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Preface

Everyone faces several important crossroads during their lifetime. One of the most
significant for me was deciding to continue my studies in Hungary. Over the years,
studying in Hungary has provided me with valuable experience in both the academic and
professional fields. And, attending one of Hungary's best universities has enhanced my
vision of becoming a researcher in the field of information technology. It has been a long
and challenging journey, but with the help of my teachers, friends, and family, | was able
to overcome all the difficulties that | encountered. From now on, new challenges and
crossroads await me, and | am sure that the experience and knowledge | gained over the
years will be my trusted guides.

Ulvi Shakikhanli, 2024
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Chapter 1

Introduction

Over the past three decades, the field of information technology has experienced significant
growth. Several aspects of software development have changed significantly as a result of this
extensive development, which is why software architectures have become one of the most debated
topics among researchers. The term software architecture is defined and explained in a variety of
ways. For instance, the term "architecture™ has been primarily used as a contrast to "design,"”
encompassing connotations of codification, abstraction, adherence to standards, formalised
training for software architects, and the embodiment of a distinctive stylistic approach [1]. The
concept of software architecture has been defined as a collection of plans that operate as a guiding
framework for the optimal utilisation, construction, modification, and selection of the enterprise
information infrastructure in a distinct scholarly work. The objective of this strategic framework is
to enable business enterprises to achieve their desired future goals [2].

One of these definitions can be derived from a paper [3]. The software architecture is a
system's overarching structure or structures. The constituent software components, their externally
discernible attributes, and the intricate interconnections that define their relationships are all
included in this comprehensive structure. Numerous additional studies support the popularity of
this topic in the field of information technology. However, there is a sparsity of research on the
subject of repository structures, their parameters, and the impact they can have on software
development processes. Consequently, our research was primarily centred on the examination of
repository structures. In this dissertation, | present my findings in the areas of software
development productivity, repository structures, and software team collaboration. | investigated a
variety of aspects of the topics, and the numerous methods and algorithms presented here may be
beneficial to other academics in overcoming the challenges they encounter in their software
development work.

In Chapter 2, I introduce three novel algorithms and approaches for the processing of Mono
and Multi repository structures. The first of these is the machine learning approach for the
identification of frontend and backend repositories. The Github platform contains over 450 million
repositories, with millions more available on other online platforms. Our method simplifies the
process of distinguishing repositories from one another, which also facilitated our subsequent
research. Secondly, I developed an algorithm for the identification and collection of mono- and
multi-repository projects, with a primary focus on the Github platform. The absence of data for
analysis was one of the primary challenges that we encountered during our research. After the
implementation of our two new algorithms, which facilitated the collection of mono- and multi-
repository projects, this problem was mostly resolved. A heuristic approach for the identification
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of multirepository management tools is presented in the final section. This is also one of the most
neglected areas of research, and our methodology permits the effective identification of MRMTs
utilised by various projects.

The subject of branching strategies is the primary focus of Chapter 3. Branching strategies
are a critical component of project management and one of the primary factors that influences the
software development process. Despite the existence of numerous studies in this field, none of
them have conducted an individual analysis of branches or proposed any solutions. In this chapter,
| introduce a heuristic methodology for the identification of the three most prevalent branching
strategies. This makes it possible to identify branching strategies and the analysis of their
relationship with various project parameters. The next chapter provides a few fundamental analyses
that can throw light on significant questions, such as the correlation between repository structure
and branching strategies.

The productivity of the software development process and the impact of various factors,
such as repository structure and branching strategy, are the primary focus of Chapter 4. | employed
a method that had been previously tested and proved successful for calculating development
productivity. We implemented our own machine learning approach to assess the productivity level
of the development process. This new model was in accord with the dissertation's prior findings,
and it will be validated for one of the numerous applications of the dissertation's findings.
Furthermore, a machine learning approach was introduced to estimate the development period.
Naturally, this method is extremely beneficial for project managers, scrum masters, and developers,
as it provides an estimate of the development period in months.

My findings in the area of software team collaboration and the correlation between the
project development and collaboration aspects are outlined in the final chapter. | developed a
straightforward mathematical method for calculating software team collaboration, despite the fact
that there are numerous methods available for measuring collaboration. This method is much
simpler to implement than the majority of the other existing methods, and it evaluates the
collaboration in an objective manner, by considering the contributions made by each developer in
the team.

1.1 Contributions

Chapter 3. 1 investigate a variety of critical subjects, such as full stack development, backend
development, and frontend development. I subsequently provide detailed descriptions of the two
most common software development architectures; namely the Mono and Multi repository
architectures. Then, | develop two new algorithms that employ machine learning to identify and
collect projects associated with these repository structures, as there are currently no methodologies
available for identifying and collecting them. Furthermore, | develop an algorithm for the
identification of frontend and backend repositories. This algorithm employs novel concepts, such
as file structure, to facilitate identification.
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Chapter 4. This chapter examines branching strategies that were previously unexplored. | devise
a novel heuristic methodology for the purpose of identifying the primary three branching strategies
among Github projects. This novel method employs the names and counts of branches within the
project, and it is applicable to any project that has been retrieved from the GitHub platform. In
addition, | present general data regarding usage preferences and the correlation between the
repository structure of projects and the branching strategy.

Chapter 5. | develop a novel method for determining the productivity level of the software
development process. | employ the repository's activity, branching strategies, repository structure,
and other development process parameters in this implementation. This novel method allows one
to examine the relationship between productivity and other parameters of the software
development process. Next, | develop a machine learning model that predicts the development
period of projects based on the initial parameters provided, such as the size of the team and the
programming language used.

Chapter 6. | develop a novel concept for the describing collaboration of software development
teams. With this new understanding, | developed a mathematical model for calculating the
developer team collaboration and represented it by a single number. Then, | develop a model that
recommends the optimal size of the developer team for a given project based on its initial
parameters, such as the programming language and planned development period, with the
assistance of the above methodologies and my novel approach for collaboration.



Chapter 2

Background

This chapter presents basic concepts that are necessary for the better understanding of the
dissertation.

Repository Structure

In essence, the repository structure is the type of structure that was established for the primary
components of the project. This thesis examines two primary structures; namely Mono and Multi
repository structures. A Mono repository is a method which the primary components of a project
are stored in a single directory. Conversely, in the multi-repository approach, the primary
components of the project are maintained in distinct repositories.

Version Control Systems

In general, version control systems are the instruments that assist developers or project owners in
the management of their source codes. There are two fundamental methodologies; these being
distributed version control systems (DVCSs) and centralised version control systems (CVCSs).
The primary distinction between these two methodologies is their approach to source code
management. CVCS employs a single central server to store all versioned files, and clients retrieve
files from this central location. In distributed version control systems (DVCSs), each user is
granted access to the complete source code of the project, which includes its entire history.

Branching strategies

One of the critical components of the software development process is the branching strategy. This
concept was initially introduced in central version control systems (CVCSs) and subsequently in
distributed version control systems (DVCSs). The structural nature of this concept is the main
reason why it is employed in DVCSs. Developers have the ability to generate their own copy of
the source code and implement their own modifications, such as the addition of new features or
the resolution of bugs. A new version of the source code in the branch is merged into the main
source code at the conclusion of the process.
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Github Platform

One of the most widely used version control systems is Github. Github is a significant repository
platform, with over 480 million repositories, according to some estimates. This vast repository
collection is highly beneficial for research. The Github platform uses the DVCS method, which
also makes extensive use of branching strategies. This is the reason why this platform has become
even more critical to our research.

Github API

One of the most critical tools that the Github platform implements is the Github API, which is
designed to assist researchers and developers. This API enables the retrieval of nearly all types of
information regarding a repository and its owner. Special queries can typically retrieve this
information, and they can be customised to meet specific requirements.

Multi Repository Management Tools

The management of Multi repository projects is significantly more challenging than that of Mono
repository projects due to their intricate nature. Updating all components of the project
simultaneously can be a significant challenge, as it can require an extensive amount of time for
large projects. Multi-repository management tools (MRMTSs) have been created to address this
issue and numerous other similar ones.
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Thesis Group I: Mono and Multi repository structures

and ldentification process

| carried out detailed research in the area of repositories and repository structures. My work
mainly focused on Mono and Multi repository structures and here | provide a new detailed
definition for each of these structure types. These new definitions are based on my own research
and findings related to these two repository structures. Besides this, | devised a special algorithm
for the identification of frontend and backend repositories. This approach applies Machine
Learning and the File Structure of repositories. There is almost no other approach around for
such purposes. Then | have also created a new algorithm for the identification and collection of
Mono and Multi repository projects. There is no other similar approach available for this, and the
efficiency of this method has been proved by measuring the success rate. | used KNN classification
and Machine Learning methods for this.

Publications related to this thesis group: [J1], [J2], [C5]

To date, we have clarified the fundamental principles of software architecture and explored
the primary architectural types. This chapter offers a thorough examination of the repository
structure, which is one of the critical components of software architecture. This chapter also
provides a thorough examination of two primary repository structures; namely Mono and Multi
repository architectures. And we introduce a machine learning model that is specifically designed
to accurately identify frontend and backend repositories, which are essential components of the
Multi repository framework.

Following this, we present an algorithm that was carefully developed to identify projects
that belong to one of the two usual repository structures, which is described later on.

In the final section we provide a compilation of a set of analyses that focus on the
parameters of software development projects and their compatibility with the chosen repository
structure.
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3.1 Introduction

The field of software development is constantly evolving and improving. Developers and
researchers in this field are undeniably benefitting from this ongoing advancement. Nevertheless,
certain factors, such as application architecture, can present specific challenges for this dynamic
improvement process. It is widely acknowledged that software design and architectural patterns
offer generic and reusable solutions for a variety of challenges, including the achievement of high
availability and the mitigation of risks within the business context, as well as constraints in
computer hardware performance [4].

Special consideration must be given to repository structure, which is a critical component
of software architecture. Repository structures have been the subject of ongoing discussions and
debates since 2010. The reproduction of version control systems may be partly responsible for this
increased interest. Here we will investigate the two primary repository structure types, as well as
the distinctive characteristics and implications of the various types of version control systems.

In general, there are three primary repository structures called Monorepo (also known as
mono repository), Multirepo (also known as multi repository or polyrepo), and a combination of
these two architectures, which is referred to as Metarepo (also known as meta repository) [5].

3.2 Related Works

As luck would have it, the academic community is hampered by a shortage of direct comparative
research that concentrates on Mono and Multi repository structures. To fill this gap, we utilise the
Multivocal Culture Review (MLR) as a fundamental resource for establishing our comprehension
[6]. This review primarily relies on the valuable information obtained from a variety of blogs and
articles.

It is necessary to conduct a comprehensive analysis of the existing literature in order to

determine the advantages and disadvantages of these two architectural approaches. To streamline
this analysis, we will assess these structures according to predetermined dimensions.
1. Accessibility (Visibility): The Mono repository structure has a unique advantage in the form of
a meticulously organised hierarchy [7]. In this context, we presuppose that all developers have
access to all aspects of the project, despite the possibility of misalignments with company policies.
In this context, the insights obtained from Google's developer survey provide penetrating views
[8]. The survey emphasises the developers' gratitude for the capacity to investigate and gain
visibility into various segments of the codebase, a capability that is also feasible in a Multi
repository approach. Developers can develop a comprehensive understanding of the project by
examining the interactions and workflows of various components within the repository.
Notwithstanding, the survey emphasises that these advantages may occasionally manifest
themselves as disadvantages within the Mono repo architecture. In the area of dependency
management, a significant challenge is presented here. In mega corporations such as Google,
projects that are housed in a single repository can grow to massive proportions and contains billions
of lines of code. The modification of dependencies within such colossal projects can present
significant challenges, such as the predicament of diamond dependencies [9].
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2. Tooling: This aspect is one of the primary constraints associated with the Mono repository
structure. In the majority of cases, developers are obliged to use identical programming languages
and management tools. In contrast, the Multi repository approach does not impose such stringent
requirements. Team members are granted the freedom to utilise a wide range of programming
languages and tools that are most compatible with their needs as they collaborate on discrete project
segments that are stored in separate repositories. This creates a conducive environment in which
each team member operates within their comfort zone.

3. Functionality and Security Testing: the autonomous testing of security and functionality within
isolated repositories is a significant advantage inherent to a multi-repository architecture [10].
Nevertheless, this situation also introduces certain problems into the version control process, which
often lead to specific constraints. The existing literature review states that the majority of studies
that compare these two repository structures tend to concentrate on fundamental aspects, typically
focusing on projects developed by the same developer or within a single corporate entity.

Hence, while the scope of academic research that directly compares the Mono and Multi
repository structures is restricted, we can derive invaluable insights from alternative sources,
particularly the Multivocal Culture Review and other relevant articles. By meticulously evaluating
factors like accessibility, tooling, and security/functionality testing, it is possible to gain a better
overall understanding of the benefits and drawbacks of each architectural approach.

3.3 The Roles of Software Architecture

The primary function of software architectures is to serve as an intermediary between the project
requirements or tasks and the actual application; or, in other words, the source code. This intricate
relationship can be effectively represented visually, as shown in Figure 1.1. This graphical
representation clearly represents the software architecture in the intermediary zone, thereby
illustrating its critical role as a bridging device. It should be added that similar visual
representations, albeit with minor variations in nomenclature, have been described in a variety of
other research endeavours.
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Requirements

_ Software —

Software (Application)
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Figure 3. 1 The role of software architecture in a project.

The setting place of software architecture within the software development lifecycle is graphically
illustrated in Figure 3.1. Next, it is imperative to acknowledge the distinct functions that software
architecture performs during this lifecycle. Despite the fact that there have been numerous
discussions and debates about these roles, they are generally defined as follows:

1)

2)

3)

4)

5)

6)

Understanding: Software architecture is a method for understanding the overarching
workflow of the software and the interconnections among its various elements from a high-
level perspective.

Reuse: Architectural descriptions enable reuse at multiple levels. Component libraries and
frameworks are the primary focus of contemporary efforts in the area of reuse. Domain-
specific software architecture types or design patterns may be included in these frameworks
[11, 12].

Construction: An architectural description provides a fundamental framework for
development by outlining the primary components and their interdependencies [13].
Evolution: Software architecture offers an insight into the dimensions along which a system
is expected to evolve. Maintainers can increase their understanding of the effects of
modifications by explicitly defining the "load-bearing walls" of a system. This, in turn,
allows for more precise cost estimates of any major changes.

Analysis: Architectural descriptions permit different types of analysis, such as checking for
system consistency, making sure that the architecture follows the rules of a certain style,
ensuring that the architecture meets specific quality standards, performing dependency
analyses, and domain-specific analyses that are adapted to architectures built in certain
styles [14-16].

Management: There is empirical evidence that creating a workable software architecture
provides a significant milestone in industrial software development processes, which in
turn facilitates the success of projects [17].



3.3 The Roles of Software Architecture 13

7) Communication: An architectural description is frequently employed as a tool for
communication between project managers and stakeholders. For example, open
architectural design reviews offer stakeholders a platform to express their opinions on the
relative prioritisation of quality attributes and features when confronted with architectural
trade-offs [18].

3.4 Software Architecture Styles

As previously stated, an architectural style is delimited by a specific set of principles governing
system construction and component interaction for data manipulation. These principles encompass
various aspects, such as the sequential processing of data, and the hierarchical arrangement of
components. We should acknowledge that each architectural style exerts a varying influence on
the enhancement or diminishment of certain quality attributes. Consequently, each architectural
style has its own unique set of advantages and drawback.

3.4.1 Service-oriented Architecture.

Similar to the multifaceted nature of software architecture, Service-Oriented Architecture (SOA)
also boasts several interpretations and definitions:

SOA is a software architectural framework founded upon fundamental concepts
encompassing an application front-end, services, a service repository, and a service bus. A service,
within this context, comprises a contractual agreement, one or more interfaces, and an
implementation [19].

SOA represents a variant of distributed systems architecture, commonly characterised by
distinct attributes, including a logic-centric view, message-based communication, emphasis on
descriptions, granularity, network orientation, and platform neutrality [20].

Service-Oriented Architecture (SOA) serves as a paradigm for orchestrating and harnessing
distributed capabilities that may be dispersed across divergent ownership domains [21].

In overarching terms, the principal objective of SOA may be defined as the establishment
of loose coupling among interacting software agents. According to this framework, a service is a
discrete piece of work that a service provider undertakes with the intention of achieving particular
goals for a service consumer.

3.4.2 Object-oriented Architecture.

Within this architectural case, data representation and operations are encapsulated within the
framework of an abstract data type or object. The core components of this paradigm revolve around
instances or objects that embody these abstract data types. These objects work together by invoking
functions and procedures to facilitate interactions among themselves. The overarching problem is
broken down into a set of smaller, more manageable sub-problems, with solutions to these sub-
problems shared amongst others via the invocation of procedures. This cooperative procedure
invocation culminates in the resolution of the overarching problem. It is worth noting that this
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approach can be implemented in either a multithreaded or single-threaded manner, offering
flexibility in its application. Figure 3.2 provides a visual representation of this architecture, to help

clarify the process.
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Figure 3. 2 A visual presentation of an object-oriented architecture.

This architectural style provides unique benefits, especially the principle of data hiding,
which allows for the modification of an object without affecting its clients, thereby reducing the
risk of unauthorised access and related vulnerabilities. Also, this architectural framework enables
developers and software designers to systematically divide intricate problems into assemblies of
interacting objects, thereby improving modularity and maintainability. Nevertheless, this
architectural paradigm is not without its drawbacks, which are primarily related to the
interconnectedness of the objects within the system. A change in the type of one object requires
corresponding notifications to be propagated to all other objects with which it shares connections,
as all objects maintain connections with one another. This interdependence has the potential to
introduce complexities and overheads in the management of object relationships and changes.

3.5 Thesis I/1: Repository Types

I introduce a new type of definition for Mono and Multi repository projects. This new definition
incorporates both the development and management features of each repository structure.

Publication related to this thesis: [J1]

In the field of information technology, debates regarding repository types are not at all new.
Nevertheless, the relevance of these discussions depends upon the particular context the question
is posed. It is essential to establish the environmental context in which repositories are being
evaluated. Each user project is meticulously organised and preserved within repositories within the
GitHub ecosystem. It should be mentioned that these repositories extend an open invitation to other
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developers, enabling them to access and, in certain cases, actively perform modifications
to the source code, among other things.

The primary focus of the Multi repository environment is on two primary repository
categories called frontend and backend repositories. In order to clarify the nature of these repository
types, we will use the example of a Web-based project. Frontend repositories are the components
of a Web application that users interact with directly through their Web browsers. Typically, these
repositories are responsible for tasks such as establishing communication with the application’s
backend counterpart, processing user inputs, and rendering the user interface.

In contrast, a backend repository is the repository that contains the codebase and backend
data that are essential to a Web application. The server-side backend of a Web application is
responsible for various critical functions, such as data management, data storage, business logic
implementation, and process execution.

It should be remarked that the characterization of a repository can be easily determined by
evaluating its contents. In fact, this serves as the foundation for the identification of a variety of
repository types. And there may be other repository types besides the above frontend and backend
repositories. However, these ancillary repositories frequently serve a less critical function in the
overall software development process or project. In numerous cases, these repositories are
designated for supplementary functions, including the documentation of project workflows or the
storage of third-party elements.

These repository structures can be defined in the following ways, as in my studies:

Mono repository (Monorepo): A Monorepo is a centralised development approach that
permits the integration of codebases for a variety of projects, as well as their histories, branches,
and dependencies, within a single, unified version control system. This simplifies the management
and coordination of projects.

Multirepository (Multirepo): A Multirepo strategy involves the management of the
codebase of each project or component in separate, distinct version control repositories, thereby
allowing each project or component to operate independently in terms of development, versioning,
and release operations.

3.5.1 Thesis 1/2: Machine Learning Method for Repository Identification

Almost no algorithm or approach exists for the identification of frontend and backend repositories,
as seen in our literature review and research. | developed a novel methodology that employs the
repository's file structure to determine its type. The effectiveness of the method was demonstrated
through tests, and a machine learning model was trained with the assistance of a specialised
database.

Publication related to this thesis: [C5]

The Multi repository structure identification of a variety of repository types is of the utmost
importance. Here, we explore the complexities of the identification process by utilising the GitHub
API [22], a platform that has been meticulously designed for software hosting. GitHub is a model
of utility for both developers and users, providing them with a variety of features and benefits, such
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as project access control, bug tracking, software feature requests, task management, and version
control. GitHub has an impressive user base of over 100 million developers and hosts a staggering
372 million repositories as of January 2023 [23]. This enormous data repository now means GitHub
has the reputation of being a priceless resource for researchers, which has led to a series of
academic articles devoted to the subject of GitHub mining [24, 25].

Researchers encounter obstacles when attempting to exploit the capabilities of GitHub,
despite the huge research potential it offers. Despite the fact that the GitHub API provides a
plethora of repository-related data, it does not inherently have the ability to clearly determine
whether a specific repository is classified as either frontend or backend. The developer typically
makes this choice and may decide to use additional tags or designate a repository with a special
nomenclature, such as "vault-frontend"” [26]. However, in numerous cases, developers refrain from
incorporating explicit identifying tags or nomenclature, and this gives rise to the use of alternative
methodologies.

A machine learning (ML) model was meticulously developed to facilitate the identification
of frontend and backend repositories within the provided GitHub repositories. The training of this
ML model was contingent upon the availability of a suitable sample dataset to facilitate effective
learning.

