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Abstract
The code integration process is critical for any distributed, large-scale open-source
software (OSS) project. It serves as an implicit or explicit quality control gate
and is inherently of a socio-technical nature in that the bare technical act of
merging new code contributions is preceded by (oftentimes engaged) discussions
and reviews. Given the reasonable and widely accepted assumption that profes-
sional experience and seniority lead to higher social credit in communities, more
experienced developers are expected to get favored in this process, manifesting
in higher probabilities of receiving feedback on contributions, or getting contri-
butions accepted. We conjecture that exceptions to this pattern may indicate
procedural issues and examine this hypothesis through a mixed-method study.
To this end, we use developer coreness, a continuous proxy measure of experience
that measures how important and connected a developer is within a project. We
then study code integration processes of 16 popular OSS projects, employing
a new methodology to measure the impact of developer coreness on these pro-
cesses. This allows us to identify process-deviant projects, which we investigate
qualitatively to determine whether unexpected observations indicate underlying
procedural issues. Our findings show that developers with higher coreness values
have a higher probability of getting code contributions accepted and, in many
cases, of receiving feedback. Notably, projects identified as process-deviant often
exhibit signs of procedural deficiencies, highlighting the practical utility of our
methodological framework.
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1 Introduction
Software development is a socio-technical activity, often performed by large,
geographically distributed teams of developers with strongly varying back-
ground and experience. In contrast to commercial, closed-source software
projects, developers in open-source software (OSS) projects are often volunteering and
have the freedom of choice to join and leave projects (Lakhani and Wolf 2005). This
leads to unfavorable situations when long-term developers leave a project or many
inexperienced developers join a project (Foucault et al. 2015; Lin et al. 2017; Avelino
et al. 2019; Schilling 2014). Transferring (implicit) knowledge across the contributors
of an OSS project is known to be an effortful task (Foundjem et al. 2021).

OSS projects, their development processes, and the communities and organizations
behind have received considerable attention by the research community (Foundjem
et al. 2021; Bosu et al. 2017; Jiang et al. 2013; Qiu et al. 2019; Mauerer and Jaeger
2013; Gharehyazie et al. 2015). Many aspects of the development and collaboration
process of OSS projects can be measured (Joblin et al. 2017a; Diamantopoulos et al.
2020; Ramsauer et al. 2019; Storey et al. 2017; Tao et al. 2014; Joblin et al. 2023;
Mauerer et al. 2022), yet we lack an understanding of how a developer’s position in
the organizational hierarchy affects collaboration aspects such as the time it takes
to get feedback on a code contribution or the probability of the acceptance of code
contributions. It has been conjectured in the literature that successful collaboration
interactions reduce developer turnover (as developers that have a good experience are
enticed to stay longer with a project), which is, however, hard to quantify in practice
and subject of an ongoing debate (Bosu and Carver 2014; Jiang et al. 2013; Bosu et al.
2017).

Specifically, our aim is to understand how the position of a developer in the organi-
zational hierarchy influences the feedback on and acceptance of a code contribution.
We aim at investigating whether a higher standing gives developers an overall better
success rate in the patch-review process of OSS projects. Beside theoretical insights,
analyzing the feedback and acceptance mechanisms of OSS projects provides free-
lancers and companies an overview of the inner mechanics of a project, which comprises
valuable knowledge for successful contributions. Since especially companies are inter-
ested in fast and uncomplicated contributions to OSS projects (Butler et al. 2021), our
analysis can help them to understand how to approach a contribution, for example, by
collaborating with an experienced developer of the project.

