diff files
from the local folder. This was because the script constructed filenames using serial
numbers from an Excel file, which resulted in a wrong format. I fixed the filename
format by converting the serial numbers to int and adding a .diff extension to the
filename.

I verified the non-zero values in the heat map by manually counting the number
of common functions in common files for 4 pairs of commits. Additionally, I verified
2 instances of zero values from the heat map to ensure that there were no common
functions between those pairs of commits.

The prompts used for this script development are mentioned in the Appendix 7.1.3

Function-level tangling for the STL repository

Since the STL repository consists of C++ source code, I used the Clang library, which
is a part of the LLVM Compiler Infrastructure [18], to parse files and extract modified
function names. However, the results were not accurate when I verified. This inaccuracy
was primarily due to extensive use of #ifdef and #ifndef preprocessor directives in the
STL codebase. The Clang parser considered the code changes in true conditional blocks,
while it ignored the code changes in false blocks. Thus, I manually identified common
modified functions for the STL repository.

First, I determined the total number of hunks in the STL repository across all 71
commits by performing a regular expression search in 71 diff files. There were a total of
797 hunks. However, there were 3 large commits (commits 49, 55, 60) which accounted
for 398 hunks (half the total number of hunks). To make the manual process feasible,
I excluded these three commits from the process. Additionally, I used the file-level
tangling heat map for the STL repository as a reference. I focused only on the non-zero
entries in the heat map. For each commit A, I noted a list of commits B,C,D, and so on,
that had non-zero entries with respect to commit A in the heat map. I then manually
compared commit A with each commit from the list, looking through code changes to
identify the common functions that were modified. I noted the common function names
down in a table, an excerpt of which is shown in Figure 3.5. This way, I exhaustively
compared all commits with non-zero cell values in the file-level tangling heat map. Some
commits took around 1 hour to compare against all file-tangled commits. Overall, this
manual process took approximately 1 week to complete.

I developed a Python script to visualise this function-level tangling in the form of a
heat map using ChatGPT. The script reads commit IDs, tangled commits, and tangled
functions count from respective columns. It then generates a heat map by marking
each commit ID against its tangled commits, using the tangled functions count as the
cell values. The script is available in my GitHub repository [26]. The prompts used for
developing the script are documented in the Appendix 7.1.4

I manually verified all cell values of the generated heat map against the columns
showing tangled_commits and tangled_functions_count in the table(Figure 3.5)
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Figure 3.5: An excerpt of a table showing information about function-level tangling
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Figure 3.6: An excerpt of a table showing Eclipse commits and their file-level tangling
degree

3.3.6 Plotting of tangling degrees
After generating all 4 heat maps(file-level and function-level tangling for both reposi-
tories), I created one table for each heat map. An excerpt of one such table for Eclipse
commits showing file-level tangling degree is shown in the Figure 3.6. The table con-
sisted of 2 columns: Commit and Tangling_degree. For every commit in a heat map, I
counted the number of non-zero entries in its corresponding row and noted this count
as a tangling degree for that commit. I then developed a Python script to read these
tables and plot a bar graph to represent the tangling degree of commits. The script is
available in my GitHub repository [26].
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4 Results
In this chapter, I will present the findings of this study in relation to the research
questions outlined earlier.

4.1 Analysis of commits

4.1.1 Overview of unified diff files
For the Eclipse repository, the unified diff file was approximately 14K LOC across 287
files. After filtering configuration and documentation-related files, there were 150 Java
files with approximately 12K LOC to be analysed. The 137 excluded files contributed to
only approximately 2K LOC in the unified diff file. For the STL repository, the unified
diff file consisted of 263 files with approximately 19K LOC. After filtering, there were 90
files with approximately 11K LOC to be analysed. The 173 excluded files contributed
to approximately 8K LOC in the unified diff file.

4.1.2 Filtering of commits
After filtering out commits that were not related to code changes in the Eclipse reposi-
tory, I was left with 37 code commits, while I excluded 47 out of 84 commits. A similar
filtering on the STL repository resulted in 71 out of 81 commits, while I excluded
10 commits. An overview of the number of included and excluded commits, types of
excluded commits is shown in Figure 4.1

4.1.3 Examples of commit groups created during the first pass
In the Eclipse repository, there were 8 commits associated with the migration of tests
from JUnit4 to JUnit5. 6 of these commits contained the keyword "JUnit5" in their
commit messages. Some also included the issue ID #903. I observed that migration was
performed one module after another, thus resulting in 8 commits by different authors.
Some authors addressed the migration of tests for a module in two commits: Simplify
and Migrate. Simplify commit removed the obsolete content, and Migrate commit
addressed the actual migration by replacing JUnit annotations.

There was another scenario in the Eclipse repository, where I grouped 3 commits into
one commit group. The first commit fixed an issue, and the second commit reverted
that first commit. The third commit was the proper fix for the issue. These commits
were easily identifiable based on the commit messages: "Fix RSA encryption bit size
to 2048", "Revert "Fix RSA encryption bit size to 2048"" and "[SSH] Increase bit-size
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Figure 4.1: Table showing the number of included and excluded commits

of generated RSA and DSA keys". Additionally, I confirmed that the same file was
modified in these 3 commits.