Several human-based methods for discerning frontend and backend repositories on the
GitHub platform were employed:

e Scrutinising the repository name for explicit frontend or backend indications. For instance,
repositories bearing names like "frontend" or containing descriptive terms in their titles
hinting at frontend involvement [27].

e Analysing the repository's description. Typically, this method complements the initial
approach of examining the repository name, with the repository's description providing
supplementary clues.

e Inspecting configuration files. This method is mostly applicable for Web-based
applications, where discernible indicators may be embedded within the configuration files
to ascertain the repository's type.

As luck would have it, these methods are designed for human experts, and they may not be
universally applicable to a broader spectrum of repositories. Nevertheless, these methods were
meticulously implemented to create an experimental database for the purpose of initial testing.
The subsequent stage involves the aggregation of the file structure within these repositories,
following the compilation of all repositories. Unfortunately, the Github API does not provide a
query type that is specifically designed to acquire this information. However, an alternative method
is implemented in this context, which capitalises on an existing request that permits the retrieval
of a list of files that are nested within a designated directory. The repository archive's
comprehensive "file structure™ is constructed upon this roster. It should be noted that this initiative
necessitates the submission of numerous requests to Github for each repository. A specialised
authentication key [28] is judiciously employed to streamline the process in the light of the
stipulated limitation on the volume of requests permissible on Github. The Github API allows for
the dispatch of a maximum of 5,000 requests per hour. One may choose to monitor the remaining
query capacity or calculate the number of folders present in the repository to evaluate the utilisation
of query allowances. The latter approach is prioritised here as each query exclusively discloses
files and folders that are located within a specific directory. As a result, the script is obligated to
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generate a new query each time it encounters a novel folder. The format of a prototypical query
string, which is intended to retrieve repository contents, may be like the following:
https://api.github.com/repos/{repository owner}/{repository}/contents/{folder path}

3.5.2 Training the machine learning model.

The development of a database for training purposes is merely the initial phase. While the authors
of [29] provide a comprehensive explanation of the process of creating a database and training
model, we will look at the most critical components. Another step involves selecting a training
model. During this training period, the majority of the models are tested. The accuracy score for a
few of them is given in Table 2.1.

Algorithm Accuracy Score
SGD Classifier 0.514648
Logistic Regression 0.484489

Multinomial Naive Bayes 0.514648

Ridge Classifier 0.484489
K Nearest Neighbour 0.8778543
Decision Tree 0.9032744

Table 3. 1 The accuracy scores for different algorithms applied during the training process.

Table 3.1 provides a comprehensive summary of the overall results that were obtained from
a variety of algorithms. The archive file structure is interpreted as text that resembles natural
language, as previously stated. As a result, it was anticipated that the multinomial Naive Bayes
algorithm would produce superior results compared to other algorithms. Nevertheless, it was found
that its performance was inferior to that of the majority of other algorithms and methods. In
contrast, the decision tree algorithm yielded the best, most useful results. It is important to note
that certain algorithms, including multinomial Naive Bayes, may incorporate supplementary
parameters to improve their accuracy. However, it is unlikely that these changes will have any big
effect on the numerical results.
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3.6 Thesis 1/3: The identification algorithm used Mono and Multi
repository projects

Additionally, | developed a novel algorithm for the identification and collection of Mono and Multi
repository projects. The success rate of this method demonstrates its outstanding effectiveness.
For this, | implemented KNN classification and machine learning methodologies.

Publication related to this thesis: [J1], [J3]

It is not sufficient to distinguish Mono and Multi repository projects on GitHub or other platforms
by defining frontend and backend repositories. There are numerous online GitHub archives and
databases that store the details of GitHub repositories [30, 31]. However, none of these databases
separate repositories according to the Mono or Multi repository projects, and there is no indication
of this. Consequently, it become necessary in our research to construct a special database that
contains the parameters of Mono and Multi repository projects. An algorithm was used to identify
and collect both Mono and Multi repository projects for this database [32].

3.6.1 The identification of Mono repository projects

Given the immense number of repositories on Github, which exceeds 372 million [23], the
identification of repositories for inclusion in our database may be a daunting task. Additional
parameters were incorporated into the URLs to expedite the acquisition of desired results and
streamline our search. To serve as an illustration, consider the following process for constructing
a query URL.:

https://api.github.com/search/repositories?q=fullstack+lanquage:java+created:2023-01-01..2023-
06-30

By utilising these URLs, we can obtain a list of repositories that were created between
January 1, 2023, and June 30, 2023, and they contain the term "full stack™ in either their name or
description. The repositories must be authored in Java. This methodology facilitates the
identification of potential Mono repository projects. The file structure of Mono repository projects
is the determining factor in their identification. These projects consolidate all essential components
within a single folder, necessitating the identification of only a few key folder names within the
file structure. Examples of such home directory names include Frontend, Backend, Ul, API, Client,
Server, Ul, Front, and Back. The process of identifying and collating Mono repository projects
may be delineated by may following set of tasks:

1. Compile a list of potential Mono repository projects and their respective users.

2. Analyse all repositories that belong to the identified Github users.

3. If the analysed projects meet the stipulated criteria for validity, append their names to the
temporary database.


https://api.github.com/search/repositories?q=fullstack+language:java+created:2023-01-01..2023-06-30
https://api.github.com/search/repositories?q=fullstack+language:java+created:2023-01-01..2023-06-30
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4. Retrieve all requisite project data in JSON format and archive it within the database.

3.6.2 The mathematical specification of an algorithm for the Identification of
Mono repository projects

As previously discussed, the Mono repository framework is a software development approach that
involves consolidating all the source code of a project within a mono repository. To formally
characterise the structure of the Mono framework, we can apply set theory and formal logic. Let R
denote the Mono repository, and S represent the set of all source files contained within the
repository. We can define R as a collection of subfolders, each containing a subset of S. Formally,
we can represent R as:

R={D,, D,, ..., D,}
where each D; is a subdirectory of R and is defined as:
D;={fi|fi €S A f; isinthedirectory D; }

This notation means that each D; is a subset of S, containing only the files that are located
within that subdirectory. We can use set operations to specify relationships between directories,
such as union (U) and intersection (N). For example, we can specify that a subdirectory Dk is a
subset of another subdirectory Dj by stat:

Dy S D;

We can also define relationships among the files within the repository using logical
operators. For instance, we can specify that a file f; is dependent on another file f; by stating:

fj depends on f;

This notation means that the code in a file f; relies on the code in a file f; to function
properly. Overall, the formal specification of a Mono repository structure involves defining the
repository as a collection of subdirectories and specifying relationships between directories and
files using set theory and logical operators.

3.6.3 The identification of Multi repository projects

The methodology for identifying and aggregating multi-repository projects is similar to that of
Mono repositories. At the beginning, a catalogue of potential Multi repository projects is compiled,
mimicking the process for Mono repositories. However, the difference apparent in the way which
Multi repository projects are identified. The user repositories are classified into three distinct
categories called frontend, backend, and others, as mentioned in [29]. This is achieved via a
machine learning methodology. This method utilises the file structure of frontend and backend
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repositories to facilitate training. Once these categories have been created, the matching process
begins, provided that there is at least one repository in both the frontend and backend clusters.

The K-Nearest Neighbours (KNN) algorithm was implemented to evaluate the influence of
a variety of feature combinations on the success rate of matching. KNN is a supervised learning
technique that is frequently used for classification tasks. It assigns a class label to a query instance
based on its nearest neighbours within the feature space. The success rates were recorded relative
to standard benchmarks after testing multiple feature combinations. The success rate represents the
fraction of repositories that are correctly matched relative to the total number of instances. Here,
the following feature combinations were examined:

All settings: repository name, programming language, framework, database type, developer
list, file structure, and a "36% success rate" readme file (success rate: undisclosed).

e All settings except the Readme file: repository name, programming language, framework,

database type, developer list, and file structure (success rate: 58%).

e All settings except the file structure: repository name, programming language, framework,

database type, developer list, and a readme file (success rate: 61%).

e repository name and readme file: Just the repository name and readme file (success rate:

85%).

The experimental results indicate that feature combinations have a significant effect on the
success rate of matching frontend and backend repositories. The "readme file" and "repository
name™ combination achieved the highest success rate, which is not disclosed in the text. This
underscores their effectiveness in accurately identifying matches between repositories. This
finding highlights the importance of textual data, which includes project names and accompanying
readme files, in the efficient identification of related repositories within a project.

The final two steps closely resemble those observed in the Mono repository scenario upon
the conclusion of the matching process. As a result, a comprehensive process of assembling multi-
repository projects can be summarised as follows:

e Compile a roster of projects exhibiting the potential for multiple repositories along with
their respective users.

Classify the unearthed GitHub user repositories into three designated groups.

Execute repository matching within the Frontend and Backend clusters to pinpoint multi-

repository projects.

e If the identified projects satisfy the criteria for validity, incorporate their names into the
temporary database.

3.6.4 The mathematical specification of an algorithm for the Identification of
Multi repository projects

To formalise a Multi repository structure, we can apply set theory and formal logic. Let Ry, R,, ...,
R,, represent the individual repositories comprising the Multi repository structure, and let S denote

the set encompassing all source files spanning across all repositories. Each repository Ri can be
defined as an assembly of source files:

R,={fi;|fi €S A f; isinthedirectory R; }
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This notation explicitly conveys the message that each repository R; constitutes a subset of
S, housing exclusively those files located within its confines. Set operations can be applied to
delineate relationships between repositories, employing operators like union (U) and intersection
(N). For instance, it is possible to declare that a repository R iS encompassed within another
repository R; by expressing:

R, S R;
Furthermore, we can delineate connections between the files situated within repositories
using logical operators. For instance, we can stipulate that a file f; within repository R; relies on a
file f; within repository R; by asserting:
fj depends on f;

This statement indicates that the code within file f; is contingent upon the code within file

f: for proper functionality. Overall, the formal specification of a Multi repository structure involves
defining each repository as a collection of source files and articulating relationships between
repositories and files through the utilisation of set theory and logical operators.

3.7 Database of Mono and Multi repository projects

Up until now, we have utilised a machine learning model to identify frontend and backend
repositories, and an algorithm to identify Mono and Multi repository projects. In order to create
our database for further analysis and exploration, we gathered over 50,000 projects from the
GitHub platform. In order to prevent the acquisition of biassed data, we collected projects from a
variety of backgrounds, locations, and development years.

The database is a comprehensive collection of 50,552 repositories, consisting of a combined
total of 8,479 multi repository projects and 33,594 mono repository projects. In the context of
multi-repository projects, each project consists of both a frontend and backend repository. Each
project in the database was stored in JSON format to facilitate efficient management and systematic
organisation.
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={}JsoN
® user_name : "0x000000014

repo_name : "watosan”
repo_id - 147604577
repo_url - "hitps:/fapi.github com/repos/0:00000001 Afwatosan”
descripfion - "Fullstack blog: VueJS + Nuxt)S + MongoDB + Apollo + GraphQL + SSR + PWA"
created_at : "20153-09-06T02:13:082"
last_update : "2022-06-06T12:44:04Z"
S| [ ] contributors
H [ ] branches

¥ languages . "Vue’

® watcher_count - 22
@ size: 1016
# slar_count - 22
# fork_count: 5
H [ ] pull_requests
S| [ ] izsues
H [ ] commits
S| [ ] events
H [ ] pull_commenis
o [ ] izsues_comments
# fano_factor : 3. 3129032258
@[ ] activity
@ [ ] activity_bursts
# Branching strategy : "Trunk-Based"
B Productivity - "Low

Figure 3. 3 Structure of JSON file in database which represents a Mono repository project.

Each JSON file in the database contains a compilation of essential project configurations,
attributes, and functionalities, as shown in Figure 3.3. The Github API is employed to execute the
data compilation process. The JSON file contains twelve distinct fields, containing the project's
nomenclature, Github user handle, Github-assigned repository ID, repository URL, project
description, creation date, last update date, and the most frequently used programming language.
The first seven fields provide fundamental project details.

Metrics associated with project engagement, including the number of followers, file size in
kilobytes (KB), count of stars, and number of branches, are included in the complementary
attributes of the JSON file. Utilising the appropriate URL structure, these critical data metrics are
converted into the JSON format via API requests, as illustrated below:

https://api.github.com/repos/{user name}/{repository name}

The "Contributors™ section provides a comprehensive list of developers who are currently
involved in a project, as well as a summary of their contributions in terms of commit counts. This
simplifies the process of identifying critical team members. An additional request must be
submitted via the Github API to obtain the contributor list. A typical URL for this type of request
is as follows:

https://api.github.com/repos/{username}/{repository name}/contributor
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The Branches section contains a list of branches within the project, along with the
corresponding commits for each branch. This enables us to meticulously examine the lifecycle of
each branch. The deployment of a specific URL format within the Github API is required for the
retrieval of the branch list. Nevertheless, this request does not by itself furnish a list of commits for
specific branches. An additional request must be submitted for each specific branch in order to
obtain the commits for that branch. For instance, the URLSs for these types of requests are specified
below:

Branches:
https://api.github.com/repos/{username}/{repository _name}/branches

A list of commits for a given branch:
https://api.github.com/repos/{username}/{repository _name}/commits?sha={branch_name}

In addition to these sections, there exist six supplementary sections, each showcasing
diverse project activity configurations. The creation of each of these sections is achieved by
executing distinct URL requests. The structure of a Multi repository project closely resembles that
of a Mono repository, with the sole difference being the incorporation of two additional sections
at the outset. There are front repository and back repository, corresponding to their respective
repository types.

3.8 Analyses of Mono and Multi repository Structures.

The examination of Mono and Multi repository structures and their implications for various
aspects of the software development process has not been explored much so far, as was pointed
out at the beginning of this chapter. Although some researchers have addressed these points, they
frequently confine themselves to either disregarding structural disparities or surveying the
experiences of a restricted number of developers who have experience working with Mono and
Multi repository methodologies.

Several critical components of software development, such as the prevalence of both Mono
and Multi repository paradigms, development duration, and team size, are thoroughly examined
below. Our objective is to provide a more comprehensive view of the relationship between these
repository structures and the broader landscape of software development practices by exploring
these aspects.

3.8.1 Development period in Mono and Multi repository projects

In the preceding section, we emphasised the importance of two repository parameters, namely
"created_at" and "last_update" as outlined in the database creation process. The entire development
period of software projects can be calculated using these timestamps. This temporal insight allows
us to perform a comparative analysis of this duration across various repository structures. In
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essence, these timestamps can be used as critical metrics to evaluate project timelines in the Mono
and Multi repository structures.
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Figure 3. 4 A comparison of development period of two repository structures in percentage
terms.

The chart provided provides a visual representation of the development duration
distribution for both Mono and Multi repository projects. Here, the chart makes clean that the
majority of projects in both categories had a relatively short development period. To be precise
less than one month. To be precise, 40% of Multi repository projects and 46% of Mono repository
projects were included in this temporal frame. Moving on to the subsequent category, which
includes projects with a development period of 1 to 3 months, we observe a similar pattern between
Mono and Multi repository projects, namely 19% and 16%, respectively. This observation
highlights the fact that the development duration disparity between the two repository structures
is negligible for moderately large projects. In the 12—-24-month range, the proportion of Multi
repository projects slightly exceeds that of Mono repository projects for more extended
development durations (12% vs. 7%, respectively). This implies that the use of Multi repository
models may be more prevalent in longer-term project scenarios. Nevertheless, there is no
significant distinction between the two repository structures for projects with development
durations that exceed 24 months.

3.8.2 Developer team size in Mono and Multi repository projects

Similar to the analysis of development periods, databases also allow us to compare the team sizes
between both repository structures. This can be achieved by examining the count of developers
listed in the “contributors” section of each JSON file for each project.
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Figure 3. 5 A comparison of the developer team sizes of two repository structures in percentage
terms.

The majority of Mono repository projects (80%) were developed by a single developer, as
shown in Figure 3.5. This suggests that a substantial number of software development projects are
conducted by individuals, whether they are in small organisations or a small team. Pair
programming or code reviews may be less prevalent in Mono repository projects, as only 9% of
projects involved two developers. Only 7% of Mono repository projects have between three and
ten developers, which means that large teams are less common. Furthermore, the fact that only 1%
of Mono repository projects have more than 10 developers suggests that such projects are relatively
rare.

In contrast, the distribution of team sizes is more evenly distributed in multi-repository
projects. Although 59% of projects continue to have a single developer, this tells us that the
majority of projects have multiple developers, which is higher than the percentage of Mono
repository projects. In particular, two developers are involved in 18% of multi-repository projects,
which implies that these projects may have more collaboration or code reviews. 20% of Multi
repository projects involve between three and ten developers, which suggests that larger teams are
more prevalent in this context. Lastly, the percentage of Multi repository projects with more than
10 developers is only 3%, which is slightly higher than the percentage of Mono repository projects.

3.8.3 Popularity trend of Mono and Multi repository projects over the years.

After highlighting some fundamental differences between Mono and Multi repository projects, it
is also worthing seeing how the usage percentage of these project structures has evolved over the
years. These findings can provide insights into how the demand for these repository structures has
shifted over time.
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Mono vs Multi Repository Percentages from 2015 to 2022
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Figure 3. 6 A comparison of developer team sizes of two repository structures in percentage
terms.

The Multi repository approach has grown substantially over the years. In 2015, it was
nearly non-existent; however, by 2018, it began to establish itself as a competitor to the Mono
repository approach. The Multi repository approach experienced a substantial increase in use from
2019 onward, whereas the Mono repository approach remained relatively stagnant in comparison.
This trend suggests that there is a growing preference for the Multi repository approach over the
mono-repository approach, a preference that appears to be increasing annually.

This change is especially noteworthy in light of the difficulties associated with identifying
multi-repository projects. In spite of these challenges, the number of projects with multiple
repositories continues to exceed projects with a single repository. This fact reinforces our view
regarding the increasing prevalence of the Multi repository approach. The reasons for this change
in preference for repository structures over the years are multifaceted and intricate. The subsequent
chapters and sections of this dissertation will delve deeper into these factors and provide a more
detailed examination of the evolving landscape of repository structure choices and their
implications.
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3.9 Thesis 1/4: Multi Repository Management Tools

A novel heuristic methodology was developed to identify various multi-repository management
tools. This approach relies on the identification of these tools based on their configuration files,
also referred to as signatures.

Publication related to this thesis: [J2]

One of the most significant distinctions between multi-repository projects is that they occasionally
require the use of supplementary tools to coordinate the management of all the project components.
The authors of [33] provide a comprehensive description of these tools, which are referred to as
Multi Repository Management Tools (MRMT). However, here we will describe some of the main
aspects of these tools and the environment in which they are employed. Initially, the primary
obstacle was the identification of these tools. In the majority of cases, it is straightforward to
identify the most frequently used MRMTs; however, some of these tools are not as easily
identifiable, despite their widespread use by developers. The majority of these tools were created
by small businesses or individuals. It is essential to analyse these tools to ascertain the trends in
this area. Major corporations like Github frequently adopted a new feature that small MRMTs had
been promoting. Here, we prevent a method for identifying these tools that is based on their
signature files. We found that the majority of the MRMTs have their own configuration file, which
may be located in the project folder where they were utilised, during our analysis. A small table
was generated by compiling this list of files, where each signature file denotes a single tool.

Name Feature Signature
Mepo Update, compare, compere, save | components.yaml
MR Update, list, offline .mrconfig
Pull Update (all forks) pull.yml
West Combine all repos, update, list west.yml
Mention-bot Improve review and pull requests | .mention-bot
Zappr Improve review and pull requests | .zappr.yaml
Mrgit Manage project build process mrgit.json
Talan CLI Manages third party elements tIn.conf
DevOps & Swarm-mode | Manage project build process docker-compose.swarm.yml
Lerna Monitor development process lerna.json

Table 3. 2 A list of MRMTs with their key features and signature files
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It is evident that some of the tools mentioned have similar objectives when they are

examined. This enables us to identify their key features and illuminate Github's limitations. The
following are a few critical components:

1.

Repository Updates: Despite the fact that they may employ varying methodologies,
numerous tools are designed to streamline the process of updating multiple repositories
simultaneously. This can significantly improve the overall development speed and save
time for developers and project owners. However, the management of updates in extensive
projects can be a challenge, and these tools provide a variety of solutions to address these
challenges.

Development Oversight: Although Github provides a comprehensive overview of
individual repositories, it is unable to monitor multiple repositories simultaneously. The
creation of specific tools that provide insights into contributors, job roles, commitments,
and other pertinent information has satisfied this requirement. This information is essential
for the efficient management of multi-repository projects.

Management of Third-Party Components: Although not entirely addressed in multi-
repository project management, this aspect is of great importance in this context. Managing
a variety of dependencies and packages can be a complex task in multi-repository projects,
and Github does not offer any built-in tools or commands to facilitate this process.
Nevertheless, the aforementioned tools effectively manage these factors, thereby saving
developers a significant amount of time.

Enhanced Review and Pull Request Handling: While this functionality isn't commonplace
in multi-repository management tools (MRMT), some tools excel in this regard. This
feature proves especially valuable in large projects with numerous contributors, where
managing pull requests can become challenging. These tools aim to simplify and streamline
the review and pull request process, ensuring improved collaboration and code integration.
Project Construction Process Management: This aspect is in accordance with Github's
automation capabilities, but it is focused on the simultaneous creation of multiple
repositories to guarantee project compatibility. The objective of these tools is to improve
efficiency and simplify the project creation process.
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Figure 3. 7 Popularity of each feature among the developers.
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The popularity of these features among users is shown in Figure 3.7, which considers the
user count of each tool. It should be remarked that specific tools may incorporate one or more
features from the above list. In such instances, the tool user share is spread across all relevant
features to ensure a fair distribution.