In general, it is hard to uncover the often implicit and emerging organizational
hierarchy of an OSS project (Joblin et al. 2023). As a consequence, certain aspects
thereof, such as the importance of developers, have been measured in different ways in
the literature (Bock et al. 2023; Joblin et al. 2023). One conjecture is that developers
at the top of the organizational hierarchy (i.e., core contributors) have more success
with the code contribution process in OSS projects than lower ranked developers, since
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core contributors are more familiar with project conventions and usually have high
social capital within the community (Bosu and Carver 2014; Bosu et al. 2017). In
this context, a core developer is a member of the most active group of developers
that has been contributing to the project for a longer time, whereas a peripheral
developer is an occasional contributor (Crowston et al. 2006; Joblin et al. 2017a,b;
Mockus et al. 2002; Terceiro et al. 2010). This core–peripheral structure can be
inferred from analyzing developer interactions leveraging network analysis metrics
in developer networks (Joblin et al. 2017a; Bock et al. 2023). This dichotomization
(core vs. peripheral) of the importance of developers (Joblin et al. 2017a; Bosu and
Carver 2014) is not ideally suited, though, to describe the continuously growing
experience and standing of developers and can even lead to information loss (Fedorov
et al. 2009). Taking this methodological issue into account, we employ the notion of
developer coreness in our study, which is a continuous measure capturing the position
of developers in the organizational hierarchy (Borgatti and Everett 2000; Christian
and Vu 2021; Hechtl et al. 2025). Using this continuous measure, we investigate the
received feedback on contributions and the acceptance of contributions through the
code contribution process. We call this process the integration process, as patches (i.e.,
code contributions) need to be integrated into the code base. The feedback mechanism
is a major means for quality control for the community, and the acceptance of a code
submission is the desired result of every developer who contributes. These two factors
represent the variables that can most likely be influenced by a developer’s coreness, as
suggested but only partially investigated in the literature (Bosu and Carver 2014).

To investigate the influence of coreness on these two variables (feedback/acceptance),
we perform a mixed-method study on 16 popular OSS projects, which cover a wide
range of different application domains, project sizes, and ages. This includes small
and comparably young projects, such as Jailhouse, for which we analyze 8 years and
about 2700 commits, as well as large and well-established projects, such as GCC, which
is well over 30 years old and has over 134 000 commits. With our project selection, we
aim at obtaining reasonably generalizable results and findings for projects that use a
mailing list as their main contribution method. While mailing lists may be perceived
as outdated in comparison to the more modern Web-based platforms (Zhu et al. 2016),
numerous substantial and popular projects rely on mailing lists for patch submission,
as recent research has shown (Mannan et al. 2020; Ramsauer et al. 2019; Käfer et al.
2018). These projects are usually long-lasting with well-established processes, and form
a considerable foundation of today’s global IT infrastructure, including the Linux
kernel, OpenSSL, and GCC.1 Mining the histories of our 16 subject projects, we
build developer networks to determine the coreness of developers and relate it to the
feedback on and acceptance of contributions to determine the influence of the coreness
on these aspects of the integration process.

The results of our quantitative analysis suggest that, while there are considerable
differences across projects, the coreness of a developer significantly influences the
code contribution practice and success. In particular, we find that developers with
higher coreness values experience an, at large, quicker and more often successful
review process for their code contributions. Regarding feedback developers receive

1https://kernel-recipes.org/en/2016/talks/patches-carved-into-stone-tablets/
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on their contributions, we obtain a mixed picture: In some projects, developers with
higher coreness values receive quicker feedback on their contributions, whereas in other
projects, developers with lower coreness values are favored in regards to feedback.
While our results corroborate previous results (Bosu and Carver 2014; Cetin 2019;
Agrawal et al. 2018; Oliva et al. 2012) in that more experienced developers usually
are assumed to have higher social standing in an OSS project community, our results
provide novel and important insights into one of the most important processes of
OSS development by shedding light on the relationship of developer coreness and the
integration process. With our methodology, we provide a nuanced view on the standing
of developers (i.e., coreness) and are thus able to provide a more detailed picture of
the influence of the organizational hierarchy on the integration process.