4.1.4 Examples of commit groups created during the second pass

During the second pass, while looking into code diffs and other information sources,
I identified some commits that were related based on similar underlying scenarios.
For example, I grouped 3 commits in the Eclipse repository: b0bb6df, 6d514be and
9ca19a0 into a commit group. While one commit focused on performance improvement
by parallel file creation, the other commit addressed performance improvements in file
deletion. The commit description from b0bb6df mentioned that this scenario of parallel
file creation appears when users perform a clean build of a project, during which all
old build files are deleted, and new files are created in parallel. Similarly, the commit
description for commit 6d514be referred to an issue, which described the same scenario
of using the clean project option, where file deletion performance needed improvement.
The third commit, 9ca19a0, fixed the regression caused by the second commit. I grouped
these commits into one commit group, based on the scenario they addressed.

The second pass was also helpful in correcting mistakes due to oversights during the
first pass. In one instance, I identified three commits 283f954, b6572c8 and ccbfc48 in
the Eclipse repository, where it was not immediately clear from the commit messages
that they were related. However, during the second pass, I noticed that all three
commits referenced the same issue ID in the descriptions, which I had overlooked in
the first pass.
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4.2 RQ1: Multiple commits for the same feature
4.2.1 Eclipse repository
In the Eclipse repository, I identified 8 commit groups during the commit analysis.
Of the 37 included commits, 29 were part of these commit groups. An overview of
the commit groups and the number of related commits is shown in the Figure 4.2. 1
commit group consisted of 8 commits, which contributed to JUnit upgrade changes.
Another commit group consisted of 5 commits that were syntactically related to OSGi
properties code changes. 4 commit groups consisted of 3 commits each, while the
remaining 2 commit groups consisted of 2 commits each.

Infrastructure-related commit groups I categorised commit group 1 (JUnit changes)
as infrastructure-related. According to the commit messages and linked issue descrip-
tion, the project previously relied on JUnit3, and the team planned to upgrade to
JUnit4 and JUnit5. Since there were many test cases, they decided to perform the
upgrade in increments to reduce the risk of failures. Code modifications were made to
test files to adapt to the JUnit5 framework. For this reason, I categorised this commit
group as infrastructure-related.

Feature-related commit groups I categorised commit groups 2, 3, 4 and 7 as feature-
related.

Commit group 2 consisted of 3 commits: the first commit implemented a feature to
increase the RSA encryption key size, the second commit reverted the first commit, and
the third commit was again an implementation of the same functionality. The first and
the third commits were authored by the same developer.

Commit group 3 also consisted of 3 commits. The first commit implemented a feature
to enable all breakpoints in the IDE. The second commit was a bug fix in disabling
all breakpoints, which likely surfaced after implementing the enable all breakpoints
feature. The third commit addressed the code review comments for the second commit.
All 3 commits here were again authored by the same person.

Commit group 7 consisted of 2 commits, which were committed by the same person.
The first commit introduced a feature to display elapsed time in a process in the format
HH:MM:SS.mmm. The second commit modified the format to HH:MM:SS by removing
the milliseconds, stating that the process was updating the time once a second anyway.
This was likely due to unclear specifications at the requirement level.

Scenario related commit groups I categorised commit group 5 as scenario-related.
It consisted of 3 commits.

While the first commit focused on performance improvement by parallel file creation,
the second commit addressed performance improvements in the deletion of files. The
first commit description noted that this scenario of parallel file creation appears when
users perform a clean build of a project, where all old build files are deleted, and new
files are generated in parallel. The second commit description referred to an issue that
described a similar scenario of cleaning a project. Here, the performance of file deletion
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Figure 4.2: Table showing commit groups for the Eclipse repository

needed improvement. The third commit fixed a regression introduced by the second
commit. I grouped these commits into a commit group based on the scenario they
addressed. The first and the second commits were committed by the same developer.

Syntactically related commit groups Commit groups 6 and 8 are categorised as
syntactically related.

Commit group 6 consisted of 2 commits. In the first commit, synchronized access
to a function was relaxed by removing the synchronized keyword from the function
and restricting it to a block within the function. In the second commit, synchronized
access was added to a different function by adding the synchronized keyword. These
two changes are syntactically similar because both modify synchronization constructs.
Additionally, both commits were authored by the same author on the same day. The
author mentioned in the second commit message that the missing synchronized access
to a function was found during inspection. So, I grouped these commits as syntactically
related.

Commit group 8 consisted of 5 commits, which involved syntactically similar modi-
fications. The commits addressed code changes, where different OSGi properties were
defined and later used in the code. Open Service Gateway Initiative (OSGi) allows de-
velopers to define and consume services using annotations without manually managing
their life cycle. All 5 commits were authored by the same developer. An example of
this type of change is: A constant SERVICE_CONTEXT_KEY and an annotation to
represent the service property service.context.key was defined in one commit. In the
next related commit, this constant SERVICE_CONTEXT_KEY was used instead of
the hard-coded string service.context.key, while using the service.