Figure 3.7 shows the user count for each tool, demonstrating the popularity of these features
among users. It is quite clear that specific tools may include one or more of the features listed
above. In such cases, the tool user base is proportionally spread out among all the relevant features,
thereby maintaining equity. The ordinal numbers assigned to each feature in the preceding section
serve as their identification.

Figure 3.7 offers valuable insights into the primary features of Multi repository
management tools (MRMTSs). The significant demand for these features and the potential
revelation of a gap in the Github platform are underscored by the fact that approximately 35% of
users prefer tools with advanced review and pull request capabilities. This demand is influenced
by a variety of factors, with the sophisticated of the connection system being a significant factor.
In Multi repository projects with numerous branches, these capabilities may also present
challenges, especially in the review and pull request processes, which may be difficult for project
managers to manage. Nevertheless, they are essential.

Although they are not as significant as the advanced review and pull request functions, the
remaining three features are almost of equal important to users. These capabilities encompass the
facilitation of project builds, the management of third-party elements, and the monitoring of
development and collaboration. However, these features do not have the same priority as the fourth
feature. It is quite surprising that users do not prioritise the simultaneous updating of all
repositories, despite the potential benefits.

3.10 Concluding Remarks

Within the software development domain, Mono and Multi repository structures are
acknowledged as two of the most prevalent and primary repository configurations. Although they
are widely used, there is a significant lack of scholarly research on their significance, distinctions,
and similarities. Here, we offer is a comprehensive review of the conceptualization and impact
of both repository structures on the software development lifecycle.

This chapter introduce two critical algorithms for the identification and consolidation of
front-end and back-end repositories, as well as Mono and Multi repository projects. Each
algorithm works well, and both have provided a significant contribution to the development of
my study here. The classification of repositories is determined by the initial algorithm, which
employs the file architecture. The robustness of our methodology is demonstrated by the
precision rate of our model, which is approximately 90%. Later, another algorithm was developed
with the specific aim of identifying Mono and Multi repository projects on the GitHub platform.
Our innovative approach significantly broadened the scope of our database in the absence of pre-
existing automated procedures for this task and enriched our knowledge and understanding of
repository types.

The application of these algorithms facilitated the compilation of a substantial dataset, which
allowed us to observe trends within the two types of repository structures. It was noted that the
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Multi repository framework has been gaining popularity among developers since 2018. It appears
that the Multi repository model is preferred by larger development teams over the Mono
approach. And projects with extended development timelines are inclined to utilise the multi
repository structure, which suggests that it is the preferred choice for development teams that are
involved in complex projects and have a larger scope. In contrast, the Mono repository framework
is more commonly used by smaller teams for projects that are simpler and more manageable.

The author of this thesis is responsible for the following contributions presented in this
chapter:

I / 1. My first contribution is the creation of an algorithm that uses a machine learning model to
identify and collect frontend and backend repositories from the Github platform. The high
accuracy rate proves the efficacy of this approach.

I /2. 1 also devised another algorithm for the identification and collection of Mono and Multi
repository projects on the Github platform. With this, we were able to collect a huge number of
projects in a very short time, which was not the case with other research studies like this one.

I /3. lalso created a heuristic approach for the identification of Multi repository management tools
among the projects on the Github platform. This approach uses the configuration file for
identification and has a notably good accuracy as well.

I /4. A new heuristic approach was developed by me for the identification of different multi
repository management tools. This process is carried out based on the signature files and it may
play a crucial role for researchers and project managers in their respective field of study.



Chapter 4

Thesis Group Il: Branching strategies in Mono and
Multi repository projects.

| introduce a new heuristic approach to the identification of branching strategies in various
projects in this chapter. | employ the names of branches and their counts to ascertain the project's
branching strategy. At present, this approach concentrates solely on the identification of three
primary branching strategies: Trunk-based, GitFlow, and GitHub Flow.

Publication related to this thesis: [J3]

Here, we concentrate on another critical aspect of the software development process: the branching
strategy. We begin by exploring the subject of Version Control Systems (VCS), introducing their
definitions, various types, and applications in the software development environment. We then
examine three primary branching strategies that are frequently encountered in the development
sector. We present a methodological framework that was developed to identify these branching
strategies within the context of open-source projects. Our investigation of the relationship between
the underlying repository structure of software projects and branching strategy is the focus of the
remaining sections of this chapter. Our analysis demonstrates the critical relationship between the
specific branching strategies that were implemented during the developmental phases and the
diverse project parameters used.

4.1 Introduction

The necessity of addressing collaboration and concurrent work within large development
teams has become of paramount importance in response to the evolving landscape of software
development practices. Distributed Version Control Systems (DVCs) have emerged as a resilient
solution to address this exigency, with branching being one of their central features [34]. Branching
enables development teams to organise their work into distinct streams and subsequently merge
these streams upon the completion of specific tasks. This method is especially well suited for agile
development systems, as it allows for a more flexible development process.
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The concept of a branching strategy was introduced based on the realization that the majority
of DVCs provide support for branching. A development team's approach to managing their
branches, each of which provides distinct objectives such as the implementation of new features,
bug fixes, and the preparation of the final version, is referred to as a branching strategy. Although
there are numerous additional branching strategies, here we concentrate on three of the most
frequently implemented strategies in the context of Git [35]. The strategic implementation of
branching strategies enables development teams to effectively manage their codebase, optimise
collaborative endeavours, and establish efficient workflows during the development process.

4.2 Related Work

Branching strategies have been the subject of analysis since the beginning of 2010. The branching
strategies were primarily examined from the perspective of version control systems, with the
majority of researchers treating them as one of the parameters [34—37]. This method may be quite
accurate; however, it obscures the full significance of the branching strategies, which is why there
has been a lack of significant research on them. In this chapter, we demonstrate that branching
strategies may be essential during the development process of a project, and they may be associated
with various project parameters, such as the size of the team, repository structure, and development.

In their research work, certain researchers attempted to clarify these connections. For
instance, in an effort to ascertain the correlation between the productivity of the software
development process and the branching strategy, the author of [38] conducted an analysis of nearly
3000 projects. Although this study is interesting, it has certain drawbacks. First of all, researchers
examined the branching strategies of about 200 projects. Secondly, the productivity measurement
of a specific study was a straightforward process, which we will elaborate on in the next chapter. It
soon become clear that that this type of analysis cannot provide an impartial perspective on the
significance and role of branching strategies in the software development industry.

A different approach by the researchers is described in [39], which examines branching
strategies from the perspective of software team collaboration. The study is based on the findings
of an interview with a variety of developers, and it examines their perspectives on specific branching
strategies. Unfortunately, the researchers did not concentrate on any particular branching strategy.
They conducted an exhaustive analysis of all branching strategies, making it difficult to see the
precise impact of particular strategies on the developer workflow.

For this reason, in the subsequent sections, | have selected three primary branching strategies
and I have analysed each one separately to get better understanding of their workflow and the impact
these strategies have on the development process.
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4.3 Version Control Systems

Version control systems represent a foundational aspect of software development, their inception
dating back to 1972. The discourse surrounding this critical subject matter spans numerous articles,
encompassing diverse foundational concepts and utility scenarios [40—42]. Broadly speaking,
version control systems are categorised into two primary types, namely centralised version control
systems (CVCS) and distributed version control systems (DVCS).

4.3.1 Centralized Version Control Systems

In articles such as [43, 45], CVCS, an older approach, was thoroughly examined. The primary
source repository in the area of CVCS serves as the control base, with each developer operating
relative to this central repository. Developers execute a "pull” operation to acquire a specific
snapshot of the repository at a specific temporal condition [46]. All project files and their respective
versions are stored on a central server or computer within CVCS. Access to specific files or the
entire repository is granted to users for the purpose of their work. After making their modifications,
users had to "push™ them by sending commit messages with them. Later, other users are assigned
the responsibility of "updating" their files to ensure that they are in sync with the new version in the
repository. It should me mentioned that CVCS exclusively preserves the most recent iteration of the
project, which requires a continuous awareness of the modifications that have been made to the
source code. Consequently, the repository exclusively retains the most recent version of the code.
The utilisation of branches is authorised during the development phase to accelerate the
development of new features or functionalities. During the workflow, these branches must coexist
with the main project and be copies of the repository. After the testing phase, modifications
implemented in these branches may be integrated into the primary source code.

The presence of a single point of failure and diminished performance are the two primary
drawbacks of CVCS. Any server malfunction, which causes the cessation of development activities
because CVCS depends on a central server, causes the entire project to become inaccessible.
Furthermore, each command (such as branching, pushing, and merging) must interact with the
server due to CVCS's server-centric nature. This frequently leads to server responses that are
significantly slower as a consequence of the increased network traffic.

4.3.2 Distributed Version Control Systems

DVCS operates without a primary central server, in contrast to the previous system. The repository's
entirety is replicated on the local computer of each user in the DVCS approach. DVCS is particularly
well-suited for extensive projects that are characterised by a multitude of independent developers
due to this distinguishing feature [47]. DVCS also distinguishes itself by providing a good
performance. And CVCS eliminates the necessity for a network connection by executing the
majority of commands locally. Although many terminologies that are pertinent to CVCS are also
applicable to DVCS, the latter may have a higher memory consumption as a result of the local
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storage of the entire project. DVCS employs compression techniques in moderation to reduce the
size of the repository. Despite this limitation, the DVCS paradigm is exceptional in terms of
reliability, flexibility, and alacrity.

In summary, DVCS is a significantly more appealing option than CVCS due to its enhanced

reliability, performance efficiency, and flexibility.

4.4 Branching Strategies

GitFlow:

Complexity: GitFlow is renowned for its intricacy, and it is often regarded as one of the most
convoluted branching strategies in use.

Branch Structure: Its architecture encompasses a "Master" branch, which, in recent years,
has transitioned to "Main," serving as the repository's primary location for housing the core
source code. In tandem, there exists a "Development” or "Release" branch, instrumental in
orchestrating the preparation of new product releases.

Feature Branches: The strategy relies heavily on feature branches, sprouting forth from the
Master/Main branch, each dedicated to the implementation of distinct features, subject to
rigorous testing.

Supplementary Branches: GitFlow is not devoid of supplementary branches. These ancillary
branches come to the fore for tasks such as bug fixes, documentation, and assorted purposes,
often gathered beneath the umbrella of feature branches.

Advantages: GitFlow fosters a conducive environment for the simultaneous endeavours of
multiple developers, diligently safeguarding the production source code. It aids the seamless
resolution of conflicts during merging by allowing developers to concentrate on their
respective tasks.

Challenges: Nevertheless, the intricate branch structure of GitFlow can, if not carefully
managed, introduce challenges in the testing and other developmental phases.
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Figure 4. 1 Schematic explanation of GitFlow branching strategy

GitHub Flow:

Simplicity: In stark contrast, GitHub Flow adopts a more streamlined and uncomplicated
approach, positioning itself as a simplified variant of GitFlow.
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e Branch Arrangement: GitHub Flow dispenses with dedicated release or development
branches. Instead, it places its reliance chiefly on main branches and feature branches.

e Utilization: This strategy has garnered favour within developer circles and enjoys
widespread usage, particularly within a significant cohort of Mono repository projects.

e Objectives: GitHub Flow excels in scenarios marked by concise, expeditious development
phases, furnishing clear perspectives throughout the developmental trajectory.
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Figure 4. 2 Schematic explanation of GitHub Flow branching strategy

Trunk-based:

e Simplicity: Trunk-based represents the epitome of simplicity in the realm of branching
strategies.

e Branch Composition: In particular, it prescribes the utilisation of a solitary primary branch,
one that is invariably poised for deployment.

e Development Modality: Under the Trunk-based paradigm, all developmental activities,
inclusive of feature integration and bug rectification, unfold directly upon the master branch,
without the creation of additional branches.

e Merits: The straightforwardness inherent in Trunk-based methodology renders it an
appealing choice, especially for lean development teams or novices in the field of software
development.

e Challenges: Notwithstanding, this simplicity is a double-edged sword, introducing potential
challenges, as it allows for a minimal margin of error or oversight. The source code must
consistently maintain a state of readiness for deployment.

o 0 0 0

Figure 4. 3 A schematic description of the Trunk-based branching strategy

These three branching strategies, each with its own distinctive attributes, cater to diverse
developmental contexts and preferences, and offer agility and control in software development
workflows.
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4.4.1 Thesis 11/1: Identification of Branching strategy in Open Source Projects

| propose a novel heuristic method for determining branching strategies in various projects. |
utilise the names of branches and their respective counts to establish the project's branching
strategy. Currently, this method just concentrates on identifying three primary branching
strategies, namely GitHub Flow, GitFlow, and Trunk-based.

Publication related to this thesis: [J3]

In the previous chapters, we described three main methods for branching. One key
characteristic that sets apart each of these strategies is the range of branches they include. Within
this context, determining the branching strategy involves carefully examining the project's
collection of branches, taking into account both their names and statistics [44]. As shown in Figure
2.1, the database maintains a complete record of all branches, and identifying them only requires
examining their names. Below is a step-by-step algorithm that outlines the process of identifying:

Input: Set of branches in the project
Output: Branching strategy of the project

Function identifyBranchingStrategy(branches):
1. Filter out branches created by automated processes (bots), which will result in a set of non-bot
branches.

2. If the number of non-bot branches is 1:
e Check to see whether the branch is a master branch by examining its name.
e |f the branch name is "master" or "main™, return "Trunk-based" as the branching strategy.
e Otherwise, return "Unknown" as the branching strategy does not match any known strategy.

3. If the number of non-bot branches is greater than 1:

Check to see whether there is a master branch by examining its name.

If there is no master branch, return "Unknown" as the branching strategy.

Check to see whether there is a development branch by examining its name.

If the development branch name is "dev" or "development”, return "GitFlow" as the
branching strategy.

Otherwise, check if there are feature or bug fix branches by examining their names.

If any of the branch names contain "feature"”, "bug fix", "bug", or "hotfix", return "GitHub
Flow" as the branching strategy.

e Otherwise, return "Unknown" as the branching strategy does not match any known

branching strategy.
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4.4.2 Mathematical Representation of Branch Identification

GitFlow Branching strategy:

Let M be the mainline branch of the Git repository, and let F be the feature branches, R be the
release branches, H be the hotfix branches, and S be the support branches. We can define each
branch type as follows:

F={fufzifn}

R={r,nr, ...mnm}

H={hy,hy, .., h,}

S ={51,52 8¢}

where each f;, r;, h;, and s; is a branch in its respective set.

The GitFlow branching strategy involves creating new branches from M and merging them
back into M when they are ready. Specifically, we can define the branching and merging process
as follows:

1. Feature branches are created from M:
fi €M

2. Changes are made to the feature branch, and the branch is merged back into M when the
feature is complete:

fi - M

3. Release branches are created from M:
rn M

4. Changes are made to the release branch, and the branch is merged into M and tagged with
a version number when the release is complete:
1 > M

5. Hotfix branches are created from M:
hi €M

6. Changes are made to the hotfix branch, and the branch is merged back into M and the
release branch that it fixes:

h; > M and h; - 7

7. Support branches are created from tagged release branches:
s €N

8. Changes are made to the support branch, and the branch is merged back into the release
branch and M when necessary:

s; »r;and s; > M

Overall, the GitFlow branching strategy involves creating branches from M and merging
them back into M and other branches as needed. The branching and merging process can be
formally specified using set theory and logical operators.

GitHub Flow Branching strategy:
Let M be the mainline branch of the Git repository and let F be the feature branches. We

can define each branch type as follows:
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F={fufzifn}
where each f; is a branch in the set F.

The Github Flow branching strategy involves creating new branches from M and merging
them back into M when they are ready. Specifically, we can define the branching and merging
process as follows:

1. Feature branches are created from M:
fi €M

2. Changes are made to the feature branch, and the branch is merged back into M when the
feature is complete:

fi oM

Overall, the Github Flow branching strategy is simpler than the GitFlow branching
strategy, as it only involves creating feature branches from M and merging them back into M. The
branching and merging process can be formally specified using set theory and logical operators.

Trunk-based Branching strategy:
Let M be the mainline branch of the Git repository and let S be the set of all source files.

We can define M as follows:

M={filfi €S}

This notation states that the main branch M is a subset of S, containing all source files in
the repository.

The Trunk-based branching strategy involves making changes directly to M and avoiding
the creation of feature branches. Specifically, we can define the branching and merging process as
follows:

1. Changes are made directly to M:
fi €M
2. Changes are committed and pushed to the remote repository:
fi - M
3. Continuous integration (CI) and automated testing are used to verify changes:

CI (fll f2' "'lfn)

4. Code reviews and manual testing may be used to verify changes:

Review (f1, f2, -, fn)

Overall, the Trunk-based branching strategy involves making changes directly to M and
using Cl and automated testing to verify these changes. Manual testing and code reviews may also
be used to maintain the quality of the code. The branching and merging process may be formally
specified using set theory and logical operators.

4.5 Popularity ratio of Branching strategies over the years

Defining branching strategies and checking their workflow is not enough to provide good estimates
about their usage ratio. It is vital for developers to have a comprehensive understanding of
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the evolving paradigms in branching strategies. This acumen enables them to synchronize their
methodologies with prevailing industry norms and to execute judicious decisions.
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Figure 4. 4 Popularity of three main branching strategies over the years.

In recent years, the area of branching strategies in software development has experienced
significant changes. An examination of the percentage trends from 2016 to 2022 reveal noticeable
changes in the dominance of different branching methodologies, including trunk-based
development, Git Flow, and GitHub Flow. In 2016, GitHub Flow was the prevailing approach,
with a popularity of 58%, surpassing trunk-based development at 32% and Git Flow at 10%.
Although the main trend persisted, there were distinct surges of favourability towards these
branching strategies. In 2017, trunk-based development gained significant popularity, reaching
52.5%. In contrast, GitHub Flow decreased to 39.5%, and Git Flow remained stagnant at 8%. Over
the following years, trunk-based development and GitHub Flow continued to be dominant, albeit
with some minor changes. The former exhibited a prevalence ranging from 40% to 49%, while the
latter showed fluctuations between 47% and 58%. Despite this, the popularity of Git Flow declined
significantly, reaching a low point of 1% by the year 2022.

These statistical trends highlight a growing preference for more flexible and less
complicated branching strategies. Trunk-Based Development, known for its support of continuous
integration, and GitHub Flow, recognised for its efficient and simple workflow, have gradually
gained popularity. Conversely, Git Flow, due to its intricate and hierarchical framework, has
experienced a decline in user numbers.
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4.6 Thesis 11/2: Branching strategies in Mono and Multi repository
projects

| conducted several analyses in the domain of branching strategies and their correlation with
Mono and Multi repository structures. The findings are crucial for gaining an in-depth
understanding of the relationship between branching strategies and repository structures.

Publication related to this thesis: [J3]

Once the main aspects of the three branching strategies have been introduced, it is necessary to
determine their correlation with the repository structure and other project parameters. This section
presents various measurements regarding the utilisation percentage of branching strategies in
Mono and Multi repository projects. We plan to assess the utilisation rates of each of the three
branching strategies in divergent repository structures and compare them accordingly. This
analysis will provide significant insights into the cultural aspects of development practices within
the respective repository frameworks, as a branching strategy reflects how developers interact with
their projects.

4.6.1 Mono repository projects

The following pie chart shows the usage percentage of three main branching strategies in practice.

Trunk-Based

GitFlow

Github Flow

Figure 4.5 The usage percentage of three major branching strategies in Mono repository
projects.

Based on the data presented in Figure 4.5, it is clear that a large majority of Mono
repository projects use the trunk-based branching strategy, representing 76.3% of usage. This
strategy involves developers directly committing their modifications to the central trunk, or main
branch, of the codebase. Although it is typically preferred for smaller projects with a smaller team,
its main benefit is that it allows for quick iterations and faster feedback loops. The subsequent
branching strategy of significance in the context of M-Ono repositories is GitHub Flow, which has
been adopted by 19% of users. This approach involves creating separate branches for each new
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feature or defect fix and then merging them into the main branch once they are completed and
verified. This approach improves team collaboration and produces a clearer chronological record
of changes in the codebase. Conversely, the GitFlow branching strategy is utilised in only a small
portion of Mono repository projects, making up 4.7%. GitFlow is distinguished by a hierarchical
branching structure that includes a main branch, a development branch, and separate feature
branches for each distinct development effort. Although this methodology encourages a systematic
and controlled approach to development workflow, it is frequently criticised for being complex
and requiring extra time.

4.6.2 Multi repository projects

After analysing the data on Mono repository projects, it is crucial to examine similar outcomes for
Multi repository projects. An investigation will uncover differences between the two repository
structures in terms of branching strategies. In order to examine these outcomes in more detail, the
analysis has been divided into two parts, focusing separately on the front-end and back-end
components of Multi repository projects.

Frontend Repositories Backend Repositories

Trunk-Based Trunk-Based

GitFlow GitFlow

Github Flow Githuk Flow

Figure 4. 6 Usage percentage of three major branching strategies in Multi repository projects.

Based on the data shown in Figure 4.6, it can be observed that the majority (57.6%) of
Multi repository projects in the frontend segment employ the Trunk-based branching strategy.
GitHub Flow, with a usage rate of 27.5%, and GitFlow, accounting for 14.9%, are two popular
methodologies in this field. Similarly, an examination of the backend sector of Multi repository
projects shows that a trunk-based branching strategy is the most prevalent, accounting for 60.7%
of cases. The usage rates of GitHub Flow and GitFlow in the back-end domain mirror those in the
front-end. GitHub Flow is the second most commonly used strategy, with a utilisation frequency
of 24.2%, while GitFlow is the least utilised, with a frequency of 15.0%. The Trunk-based
branching strategy is more prevalent in the backend than in the frontend. This may be attributed
to the intricate nature of the backend, which necessitates an organised approach to its development.
The combined utilisation rates of the three branching strategies in multirepository projects indicate
a preference for larger and more complex undertakings compared to Mono repository projects,
which involve multiple teams working on different project segments.
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4.7 Concluding Remarks

Version control systems are essential during the development phase of software projects.
These systems can be found in both centralised and distributed forms, and accurately assessing
their actual effect on the operational dynamics of a project is difficult because of the numerous
factors that influence them.