To complement our quantitative analysis, we perform a qualitative analysis deter-
mining whether we can detect potential discrepancies in the integration processes
of all our subject projects. In particular, we find that the absence of a link between
developer coreness and the probabilities of receiving feedback and patch acceptance
may hint at procedural problems in the development process of an OSS project. For
triangulation, we conduct expert interviews with maintainers or core contributors
of our subject projects, which confirm that unexpected results of our quantitative
analyses (i.e., developers with higher coreness not having a higher chance of patch
acceptance or feedback on their patches) can indeed be a sign of procedural problems
in the integration process.

In summary, we make the following contributions:

• We propose a novel methodological framework that enables fine-grained analysis
of the patch-review process in mailing-list-based OSS projects, integrating patch
detection and mapping, socio-technical network construction, and the continuous
measurement of developer coreness into a cohesive analysis pipeline.

• We collect and analyze data from 16 widely-used OSS projects to quantitatively
investigate the influence of developer coreness on the feedback and acceptance of
code contributions. In a nutshell, we found that developers with higher coreness
values are favored when it comes to acceptance; for review feedback, this only
holds for some projects.

• We perform a qualitative analysis including expert interviews with maintainers or
core contributors of the analyzed projects to examine whether there are procedural
problems in their projects. We found that, in most cases, in the projects that do
not exhibit a correlation between developer coreness and the probability to receive
feedback on or the acceptance of patches this does indeed indicate potential
problems in the development process.

• We propose solutions to several recurring technical challenges that arise when ana-
lyzing patch data of OSS projects that use mailing lists as their major contribution
system.

• Data Availability: We provide a replication package including the tools, scripts,
and data of the analysis on our supplementary website:
https://se-sic.github.io/paper-patch-survival-analysis/
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2 State of the Art
In this section, we provide necessary background on the patch-review process and
developer roles. Furthermore, we describe the current state of the art for research on
the contribution processes of OSS projects and present related studies.

2.1 Patch-Review Process and Governance Structures
Code review is a key element of the software development process, and the artifacts
arising from it can be used to infer roles of developers within a project. Many widely-
used and established OSS projects use mailing lists for discussion, patch submission, and
patch review on a regular basis (Käfer et al. 2018; Storey et al. 2017; Yin et al. 2023).
These mailing lists are the central communication hubs in several globally distributed
open-source projects (Guzzi et al. 2013; Corbet 2011). Developers create or edit source
code on their local machine, and later send code changes (i.e., patches) to public lists,
where anyone can join the discussion. Mailing lists are tried and trusted (Käfer et al.
2018). Although they seem outdated or low-level at first glance (Mannan et al. 2020;
Jiang et al. 2014; Kroah-Hartman 2016), they are not only used in mature projects,
but also in recent development undertakings, such as the secured communication tool
wireguard2. Another example of popular OSS projects that use mailing lists are
projects in the Apache environment (Storey et al. 2017; Yin et al. 2023). Archives for
developer mailing lists are often publicly available and either directly provided by the
project, or by secondary providers (such as Gmane3).

After a patch review, which is a discussion of involved developers on the list,
maintainers (i.e., trusted individuals that are authorized to commit changes to the
official source-code repository (Mauerer and Jaeger 2013; Rigby et al. 2008; Tan et al.
2020)) decide whether and how to integrate a code change in form of a patch. A patch
can either generally be rejected for various reasons (e.g., the quality of the code is too
low or the change is too complicated to maintain in the future), or the maintainer
requests further modifications to the patch that are required before it can finally be
integrated (Ramsauer et al. 2020; Rigby et al. 2008). Note that it is not untypical that
this process of stepwise code refinement repeats several times (Wirth 1971; Ramsauer
et al. 2019).