4.2.2 STL repository
In the STL repository, I identified 9 commit groups during the commit analysis. Of the
71 included commits, only 25 were part of these commit groups. An overview of commit
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Figure 4.3: Table showing commit groups for the STL repository

groups and the number of related commits within each commit group is presented in the
Figure 4.3. 1 commit group consisted of 5 commits, 2 commit groups with 4 commits
each, and the remaining 6 commit groups comprised 2 commits each.

Feature-related commit groups I categorised commit groups 2, 3, 4, 5, 6 and 7 as
feature-related.

Commit group 2 consisted of 2 commits. Both commits addressed the performance
improvement of the find function in basic_string and were authored by the same devel-
oper. While the first commit improved a general use-case of the find function in strings,
the second commit improved a specific use-case of finding the first and last occurrence
of a large substring (needle) in a large string (haystack).

Commit group 3 also consisted of 2 commits. In the pull request for the second
commit, the author mentioned that this commit was a follow-up to the first commit.

Commit group 4 consisted of 2 commits, which provided partial fixes to the same bug
by the same author. Both pull requests mentioned the same bug ID that the commits
addressed.

Commit group 5 comprised 2 commits. Both commits addressed a regression intro-
duced in the previous release. The pull request for the second commit mentioned that
it was a follow-up to the first commit.

Commit group 6 also consisted of 2 commits, which were authored by the same devel-
oper on the same day. They addressed the feature of simplifying the string visualisation
in the debugger window of the IDE.

Commit group 7 consisted of 4 commits that contributed to the requirement STL
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Hardening. In the pull request of the third commit, the author referenced the earlier
two commits that contributed to this feature. He also outlined the next step in the
plan, which was the 4th commit. As a result, I grouped these 4 commits into a feature-
related commit group. These were large commits that modified several files (8, 37, 53
and 21 files, respectively).

Infrastructure-related commit groups I categorised commit groups 1, 8 and 9 as
infrastructure-related.

Commit group 1 consisted of 2 commits, where the second commit was a revert of
the first commit. The commits addressed changes related to the Clang compiler used
in the infrastructure.

Commit group 8 comprised 4 commits, where the macro value of MSVC_STL_UPDATE
was updated every month. This allows users to know what version of STL is being used
in their development environment. This does not affect product functionality.

Commit group 9 consisted of 5 commits. In the repository, the build compiler is
upgraded to new Visual Studio releases. As a result of upgrades, certain compiler
workarounds are removed from the source code. One commit in this commit group
modified 89 files. Since these changes were related to compiler upgrades and their
workarounds, I categorised this commit group as infrastructure-related.

4.2.3 Information sources used to identify commit groups
Eclipse repository

In the Eclipse repository, commit messages and descriptions often contained the same
keywords that helped in identifying related commits. An additional helpful information
source was linked issues in commit message descriptions. Authors often included links
to the issue IDs that they addressed in commits, as part of commit message descriptions.

Apart from this, I looked at other information sources, such as code diffs, authors,
commit dates, and modified files in commits, to further identify related commits and
form commit groups.

There was one commit with the message "Code review changes". It was not possible
to identify the related commits using only the commit message in this case. However,
this commit occurred on the same day and immediately after the commit "Disable all
breakpoints bugfix + code changes". Also, both commits were authored by the same
developer. I also looked at code diffs and concluded that these two commits were
related.

STL repository

In the STL repository, commit messages alone were not enough to identify related
commits. This is because commit messages contained only a one-line description and a
link to a pull request. Further looking at pull requests, a lot of information was obtained.
It included an overview, links to features and bugs being addressed, discussions and
comments from other people.
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All pull requests also had labels, which carried very useful information. Some of
the labels used in this repository included enhancement, bug, LWG (Library working
group), infrastructure, test, performance and so on. Some pull requests even indicated
the component name involved, using labels such as chrono, ranges, regex and so on.
These labels were very helpful to quickly understand the nature of commits.

4.3 RQ2: Tangling degrees
As mentioned in the Methodology section 3.3.1, I presented tangling degrees using heat
maps and bar graphs. Heat maps show the number of common modified files and
functions between commit pairs. Bar graphs show the number of commits tangled with
a commit, which share at least one modified file or function.

4.3.1 Eclipse repository
The heat map showing file-level tangling for the Eclipse repository is presented in
Figure 4.4. The heat map showing function-level tangling is presented in Figure 4.5.
The corresponding bar graphs are presented in Figures 4.8 and 4.9, respectively.

File-level tangling The heat map showing file-level tangling (Figure 4.4) contains 1369
cells (37*37 commits), with values ranging from 0 to 8. Of 1369, only 28 cells have non-
zero values, indicating tangled files. The heat map exhibits diagonal symmetry, where
the upper and lower triangles are mirrored. This is due to the symmetric nature of data:
for any commits A and B, tangling-degree(A, B) is the same as tangling-degree(B, A).
So, 28 cells must be treated as 14 cells to avoid duplicate commit pairs.