In order to clarify the connection between repository architecture and the development
workflow, we have conducted an analysis specifically on branching strategies. Three primary
branching strategies, namely Trunk-based, GitHub Flow, and GitFlow, have been chosen for an
in-depth examination and will be discussed in detail in upcoming chapters as well. Each strategy
possesses unique attributes and workflow patterns that not only characterise their individual
functioning but also represent the overall workflow of the project. Therefore, the examination of
these different strategies is crucial within the framework of this thesis.

This research demonstrates the relationship between the complexity of the repository
structure and the selected branching strategy. The chosen methodological framework entails
documenting the names and frequencies of branches in a project in order to infer the branching
strategies utilised. Using this method, | have gathered important data that traces the changes in
preference for the three main branching strategies over time. This provides insight into the
changing patterns of the development environment over the past six to seven years. From 2015 to
2017, developers showed a preference for the Trunk-based branching strategy. However, in 2018,
this trend started to change, suggesting that workflows became more complex as multi-repository
architectures became more popular compared to Mono repositories.

The findings indicate a tendency for simpler branching strategies in Mono repository
structures, which are naturally less complex than their multi-repository counterparts. Additional
research provides further evidence in support of this hypothesis. My research clearly shows that
the Trunk-based strategy is significantly preferred in Mono repository projects compared to
multi-repository projects. Furthermore, the most complex of the strategies, GitFlow, is
significantly more common in Multi repository projects compared to Mono repositories.

The author of this thesis is accountable for the subsequent contributions outlined in this

chapter:

11/ 1. My first contribution in this chapter involves developing a heuristic method to determine the
branching strategy for any open-source project on Github. This approach utilises the names
and quantities of branches to determine the strategy, as explained in greater depth in the
preceding paragraphs.

I1/2. 1 conducted multiple analyses, which allowed me to establish a clear correlation between the
branching strategy employed by projects and the structure of their repositories. It
demonstrates that the choice of a repository structure can have a significant impact on the
overall approach to development.
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development

By considering various factors like branching strategy, development time, and developer effort, I
developed a novel methodology for evaluating the effectiveness of projects. There are three pre-
established levels of productivity, namely high, low, and none, which I also introduced. In addition
to this novel approach, | developed a new machine learning model to forecast the duration of the
project development phase. This machine learning model utilises various project parameters, such
as the number of developers, the intensity of the development process, the productivity level,
branching strategies, and other relevant factors. Extensive testing has shown that the recently
developed algorithm accurately predicts the length of the development process in terms of months,
with a minimal average margin of error of just a few months.

Publication related to this thesis: [J4]

Here, we focus on the efficiency and effectiveness of software development. This section
critically examines an established approach and applies it to the methodology of this thesis. The
main goal of the productivity calculation is to assess it from various angles, including branching
strategy, development duration, and team size. Firstly, we perform the calculation of productivity
and its division into three primary categories. These classifications will be used to demonstrate the
effect of different parameters on productivity with the highest level of objectivity.

Productivity was measured in three main branching strategies separately, allowing for the
identification of a connection between productivity and the branching strategy in software
development. In order to get a better understanding, additional variables were also analysed, which
allows us to identify correlations between these parameters and productivity in the software
development process.

5.1 Introduction

Over the course of many decades, there has been a significant amount of research and
discussion surrounding the productivity of software development. This has involved exploring
different definitions and metrics to accurately measure productivity. Productivity serves as a
measure of the amount of work that is successfully accomplished within a specific period of time.
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This research project goes beyond simply studying productivity as a concept. It utilises a branching
strategy, repository structure, and other relevant parameters to assess and measure productivity
from various perspectives.

Furthermore, this study is supported by a unique and extensive database containing more
than 50,000 repositories, which guarantees a more meticulous and unbiased examination of the
subject. Utilising this database enables us to provide many more impartial results compared to
prior investigations. Firstly, we analysed the structures of the repositories and their relationship
with productivity. By assessing the proportion of projects in different productivity categories
across both repository structures, we can estimate the dominant patterns for each type of repository
structure. These percentages on their own are not sufficient to draw any definite conclusion.
Therefore, we will use different correlation methods to examine the connection between
productivity and repository structure. In the next chapter, we will analyse different methods used
to calculate productivity and provide an overview of the three main branching strategies that have
received significant attention and have been applied in various situations. We seek to offer valuable
insights into the influence of branching strategies on productivity in the software development
field, examining both the frequency and effectiveness of these strategies. By conducting these
analyses, we will determine which branching strategy is more commonly observed in projects with
high and low productivity. This will aid our understanding of the workflow of projects relative to
their levels of productivity, and in doing so improve our overall grasp of productivity. Also, other
aspects of the development process, such as the size of the team, the duration of development, and
other factors, will be closely examined. This approach will provide a clearer perspective on the
characteristics of highly productive projects.

5.2 Related Works

Project productivity has been a significant focus of research for many years, and it remains a topic
of intense discussion in academic and business communities. Every academic pursuit concerning
this subject seeks to define 'project productivity' with a unique explanation and evaluate it using
various project criteria or attributes. For example, in document [48], productivity is defined as the
ratio of project effort to product size:

Productivity = Size / Effort (1)

However, it is obvious that not all types of projects will benefit from using this approach,
especially when there is no correlation between the project size and the amount of development
work required. These situations are quite common in projects that are based on the internet.
Moreover, this method of enhancing productivity may unintentionally encourage developers to
create excessive amounts of projects that have little to no value. By implementing the methodology
described in document [49], this approach is improved, and a new formula for determining
productivity has been created:
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Productivity = AdjustedSize / Effort 2

Only the size metrics that display a strong correlation with effort are included in the
calculation as adjusted size. This methodology, which is rather like to its previous version,
calculates productivity based on the amount of work put in. However, it also contains specific
exclusions, such as maintenance tasks and other jobs that fall outside the scope of this notion.
Introduced in 2004, there have been significant advancements in software and Web development
ever since. Therefore, it is no longer practical to treat this method as completely precise.

There are alternative methodologies available, as described in document [50], where the
authors assess software development productivity by considering two main factors, those of
quantity and quality.

Quantity: The authors developed a model that determines the average level of effort put in
by developers and calculates the time gap between their commits. Essentially, this entails
analysing the frequency and extent of code modifications made by developers in their commits.

Assessment: The LGTM [51] system is used to evaluate the quality of the code. Although
this method is considered more reliable than others because it utilises machine learning, its main
drawback is its dependence on commitments as the sole measurement metric, which is recognised.
It is worth mentioning that most of the studies examined so far have chosen to evaluate
productivity using the measure of commits. For instance, articles [52], [53], and [54] employ the
total count of commits as a measure of the project's productivity.

The author of [39] present another study to illustrate the effect of branching strategies on
productivity. A total of nearly 3000 projects were subjected to analysis, but none of the branching
strategies have been considered. Instead, they analysed the overall characteristics of the branching
strategy.

5.3 Calculation of Productivity

As mentioned earlier in the previous sections, calculating productivity is a crucial task. There are
multiple methodologies available for this purpose, as the effectiveness of software development
has been clarified by applying different approaches. Now, we present a verified method for
calculating productivity. Firstly, this approach will begin by providing a clear explanation of its
fundamental concept and algorithm. Following this, comprehensive mathematical requirements
will be presented to facilitate a better understanding of it all.

5.3.1 Algorithm for the calculation

In the previous chapter, we conducted an examination of various methods for quantifying
productivity. Most of these methodologies primarily base their productivity estimates on a narrow
range of project parameters. In our study, we employed the methodology outlined in reference
[55]. There were numerous compelling reasons for doing this. The main ones are:
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e When juxtaposed with alternative methodologies, the selected approach provides a
discernible superiority in accuracy and dependability, owing to its incorporation of an
extensive set of specific projects.

e The researchers in [55] mainly employed open-source projects from the GitHub platform,
and this aligns well with the attributes of our database.

e The authors of [55] carried out a comprehensive examination of diverse approaches and
substantiated the effectiveness of their methodology via comparative assessments.

The term "burstiness” in the context of statistical analysis refers to the periodic variations
in activity or frequency that an event exhibits. After a thorough analysis, the data regarding project
activity was identified as exhibiting bursty behaviour. This requires the identification of periods
with increased, decreased, or no activity. In order to identify active bursts, the authors in [55]
employ three separate models called Maximum Sum Segments [56], Kleinberg Burst Detection
[57], and the Hidden Markov Model [58].

In order to make a comprehensive comparison of all three approaches, the authors included
supplementary evaluation metrics prior to validating their method. The goal was to compare the
bursts found by the models mentioned above to a lexically coherent segmentation of the project
timeline using Beeferman et al.'s [59] P, as a standard measure. As explained in [55], a different
approach identifies consecutive days with similar conversation topics as 'lexically coherent bursts',
by analysing the interactions between project developers. These bursts, which reflect the identified
lexical segments, demonstrate coordinated efforts towards similar goals, illustrating increased
levels of activity and thus forming a cohesive body of work. We utilise the widely acknowledged
TextTiling text segmentation technique as the foundation for our analysis of lexical cohesion [60].

TextTiling is a method used to divide texts into distinct segments that conform with the
underlying structure of different subtopics. This model assumes that changes in the arrangement
of words in the text suggest a shift in the underlying subject. The method entails employing a
movable frame across a textual representation, such as a vector space. The similarity score is
computed at each window position by calculating the cosine similarity between the upper and
lower halves of the window. In order to realise their goal, they collected a wide range of textual
information, including issue comment text, issue titles, pull request comments, commit messages,
and commit comments. Afterwards, these texts were combined for each day, and they went through
a series of procedures, which involved removing unnecessary parts, reducing words to their basic
forms using stemming, and converting them into word vectors. As a result, there was a separate
word vector for each day of the project timeline.

The average segment lengths generated by the above three methods differ. After comparing
the values using these methods and considering the length of the segments, it was discovered that
the results were similar. The Hidden Markov Model (HMM)'s predicted work units have higher
lexical coherence than the Max-Sum method's forecasts. In contrast to the parameter-free Max-
Sum model, the Hidden Markov Model (HMM) offers improved interpretability. Examining the
distribution of average parameter values within the states of a trained Hidden Markov Model
(HMM) can provide valuable insights. This provides a more comprehensive depiction of the
characteristics of the data stream. Based on these factors, it was found that the Hidden Markov
Model (HMM) was the optimal method for segmenting their dataset. Our analysis of the database
corroborates the fact that the third alternative—the Hidden Markov Model—aligns optimally with
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our requirements, mirroring the selection and application in the aforementioned study. Now, we
shall use the subsequent burst stream of projects as an illustrative example:
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Development period

Figure 5. 1 A burst sequence of random Mono repository project taken from our database.

States with activity values below a specific threshold were categorised as 'low active, while
those exceeding the threshold were labelled as 'active.' The occurrences when each project was
identified as being in the 'active’ state were documented. Consequently, a series of these 'active
days' were combined into a burst, with a maximum gap of three days between each active day.
This methodology for generating bursts divides the project timeline into specific periods that are
defined by bursts of activity. This allows for more meaningful comparisons with other burst
segmentations. In our study, we employed burst duration as a metric to evaluate "productivity,"”
which is quantified by the number of days it spans. The collaborative dynamics of the open-source
ecosystem have an impact on this metric and serve as a success indicator. We suggest that
individuals work efficiently during a productive burst, which results in the prompt completion of
tasks. This is at the heart of our core hypothesis. References [61] and [62] provide evidence that
this concept is consistent with earlier congruence studies.

Projects in this chapter are categorised into three distinct states to facilitate clarity. Bursts
that surpass the average duration are classified as "high productive.” In contrast, bursts that are
shorter than the average are considered "low productive”. And the project is classified as "non-
productive™ in instances where burst length is noticeably absent. This approach provides a more
thorough evaluation of the influence of a variety of parameters on productivity. This classification
into three categories facilitates a comprehensive analysis of the variations in these parameters,
thereby facilitating the development of more precise hypotheses regarding their respective effects.
'High productivity' is the most exclusive category in this context, encompassing only the most
productive projects. Projects that marginally exceed the threshold but fail to achieve the necessary
level of productivity to be classified as high productivity projects are referred to as "low
productivity.” In contrast, "non-productive™ projects, which display activity levels that are below
the threshold, make up the lowest category in our analysis. This categorization serves to elucidate
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the interplay between branching strategies and other project parameters, thereby enhancing our
comprehension of their influence on productivity.

5.3.2 Mathematical specification of an algorithm

A critical aspect of project management and evaluation is the accurate computation and
quantification of project productivity. It is essential to establish a formal mathematical
specification that delineates the computation process in order to achieve a comprehensive and
impartial evaluation. Here, we provide a comprehensive framework for formalising the
mathematical calculation of project productivity. By offering a systematic and unequivocal
methodology, this specification guarantees the consistency, reproducibility, and comparability of
productivity metrics in a variety of contexts and projects.
The project ensemble P = { p;, p,, ..., Pn} €NCOMpasses six principal activity parameters
for each project, explicitly: commits (p;), issues (p;), issue_comments (p;), pull_comments (p;),
pull_requests (p;), and events (p;).
To calculate bursts within each project, we shall define the following mathematical
entities and operations:
e Let D(p;) be the set of days in the development period of project p;.
e Let A(p;, d) represent the total activity count on day d for project p;.
e Let T(p;) be the predefined threshold value for distinguishing “low active" and "active"
states in project activities.
Let BurstSegments (p;) be the list of burst segments for project p;.
Let BurstStart (b,) and BurstEnd (b,) represent the start and end days of burst segment bs,
respectively.
e LetLength (b) denote the length of burst segment by, calculated as the difference between
Burstend (b,) and BurstStart (bg) plus one.
The calculation of bursts and determination of productivity states follow these steps:
Step 1: Initialization
e Initialize BurstSegments (p;) as an empty list for each project p; in P.
e Initialize BurstStart (b,) and BurstEnd (b;) as null variables for each burst segment b.
Step 2: Identifying Active Days
e Foreach day d in D(p;) for project p; in P :
o IfA(p;,d) > = T(p;), mark day d as an "active day" for project p;.
Step 3: Creating Bursts
e For each active day d in project p;:
o If BurstStart (by) is null:
m Set BurstStart (b) = d.
m Set BurstEnd (bs) = d.
o Else:
m If dis within 3 days of BurstEnd (b;):
e Set Burstend (bs) = d.
m Else:
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e Create a new burst segment with BurstStart (bg) and BurstEnd (by)
as the start and end days, respectively.
e Add bs to BurstSegments (p;).
e Set BurstStart (b)) = d.
e Set Burstend (bs) = d.
Step 4: Calculating Average Burst Length
e Compute the average burst length AvgBurstLength (p;) for project pi as:
AvgBurstLength (p;) = (sum of Length (b;) for all bs in BurstSegments (p;)) / (number of
bursts in BurstSegments (p;)).
Step 5: Determining Productivity States
e For each burst segment bs in BurstSegments (p;):
o If Length (bs) > AvgBurstLength (p;), label bs as "high productive."
o If Length (bs) < AvgBurstLength (p;), label bs as "low productive."
o If Length (by) is nearly zero, label bs as "non-productive.”

5.4 Productivity in repository Structure

The relationship between repository structure and software development productivity has been the
subject of limited investigation, despite the fact that productivity has been examined from a variety
of perspectives in the past. Below, we will analyse the percentage distribution of projects across
various productivity categories with the aim of identifying the most prevalent productivity
category for Mono and Multi repository projects. Although this analysis does not offer any
definitive conclusions and it requires the consideration of additional factors, it nevertheless
provides an initial understanding of the relationship between productivity and repository structure.

5.4.1 Productivity in Mono repository

At the beginning, we assessed the outcomes of projects that were classified into one of the
three productivity tiers. The distribution of projects across the three productivity categories and
the percentage of projects that utilise the Mono repository structure are depicted in Figure 5.2. The
productivity dispersion of the Mono repository projects was as follows: only 11.93% were
classified as highly productive, 18.12% were deemed lowly productive, and the majority, 69.95%,
were classified as non-productive. The open-source nature of the projects in our database is the
primary reason for the high percentage of non-productive projects. A significant number of these
belong to the non-productive category due to the fact that they were developed by individuals
without commercial motivations. We anticipate that projects employing the Multi repository
structure will exhibit a comparable pattern. These results suggest that the Mono repository
approach is not frequently chosen by the majority of highly productive projects. Later, we shall
examine the fundamental causes of this trend.
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Figure 5. 2 The percentage share of Mono repository projects based on their productivity level.

5.4.2 Productivity in Multi repository

Comparable analyses were also conducted for Multi repository projects. Figure 4.3 shows the
results of an identical analysis for these projects, where distinct differences are evident at first

glance.
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Figure 5. 3 The percentage share of Multi repository projects according to their productivity

level.

The results of our investigation indicate that 20.24% of the Multi repository projects were
classified as high productive, 30.91% as low productive, and the remaining 48.81% as non-
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productive. It is evident from these figures that the proportion of highly productive projects in
multi repository projects is significantly higher than that in mono repository projects. Although
there are numerous potential explanations for this, it generally implies that Multi repository
projects are more productive than their Mono repository counterparts.

The operational mechanisms of these repository structures and our methodology for
calculating productivity may be the primary factors that influence this trend. This implies that
Multi repository projects exhibit substantially more activity than their counterparts, as our
productivity calculation is based on project activity and activity bursts. In the subsequent sections
of this chapter, we will investigate the supplementary parameters of each repository structure to
gain a more comprehensive view of the observed patterns.

5.5 Productivity and Branching Strategy

The results from our examination of various repository structures suggest that highly productive
projects prefer the multi-repository structure over the mono-repository approach. A more in-depth
examination of the development process is necessary because a variety of factors may affect this
trend. Branching strategies are an effective method for scrutinising the development workflow, as
previously mentioned. We divided our analysis into two distinct groups in order to improve clarity,
evaluating Mono and Multi repository projects separately. This division permitted an evaluation
of the most preferred branching strategies within each repository structure. It will offer a clearer
understanding of the development workflow across various productivity levels and provide
insights into the methods that developers prefer.

5.5.1 Three main branching strategies

Mono repository case:

High Productive Low Productive Non Productive
Trunk-Based
Trunk-Based runk-ase
33.2% <L) Trunk-Based
85.2%
2.7% i
8.2% GitFlow
45.6% GitFlow
12.0%
Github Flow 21.0%
30.3% Github Flow

GitFlow

Github Flow

Figure 5. 4 The usage of branching strategies based on the productivity level (Mono repository).

First of all, let us check each productivity level separately for a better understanding:
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High Productive:

The following is a breakdown of branching strategies in high-productive Mono repository
projects (see Figure 5.4). A significant 32.3% of these projects used the Trunk-based approach,
indicating a preference for a continuous and effective development process. In the interim, 45.8%
of the projects implemented the Github Flow strategy, which permitted a collaborative and
iterative development process. 21% of the exceptionally productive projects used the GitFlow
approach, which stood out for its feature-centric and organised workflow.

Low productive:

A distinctive pattern is evident in the distribution of branching strategies within the low
productive category of Mono repository projects, as shown in Figure 5.4. A sizable 61.4% of these
projects used the Trunk-based strategy, indicating a preference for a quicker and more streamlined
development process. The Github Flow approach was implemented by 30.3% of the projects,
which facilitated rapid deployment and ease of collaboration. In contrast, the GitFlow strategy,
which is renowned for its emphasis on a more structured and regulated approach to development,
was implemented by only 8.2% of the low-productive projects.

Non-Productive:

Furthermore, Figure 5.4 explains why the implementation of branching strategies in Mono
repository projects are not productive. The Trunk-based approach was the preferred method for a
significant portion of these unproductive projects, accounting for 85.2%. This suggests a
preference for a straightforward and agile development methodology. The Github Flow strategy's
utilisation decreased to 12.0%, underscoring the difficulties associated with achieving effective
deployment and collaboration within unproductive projects. Only 2.7% of the non-productive
projects used the GitFlow strategy, indicating a low adoption rate for feature-focused workflows
in this group.

Multi repository case:

High Productive Low Productive Non Productive

Trunk-Based

Trunk-Based
Github Flow

Trunk-Based

45.3% TRk

16.1%

9.1%

19.3% GitFlow
36.6%

17.1%
38.6% GitFlow

Github Flow

GitFlow Github Flow

Figure 5. 5 The usage of branching strategies based on the productivity level (Multi repository).

As it was done in Mono repository case here, we will again explain the different cases one at a
time:
High Productive:

In the section of high productive frontend Multi repository projects, 16.1% embraced the
trunk-based approach, which helped a more efficient development process. The Github Flow
strategy,
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known for fostering collaborative and iterative development, was employed by 45.3% of these
projects. A significant 38.6% of the projects utilised the GitFlow approach, which is characterised
by its emphasis on a feature-driven and organized workflow.