Furthermore, the patch-review process is heavily dependent on the governance
structure of an OSS project (Izquierdo and Cabot 2015; Chulani et al. 2008). The
governance structure of an OSS project usually consists of a set of rules or policies
that describe how patches should be contributed to the project and how patches are
accepted or rejected (Izquierdo and Cabot 2015; Markus 2007). While some projects
explicitly define these rules and document them properly4, others assume such rules
without stating them explicitly (Izquierdo and Cabot 2015; Shibuya and Tamai 2009).
Rigby et al. (2014) define the governance structure of OSS projects based on when
and how patches are reviewed in the project. They differentiate between two main
categories: (1) Review-then-Commit (RTC), meaning a change is first sent for review

2https://www.wireguard.com/
3https://gmane.io/
4For example, the patch-submission policy of QEMU: https://www.qemu.org/docs/master/devel/

submitting-a-patch.html
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via, for example, the mailing list and is only integrated after the review; and (2)
Commit-then-Review (CTR), in which certain trusted users are allowed to integrate a
change directly, which is then reviewed after integration. RTC is the most common
approach in OSS projects allowing only already reviewed and approved changes to be
integrated into the main repository. Nevertheless, CTR is also used and can be useful
if only one or very few developers actually review changes as they can then directly
test the changes in the main repository. While the term governance structure is used in
different contexts in the literature and can also be used to describe the organizational
structure of a project (De Laat 2007; O’Mahony 2007; Shaikh and Henfridsson 2017),
we use it specifically in the context of the patch-review process to describe the rules
and policies that govern this process in OSS projects.

Nurolahzade et al. (2009) investigate the patch-review process in the Mozilla
Firefox project. They find that different reviewers handle patches differently, and
while they seem to follow the rules of the review guidelines, the review is still dependent
on the role of the reviewer. For example, module owners focus their reviews on code
quality and long-term maintainability while peers (i.e., other developers in their
modules) are more concerned with usability and functionality.

Rigby and Storey (2011) analyze the patch-review process in projects using a
broadcast-based model for patch submission, such as in the Linux kernel. They find
that, while it might be intuitive that a broadcast-based submission system might not
be as efficient as a more targeted approach (e.g., writing responsible module owner
directly), the broadcast-based system actually holds up well in terms of efficiency. One
factor they identify as a reason for this is an adherence to the community norms and
practices, which are effectively the governance structure of the project.

To compare different governance structures, Wang et al. (2015) analyze the patch-
review processes of the Mozilla and Python communities. They find that the
patch-review processes of these two communities differ significantly and conclude
that there is not one universal solution for organizing peer review. So, the governing
processes of OSS communities, while oftentimes similar, differ in their details and thus
have to be analyzed with these differentiations in mind by researchers as well as the
project communities.

2.2 Developer Roles
When studying the patch-review process, it is important to consider that OSS develop-
ers take on different roles that are usually not explicitly defined (Crowston et al. 2006;
Acuna and Juristo 2004; Cheng et al. 2017; Tamburri et al. 2013). These roles can
be inferred from the developers’ activities in the project, though, are also a measure
of a developer’s experience and reputation in the project (Joblin et al. 2017a; Bosu
and Carver 2014). This circumstance has been considered by multiple studies that
have related these roles to the outcomes of the patch-review process and found that
developers with higher reputation, for example, get their patches accepted faster (Bosu
and Carver 2014; Cetin 2019; Agrawal et al. 2018; Oliva et al. 2012).

The importance and reputation of developers is not an entirely technical question,
but depends also on social factors and other influences that are hard to quantify in
practice. One common theme in the literature—in contrast to the approach taken
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in this paper—is to dichotomize developer importance to end up with a relatively
simple distinction of core and peripheral developer roles (Pinto et al. 2016; Cheng et al.
2017; Acuna and Juristo 2004; Yamashita et al. 2015; Torres et al. 2011; Joblin et al.
2017a). The classification of these roles is usually done by using network metrics on
developer networks and splitting the resulting values at the 80th percentile with every
developer above this threshold being classified as core and the rest as peripheral (Joblin
et al. 2017a; Bock et al. 2023). The problem is that this dichotomization can lead to
information loss (Fedorov et al. 2009) as the experience level of a developer (which we
proxy with the notion of developer coreness) is not a binary value. Taking this into
account, we operationalize developer coreness on a continuous scale in our study instead
of dichotomizing developers into core and peripheral roles (Borgatti and Everett 2000;
Christian and Vu 2021; Hechtl et al. 2025). With this continuous characterization of
developers, we follow in the footsteps of previous work that has used more general
indicators of developer experience or reputation, such as the centrality of a developer
in the e-mail network, to find relationships between, for example, commit activity and
coreness (or related measures) (Bird et al. 2006; Maruping et al. 2019; He et al. 2012;
Shin et al. 2011).