The majority of these 14 cells show a value of 1. That means the majority of the
tangled commit pairs share only one modified file. 2 commit pairs show high cell values
of 7 and 8. All these 4 commits belong to the same commit group, related to the
JUnit upgrade performed by the same author. This author performed the upgrade in
two steps: Simplify and Migrate. Simplify commit removed the obsolete content, and
Migrate commit addressed the actual migration by replacing the JUnit annotations.

Of 14 tangled commit pairs, only one commit pair consists of commits (commits 16
and 33) that do not belong to the same commit group. Commit 16 addressed JUnit
upgrade changes, and commit 33 removed functions that were not part of the old version
of JDK 10, while the Eclipse projects used the latest JDK 17. The remaining 13 tangled
commit pairs consist of commits that belong to the same commit groups (Figure 4.6).

The bar graph (Figure 4.8) shows that 20 out of the 37 commits are tangled with at
least one other commit, which share at least one modified file. The range of tangled
commits is from 0 to 2, as shown along the y-axis. Of the 20 tangled commits, 12 are
tangled with only one commit. The remaining 8 are tangled with 2 commits.

Function-level tangling The heat map for function-level tangling (Figure 4.5) also
contains 1369 cells (37*37 commits) with cell values ranging from 0 to 25. Of 1369
cells, only 16 have non-zero values. After considering the mirroring symmetry of the
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heat map, it reduces to 8 cells with non-zero values. Of 8 cells, 6 cells show a value of
1, indicating that commit pairs share only one modified function. There are 2 commit
pairs with large values, 9 and 25. These commit pairs correspond to the same pairs
with high values in the file-level tangling heat map, i.e., the JUnit upgrade changes.

All 8 tangled commit pairs consist of commits that belong to the same identified
commit groups (Figure 4.7).

The bar graph (Figure 4.9) shows that 13 out of the 37 commits are tangled with at
least one other commit, sharing at least one modified function. Of the 13 commits, only
3 have a tangling degree of 2, while the rest have a tangling degree of 1. The commits
with tangling degree 2 are 31, 32 and 34. These commits are related to RSA Key size
changes. A tangling degree of 2 in the bar graph means that there are 2 other commits
with which a commit has function tangling.

4.3.2 STL repository
The heat map showing file-level tangling for the Eclipse repository is presented in Figure
4.10. The heat map showing function-level tangling is presented in Figure 4.11. The
corresponding bar graphs are shown in Figures 4.14 and 4.15, respectively.

File-level tangling The heat map showing file-level tangling (Figure 4.10) contains
4624 cells (68*68 commits). As I had excluded 3 large commits (commits 49, 55, 60) to
make the manual process of finding function-tangling feasible, I excluded these commits
from file-level tangling as well to maintain consistency between the results. So, the heat
maps include 68 commits instead of 71. Figure 4.10 shows that there are many non-zero
cell values. This indicates that several commit pairs share at least one modified file.
The cell values range from 0 to 6. Many cells show a value of 1, while others show
values of 2, 3, 4 and 6.

Only one commit pair, commits 27 and 63, shows the highest cell value of 6. These
commits do not belong to the same commit group. Commit 27 addresses code changes
related to marking exception types as [[nodiscard]]. If a return value of this [[nodiscard]]
type is ignored, it warns programmers to handle return values. Commit 63, which is
a part of commit group 7 (Figure 4.3), addresses code changes related to destructor
tombstones. It prevents access to already destroyed objects. This tangling disappears
at the function level, since both address different components. Commit 27 addresses
all error and exception handlers, while commit 63 addresses all destructor functions.

There are a total of 454 non-zero cells, which reduce to 227 cells after considering
mirroring symmetry. Of 227 tangled commit pairs, only 12 commit pairs consist of
commits that belong to the same commit groups (Figure 4.12). The remaining commit
pairs consist of commits that do not belong to the same commit groups.

The bar graph (Figure 4.14) shows that 62 of the 68 commits are tangled with at
least one other commit, sharing at least one modified file. File-level tangling degrees,
along the y-axis, range from 0 to 35. Commit 70 is tangled with 35 other commits.
This commit message is titled "Various cleanups" and consists of 22 modified files. It
addresses several minor cleanup code changes, which are not related to any particular
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Figure 4.4: Heat map showing file-level tangling for the Eclipse repository

31



4 Results

Figure 4.5: Heat map showing function-level tangling for the Eclipse repository
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Figure 4.6: Heat map showing file-level tangling within commit groups for the Eclipse
repository
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Figure 4.7: Heat map showing function-level tangling within commit groups for the
Eclipse repository
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Figure 4.8: Bar graph showing file-level tangling for the Eclipse repository

Figure 4.9: Bar graph showing function-level tangling for the Eclipse repository
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feature. All minor code changes were accumulated and committed just before the
release. This commit is not part of any identified commit group.

Function-level tangling The heat map for function-level tangling (Figure 4.11) con-
tains 4624 cells for 68 commits. The cell values range from 0 to 3. Only 18 cells have
non-zero values, which reduces to 9 cells after considering mirroring symmetry. Only 9
non-zero cells indicate lesser function tangling between commit pairs compared to file
tangling. Of the 9 non-zero cells, only 1 cell, with commits 9 and 22, has the highest
value of 3, showing that commits have 3 common modified functions. These commits
belong to the same feature-related commit group 3 in Figure 4.3

Of 9 tangled commit pairs, only 2 commit pairs consist of commits that belong to
the same commit groups , while the remaining 7 commit pairs consist of commits that
do not belong to the same commit groups (Figure 4.13).