Low Productive:

The Trunk-based approach was preferred by 44.2% of frontend Multi repository projects
in the low productive category, highlighting its simplicity and effectiveness. The Github Flow
approach was implemented in 36.6% of these projects, which facilitated rapid deployment and
ease of collaboration. Furthermore, 19.3% of the projects implemented the GitFlow strategy,
suggesting a preference for a more structured and regulated development process.
Non-Productive:

The Trunk-based strategy was noticeably dominant among non-productive frontend Multi
repository projects, with 73.8% of them employing it. This underscores its relevance for simple
and agile development methodologies. The adoption of the Github Flow strategy was significantly
reduced in these projects, with a rate of just 17.1%. This indicates that there are obstacles to
effective deployment and cooperation in unproductive contexts. The GitFlow strategy had the
lowest adoption rates in non-productive projects, with only 9.1% usage. This suggests that feature-
driven workflows are less common in this category.

After carrying out a comprehensive examination of branching strategies, it is quite obvious
that highly productive project developers favour more intricate branching strategies, such as
Github Flow or GitFlow, while simple strategies, such as Trunk-based, are not as prevalent.
However, it is clear that a Trunk-based strategy is implemented in nearly 33% of the highly
productive projects within the Mono repository. This implies that there may be a correlation
between the repository structure and the developer team's workflow.

5.6 Properties of branching strategies

Next, we shall investigate the potential correlation between the productivity rate associated with a
branching strategy and a variety of branching strategy characteristics. The primary emphasis is on
the branch and commit counts of a variety of branching strategies in Mono and Multi repository
setups. We will perform numerous correlation analyses, which will be represented by a set of
graphics plots and charts.

In a manner similar to previous instances, the results for Mono and Multi repository
projects, as well as for various branching strategies, are presented in distinct graphical
representations.

5.6.1 Commit Count

Commit counts may be interpreted as an indicator of the workload undertaken during the
development process. Each commit encompasses a compilation of altered files and the specific
lines that have been modified, added, or removed. In numerous instances, commits are utilised to
dissect the entirety of the development process, as demonstrated in studies such as [63 - 66], which
analysed commits to comprehend the workflow of development. In addition, other studies have
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employed commit counts as a metric for gauging a project's productivity. These instances
highlight the significant role of commits in research, providing valuable insights into a project and
its developmental trajectory. Consequently, in our study, we laid particular emphasis on the
analysis of project commits. This section will detail our examination of commit counts in various
contexts.

The data presented in Figure 5.6 provides an insight into the level of commitment
associated with the two types of productivity in Mono repository projects. This visual
representation helps us to identify which commit counts are more common in projects with either
high or low yields.

Commit Counts by Branching Strategy and Productivity
53.7%

mmm Github Flow - High Productivity
mmm Github Flow - Low Productivity
B GitFlow - High Productivity

50 4
47.3% Bl GitFlow - Low Productivity

40 -

Percentage
1Y)
o
|

20

10

o4

0-50 50-100 100-250 250-500 more 500
Commit Count

Figure 5. 6 The percentage share of commit counts for two main branching strategies in Mono
repository projects.

Figure 5.6 reveals a stark contrast in commit counts between projects with high and low
productivity. It is intriguing that the results are relatively consistent across both Github Flow and
GitFlow branches, with the primary variation being between high and low productivity levels. It
is worth noting that 58.6% of low productivity projects that utilise Github Flow and 55% of those
that use GitFlow have commit counts below 100. In contrast, projects with high productivity tend
to have lower commit counts. The third column of the chart indicates a clear divergence: nearly
half of the high productivity projects in both branching strategies have commit counts between
100 and 250, which could be regarded as an optimal range. The percentage of high productivity
projects decreases in the subsequent columns, but it remains three times more prevalent than low
productivity projects. These results tell us that the majority of high productivity projects have a
commit count in the 100-250 range, with higher commit numbers being more prominent in high
productivity projects than in low productivity projects.

Figure 5.7 shows the same results, but for Multi repository projects. Some clear similarities
can be seen from a first glance at the chart.
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Figure 5.7 The percentage share of commit counts for two main branching strategies in Multi
repository projects.

The overall database displays a negligible presence of those with a branch count between
0 and 50 and high productivity rates in the context of multi repository projects. The first two
categories, which correspond to projects with 0-50 and 50-100 commit counts, however,
demonstrate a preponderance of low productivity projects in both branching strategies. These
percentages are broadly comparable to those observed in the Mono repository scenario.
Approximately 50% of the middle section of the chart is occupied by high productivity projects
from both branching strategies when the commit count falls between 100 and 250. The remaining
portion of the histogram plot reflects the pattern observed in the Mono repository case.

Upon examination of figures 5.6 and 5.7, it is evident that the correlation between commit
count and branching strategy is consistent in both Mono and Multi repository contexts.

5.6.2 Branch Count

The preceding chapter concentrated on the critical role of branches and branching strategies
within this framework. In certain cases, branches have attracted more attention than commits in
research studies. Since the early adoption of distributed version control systems, branches have
been the subject of numerous academic studies. In order to explain the complexities of the
development workflow and other critical aspects of software development, research papers, such
as [67-71], investigate a variety of branches, including their descriptions, life cycles, and other
parameters, in a manner similar to the studies on commits. Branches are of great importance in
this research, as they are essential indicators of the development process. The branch counts of
both Mono and Multi repository projects will be analysed in a manner similar to the analysis
conducted for commit counts.

First, the results for Mono repository projects will be presented, as in the previous cases.
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Figure 5. 8 GitFlow - High vs Low Productivity Branch count in Mono repository projects.

As in the previous cases, the results of non-productive projects have been excluded from
this segment, as they do not have any significant value. The introduction section delineated the
fundamental attributes of each branching strategy. In the context of GitFlow, the branch count of
nearly half of the low-productive projects falls within the range of 0-5, while this figure is precisely
40% for high-productive projects. In the subsequent portions of the chart, which represent "6-10
branches™ and "11-25 branches," the incidence of high-productive projects is over 6% higher than
that of low-productive ones. It is worth noting that the final section of the chart is the most
intriguing, as it indicates that 8% of highly productive projects have over 50 branches. This statistic
suggests that a significant number of branches are present in nearly one out of every ten high
productivity projects. The types of these branches and their implications will be further explored
in the following sections.
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Figure 5.9 Github Flow - High vs Low Productivity Branch count in Mono repository projects.
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Figure 5.9 indicates that the number of branches in over half of the low productive projects
and 45% of the high productive projects is less than five, which represents a 5% deviation from
the scenario previously discussed. This discrepancy is to be expected, given the nature of the
majority of these projects. Another noteworthy observation from the third portion of the chart is
that projects with a branch count between 11 and 25 account for more than 25% of all high-
productive projects that utilise the Github Flow branching strategy. The figures in the remaining
portions are comparable to those depicted in Figure 5.8.
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Figure 5. 10 Percentage share of branch counts in the Multi repository projects.

Figure 5.10 demonstrates a noticeable difference in the number of branches in multi-
repository projects. We will commence our investigation by looking at the GitFlow statistics for
Multi repository projects, similar to the approach taken for the analysis of mono-repository
projects. Upon comparing the data from figures 5.8 and 5.10, it is clear that having a low number
of branches is not preferred in the frontend segment of Multi repository projects that use GitFlow.
GitFlow has the highest proportion of low productive projects, with approximately 42% of them
using fewer than 5 branches. Portions "6-10" and "11-25" also demonstrate a higher frequency of
these branch counts in projects with low productivity compared to those with high productivity.
An interesting finding can be seen in the "26-50" category, where approximately 30% of highly
productive projects prefer a branch count within this range, indicating its popularity among
GitFlow projects with high productivity. The final portion of the chart closely corresponds to the
findings displayed in Figure 5.8.

Github Flow: The results for low productive projects in Figure 5.10 reveal a difference of
only 6% compared to Figure 5.9. However, there is a 15% difference in the proportion of high
productive projects. This suggests that a lower number of branches is less frequent in the frontend
of high productive projects. The portions labelled "6-10" and "25-50" exhibit comparable
preferences, indicating that these ranges are equally favoured in the initial stages of projects. The
last segment of the chart displays a distinct result that was not observed in figures 5.8 or 5.9 or the
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GitFlow section of this chart. Almost 9% of the high productive projects use over 50 branches, a
notably significant proportion compared to other results.

5.6.3 Developer team size and development period

When analysing commit counts to measure workload and productivity levels across different
branching strategies, it is important to consider two key factors: the duration of the development
period and the size of the team. These elements are crucial during the planning phase of software
development, as they have the potential to significantly reduce the time and effort required and
improve productivity. It is vital to mention that when discussing "developer team size," it just refers
to the number of developers actively engaged in the coding stage of the project. In addition, although
the duration of project development is initially measured in days, it will also be expressed in months
in later analyses and sections to provide a clearer analysis.

Following previous methodologies, | have categorised the outcomes for both Mono and
Multi repository structures with the intention of providing a more distinct and targeted analysis.
The Mono repository case:

Scatter Plot of Development period and Team size with different productivity values

35 ™ Productivity
° @ low
@ High
L ]
30 - L]
]
°
25
e oo
(]
e e ]
@ 20 L L] ° °
g (] ° *
E - L] °
@ L] °
15 L] ° L]
] ° ° °
]
oo . ° ° °
® e o
10 L e o ° e ° [
(1L ° e o e
o . o °
oo e ° @ ° ° ° ° ° om °
oo ° - ] ] e e
5 GmIIEDe0 O O @ 0 [ ee o [ ° ] ° e o
I PO B0 Wos (BE ® @ 000 o aO® o © ° o0 o ee o ° L
e O WO 00 0W0OM © © COWWME DO W © 00 (1) e ®eo L]
e coOmme @ e o e © eo0o ® o e o
@ OoWO® @ @ 0we o0 00 @
oA

T T T T T T
0 500 1000 1500 2000 2500
Development period

Figure 5. 11 A scatter Plot of Development period and Team size with different productivity
values in Mono repository projects.

According to Figure 5.11, the highest productive projects are completed in less than 1000
days, which is roughly equivalent to 3 years. The typical team size for these projects ranges from
3 to 20 members. It should be added that numerous factors, including some that may not be
measurable in this context, influence both the size of a team and the time required for development.
Nevertheless, this empirical data remains valuable as it offers significant and previously
unexplored insights. For this and future analyses, the results are not categorised based on branching
strategies, as the main emphasis is on team size and the duration of development.

The Multi repository case:
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Scatter Plot of Development period and Team size with different productivity values

. Productivity
@ low
20 [ ] legh
L]
'] [
15 4 [
(1]
& ] ° e °
E L] [} e e L]
& 10 4 e ewo a °
L] e o @0 L] e e L] L] ° L]
L] ° eme o @ o oo o ] [ °
- e ®@® ® 00 S0 0 e®@e o o o ] [+ L] [} °
GIND 000 DED 00 000 Wmes ¢ o e eoe ° [ ° o0 o
5 [cerinien @me ®e ® O® 00 GO e o o o ° e o0 o @
CIIEI0eI CCND M@C? ¢ OoF O D@Ee 00 0 ° oo e0 e o0 ° 00 L] °
CEOONCCICEOITECOTONE OOORD (UL EOPio oD 00 0 ©m o0 o0 e e o mam o e e
0GR O OO VW ®O ® 0@ © 0000 ¢ ° om o o ]
e® @  oap oo oD oo L] o o
0 MIMODeNe CWOCO OO SO0 O © O O @ ee o e e
T T T T T
0 500 1000 1500 2000

Development period

Figure 5. 12 A scatter Plot of Development period and Team size with different productivity
values of Multi repository projects.

Figure 5.12 indicates that Multi repository projects exhibit comparable patterns. In the
same way, projects that are high productive typically have shorter development periods than those
that are low productive. The team size metrics show a significant difference between Figures 5.11
and 5.12. The corresponding findings are also apparent in Figure 3.3, where the analyses suggest
that Multi repository projects have larger development teams than Mono repository projects. This
observation implies that the productivity of software development processes is likely to increase
in Multi repository projects with appropriately scaled team sizes. It should be mentioned that just
increasing the size of the team does not guarantee increased productivity rates; however, it remains
a substantial factor for projects that implement the Multi repository approach.

5.7 Thesis 111/1: Calculation of Productivity with new ML method

| developed a new approach for the identification of productivity of projects using several
parameters like branching strategy, development period and the work intensity of developers.
There are three predefined productivity levels which were also introduced by myself these being:
High, Low and None.

Publication related to this thesis: [J4]

Based on the findings stated in the preceding chapter, it is evident that productivity within the
software development process exhibits a notable correlation with various facets of the
development process and the project's inherent characteristics. A pivotal aspect of this thesis is the
development of a Machine Learning model, designed by myself, which seeks to, that aims to
prognosticate the productivity levels of the development process that utilise these identified
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parameters. To optimize the efficiency of this model, multiple experimental trials were conducted
to find the most effect amalgamation of features.

5.7.1 Feature Extraction and Training

As explained earlier there are several features for each project in our database. Over 35 of them
can be used for the Model Training. There are four main types of features in our database. These
are:

String format: repository name, repository types, branching strategy, and so on.

Text format: Description of repository, commit comments, and so on.

Integer format: Commit count, branch count, developer count, and so on.

Date format: Creation date of repository, commit date, and so on.

Not all of these features are suitable for our model. For example, there are features like
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“contributors”, “branches”, “pull requests”, “issues”, “issue comments”, “pull request comments”,
“events” and “commits”. All of these features contain a list of dictionaries with several values
inside, like the content of features, the data of added content, and so on. In our model, adding these
features can create noisy data, and this in itself can greatly decrease the accuracy of our model
[72]. In most cases, only the count of these features was used. This approach was chosen in order
to simplify the feature generation process. Additionally, features like “languages” and “branching
strategies” were one-hot encoded for the models.

After modifying the features for the model training process, the next phase was to choose
the most suitable model for the training process. Based on the structure of the database and the
features, four main models were chosen. In the following table, the results of the training and

testing process are presented:

Model Accuracy Precision Recall F1 Score
Logistic Regression 0.9003 0.8125 0.9019 0.8533
Decision Tree 0.6802 0.4952 0.6705 0.5765
Random Forest 0.9344 0.8410 0.9274 0.8948
Support Vector 0.6397 0.4732 0.6221 0.5255
Machine

Table 5. 1 Accuracy results of model training process.

The four categories containing results presented can be explained by the following:
e Accuracy is a useful metric when the target classes are well balanced. It measures the
proportion of correctly predicted instances.
e Precision provides a measure of correctness achieved in positive prediction. It is crucial
when the cost of false positives is high.
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e Recall (Sensitivity) indicates how many actual positive instances are captured by the
positive predictions and it is essential when the cost of false negatives is high.

e F1 Score combines precision and recall into a single metric, providing a balance between
them and being especially useful when dealing with imbalanced datasets.

According to the results from Table 5.1 it can clearly be seen that Random Forest has the
highest value for accuracy and other categories. There can be several reasons why this model
performs much better than the others.

The algorithm's suitability is the primary factor, as previously mentioned. Random Forest
is an ensemble method that builds multiple decision trees and merges their results. In comparison
with a single decision tree, this method typically results in increased robustness and accuracy.
Random Forest is capable of modelling intricate interactions between features, and it is proficient
in managing a combination of numerical and categorical features. Second, Random Forest can do
a good job by using the strong predictors and reducing the noise from the weaker ones. This is
because the data includes both strong and weak predictors, like different counts, repository
characteristics, and encoded categorical variables.

There are several advantages to using this model. These can be listed as follows:

e The features of this model can easily be collected from GitHub using the Github API hence
they are useful databases for testing and training purposes.

e After the collection and training of the model productivity, each project can be detected
much more easily. Instead of performing mathematical calculations and other operations,
we can obtain the desired results much more easily.

e During the creation of the model different projects from various backgrounds and
properties were used. This model can be used for every type of project to determine the
productivity level.

5.8 Thesis 111/2: Prediction of Software Development Period

In addition, I created a novel machine learning model designed to forecast the duration of project
development. This machine learning model utilises various project parameters, such as the number
of developers, the intensity of the development process, the productivity level, branching
strategies, and other relevant factors. The newly developed algorithm accurately estimates the
duration of the development period in terms of months, with an average error ratio of only a few
months, as confirmed by the tests.

Publication related to this thesis: [J4]

Forecasting the duration of software development projects remains a critically debated issue in
Information Technology. This chapter highlights the significance of such predictions, especially
in the planning phase of software development. An overview of prevalent methodologies, along
with their limitations, is provided. Subsequently, I introduce a novel approach to meet this
challenge. Similar to my analysis of software development productivity, this approach also
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exploits the relationship between various project parameters and the development timeline and
offers a new perspective on project duration estimation.

5.8.1 Related work

Prediction of the software development process was one of the major topics of Information
Technology systems. There are several important topics of research in this area. These are:

1) Expert Judgment - Within this methodology, the estimation of the development period and
other facets of the software development process are forecasted by a special group of
experts. This method primarily relies on expert opinion as the foundational basis for
prediction [73]. However, a significant limitation of this approach is the inherent bias, as
the outcomes depend heavily on the experts' knowledge and experience, potentially leading
to subjective and skewed results.

2) Analogy-Based Estimation. This methodology has been widely used not only for the
prediction of the development period but also for the prediction of effort, cost, and several
other aspects of the development process. Overall, it focuses on examining similar projects
and comparing their parameters with a given one. Despite its simplicity, there has been a
huge amount of academic research conducted both on the potential and characteristics of
Analogy-based estimation methods. Several papers, like [74 - 77] describe this.

3) Augile Estimating and Planning. In agile methodologies, estimation is often done using story
points, ideal days, or hours. Agile planning includes methods like velocity-based planning,
where future performance is estimated based on historical velocity (the rate at which teams
complete work). As was in previous cases, there is also several studies on this field like
[78 - 81].

Needless to say, there are many other methodologies and approaches used for the
calculation of development period but in most cases they lack objectivity, which is crucial in this
topic. The Machine Learning approach that was proposed by myself can solve both issues of being
biased and it can be applied to all sorts of projects.

5.8.2 Feature Extraction and Training

As in previous case on the prediction of productivity, in this approach it is also necessary to choose
the right set of features for the best result. Some of the features that were mentioned in previous
cases have a much more complex structure than needed for our model. This is why these features
were modified. The dataset provided information on several aspects of the GitHub projects. The
features used for the model were selected based on their potential relevance to the development
period. These features included:

e Number of Commits
Number of Contributors
Number of Branches
Number of Pull Requests
Number of Issues
Languages



5.8.2 Feature Extraction and Training 63

e Productivity (High, Low, None)
e Branching Strategy (Trunk-Based, GitFlow, Github Flow)

The machine learning model employed for this task was the Random Forest Regressor.
This model was chosen for its robustness to overfitting and its ability to handle a wide range of
data types and complex relationships within the data. The model was used with default parameters,
as provided by the scikit-learn [82] library.

The target variable, initially provided in days, was converted to represent the development
period in months. This conversion was done to align the predictions more closely with typical
project planning timelines, which are often measured in months. Furthermore, to simplify the
interpretation of the results, the development periods were rounded to whole months for the final
predictions.

The model's performance was evaluated using three key metrics: Mean Absolute Error
(MAE), Mean Squared Error (MSE), and the coefficient of determination (R-squared). The results
were as follows:

e Mean Absolute Error (MAE): 3.40 months.
e Mean Squared Error (MSE): 52.42 months?2
e R-squared (R?): 0.441

These results indicated a low level of error, with the model predicting the development
period, on average, with an error of approximately 3.40 months. The R2? value was medium,
indicating that the model significantly explains the variability in the development periods of the
projects.

5.9 Results and Discussion

Next, we explore the relationship between the productivity of software development processes and
the interplay between repository structure, branching strategy, and other critical project
parameters. The findings presented here provide a clear perspective due to the fact that they are
either based on findings from a relatively small number of projects or they have not undergone
any extensive analysis by other researchers. The results are unbiased and as objective as possible
due to the diverse nature of the projects analysed, which vary in creation times, technology stacks,
and other variables. These factors lend credibility to our findings. The following section of this
chapter is dedicated to a comprehensive examination of these findings and their implications.

5.9.1 repository Structure

The literature review section of this paper stresses that the analysis of repository structure was
largely disregarded in previous productivity research. Here, we conduct a comprehensive analysis
of this topic in order to address this gap, providing real-world data for a more in-depth analysis.
The percentage distribution of high, low, and non-productive projects within our database is
presented in figures 5.2 and 5.3, with separate analyses for Mono repository and Multi repository
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projects. This method helps us to better understand the subject matter. In each instance, the
proportion of non-productive projects is significantly higher than that of other categories, which
is consistent with our expectations. The database primarily comprises open-source projects taken
from the GitHub platform, a significant number of which were created by non-professional
developers or for non-commercial purposes. As a result, the majority of these projects are
classified as non-productive due to their minimal activity.

The proportion of non-productive projects in Mono repository projects is approximately
70%, which is approximately 20% higher than in Multi repository projects, as shown in Figure
5.2. In contrast, the rates of high- and low-productive projects are approximately 12% and 19%,
respectively. It should be added that the frontend and backend components of Multi repository
projects exhibit a percentage that is approximately 2-3 times higher.

Although the productivity level of a project cannot be solely determined by the structure
of the repository, these real-world results, which encompass a variety of projects taken from a
variety of backgrounds, offer valuable insights and improve our comprehension of the topic.

5.9.2 Branching Strategy

Initially, Figure 4.4 shown the prevalence of a variety of branching strategies in Mono repository
projects. Over 85% of non-productive projects use trunk-based branching as their primary
approach. This is a notable trend. This real-world data indicates that the Trunk-based approach is
widely used by non-productive projects, despite its popularity among some large corporations such
as Google. This may be attributed to the Trunk-based method's structure, which involves a single
branch, which makes it difficult to implement new features and resolve bugs.