The bar graph (Figure 4.15) shows that only 16 out of the 68 commits are tangled
with at least one other commit, sharing at least one modified function. The function
tangling degree along the y-axis ranges from 0 to 2. Only 2 commits (commits 32 and
58) have a tangling degree of 2, while the remaining 14 have a tangling degree of 1.
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Figure 4.10: Heat map showing file-level tangling for the STL repository
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Figure 4.11: Heat map showing function-level tangling for the STL repository
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Figure 4.12: Heat map showing file-level tangling within commit groups for the STL
repository
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Figure 4.13: Heat map showing function-level tangling within commit groups for the
STL repository
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Figure 4.14: Bar graph showing file-level tangling for the STL repository

Figure 4.15: Bar graph showing function-level tangling for the STL repository
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5.1 Interpretation of results

5.1.1 Identified commit groups

When comparing the number of commit groups identified in Eclipse and STL reposi-
tories, it is important to consider the number of commits analysed. After filtering the
commits of one release, I analysed 37 and 71 commits for the Eclipse and STL reposito-
ries, respectively. For the Eclipse repository, 37 commits resulted in 8 commit groups.
In contrast, for the STL repository, 71 commits led to only 9 commit groups.

Although the number of analysed commits for the STL repository was approximately
twice that of the Eclipse repository, the number of commit groups was approximately
the same for both repositories (8 and 9 for Eclipse and STL, respectively). It can be
inferred that a multi-commit culture is stronger in the Eclipse repository than in the
STL repository.

In the STL repository, commit messages consistently referenced links to pull requests.
Each pull request consisted of multiple commits related to partial feature commits,
review comments, code cleanup, fixing compiler warnings, and code fixes for failed
tests. Only after the review was complete, pull requests were merged to the main
branch as a single commit. The checklist for merging pull requests explicitly specifies
that all commits in the pull request should be squashed and merged to the main as one
single commit. [22]

In the Eclipse repository, commit messages did not provide any reference to pull
requests. Thus, pull requests related to commits were not easily identifiable. However,
on manual search for some pull requests, I found that pull requests here, too, consisted
of multiple commits addressing partial feature commits, review comments, and version
bumps. After the code review was complete, pull requests were merged to the main
branch. In the contribution guidelines [4], it is mentioned that pull requests can be
merged to the main using either of the options: Rebase and Merge, which retains all
commits of the pull request separately in the main, or Squash and Merge, where all
commits in the pull request get squashed to a single commit in main. During manual
search for some pull requests, I came across a few instances where pull requests were
not squashed into one commit, thus retaining individual commits from pull requests
in the main branch. This explained a particular commit in the main with the commit
message "Code review changes".

This difference in merge options used in both repositories could be one reason ex-
plaining the number of commit groups seen in the Eclipse repository.
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5.1.2 Filtered commits
In the Eclipse repository, there were 84 commits in the release. Of the 84 commits,
47 were excluded (more than half). Many of these excluded commits were related
to version updates, configuration changes and documentation. However, in the STL
repository, only 10 commits were excluded from 81 commits in the release.

The primary reason for excluding a large number of commits in the Eclipse reposi-
tory is due to several version bump commits. These commits only addressed modifying
the version numbers in manifest.MF, pom.xml and other configuration files. Mani-
fest.MF files contain metadata about JAR files that are generated during compilation.
They contain information such as version number, files, main entry class and so on.
A pom.xml file in Maven projects contains information related to building a project,
its configuration and dependencies. The Eclipse repository has multiple manifest and
pom files. The reason for such a large number of version commit bumps ending up
in the main branch is again due to the contribution guidelines [4]. It specified that if
contributors made version bumps in manifest or pom files, it was advised to provide two
separate commits in the same pull request: one for functional changes and the other for
the version bump. This would help maintainers cherry-pick commits from pull requests
during the merge.

This highlights that maintainers wanted to easily differentiate functional code changes
from other infrastructure-related code changes. This further supports the necessity of
categorising commit groups as infrastructure-related in my studies. Infrastructure-
related commit groups indicate that there is no change in product functionality. When
developers want to update their forks from the original repositories, they can prioritise
the updates based on the value they add. A mere infrastructure change might not be as
important as a bug fix, security update or a new feature. Commits especially related to
version bumps might not even be necessary for forks if they do not maintain a release
system.

5.1.3 Contributor practices
Developers in the STL repository follow strict contribution guidelines. Every commit to
the main branch followed a standard format for commit messages: a one-line description
followed by a reference to a pull request. The pull requests further revealed details about
commits. Every pull request had at least one label, which indicated the nature of the
change. A label "good first issue" was used for some issues, which indicates that the
issue is intended for a new contributor to get started with the simplest possible change.
Code changes for fixing such issues would be simple, low-risk and minimal to start with.
This can be a very good indicator and motivator for new contributors. The conversation
section in pull requests shows active coordination and discussion among developers.

In the Eclipse repository, the guidelines recommended to include issue number and
title along with a short description in the commit message. However, not all commit
messages followed the recommendations. One reason for this could be again due to
the rebase and merge option used for some pull requests, which takes all commits with
non-standard commit messages from pull requests as it is. Also, developers did not
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reference pull requests in commit messages. Labels were also not seen for pull requests
in the Eclipse repository. However, there is an active conversation between contributors
and maintainers in pull requests.

Interactions between contributors and maintainers in pull requests provide a lot of
important contextual information related to the issue or feature being addressed. Main-
tainers provide more information about the issue, such as the scenario where it occurs,
corner cases to handle, alternatives for solutions and so on. Labels also provide a quick
and good overview of the type of issue or change. These are great information sources
to understand more about commits that address issues or changes. Developers who
want to update their forks can look at these information sources to gain a better under-
standing of issues. It also enables them to come up with a better approach to update
forks without affecting the customisation code.

5.1.4 Tangling degrees
Bar graphs for the function tangling degree coincidentally show a maximum value of 2
for both repositories. This could be due to the exclusion of 3 large commits in the STL
repository that contributed to approximately 400 hunks of code changes. Including
these large commits might increase the function tangling degree for the STL repository.

A higher tangling degree indicates that the source code is highly tangled, making
it more challenging for users to pull commits to their forks without affecting other
unrelated features or functionality. It is noteworthy that most of the tangled commit
pairs in the Eclipse repository belong to the same commit groups, whereas this is not
the case for the STL repository. Tangling between commits within the same commit
group is generally less problematic when users update their forks with new features
from the original repository. Users interested in a specific feature can pick all com-
mits contributing to that feature without significant concern about tangling between
commits.

However, tangling between commit pairs that do not belong to the same commit
group can be challenging for users in this update scenario. Untangling and integrating
such code changes into forks can be complex and may introduce bugs during the update
process. Along with handling such tangled code, users must additionally ensure to retain
their fork customisations during updates along with tangled code.

STL repository

In the STL repository, the heat maps indicate that file-level tangling is significantly
higher compared to function-level tangling.

STL source code structure One explanation is based on the code structure in STL.
Each component has its own header file in the repository under /stl/inc. For example,
the component regex has a file /stl/inc/regex. Any code change related to regex is
most likely to modify this file. During this study, I found that there were 7 consecutive
commits related to regex performed on the same day. Although these commits modified
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the regex file, not all commits were related to each other. Thus, it increased file-level
tangling without increasing function-level tangling.

Header file with preprocessor statements A header file called yvals_core.h located
at /stl/inc is approximately 2K LOC. This header file contains only preprocessor direc-
tives such as #ifdef, #undef, #define, #if defined and so on. Since this file contains
several preprocessor directives, it is widely used and included in the source code. This
file was modified in 13 commits, which definitely resulted in higher file tangling between
commit pairs.

Large commits Although I excluded commits 49, 55, 60 that modified 89, 37, 53 files
respectively, there were some other commits that modified a large number of files. 2
commits related to the Toolset update modified 21 and 23 files. A commit for Destructor
tombstones related to STL Hardening modified 21 files. There was another general
commit called "Various cleanups" that modified 22 files. This commit addressed several
minor code cleanup changes, which were not related to any particular feature. All minor
code changes were accumulated and committed just before the release.

When a commit modifies a large number of files, it is highly likely to be tangled
with many commits at the file level. This pattern was visible in the heat maps and bar
charts for the STL repository.

5.2 Comparison with existing literature

5.2.1 Commit group categories
Levin et al. [16] classified commits in maintenance projects into 3 categories: corrective:
fixing bugs, perfective: system and design improvement and adaptive: adding new
features.

Dos Santos et al. [24] also classified commits into five categories: corrective, per-
fective, features, non-functional and unknown. Here, they adopted the definitions for
corrective, perfective and features from the study by Levin et al. Additionally, the
non-functional category was associated with documentation and non-functional require-
ments, and the unknown category addressed files generated by version control systems.

Benett et al., in their study of software maintenance and evolution [3], adopted the
following categories for maintenance activities: adaptive: changes in the software envi-
ronment, perfective: new user requirements, corrective: fixing errors, and preventive:
preventing problems in the future.

In my study, the reasoning I used to group related commits can be mapped to these
studies as follows: My feature-related category covered corrective, features and per-
fective categories, infrastructure-related category aligns with the definitions of non-
functional [24] and adaptive [3]. I also included two additional categories for scenario-
based and syntactically related commits.

Scenario-based category addresses multiple issues/features related to the same sce-
nario. It can be considered as a parent of the feature-related category. When users want
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to update forks with new features, the scenario-based category gives them additional
information about features they might be interested in. For example, if users want to
improve performance during a clean build of a project, they might also be interested in
performance improvement for the feature clean project.