The Trunk-based approach is less prevalent in low and high productive projects, with an
approximate 30% adoption rate. Github Flow and GitFlow, however have a 46% and 21% rate
respectively. This suggests that the Trunk-based approach remains relevant in high-productivity
projects, but it is not as ubiquitous as the Github Flow, which is mostly popular in both low (30%)
and high (46%) productivity projects. This implies that Github Flow is more popular and preferred
among high-productivity projects. GitFlow, despite its lower prevalence than the Trunk-based
approach, exhibits a distinctive distribution, with projects that are either high productive or low in
productivity. This reflects its suitability for more structured and mission-critical projects.

Figure 4.5, which depicts comparable trends in Multi repository projects, further reinforces
these findings. The Trunk-based strategy is the most prevalent in non-productive projects;
however, it is less often implemented in low and high-productive projects within the Multi
repository framework than in Mono repository projects.

High productivity projects exhibit a strong preference for the Github Flow strategy in the
multi repository setting. Nevertheless, the Trunk-based approach is only utilised in approximately
15% of high-productive Multi repository projects, suggesting a more restricted preference for this
branching strategy in the Multi repository context. This analysis offers a sophisticated
comprehension of the adoption of various branching strategies in terms of the type of repository
and the productivity of the project.
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5.9.3 Project properties

The investigation of the relationship between productivity and team size, programming language,
and repository structures have proved to be relatively limited. Agile development methods and
team motivation are frequently the primary focus of existing research on team productivity, which
frequently neglects the specifics of team size and the development period. The objective of this
study is to examine the interaction between these factors and their influence on projects that are
both high and low in productivity.

The Mono repository:

A scatter plot chart is depicted in Figure 5.11, which demonstrates the correlation between
the development period and the size of the team in Mono repository projects. The results for both
the Github Flow and GitFlow methods are combined to enhance clarity. Key insights from Figure
5.11 regarding high-productive projects reveal that the majority of them, regardless of the
branching strategy, have a development period of less than two years. Furthermore, the majority
of teams are composed of fewer than fifteen members. This pattern is also consistent with projects
that are not highly productive. The occurrence of smaller team sizes is understandable in light of
the fact that the given projects are open source. Lower productivity is frequently observed in
projects with development periods that exceed two years, which is likely the result of a slowdown
or halt in project development.

The Multi repository:

Our examination of Multi repository projects, as shown in Figure 5.12, reveals significant
differences from Mono repository instances. There is a significant disparity during the
development period. Compared to mono repository projects, multi repository projects typically
have longer development periods. The scatter plot in Figure 5.12 has a more extensive distribution
of data points, which are indicative of high-productive projects in multi-repository scenarios. This
implies that, despite the fact that team sizes may be comparable, high-productive projects in a
multi-repository context are distinguished by significantly longer development periods than their
Mono repository counterparts.

5.10 Concluding Remarks

In this chapter, we addressed the fact that there is a substantial gap in current research by
conducting a thorough analysis of repository structures and their relationship to software
development productivity. Providing new insights into these areas, we presented in-depth data
and analyses for Mono repository projects and Multi repository projects.

The first significant discovery is the increased prevalence of non-productive projects in
Mono repositories, which account for approximately 60% of these projects. In contrast, multi-
repository projects exhibit a lower percentage of non-productive projects, with a significant
difference of approximately 20%. Furthermore, the rates of high and low productive projects in
Mono repositories are approximately 12% and 19%, respectively; and these percentages increase
significantly in the frontend and backend components of Multi repository projects.
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Yet another critical aspect of this chapter is its examination of branching strategies. It tells
us that Trunk-based branching is the primary approach employed by nearly 90% of non-
productive projects, despite its inability to effectively manage new features and bug fixes. In
contrast, productive projects are more likely to implement the Github Flow and GitFlow
strategies. The Github Flow, in particular, is the most preferred strategy in high-productive
projects, which suggests its effectiveness in real-world applications. While the GitFlow strategy
is less prevalent, it is influential in projects that necessitate a more intricate, structured approach.

We also investigated the branch and commit counts of high-productive Mono and Multi
repository projects. It was found that the branch count of half of these projects is typically
between two and five, regardless of the productivity level. This is especially the case in open-
source projects, where smaller branch counts are the norm. The utilisation of over ten branches
is common in high-productive projects, suggesting a preference for more intricate repository
structures in these types of projects.

The relationship between the development period and team size in high and low productive
projects was presented. Smaller teams and shorter development periods of less than two years are
frequently linked to high productivity in Mono repository projects. In contrast, multi-repository
projects typically have extended development periods. This suggests the necessity of further
research into the dynamics of project productivity in various repository structures, as distinct
patterns that affect the development period and team size are evident.

The author of this thesis is responsible for the following contributions presented in this
chapter:

I11 / 1. A machine learning model was created in order to identify the productivity level of the
project development process. Here there are three levels of productivity: High, Low and
None. The model uses several main activity characteristics of the project development
period.

I11 / 2. Machine Learning algorithms are now used to calculate software development periods,
utilising various project activity parameters such as issue count, event count, and commit
count. This approach, noted for its general impartiality, is thought to be superior to existing
methods, and it provides a more effective solution for duration estimation in software
projects.



Chapter 6

Thesis Group 1V: Collaboration of Software

Developer Team

In this section, | introduce a new mathematical approach for the computation of the collaboration
rate among developer teams. One of the primary benefits of this approach is that it represents
collaboration by a single number. The new system for advising us on the optimal number of
developers for projects is based on our previous research and that described in this chapter.
Utilising the productivity level and numerous other project parameters, this novel approach was
implemented. Furthermore, in order to greatly enhance the precision of this methodology, the
findings of my previous study were explored.

Publication related to this thesis: [J5]

We examine the collaboration rate within software development teams and establish a correlation
between this rate and other project parameters, such as productivity and branching strategy. At the
beginning, a mathematical approach will be applied to determine the developer team's
collaboration rate. This calculation primarily employs data from the GitHub platform, specifically
ametric called "contribution”. Then, the correlation between repository structure and collaboration
is investigated. In a manner similar to the analysis of productivity, we determine the repository
structure that best encourages a collaborative work environment based on the preferences of
developer teams.

Next, we investigate the correlation between the rate of collaboration and a variety of
branching strategies. Project managers can develop a model for determining the optimal team size
by determining which branching strategy best supports team collaboration. We introduce a model
that suggests the optimal number of developers for a project by considering factors such as the
anticipated development period, programming language, and repository structure. The aim of this
model is to optimise project management strategies and facilitate the formation of effective teams.

6.1 Introduction

The exploration of team collaboration among software developers and its influence on software
development productivity is a long-standing topic in the field of information technology. This
subject has been the focus of extensive academic research, with some foundational studies
published as far back as half a century ago, exemplified by seminal works like [83].

67
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The foundation for comprehending the complex relationship between productivity and team
dynamics in software development was established by these initial investigations.

In this chapter, we intend to conduct a comprehensive examination of these and other
academic studies that are relevant. This analysis will not be restricted to the above studies; it will
also include a variety of scholarly efforts that have attempted to establish a connection between
the structural aspects of software development and team collaboration. One of the primary
objectives of this study is to highlight the existing research gaps in this area, especially the absence
of studies that concentrate on specific aspects of team collaboration and productivity in software
development.

In this chapter, we will explore the ways in which the collaboration of software developers
varies across various repository structures and how these variables affect productivity levels. We
shall attempt to improve our comprehension of effective collaboration strategies in the field of
software development by investigating these dynamics, provide a deeper understanding of the
impact of structural decisions on team efficiency and output.

6.2 Related Work

Software development processes are distinguished by their collaborative nature, which
requires the coordination of numerous software engineers to develop intricate software systems.
The development of a shared understanding among team members is a critical component of this
collaborative endeavour. This understanding is centred on a variety of approaches, each of which
represents its own model throughout the development process. One of the objectives stated in [84]
is to manage dependencies among activities and organisations, which may be accepted as the
primary objective of team collaboration during software development. This includes a wide range
of collaborative activities, including critical management responsibilities such as the
decomposition of work into individual tasks, the establishment of their sequence, and the
subsequent monitoring, evaluation, and maintenance of control over the plan of activities [85]. The
significance of a developer teams' collaboration in software development has increased, especially
in light of the widespread adoption of version control systems. Version control systems are
classified into two broad categories: namely distributed and centralised.

Authors of [86] refer to a study that examines the influence of these version control systems
on the software development process and team collaboration. The researchers conducted surveys
among developer teams and discovered that commits in DVCSs, especially in Git, are smaller and
more isolated than those in other systems. This may be due to the high level of collaboration among
developers, who share the workload by dividing it into smaller tasks. The concept of new product
development (NPD) has been introduced as a result of the rapid development of new tools and
innovations in the field of software development, in addition to version control systems.
Businesses employ New Product Development (NPD) as a method to conceptualise, design,
develop, and introduce new products to the market. It entails a sequence of procedures that help a
company turn concepts into marketable products or services [87]. This concept posits that there
are numerous instruments available to enhance software team collaboration during the
development process. Basecamp [88], Asana [89], Teamwork [90], and others are among the most
widely used tools. These tools and others have gained huge popularity among the developers for
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the past couple of years and several research papers have been published to check the
impact of these tools on the collaboration of a software team [91, 92]. But almost none of them
provide a measurement for the collaboration during the development process.

There are numerous methods for evaluating collaboration within a software team. For
instance, numerous researchers examined collaboration in the context of Agile systems, as
evidenced by papers [93-97]. In these studies, various aspects of team collaboration are examined,
including the psychological objectives of team members, the tools employed for collaboration, and
collaboration among various developer groups. Although these papers offer valuable insights into
the subject matter, none of them specifically examine team collaboration from a productivity
perspective. Furthermore, those that were presented also include a variety of methods for
evaluating the influence of collaboration on the development process. Papers such as [98, 99]
examine the collaboration of software teams by studying the communication among team
members.

In essence, the researchers in both papers evaluated the level of collaboration among the
software team and the comments regarding issues and code changes. This method may be
beneficial for the analysis of a single, large project in which all team members' communication
has been stored or recorded. Nevertheless, the development of this type of communication scheme
can be time-consuming, requiring hours or even days, as indicated in [98]. Consequently, this
process proves impractical when working on a large number of projects, as is the case in our
situation. One article [100] is a prime example of a successful analysis of productivity and
collaboration, as it employed "pull requests” as its primary source of data. Pull requests (PR) are
proposals for new code or modifications to the existing code that are made during the development
process. These PRs may be accepted or rejected by the primary developer or team leader. This
article has a significant advantage in that it generates graphs in a manner similar to that of previous
studies, but it exclusively employs PRs. Consequently, it avoids the time-consuming tasks that
were present in previous papers. In this way, they categorised software teams into five categories
and evaluated their collaboration accordingly. However, they exclusively employed PRs in the
productivity calculation, as was the case in the collaboration case, which may result in some
inaccuracies. This is why we opted for a more sophisticated methodology for productivity
calculation.

Another article [101] presents an additional comparable methodology. Researchers used
logs to quantify the workloads of developers. By ascertaining the quantity of work that each
developer had completed, they were able to ascertain the centralization of work. This method is
much more straightforward than the previous ones and it can be implemented in nearly every
repository on the Github platform. Our paper will also employ a comparable methodology, albeit
in a more straightforward and efficient manner.

Conducting surveys is also one of the main approaches to measuring the collaboration rate
and studying its main characteristics. Papers like [102, 103] show the different levels of
collaboration and the main parts of the development phase where the collaborators do the most.
For example, an article [102] shows that almost 50% of the job during maintenance tasks involves
the collaboration of several developers. Professional developers with years of experience working
on the GitHub platform have provided the answers that have driven these insights.

The straightforward productivity calculation approach is explained in numerous
publications, including [104]. The collaboration in this study is solely based on the size of the
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developer team, and productivity is determined by the number of commits and changes made to
the source code. Our investigation into the relationship between repository structure and team
collaboration did not result in any academic paper, despite an extensive research effort that
spanned nearly four decades. This emphasises the fact that there are still aspects of software
development that have not been fully examined in research on team collaboration.

6.3 Calculation of Collaboration

In software development, team collaboration is a crucial element that helps bring together a group
of individuals with a variety of professions and areas of expertise. This collaborative endeavour is
indispensable, as it encompasses the entire spectrum of software development, maintenance, and
improvement. Development teams can generate software that is of superior quality and effectively
addresses user requirements by fostering effective collaboration. And this collaborative approach
ensures that software projects are completed within the designated timelines and permits more
efficient management throughout the software lifecycle.

Extensive research has been conducted on different aspects of development team
collaboration, as previously mentioned. Various forms of collaboration in software development
are the focus of certain researchers. Alternative methods are employed by others to improve these
types of collaborations. Furthermore, the majority of research in this area is conducted through
interviews with company employees or developer groups. The objective of these studies is to shed
light on the various facets of collaborative work in the software development context, including
team interactions and developer expertise. Its importance in achieving successful project outcomes
is underscored by using a comprehensive approach to understand better how collaboration works
in software development.

6.3.1 Thesis 1V/1: Methodology

| also devised a new mathematical method for calculating the degree of rate of developer team
collaboration. This method uses parameters provided by the GitHub platform. One of the main
advantages of this method is that collaboration can be characterised by a single number.

Publication related to this thesis: [J5]

As mentioned in the previous chapters, collaboration of the developer team has been analysed from

many different aspects so far. Some researchers check the types of collaboration as described in a

paper [105] or simply improve it by using different methods like those outlined in [106]. Several

other methods are also described in second section of this paper, and it appears that in most of the

cases the collaboration rate of software teams was measured using three main methods. These are:
e Surveying the different team members and developers [83, 84, 87].
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e Checking the communication logs during the development process. This requires checking
the different comments and messages of team members when making changes on the
source code [98, 99, 100].

e Measuring the workload of team members and checking to see if it is distributed evenly
[101].

Following an examination of each of these methodologies, it soon becomes apparent that
the most appropriate method for our objective is to assess the workload of the team members. First
of all, it was significantly less time-consuming and simpler than the first two possibilities.
Secondly, the approach is not really appropriate for our research work because not all repositories
contain communication logs between developers. It is evident that a perfect collaboration rate
cannot be achieved solely by measuring the workload share of developers. However, in our
particular situation, this method is definitely more convenient, and as previously mentioned, there
are comparable methods available that demonstrate the efficacy of this approach.

In order to measure the workload of team members in most of the cases researchers
measure the amount of their PRs, accepted commits, etc, but in our case all of this information can
be retrieved directly. Since we are collecting our projects from the GitHub platform and API
request like below will let us learn the exact amount of contribution a developer made to the project
[107]. GitHub API provides a list of contributors of project and their data after sending the
following request:

https://api.github.com/repos/{username}/{reposiotry _name}/contributors

The result is sent in json format which display different parameters like ID, Login, User
profile, Repositories and Contributions. The value of the Contributions parameter is represented
by a number, and a sum of following activities of user in project:

e Commits: This includes creating new commits, as well as merging commits via pull
requests.

e Pull Requests: The number of pull requests created and the number merged are
typically displayed.

e Issues: This includes both issues created by the developer and issues they
participate in, such as commenting or providing solutions.

e Reviews: The number of code reviews a developer participates in may also be
displayed.

e Comments: This includes both creating new comments and replying to existing
ones.

To determine whether a team has a relatively equal work share among its members, you
can calculate the coefficient of variation (CV) [108] for the work distribution. The coefficient of
variation measures the relative variability of data points compared to their mean (average). So, the
algorithm for calculating the coefficient of variation of the project is the following:

Calculate the total sum of contributions.

Calculate the mean value of contributions.

Calculate the standard deviation of the contribution values.
Calculate the coefficient of variation


https://api.github.com/repos/%7Busername%7D/%7Breposiotry
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This way we can calculate the workload share of the developer team and express it in
mathematical terms. In other words, doing it this way it is possible to represent a collaboration rate
of the whole developer team by a single figure.

6.3.2 Mathematical Specification

In order to make our algorithm more understandable we will also provide a formal mathematical
specification for it:

Input:

e A dataset X with n data points: X = {x;, x5, x3,..., X}
Output:

e The Coefficient of Variation (CV) for the dataset X.

Algorithm:

1. Calculate the Mean (Mean) value of dataset X:
n

1
Mean = —Z X;
n
i=1
e The mean is the arithmetic mean (average) of the data points in X.
e nisanumber of data points in X.
e x; represents each individual data point in the dataset.
2. Calculate the Standard Deviation (StandardDev) of the dataset X:

n
1
StandardDev = HZ(xi — Mean)?
i=1

StandardDev is the standard deviation of the data points in X.
n is a number of data points in X.
Mean is the calculated mean from step 1.
e x; represents each individual data point in the dataset.
3. Calculate the Coefficient of Variation (CV):
_ StandardDev

Mean
e (V is the coefficient of variation, expressed as a percentage.

e StandardDev is the calculated standard deviation from step 2.
e Mean is the calculated mean from step 1.
4. Return calculated CV as result.

X 100

A higher coefficient of variation means a greater variability in work distribution among
team members. Perfect collaboration would typically result in a lower coefficient of variation,
closer to 0. This means that the best collaboration rate is “0”. So, if the rate value is 0 then the
workload of the development process has been shared equally among all developers and this
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allows us to say that the team has a high collaboration rate overall. But the 0 value is more or less
a perfect condition and only a few percent of the projects have this rate of collaboration. Based on
our calculations the ideal collaboration rate is “100”.

6.4 Repository Structure and Collaboration

The repository structure is once again prominent, as it was in previous instances. It is crucial to
determine the optimal repository structure to optimise the collaboration rates, as it is a critical
component of the project planning and development process. In this part | will, demonstrate the
preference for repository structure measures among the respective collaboration levels. It should
be added that the collaboration rate in this research work is based on a reverse value concept before
further undertaking the analysis.

Repository Collaboration Rate Categories
70
67.2% Mona Repository

mmm Multi Repository
60

501 48.4%

B
o

31.4%

w
o

Percentage

201

16.9%

14.6% 14.1%

10¢
6.1%

1.2%

0-50 50-100 100-200 more than 200
Collaboration Rate

Figure 6. 1 A percentage comparison of different collaboration levels in Mono and Multi
repository structures.

The distribution of Mono and Multi repository projects across four major collaboration rate
categories is shown in Figure 6.1. These categories were identified via a comprehensive analysis
and they are regarded as the most suitable for describing the collaboration rate of development
teams in projects. The data figures suggest that Multi repository projects typically have a higher
rate of collaboration than Mono repository projects. Multi repository projects exceed mono
repository projects by approximately 10% in the category of highest collaboration. In contrast,
Mono repository projects account for a smaller portion of the top collaboration category, with a
value of approximately 6%. The contrast is more pronounced in the second category, which is
defined as a moderate yet more common collaboration rate ("50-100"). This range encompasses
67% of Multi repository projects, as opposed to 31% of Mono repository projects. Although this
implies a reasonable level of collaboration among Mono repository teams, the rate is significantly
lower than that of Multi repository projects. Mono repository projects have a significantly higher
percentage share than multi repository projects in the remaining two categories, where the
collaboration rate decreases. For example, their percentage share is respectively nearly three and
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ten times that of multi repository projects. This pattern tells us about that projects in the Mono
repository are more likely to be classified as having a lower collaboration rate. These observations
lead to the inference that teams using the Multi repository approach are more inclined towards a
collaborative development environment. The reasons for this might vary, including the inherent
structure of the Mono repository approach, typically smaller team sizes in Mono repositories
compared to Multi repositories, and differences in development culture. A further exploration of
these potential factors will be undertaken in the remaining sections of this chapter, with the aim of
providing a deeper understanding of the dynamics that influence collaboration in different
repository structures.

6.5 Productivity and Collaboration

The methodology section of this thesis gives an explanation of the productivity calculation. To
ensure clarity, productivity has been categorised into three categories: high productivity, low
productivity, and none. The first two categories indicate the level of productivity, while the third
category shows the project with virtually no productivity. The purpose of this section is to
determine the correlation between productivity and collaboration. The third category has been
omitted from the calculations in this section due to its negligible value; however, it will be provided
in the later sections. The results of two repository structures will be analysed in separate graphs to
determine the relationship between productivity and collaboration.

The Mono repository.
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Figure 6. 2 The percentage share of High and Low productivity of Mono repository projects
based on the collaboration rates.

The structure of Figure 6.2 is not unlike to that of the preceding figure. The percentage
share of Mono repository projects with high and low productivity is given in this section. As was
the case in the preceding section, we will commence by examining the initial category of very high
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collaboration. Here, a clear distinction between the percentage share of projects with high and low
productivity is evident. The percentage of projects that are high productive is nearly 16%, while
those that are lowly productive are only around 2%. This trend is more or less altered in the second
category, which has a high rate of collaboration. Here, projects that are high productive account
for nearly 43% of the total, while those that are low productive account for only 31%. This
discrepancy, when contrasted with the values from the first category, allows us to state that
approximately 60% of the high productive projects have a high or very high collaboration rate,
whereas this value is only around 33% for low productive projects. In the third category, the trend
of the disparity between high and low productive projects is inverted. In this instance, high
productivity projects account for nearly 34% of the total, while low productivity projects dominate
with approximately 47% of the total. This type of differentiation has also been observed in prior
charts; however, it is not as large as it was in the third category of Figure 4.1. The fourth and final
category demonstrates that low productive projects have a threefold greater percentage share than
high productive ones. In this context, projects that are high productive account for 7% of the total,
while those that are low productive account for 20%.

The Multi repository.