The syntactically related category consists of code changes that are similar in nature.
These commits do not address a single feature or issue. They might be corrective or
adaptive. So, this category does not align with the existing categories in the literature
mentioned above. Commits in this category are very good candidates for automatic code
generation using LLMs through prompt engineering techniques like one-shot prompting.
This helps with faster updates of forks with reduced effort.

5.3 Threats to validity
Scale of the study I performed commit culture analysis for two open-source reposi-
tories. For each repository, commits of one release were studied. So, the findings of this
study might be specific to these repositories. In future, this study can be extended to
more repositories with a large number of commits to get additional meaningful insights
that can be generalised to all repositories.

Verification of commit group formation Commit group formation was done entirely
based on my understanding of commits and source code. There is no mechanism to
verify whether the grouping of related commits was entirely correct. However, I specified
all the details related to the grouping of commits explicitly in the Methodology and
Results chapters.

JavaParser library I used JavaParser library to find modified functions in the Eclipse
repository. I noticed during initial testing that the library returns no function name for
import statements at the beginning of files. This behaviour is as expected. However,
there might be other scenarios that I have not come across during the study, where the
library might not return expected results. This might have an influence on function-
level tangling results for the Eclipse repository.

Manual process of function tangling for the STL repository I performed the task of
measuring function tangling for the STL repository manually, which relied on repeated
inspection of code diffs and making decisions. As a result, there might be possibility of
human error. Such errors might influence the accuracy of function tangling results for
the STL repository.

5.4 Significance of the study
This study provides insights into commit culture in terms of developer practices. De-
velopers can use these insights to examine their repositories, identify shortcomings in
their existing processes, and establish best practices and guidelines. This, in turn, can
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simplify maintenance, onboarding of new contributors, knowledge transfer, and feature
traceability.

For example, a high number of revert commits may indicate that commits uninten-
tionally broke a feature or caused regression in software. This could motivate stricter
guidelines in existing processes, such as adding test cases to new features, running an
automated test set to ensure product functionality before commits, and conducting
more thorough code reviews. In the Eclipse repository, 3 revert commits were found
in the release chosen for this study. One commit was a configuration-related change
modifying the pom.xml for the build. One commit reverted the RSA Key size change,
which is a part of commit group 2. Another revert was a code change from the previous
release that was reverted in this release. In the STL repository, only one revert commit
was found for the release. It was related to infrastructure changes involving the Clang
compiler. The commit is a part of commit group 1.

It is a common practice to fork open-source repositories and customise according to
one’s requirements. This analysis is helpful in scenarios where forks need to be updated
with the original repository to include bug fixes, features, and security updates, while
still maintaining the customisation. Commit groups help in feature traceability in
these scenarios, as they represent all commits related to a feature/change. Users can
select a commit group related to a feature they are interested in for fork updates.
Moreover, commit group categories provide users with an overview of the value they
add. For example, infrastructure-related commit groups indicate that there is no change
in product functionality. A mere infrastructure change might not be as important as a
bug fix, security update or a new feature. Commits especially related to version bumps
might not even be necessary for forks if they do not maintain a release system.

A higher tangling degree indicates that the source code is highly tangled, making
it more challenging for users to pull commits to their forks without affecting other
unrelated features or functionality. Tangling between commits within the same commit
group is generally less problematic when users update their forks. Users interested in a
specific feature can pick all commits that contribute to the feature without significant
concern about tangling between commits. However, tangling between commit pairs
that do not belong to the same commit group can be challenging for users. Untangling
and integrating such code changes into forks can be complex and may introduce bugs
during the update process.

5.4.1 Future work
An extension of the fork update use case applies to software product lines. Some
software companies have a baseline software, and they provide customised variants of
the baseline software to different clients to suit their specific requirements. I will refer
to customised variants of software as extensions. They maintain separate code bases
for each extension of the software. When a new release is rolled out for the baseline
software, all extensions must be upgraded to the newer release, while still preserving
their customisation. Manually performing this upgrade across several extensions can
be a time and labour-intensive task, and is prone to errors.

Automating this process would be beneficial for companies. My study of commit
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analysis provides insights into how commits can be grouped to represent a feature, bug,
or enhancement, what information sources can be used to identify related commits, how
tangled commits are, and how challenging it is to update forks. This information can
be used to automate the process of upgrading extensions. Another promising direction
for automation is to refactor baseline source code using large language models, such
that extensions’ source code is not highly tangled with baseline source code.

If such an analysis of commit culture is performed for many open-source repositories,
the findings could be used to develop a standard template of contribution guidelines for
open-source repositories. For example, if the analysis reveals that there are multiple
revert commits in a repository, it may indicate that the commits caused some regression,
or they did not fix issues correctly. Such issues can be avoided by incorporating certain
measures, such as adding more test cases, stricter code reviews, clear documentation,
and clear communication of requirements. This can help solve collaborative challenges
often seen in open-source development.
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In this thesis, I investigated commit culture in two well-known open-source repositories:
the Eclipse IDE and the Microsoft STL library. For both repositories, I analysed all
commits belonging to one release. The aim was to understand how developers structure
commits, i.e., whether developers use multiple commits for the same feature or change
and how tangled the code changes are between commits at the file and function levels.