Productivity Rate by Collaboration Rate

70} 68.7% 66.5% mmm High Productivity

B Low Productivity

60

Percentage
B
o

w
(=]

0 Very High Collaboration High Collaboration Medium Collaboration Low Collaboration

Figure 6. 3 A comparison of the collaboration rate in different productivity levels among Multi
repository projects.

The results of a comparable analysis, excepts for the Multi repository projects, are shown
in Figure 6.3. In this case, some similarities and differences are apparent. High productivity
projects account for nearly 12% of the first category, which have an exceptionally high
collaboration rate, while low productivity projects account for 3%. This is a trend that is roughly
comparable to the one depicted in the previous Figure 6.2, in where high productive projects had
a higher percentage value than low productive projects. It tells us that projects with a high
productivity level in both Mono and Multi repository structures have a significantly higher
percentage value than those with a low productivity level at a very high collaboration rate. The
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results are quite different from any trend that has been previously investigated in the second
category of the collaboration rate. In this case, the percentage value of both high and low
productive projects on the Multi repository side is nearly identical. It means that the productivity
level of Multi repository projects is not significantly affected by the high collaboration rate. The
two previous charts did not have this type of relationship. The general nature of Multi repository
projects is one potential explanation for this. As shown in Figure 6.1, Multi repository projects
have a significantly higher collaboration rate than mono-repository projects. This may account for
the low percentage value in the medium and low collaboration categories in Figure 6.2. For
instance, in the fourth category, the aggregate sum of all Multi repository projects is nearly 7%;
however, this figure was 27% for Mono repository projects. This serves as further evidence that
projects with multiple repositories have a significantly higher rate of collaboration than those with
a single repository. The collaboration rate also influences the productivity level in the Multi
repository project, although the impact is much smaller than in the Mono repository case.

6.6 Branching Strategies and Collaboration

Software development necessitates the implementation of branching and collaboration strategies.
It became apparent during our investigation that there are correlations between the collaboration
rate of projects and branching strategies. This can be attributed to a variety of factors; however,
this section here serves as an introduction to our discoveries in this domain. The results have been
divided into two sections to get a more detailed comprehensive view of the data.

6.6.1 A comparison of the branch count and collaboration ratio of projects

VCSs are essential in a variety of project development environments, including large corporations,
small developer teams, and freelancers. One of the significant benefits of these systems is their
capacity to save various versions of projects. This feature enables developers to revert to previous
code versions, thereby facilitating more effective code management and collaboration. And VCSs
allow developers to communicate and collaborate in a seamless manner throughout the software
development process.

Although there are numerous VCS alternatives, this chapter just concentrates on Git. The
primary justification for this decision is the vast GitHub platform, which is home to millions of
developers and projects. This extensive user base significantly simplifies the process of identifying
a variety of developer teams and projects for analysis and study.

Developers generally divide their projects into branches, which can be subsequently
merged into the primary source code or project. These branches are designed to ensure that the
development process is both secure and clean, enabling each developer to work on their designated
section of code without affecting others. There are numerous branching strategies that are
determined by the number of branches and their intended functions within the project. The
following strategies will be the primary focus here: Trunk-based, Github Flow, and GitFlow. The
research findings will be divided into two Mono and (Multi repository projects) for a
comprehensive analysis, as in the previous case.
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The Mono repository
Correlation Ratio vs. Branch Count (Scatter Plot)
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Figure 6. 4 A comparison of the branch count and collaboration rate of Mono repository projects
including productivity levels.

The correlation rate, productivity, and branch count of Mono repository projects are shown
in Figure 6.4. First of all, it is necessary to clarify a few critical components of this chart before
we proceed. It is evident that the correlation has been demonstrated via numerical data rather than
any category or percentage. The calculation of correlation is described in Section 6.3 as a
distribution of workload among the developers. The standard deviation was computed to determine
the extent of the variance between the workloads of the developers. If the value is nearly zero, it
means that the workload is distributed equally; and then, we consider it to be a high collaboration
rate. The software team collaborates significantly less as a result of the higher deviation value
(referred to here as the collaboration rate).

The purpose of selecting this representation is to show the correlation between the branch
count and the collaboration rate of the projects. Before proceeding with the analysis, it is necessary
to state that Pearson and Spearman correlations were implemented for this and all subsequent
charts.

Upon initial inspection, it is clear that the correlation values are relatively low for both high
and low productive projects. The branch counts more or less demonstrate the branching strategy
itself, which is why it is obvious that the collaboration of project development has almost no
connection with the branching strategy used in the given projects. Also, this chart contains
supplementary data regarding the utilisation of branch count in projects with high and low
productivity. It seems that projects that are high productive have a higher branch count than those
that are low productive. This may be due to a variety of factors. Firstly, the branch count is a
representation of the developers' work output. Therefore, it is common for projects with a higher
branch count to appear to be high productive, as work output has a significant impact on our
productivity measurement.
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The Multi repository
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Figure 6. 5 A comparison of the branch count and collaboration rate of Multi repository projects
including productivity levels.

The same analysis results are depicted in Figure 6.5 as for the Mono repository projects.
Once more, it must be stated that collaboration has not been represented as a category or percentage
this time. The collaboration rate values on the y-axis represent the standard deviation value from
Section 6.3. If the value is closer to 0, it means that the project has a high collaboration, while the
opposite means a low collaboration in the software team.

As in the previous case, the Spearman and Pearson correlation values for high and low
productive Multi repository projects are both quite low. Once again, this implies that the
collaboration rate of projects is not significantly correlated with the number of branches or the
branching strategy. Although low productive projects do have a correlation value of approximately
0.20, this is insufficient to generate any statistically significant effect. However, this chart can also
provide an alternative outcome regarding the repository structure and branching strategy. In
contrast to Mono repository projects, multi repository projects typically have a significantly higher
branch count, irrespective of the collaboration rate. This implies that branching strategies such as
Github Flow and GitFlow are significantly more prevalent among Multi repository projects. And
the chart's points again demonstrate that Multi repository projects have significantly higher levels
of collaboration than Mono repository projects do.

The results of figures 6.4 and 6.5 indicate that there is no significant correlation between
the collaboration of software teams and the branching count or strategy in either Mono or Multi
repository projects. Moreover, it is clear that the branching count or strategy of the projects are
significantly correlated with the repository structure.
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6.6.2 A comparison of commit count and collaboration ratio of projects.

We explored the subject of branches and their diverse types in the preceding section. Now, it is
necessary to discuss the concept of commits. The act of saving edited files, where each commit
records changes made to one or more files within a branch, can be succinctly described as commits.
In order to capture critical information, such as modified files, specific lines of code changes, the
individuals responsible for the modifications, and the timestamps of these alterations, Git assigns
a unique identifier, known as a SHA or hash, to each commit [109]. Essentially, commits function
as a comprehensive representation of the development workflow and they can be used as a metric
to assess the amount of work that has been completed during the software development process.

In this section, we will examine the correlation between the collaboration rate and the
commit count of developer teams in both Mono and Multi repository projects. We seek to gain an
understanding of the relationship between the quantity of commits and the level of collaboration
within a development team by analysing this correlation.

Scatter Plot of Commit Count vs. Collaboration Ratio (Combined Data)
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Figure 6. 6 A comparison of the commit count and collaboration rate of Mono and Multi
repository projects.

The relationship between the commit count and collaboration rate in both Mono and Multi
repository projects is shown in Figure 6.6. According to the chart, the correlation coefficient is
approximately 0.40 for both Mono and Multi repository projects. Furthermore, we shall mention
that the Pearson method was employed to calculate the correlation, and again, the standard
deviation values of collaboration were employed instead of any percentage or category.

This positive correlation between commit count and collaboration ratios has to be
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understood in a negative way. The results are consistent for both Mono and Multi repository
projects, as a lower collaboration rate (standard deviation) means a greater collaboration. There is
a medium level correlation between the standard deviation and the commit count in both cases,
indicating that the software teams' collaboration decreases as the commit count increases. There
are numerous potential explanations for this, the workload being one of the most obvious. As stated
in Section 5.3, the distribution of workload among the developers was used to calculate the
collaboration. A substantial quantity of commits implies a substantial workload, which may
ultimately lead to an unequal distribution of the workload among the developers. The activity of
contributors diminishes as the project advances, as indicated in a paper [101]. This can also be said
about the project's size and commit count in this instance. However, it should be recalled that this
correlation value is a medium value, and there may be other, more intricate reasons for this.
Furthermore, the database we employed exclusively includes open-source projects from the Github
platform, and this perspective may differ greatly in commercial professional projects. Overall, it
is clear that there is a moderate correlation between the collaboration rate and commit count for
both Mono and Multi repository projects.

6.6.3 Developer Team Size vs Collaboration

The size of a developer team is the number of developers that are involved in a project, excluding
team managers and non-source code contributors. Although other team members are crucial to the
software development process, their participation does not directly influence the development or
writing of code. Scrum masters, project managers, project owners, and other individuals in
comparable positions may comprise this group. This part will now focus on the developers who
are actively involved in the modification of the project's source code, with the exception of the
above non-coding personnel.
Two factors serve as the strategy's main drivers:
e The database we created based on GitHub projects and GitHub API only stores the
actions of developers and no other team members since it is the main focus here.
e There are already similar research findings about the effect of project managers and
other team members on the development process, but here we just focus on developers
[110 - 114].

In line with previous approaches, the findings of both Mono and Multi repository projects
will be presented separately for the sake of clarity and to facilitate a comprehensive understanding
of the respective scenarios. Furthermore, projects with fewer than three developers have been
excluded from our analysis. This decision is based on the rationale that discussing collaboration
within developer teams comprising only one or two members would not yield any meaningful
insights or contribute significantly to the overall research objectives. By focusing on projects with
three or more developers, the dynamics of collaboration can be better explored and evaluated
within larger developer teams.
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Scatter Plot of Team size vs. Collaboration Ratio (Combined Data)
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Figure 6. 7 A comparison of the team size and collaboration rate of Mono and Multi repository
projects.

There are some differences between Figure 6.7 and the previous charts. The Pearson
method was employed to calculate the correlation between the team size and collaboration in this
case, and the collaboration ratio is depicted on the x-axis of the chart. The negative correlation
between team size and collaboration rate is not unexpected, as the higher value in the x-axis
indicates less collaboration. The correlation is greater than 0.60 in both instances, which is not
exceptionally high, but this exceeds the medium value. This implies that the collaboration of a
small software team is significantly greater than that of a large team in both Mono and Multi
repository structures. What is more, this chart serves to substantiate certain previously stated
assertions regarding the rate of collaboration in Mono and Multi repository structures. From the
figure, it is clear that projects with multiple repositories have significantly higher levels of
collaboration than those with a single repository.

Furthermore, this chart furnishes us with data regarding the sizes of teams in both Mono
and Multi repository projects. The majority of the dots from both repository structures are grouped
below the y axis, where the team size is 10. This means that the majority of the projects in the
database have fewer than 10 developers in their teams. Once more, it should be stressed that these
findings are exclusively derived from the database, and they may differ slightly certain specific
research work or significantly more complex projects.
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6.6.4 Development Period vs Collaboration

The development period, in the context of this study, refers to the time duration between the first
and last commit recorded in a GitHub repository. The calculation process for determining this
period is quite similar for both Mono and Multi repository structures.

In the case of a Mono repository, the calculation involves subtracting the value of
"created_at" from the value of "updated_last" in the database. This computation yields a time
period, which can then be converted into various date formats such as hours, weeks, days or
months. For the purpose of simplicity and accuracy, we will utilise the day format.

Conversely, the Multi repository scenario presents a slightly more complex calculation.
Given the presence of two repositories (frontend and backend), there are corresponding
"created_at" and "updated_last" values for each. Therefore, prior to performing the subtraction,
the smallest "created _at" value and the largest "updated_last™ value are identified.

Scatter Plot of Development Period vs. Collaboration Ratio (Combined Data)
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Figure 6. 8 A comparison of the development period and collaboration rate of Mono and Multi
repository projects.

In order to make some meaningful comparisons, the same chart was used to present
projects that employ both Mono and Multi repository approaches. This will lead to a better analysis
and evaluation of the two approaches being compared. The objective of this study is to offer a
clear and concise overview of the development periods that are associated with both Mono and
Multi repository structures through the use of calculations and visual representations.

Figure 6.8 gives us a comparative analysis of the development period and collaboration
rate within both Mono and Multi repository structures. The correlation values depicted in this chart
are not that significant as it was in the previous case. For the Mono repository structure, the
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correlation ratio is 0.32, while for the Multi repository structure it is 0.20. These correlations were

calculated based on the Pearson method as in the previous charts. The development period does
not significantly affect the collaboration of projects, as revealed by the weak correlation between
the two repository structures. And the chart contains a significant observation. Namely, the
majority of projects that employ the Multi repository structure have significantly longer
development periods, which is consistent with the typical characteristics of this particular
structure. In contrast, the Mono repository structure has a negative correlation between the two
variables, as a slight decrease in the team collaboration rate is accompanied by an increase in the
development period.

These finding offer some clarity of the complex interplay among repository structures, the
development period, and collaboration rate. The distinctive challenges and considerations
associated with each structure are made clear by the disparities observed between the Mono and
Multi repository approaches. Software development practitioners can make informed decisions
about the repository structure they choose by recognising these patterns, considering the potential
impact on team collaboration and the duration of the development process.

6.7 Thesis I1V/2: Predictive Modelling for Developer Team
Sizing

| introduced an advice system that provides developers with recommendations for the optimal
number of developers based on the project's parameters. Utilising the productivity level and
numerous other project parameters, this novel approach is implemented. Furthermore, in order
to greatly enhance the precision of this methodology, | implemented the findings of my prior
research.

Publication related to this thesis: [J5]

Determining the optimal team size for a software development project is crucial for its success.
This analysis examines various metrics taken from a repository of GitHub projects, looking for
patterns and insights that can guide the assembly of development teams. This report presents the
findings in a detailed, visual manner to facilitate understanding and utility.

Our methodology employed a robust quantitative analysis, exploring an extensive dataset
of GitHub projects. Each project in this dataset was encapsulated in a JSON file, rich with various
metrics indicative of the project's health and activity. Of key value amongst these metrics were the
'star_count' and ‘fork_count’, serving as proxies for the project's popularity and community
engagement, respectively. And the 'number of contributors’ was a critical metric, providing a direct
insight into the team size.

The initial phase of the analysis involved preprocessing the data to sort out the projects that
met our criteria for 'high performing'. This categorisation was multi-faceted; projects not only had
to have a high count of stars and forks (top 25th percentile), but they also had to be tagged with
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'High' and ‘Very High’ productivity. This subset of projects was presumed to exemplify optimal

operational and team dynamics, thereby serving as a good foundation for our subsequent analyses
[107].

A grouping mechanism was implemented after the filtration process, which segmented the
projects based on the programming language used, the branching strategy implemented, and the
project's lifecycle duration. The duration was further divided into three distinct categories: short-
term (0-3 months), medium-term (4-6 months), and long-term (7+ months). This stratification
allowed for a more sophisticated analysis, which accounted for the variation in operational
dynamics among various project types. The primary objective of the analysis was to determine the
average number of contributors per project group. This indicator was our primary metric for
determining the optimal team size. It is based on the premise that high-performing projects,
identified via our criteria, are likely to have optimised their team sizes for efficiency and
productivity, and hence they should provide a reliable benchmark for other projects.

6.7.1 Results of Model

As was stated in the previous section, several parameters can be used for this modelling and
therefore it greatly depends on the need of developers and what type of parameters they can add.
For the testing of our approach, we will use three parameters called Programming language,
Branching Strategy and Development period.
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Figure 6. 9 A heatmap of the average team size for TypeScript projects.

The results shown in Figure 6.9 is only one of the cases that can be driven from our
database. It seems from here as well that projects which use the Github Flow branching strategy
and have a long-term development period usually have 17 developers in their team. Once more, as
was shown in our previous analyses, projects using Trunk based approach have a much smaller
team size than the others. These results can be improved by adding additional parameters like
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repository structure, more precise development period and so on. But nevertheless, these results
show the power of our database and how it can be implemented in order to create advice systems
for developers and project managers. One of the main advantages of this approach is that users can
add their own parameters or remove the ones they don’t need. For example, they can add
parameters like “commit count” or “project size” and remove ones like “programming language”.
This way the project owners who value the project size more than programming language can
create their own advice systems and get an idea about the optimal team size.

6.8 Results and Discussions

Some direct conclusions can be drawn after a thorough examination of the percentage values of
both repository structures in the above-mentioned collaboration rates. The high percentage value
of Multi repository values in both very high and high collaboration categories made it clear that
these types of projects tend to have significantly higher collaboration levels than Mono repository
ones. The percentage values of multi-repository projects are nearly three times higher in the first
collaboration category and twice as higher in the second collaboration category. Furthermore, it is
evident that nearly 86% of all Multi repository projects in the database have a high or very high
collaboration rate after summarising this percentage value. And the Mono repository projects
account for only approximately 43% of the total sum. This implies that the collaboration rates are
either very high or high for less than half of the Mono repository projects. When we also consider
that all the projects were randomly collected from the Github platform and each has a unique
background, parameter, and technology stack, it can be stated that software teams using a multi-
repository structure have a significantly higher collaboration rate than those using a mono-
repository structure.

Regarding the examination, first, it is possible to identify a specific trend. The results of
the comparison of productivity and collaboration for Mono repository projects are presented in
Figure 6.2. There are two categories of productivity and four categories of collaboration. Projects
with an exceptionally high level of collaboration are classified as the initial category of
collaboration. This category encompasses nearly 16% of Mono repository projects with high
productivity, while only 2.4% of low productive ones do. This means that only a small fraction of
low productivity projects has a very high collaboration rate. The second category of the chart
demonstrates that, once again, high productive projects have a significantly higher percentage
share than low-productive ones in the high collaboration rate. It is apparent that over half of the
high productive projects have either a very high or high collaboration rate after combining these
two categories. Although this value is only 33% for low-productive projects, an examination of
these two categories and the percentage values reveals a tangible correlation between productivity
and collaboration in Mono repository projects. The is also supported by the percentage values of
high and low productive projects in the following two categories of collaboration. Low-productive
projects have significantly higher percentage rates than high productive ones. In the fourth
category, which denotes the lowest level of collaboration, low productive projects possess three
times the percentage of high productive projects.
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Figure 6.3 provides the same sort of results, but for Multi repository projects. Here, some
of the results were different from the previous Mono repository case. First of all, again, the first
category of collaboration, which represents the highest level, had a high productivity. For Multi
repository projects, the values of high and low productive projects are nearly identical in the
second category, which represents high collaboration rates. The primary reason for this may be the
preceding inquiry. It was found that the majority of Multi repository projects have high levels of
collaboration. Consequently, the productivity of these projects is not significantly correlated with
collaboration, as nearly all of them have high levels of collaboration. However, this does not mean
that a relationship between productivity and collaboration does not exist. The third and fourth
categories of the chart demonstrate that the percentage share of low productive projects increases
concurrently with a decrease in the collaboration rate.

Overall, it is evident that the correlation between the productivity of Multi repository
projects and their collaboration rate is not as robust as in the Mono repository projects. However,
it may still contribute to the project's productivity.

6.9 Concluding Remarks

Here, we concentrated on to pies like the optimal team size for highly productive projects and the
collaboration of software teams. First, we introduced a novel method for evaluating the
collaboration rate of software teams. This method differs from others by its mathematical nature
and simplicity; however, it also prioritises the workload of developers in its calculations. One of
the primary benefits of this method is that it calculates the collaboration at a significantly faster
rate than the majority of methods and requires only one argument from GitHub repositories to
accomplish this.

| presented a collection of measurements that demonstrate collaboration among various
project parameters, including the repository structure, productivity level, and collaboration ratio,
following the introduction of a collaboration calculation approach. By utilising all of these things,
it is possible to provide a technical definition for software team collaboration and to propose an
advice system for the data provided concerning the optimal team size based on the project's
parameters.

The author of this thesis is responsible for the following contributions presented in this
chapter:

IV /1. | formulated mathematical method for the calculation of the collaboration rate of developer
team collaboration. This method uses parameters provided by the GitHub platform. One of
the main advantages of this method is that one can represent collaboration by a single
numerical value.

IV / 2. | presented an advice system in order to provide developer suggestions about an optimal
number of developers based on the project parameters. This new method uses the
productivity level and several other parameters of the project. In addition to these, |
implemented the results of my previous research to make the work of this method much
more accurate.



Chapter 7

Conclusions

7.1 Results

The results are presented in four categories in my dissertation. The initial group concentrates on
respiratory structures, with a particular emphasis on the two most prevalent types: Mono and Multi
repository structures. The research conducted on both of these repository types is of significant
value to this field, as they are very popular among developers. The primary challenge during this
phase was the identification of an impartial database of Mono and Multi repository projects that
could be employed. It became apparent after conducting a thorough investigation that, despite the
existence of numerous online databases for various types of projects, there weren’t any far specific
types of projects. This is why we developed our own algorithms and models for the identification
and collection of these types of projects. First of all, we developed our own methodology for
identifying the two primary components of Multi repository projects; that is the frontend and
backend repositories. The file structure of these repositories serves as the foundation of our
methodology. A random forest classifier was employed to train a machine learning model for the
identification process. The model demonstrated exceptional success, achieving an accuracy score
of nearly 90%. It was extensively employed in the subsequent phases of our research work. We
developed one of our primary algorithms for the later stage of our research. This algorithm offers
a novel approach to the identification and collection of Mono and Multi repository projects. This
algorithm is different and represents one of our most significant accomplishments. It simplifies the
process of identifying and collecting projects, and it can be customised to meet the specific
requirements of a project. When an extensive number of projects are gathered, it is still feasible to
analyse them using Mono and Multi repository projects. These analyses allowed us to provide new
technical definitions for each type of repository structure. Ultimately, we developed a heuristic
approach for the identification of Multi repository management tools (MRMTS). This method is
also novel, and it can facilitate the analysis of MRMTSs done by other researchers and developers,
thereby helping them to make critical project management decisions.

The second thesis group focused on branching strategies, which are one of the primary
components of project management. Although some research in this area has been done, none of
addressed the characteristics of this topic or analysed the extent to which they are related to other
aspects of the project development process. Our primary contribution was once again to adapt a
heuristic approach to the identification of branching strategies. This method, which is based on the
structure type of branching strategies, has allowed us to identify the three primary branching
strategies. Those strategies were selected due to their widespread popularity. It is also possible to
customise this novel method to meet the specific requirements of the research or analysis. Our

87



38 Conclusions

database was enhanced with branching strategies, and we conducted an analysis of the relationship
between repository structures and branching strategies.

The third thesis group explores the subject of software development productivity.
Productivity analysis was a critical component of our investigation into the more extensive
relationship between repository structure and software development. We established a baseline for
our research by employing one of the most widely recognised and effective productivity
measurement methods. This methodology enabled the execution of numerous analyses on
parameters such as the size of the software team, the duration of the development cycle, the number
of commits, the structure of the repository, the branching strategy, and so forth. These analyses
provided us with significant findings and allowed us to develop our own ML model for evaluating
the productivity of the software development process. This productivity measurement method
produced a 85% accuracy rate and numerous advantages over the current methods. Initially, it
encompasses all facets of the software development process and the project's properties, and it
provides significantly more objective results than other methods. And this method, similar to our
other methods, is flexible and can be implemented in a variety of scenarios. Furthermore, we
employ an alternative methodology for the estimation of software development processes in
conjunction with this novel methodology. There are numerous methods available for this purpose,
but only a few of them provide precise results or figures. The majority of these methods are based
on expert opinion; however, our machine learning model uses our previously acquired data to
accurately predict the development period with a mere 3.4-month error margin.

The fourth thesis point examines software team collaboration, which is an additional
critical component of the software development process. Firstly, we conducted an analysis of
numerous existing methodologies and approaches for the calculation of the collaboration rate. In
the majority of instances, researchers employed either straightforward methods, such as
calculating the commit count of each developer, or intricate ones, such as analysing hundreds of
thousands of commit messages and issues. We sought to develop a method that was both efficient
and straightforward, and as a result, we devised our own mathematical approach for the
collaboration rate calculator. This method is definitely applicable to projects that have been
gathered on the Github platform. We calculated the software team collaboration rate by utilising
the unique "contribution™ parameter of each developer on the project. This parameter is determined
by Github, which considers all forms of developer contributions. The primary foundation of our
approach is the workshare of developers in relation to the entire team. One of the primary benefits
of our methodology is that we got a mathematical value for the collaboration rate, which can be
subsequently employed to quantify the rate. Overall, a unique advice system was developed by
integrating the majority of the findings obtained in this thesis. The primary objective of this system
is to provide users with the optimal value for the size of their team. These decisions are made by
this system using the projects with the highest productivity and collaboration rate.
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7.2 Future Work

Our study significantly advanced the area of two primary repository structures and their effect on
the software development process, including productivity and collaboration. In order to conduct
their own analyses and generate databases for Mono/Multi repository projects, other researchers
may wish to apply our methodology. Three primary directions for future work are given below:

First of all, we plan to extend our algorithm and methods to identify an even bigger number
of Mono and Multi repository projects. By doing this, we can expedite the expansion of our
database and develop more effective tools for the collection of additional data. This work will also
be beneficial to other researchers, as they will be able to utilise our database in the future to conduct
their own analyses and calculations.

Secondly, we plan to enhance our productivity calculation methodology. It is a well known
that the productivity calculation is a complex and challenging endeavour. Our objective is to
develop a more comprehensive methodology that will incorporate an even greater number of
parameters related to the software development process and allow a more precise calculation of
productivity. It should also help in pursuing research in software architectures and productivity.

Lastly, we would like to emphasise the human element of repository structures. There has
been some minor research conducted here; however, it would be far simpler for us to provide a
comprehensive overview of this area with our newly developed calculation methodologies and the
data that has been collected so far.
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Summary

This PhD thesis concentrates on the relationship between two main repository structure types and
project parameters, that include development productivity, software team collaboration,
development period, and the developer team size. In order to get the maximum number of general
results, a specialised database was constructed, which includes over 50,000 mono- and multi-
repository projects. The primary objective of this thesis is to demonstrate the existence of a
correlation between the structure of the repository and the project development process and, where
such a correlation exists, to demonstrate how it can influence the overall development process. We
developed our own special algorithms for the identification and collection of Mono and Multi
repository projects from the Github platform, as it is a narrowly analysed field of software
development. And a novel machine learning methodology was developed to estimate development
productivity and devise a mathematical method for calculating software team collaboration.

Mono and Multi repository structures

Chapter 2 of the thesis focuses on the first phase of our research on Mono and Multi repository
structures. Until now, there have been several research and academic articles that analysed the
properties of Mono and Multi repository structures. However, most of these analyses were
conducted either on a local scale, hence lost objectivity, or done from a narrow perspective, that
did not allow any general ideas or understanding. In this study, I solved both issues by choosing
my research project from Github, which is the biggest project repository of all time. According to
the current data, Github now hosts more than 420 million repositories, according to current
estimates. Due to the huge number of repositories available, we chose them as a source for our
projects. The Github platform provides a Github API, which may be useful for collecting
information about repositories, but also, this API doesn’t provide any information about the
structure or type of repository. Because of this, we decide to develop our own algorithm and
approach for the identification and collection of Mono and Multi repository projects on the Github
platform.

Branching strategies in Mono and Multi repository projects

This dissertation examined three primary branching strategies; namely GitFlow, Github
Flow, and Trunk-based. The main justification for choosing these three is their widespread use
among developers, which our own analyses of thousands of projects confirmed. The identification
work method we developed is based on the structure of these branching strategies. In other words,
we employ a number of branches and their attributes. For a better explanation of our approach, the
following steps are stated:
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1. Remove all the branches created automatically by bots or MRMTs.
2. Record the total count of the branches and their names for identification.
3. If a project has only one branch which shares the names like main, master or product, then this
project uses a Trunk-based approach.
4. If a project has more than one branch then and some of them have labels like dev and
development etc, then this project most probably uses the GitFlow approach.
5. If a project has more than one branch but it doesn’t have any development branches and it has
several bug fix or error fix branches then this project most probably uses the Github Flow
branching strategy.

It should be added that this approach assumes that all the branches have been named
correctly and developers used their branches based on the main rules of the branching strategy.

Productivity of software development

This chapter focuses on our findings concerning software development productivity. The
primary concern was the calculation of productivity, and we examined a variety of methods for
this. We developed our own methodology that evaluated the project's productivity by utilising a
variety of parameters. We note that this productivity value is correlated with other project
parameters, such as the development period, repository structure, and branching strategy. This
connection led us to propose a novel machine learning approach for productivity calculation that
did not require any mathematical calculations, as the above-mentioned approach does. The model
was trained using the following features of repositories: the number of commits, the size of the
developer team, the size of the project, the number of issues, the number of events, and the number
of pull requests.

Next, we developed novel methods for estimating the development period. Similar to the
preceding methodology, this novel methodology employed a machine learning algorithm to
compute the development period in months. At present, our method has an average error margin
of 3.4 months, which is among the most impressive results in this area.

Collaboration of Software Developer Team

The final chapter of this thesis concentrated on the collaboration of the software developer
team during the development process and the relationship between this collaboration and the
project's above-mentioned parameters, including productivity, repository structure, and branching
strategy.

The novel method of calculating software team collaboration using a mathematical
formulation is one of the primary themes here. We carried out an analysis of numerous methods
for the calculation. It is clear that the majority of the methodologies are compute of the aggregate
workload of each developer. This procedure has been implemented by computing the quantity of
pull requests, commits, and other relevant metrics. Based on this, we developed a mathematically
rigorous and objective methodology that is comparable.
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A contribution is a value that is assigned to each contributor to the Github repository. This
value is represented by an integer value. This number is essential for determining the developer's
workload during the development process and represents their overall contribution. We did some
mathematical calculations to find the percentage share of each developer's work, which resulted in
the classification of our projects into the following categories: very high collaboration, high
collaboration, medium collaboration, and low collaboration.

Contributions of the thesis

In the first thesis group, the contributions are related to the publications “Comparison between
mono and multi repository structures”, “Machine learning model for identification of frontend and
backend repositories in Github” and “Multi repository Management tools”. Detailed discussion
can be found in Chapter 3.

I/1. A new definition for Mono and Multi repository projects was proposed which
encompasses both their characteristics and structures.

I/2. Creating a new ML method for the identification of frontend and backend repositories on
the Github platform. This method is especially useful for quick identification of both types
of repositories.

I/3. A new algorithm for the identification of Mono and multi repository projects was
proposed. This unique approach for the identification and collection of projects
belonging to both repository structures can be used for all types of projects, and it is
possible to adopt it to other projects as well.

I/4. A heuristic approach for the identification of different multi repository management tools
was applied. Developers and researchers can use this approach to assist their work and
research.

In the second thesis group, the contributions are related to the publication “Optimizing Branching
Strategies in Mono and Multi repository Environments: A Comprehensive Analysis”. Detailed
discussion can be found in Chapter 4.

11/1. We proposed a heuristic approach for the identification of branching strategies used by the
project during the development phase. Branching strategies are essential parts of the project
management process and this way they can be identified much faster than any other
approach.
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[1/2. Conducting research and an analysis into the connection between branching strategies,
repository structure and productivity.

In the third thesis group, the contributions are related to the publication “Analyzing Branching

Strategies for Project Productivity: Identifying the Preferred Approach”. Detailed discussion can
be found in Chapter 5.

[11/1. A new machine learning method was proposed for the assessment of productivity of
the software development process. This approach is based on the correlation between
productivity and several parameters of the project and development process.

[11/2. A machine learning method was proposed for the estimation of the development period.

In the fourth thesis group, the contributions are related to the publication “Repository Structures:
Impact on Collaboration and Productivity”. Detailed discussion can be found in Chapter 6.

IV/1. Use of a mathematical method for the calculation of the software team collaboration rate.

IV/2. A special advice system was created for the estimating the number of developers required
for a project based on the given parameters.



Osszefoglald

A doktori értekezés témaja a két f6 repository-struktira tipus, illetve ezek kapcsolatdnak
vizsgalata a szoftverfejlesztési projektek olyan paramétereivel, mint a fejlesztdi produktivitas, a
szoftverfejlesztéi csapaton beliili kollaboracio mértéke, a fejlesztési idészak iddtartama, a
fejlesztdcsapat mérete stb. Az eredmények kelld generalizacios mértékének elérése érdekében egy
specialis projekt adatbazis jott 1étre, amely tdbb mint 50 000 mono és multi repository projektet
tartalmaz. A disszertacidé f6 célja annak bemutatdsa, hogy milyen kapcsolat van a repository
struktara és a fejlesztés folyamata kozott, és ha léteznek ilyen kapcsolatok, hogyan
befolyasolhatjdk a fejlesztési folyamat egészét. Mivel a szoftverfejlesztés sziiken kevésbé
tertiletér6l van szo, sajat egyedi algoritmusokat hoztunk Iétre a Mono és Multi repository projektek
azonositasara és begyiijtésére a GitHub platformrol. Ezen kiviil egy 0j gépi tanulasi megkozelitést
dolgoztam ki a fejlesztési folyamat produktivitdsanak becslésére, valamint egy matematikai
modszert a fejlesztdi csapatok egyiittmiikodési mértékének kiszamitasara.

Mono és Multi repository struktarak

A disszertacio 2. fejezete a Mono és Multi repository struktirak tertiletén vegzett
kutatdsom elsd szakaszara fokuszal. Korabban mar szamos kutatdi és tudomanyos munka elemezte
a Mono/Multi repository struktdrak tulajdonsagait. Az elemzések tébbsége azonban vagy limitalt
adatforrasokbdl dolgozott, elveszitve ezaltal az objektivitas €s generalizalhatosag lehetdségét,
vagy olyan korlatozott fokusz mentén készllt, amely nem adott teret altalanos elméletek
tesztelésere és analizisekre. Kutatdsom soran a két problémakdrt egységesen ugy kiséreltem
megoldani, hogy a vizsgalatokhoz felhasznalt projekteket Githubrol gyiijtdttem be, mely az egyik
jelenlegi legnagyobb publikus adatbazis forraskddelemzéshez. A jelenlegi adatok szerint a Github
tobb mint 420 millié repositoryt tarol. A Github platform biztosit egy standardizalt API-t is, amely
hasznos lehet ugyan a repositorykkal kapcsolatos informaciok kigylijtésében, de sajnos a
repository szerkezeti tipusar6l mar nem ad informaciot. Emiatt fejlesztettik ki sajat
algoritmusunkat és megkdozelitésinket a Mono/Multi repository projektek azonositasara és
Osszegyljtésére a Githubrol.

Branch kezelési stratégidk Mono és Multi repository
projektekben

Héarom f6 branch kezelési stratégiat elemeztem a disszertacid kovetkezd részében, a
GitFlow-t, a Github Flow-t és a Trunk alaput. A valasztasuk els6dleges oka a fejleszték korében
elterjedt kimagaslo népszertiségiik, melyet gigavolt a tébb ezer projekten végzett sajat elemzésink
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is. A repository kategorizalasra fejlesztett modszerink alapjat 1ényegében ezeknek a branch
kezelési stratégiaknak a felépitését képezték — a branchek szamat és jellemzGit hasznaltuk az
elemzések soran. Modszeriink toémoren az alabbi 1épésekbdl all:

1. Eltavolitjuk a botok, illetve MRMT-k altal automatikusan létrehozott 6sszes branchet.

2. Feljegyezziik az 4gak szdmat €s nevét a késobbi kovethetdség érdekében.

3. Ha egy projektnek csak 1 branche van, olyan névvel, mint példaul main, master, product
stb., akkor ez a projekt Trunk alapu stratégiat hasznal.

4. Ha egy projektnek tobb branche van, és ezek kozul néhdnyat devnek, developmentnek
stb. neveznek, akkor ez a projekt valosziniileg a GitFlow stratégiat hasznalja.

5. Ha egy projektnek tobb branche van, de ezek kozott nincs egyértelmi fejlesztési,
ellenben tobb hibajavitasra hasznalt 4ga van, akkor az a projekt valdszintileg Github
Flow elagazasi stratégiat hasznal.

Fontos, hogy ez a mddszer feltételezi, hogy az 6sszes branchet helyesen nevezték el, és a

fejlesztok az adott stratégia elveinek megfelelden hasznaltdk dket.

Szoftverfejlesztés produktivitasa

A kovetkez0 fejezet a szoftverfejlesztés produktivitasaval kapcsolatos megallapitasainkra
Osszpontosit. A f6 kérdés maga a produktivitds kiszdmitasa volt, melynek érdekében tobbféle
1étezé megkdzelitést elemeztiink, mieldtt megkezdtiik a kigylijtott repositoryk feldolgozasat. Sajat
elviink kidolgozésa soran megfigyeltiink kiilonboz6 osszefiiggéseket a produktivitas értéke és a
projektek olyan paraméterei kozott, mint példaul a repository struktudra, az branching stratégia, a
fejlesztési id6tartam, stb.. A megfigyelt korrelacioknak koszonhetéen egy 0j gépi tanulasi
megkozelitést javasoltunk a produktivitas kiszamitasara, anélkiil, hogy mar létez6 modszertanok
altal eldirt matematikai szamitasokat végeznének. A modellt a repositoryk kovetkezd jellemzoi
alapjan tanitottuk: Commitok szama, fejleszt6i csapat mérete, projekt mérete, issuek szama,
események szdma, pull requestek szama stb.

Emellett 1) megkozelitéseket is alkottunk a fejlesztési iddszak becslésére. A fentihez
hasonl6an ez a mddszertan is gépi tanulasi algoritmust hasznal, és a honapok alapjan szamitja ki a
fejlesztési idO6szakot. Jelenleg a moddszeriink atlagos hibahatara 3,4 honap, mely a
szakirodalommal dsszevetve az egyik legjobb eredménynek bizonyult ezen a terlleten.

Szoftverfejlesztoi csapat egyuttmiikodése

Ez az utols6 fejezet a szoftverfejlesztd csapat egyilittmiikodésének vizsgalatara
Osszpontosit a fejlesztési folyamat sordn, és arra, hogy mi a kapcsolat ezen egylittmiikodés és a
projekt kordbban emlitett paraméterei kdzott, mint példaul a repository szerkezet, az branch
kezelési stratégia és a produktivitas.

A fejezet fokusza a szoftverfejlesztdi csapatok egylittmiikodési mértékének kiszamitasa
egy Uj, matematikai megkozelités szerint. A szamitds kidolgozasahoz szintén tobb, mar 1étezo
modszertant elemeztiink. Ezek alapjan nyilvanvalonak tiint, hogy a legtobb megkozelités az egyes
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fejlesztok teljes munkaterhelésének kiszamitasara Gsszpontositott, a fejlesztok altal végzett
branch- és repository miiveletek, mint commitok, pull requestek szama alapjan. Ezt figyelembe
véve egy hasonld, am sokkal objektivebb és matematikaibb eljarast dolgoztunk Ki.

Egy Github repository minden kozremiikoddjé rendelkezik egy értékkel, amelyet
contributionnek, azaz hozzajaruldsnak neveznek, és ezt az értéket egész szammal reprezentélja a
rendszer. Ez a szdm a fejlesztd teljes hozzéjarulasat jeloli az adott projekthez, és kulcsfontossagu
a fejlesztési folyamat soran felmeriild6 munkaterhelés kiszamitasdhoz. Matematikai szdmitasokat
alkalmaztunk az egyes fejlesztOk munkajanak szazalékos meghatarozasahoz, és igy projektjeinket
a kovetkez6 egylittmikodési, avagy kollaboracios kategdridkba soroltuk: Nagyon magas foku
egylittmikodés, Magas foku egylittmiikodés, Kozepes foku egyiittmiikdés és Alacsony foku
egylittmiik6dés.

Az értekezés eredmeényei

Az els6 téziscsoportban kozolt eredményeim a “Comparison between mono and multi
repository structures”, “Machine learning model for identification of frontend and backend

repositories in Github” és “Multi repository Management tools” cimii publikdcidoimban lettek
lekdzolve. Részletes kifejtésik a disszertacio 2. fejezetében talalhato.

I/1. Egy 0j definiciot javasoltam a Mono és Multi repository verzidkezelésti projektek
kategorizalasara, amely figyelembe veszi azok fobb jellemzdit €s felépitését is.

/2. Uj ML met6dust dolgoztam ki a frontend és a backend azonositasara adattarak a Github
platformon. Ez a mddszer kiloénésen fontos a repository tipusok hatékony
meghatarozasahoz.

I/3. Egy Uj algoritmust mutattam be a Mono és a Multi repositoryt hasznald projektek
azonositasara. A modszer segitségével lehetdség van a két tipushoz tartozé repositoryk
egyértelmii kategorizalasara és begyiijtésére, valamint kiterjesztheté mas kategorizalasi
elvekre is.

I/4. Heurisztikus megkdzelitést mutattam be a kiilonbozd Multi repositoryk azonositdsara,
illetve az ehhez sziikséges, altalam fejlesztett eszkozoket. A fejlesztok €s kutatok ezt mind
a szoftverfejlesztés, mind a kutatasok soran hasznalhatjak.

A masodik téziscsoportban bemutatott eredményeim az ,,Optimizing Branching Strategies
in Mono and Multi repository Environments: A Comprehensive Analysis” cimii publikacioban
jelentek meg. Részletes kifejtésik a 3. fejezetben talalhato.

I1/1. Heurisztikus megkdzelitést vazoltam fel a projekt kezelési soran alkalmazott branch
kezelési stratégiak kategorizalasara. Ezek a stratégidk elengedhetetlen részei a
projektmenedzsment folyamatnak, a modszerem segitségével pedig sokkal
hatékonyabban azonosithatéak, mint barmely korabbi megkdzelitéssel.
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[1/2. Kutatasokat, elemzéseket készitettem a branch kezelési stratégiak a repository tipusok és
a produktivitas kapcsolatarol.

A harmadik téziscsoportban bemutatott eredményeim az “Analyzing Branching Strategies
for Project Productivity: Identifying the Preferred Approach” cimii publikacidoban keriiltek
kozlésre. Részletes kifejtésik a 4. fejezetben talalhato.

I11/1. Egy U0j gépi tanulasi modszert dolgoztam ki a szoftverfejlesztési folyamat
produktivitdsdnak becsléséhez. Ez a mddszer a a produktivitas, a projekt és a
fejlesztési folyamat szdmos paramétere kozotti korrelacidkon alapul.

[11/2.  Bemutattam egy gépi tanulasi modszert a varhato fejlesztési id6 becslésére.

A negyedik téziscsoportban szerepld eredményeim a szoftvercsapaton beliili egyiittmiikodés
teruletéhez kapcsolodnak. Részletes kifejtésiik az 5. fejezetben talalhato.

IV/1. Matematikai modszert dolgoztam ki a szoftverfejlesztéi csapat egyiittmiikodési
mértékének kiszamitasahoz.

IV/2. A megfeleld becsléshez specialis tanacsad6 rendszert fejlesztettem ki, mely a megadott
paraméterek alapjan felméri a hatékony fejlesztéshez sziikséges szoftverfejlesztok
szamat.
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