The results related to identified commit groups show that developers do use multiple
commits to implement a feature, bug fix or enhancement, but the extent of this practice
varied between the two repositories. In the Eclipse repository, a stronger multi-commit
culture was seen. However, the STL repository showed fewer multi-commit instances
despite the larger number of commits analysed. This contrast could be due to different
contribution guidelines and practices in both repositories.

The results indicate that tangling is higher at the file level compared to the function
level for both repositories. The STL repository exhibited noticeably higher file-level
tangling degrees. This difference could be due to different source code structures in the
repositories and extensive use of a shared header file with a large number of preprocessor
directives. It is also important to note that most of the tangled commits in the STL
repository do not belong to the same commit groups. This further complicates the
process of updating forks with features of original repositories and increases the risk of
introducing bugs.

This thesis used several information sources available in modern version control sys-
tems, such as commit messages, extended descriptions, code diffs, labels, pull requests,
linked issues, and commit authors to gather information related to commits.

In conclusion, understanding commit relationships and tangling degrees provides
valuable insights into software evolution, maintenance and developer practices. The
insights can be helpful in updating fork repositories with original repositories for new
available features and functionalities, while still preserving the fork customisations.
This study also opens up, as future work, a scenario of upgrades in software product
lines with customised extensions.
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7 Appendix

7.1 Prompts used for script development

7.1.1 Generation of diff files for commits
Prompt 1: I want a python a script that reads a specific sheet from an Excel file.
For each row, the script reads the columns containing the commit serial number and
commit ID. Then the script runs a git diff command using the commit ID and redirects
the output to a newly created diff file, named after the commit’s serial number. For
example, for a row with value 1 as commit serial number and 2cef491 as commit ID,
the script runs the below git diff command and generates a diff file named 1.diff

Prompt 2: The script is generating diff files with names like 1.0.diff, 2.0.diff. but I
want to use integers like 1.diff, 2.diff

Prompt 3: I have some commit IDs in excel sheet enclosed within "" . If the first char
is " , then the script should remove the quotes and then use the commit ID

7.1.2 Visualization of file-level tangling
Prompt 1: I want a python script that takes the path to the diff files from a local
computer as input. It should extract a list of modified files for each diff file, using the
file headers in diff files. It should then find the common modified files for each pair of
commits and finally visualize the results using a heat map.

Prompt 2: The diagonal entries in the heat map should be zero, as I don’t want to
calculate common files with the same commit.

7.1.3 Function-level tangling for the Eclipse repository
Prompt 1: I want java code that takes a file name and a line number as input and
return the function name the line number belongs to in the given file name. It should
use JavaParser library

Prompt 2: I need a small Python wrapper to call this function using the built local
.jar.
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7 Appendix

Prompt 3: Now, I want a Python script which takes the paths to an Excel sheet
(containing commit IDs), the local Eclipse repository and the folder containing diff files
as input. For each row in the Excel sheet, the script should read the serial number
and commit ID columns, finds the corresponding diff file from the folder based on the
serial number from the excel. It should then parses the diff file to find all hunks,
using the hunk header format regular expression search and collect the line numbers
of the first modified line of all hunks. Using the git show command, the script should
retrieve the version of the file at that specific commit ID (read from the excel) and
store that content. This temporary file and the line numbers of the hunks are passed to
the JavaParser wrapper function to obtain the modified function names. This process
is repeated for all hunks across all commits. The script then calculates the number
of common modified functions in common modified files for each pair of commits and
visualizes the results in the form of a heat map.

Prompt 4: the script is reading the serial numbers from excel as float. They need to
be converted to int, since my diff files are of the format 1.diff , 2.diff and so on. The
script should also handle empty values for some serial numbers.

7.1.4 Function-level tangling for the STL repository
Prompt 1: I have an excel file , where one sheet has to be processed. 3 columns from
the sheet are to be considered: commit_id, Tangled_commits, Tangled_functions_count.
all are integers. I want a heat map of commit_id (for 71 commit_id rows, i need 71*71
heat map). for each row of commit_id, pick Tangled_commits, Tangled_functions_count.
value of a cell in heat map is commit_id*tangled_commits = tangled_functions_count.
In some rows, there are more than one tangled_commits. they are comma separated
values. Tangled_functions_count are comma separated in such case. ex: for row with
commit_id =1 , Tangled_commits=2,3 and Tangled_functions_count 4,5. the heat
map should show it as: [commit_id][tangled_commits]=tangled_functions_count. so
here, [1][2]=4 and [1][3]=5

7.2 Additional tool to view diff files
In order to view large diffs, I used a command line interface(CLI) version of a tool called
diff2html[5]. It takes the .diff files as an input and generates a HTML view similar to
that of GitHub, where users can view the code changes file by file along with the
options to minimize and maximize the files view. I downloaded node-v22.16.0-x64.msi
from Node.js official website[21] and installed node.js. Later I ran the below command
in command prompt to install diff2html-cli.
npm install -g diff2html-cli

Below command is an usage example that runs on command-line to generate a HTML
view of an input diff file named my_diff_file.diff:
diff2html -i file -- my_diff_file.diff
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