2.3 Process Analysis and the Influence of Developer Roles
The patch-review process is a key step in the development of OSS projects and has
been analyzed in various studies. As this process is inherently socio-technical, that is,
the developers of the projects are involved in every step of the process, it is important
to understand the influence of developers and their implicit roles on the patch-review
process.

The processes that govern the development of OSS projects are usually mandated
by coordination efforts of the community across the often globally distributed teams.
Joblin et al. (2017b) state that the coordination and organization efforts are usually
either mandated by some governing body (e.g., the Linux Foundation) or are self-
organized by the community. Analyzing these organizational processes requires data
that are usually mined from the projects’ repositories, such as revision control logs
or the release history (Gall et al. 1998; Zimmermann et al. 2005; Bird et al. 2006;
Bock et al. 2023; Joblin et al. 2017a). Using these mined collaboration (commit) and
communication (e-mails or issues) data is standard practice when analyzing various
aspects of OSS projects, such as the patch-review process, the feedback and integration
dynamics, or the developer reputation and roles within the project (Bock et al. 2023;
Joblin et al. 2017a; Bosu and Carver 2014).

Two critical aspects of this patch-review process are the feedback dynamics as
well as the integration of patches into a project’s code base. The feedback dynamic
is usually analyzed by looking at the quality of feedback that submitters of patches
receive (Kononenko et al. 2016, 2015) or how feedback influences the software qual-
ity (McIntosh et al. 2016). Kononenko et al. (2015) investigate how the participation
of developers in the feedback cycle of Mozilla influences the quality of the feedback.
They find that ample participation as well as the experience of the reviewer influence
the quality of the feedback positively. Khatoonabadi et al. (2023) find that the reputa-
tion of developers has a positive influence on the speed of the first feedback received
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on a patch, which is in line with the findings of Bosu and Carver (2014). McIntosh
et al. (2014, 2016) show that the feedback quality influences the software quality. So,
it is important to understand how the feedback dynamics influence the patch-review
process.

The integration of patches into the code base is another important aspect of the
patch-review process, as this is the ultimate goal of developers submitting their patches
for review. The integration mechanics and especially the integration speed and what
affects it has been studied by Jiang et al. (2013). They find that multiple factors
influence the integration speed, such as the size of the patch, the experience of the
submitter, or the complexity of the patch. In the same vein, Bosu and Carver (2014)
find that the experience of a developer influences the integration speed and success of
their patches positively. Tan and Zhou (2019) find that effective communication by
the patch submitter can also influence the integration success of a patch.

Bosu et al. (2017) report that code review, in general, is positively influenced
(outcome and quality) by different factors: A good prior relationship between the
reviewer and the submitter, a good reputation of the submitter, the expertise of the
submitter in the concrete technical area of the patch, and whether the review of the
code is considered ’low-effort’.

Although, in our study, we focus on the patch-review process that uses mailing lists
for patch submission, there are similar processes in more modern social coding platforms.
For example, GitHub uses pull requests for patch submission and supports code reviews
via a Web interface providing developers with feedback and accept or reject their
proposed changes. Researchers have conducted multiple studies to investigate feedback
times and merge rates of pull requests (Alami et al. 2022; Zhang et al. 2023; Dey and
Mockus 2020). These studies show that the size of patches, the communication of the
submitter with the reviewers, and the use of continuous integration tools are among
the key factors that can influence the patch-review process. Zhu et al. (2016) compare
the contribution process in pull request-based systems with more traditional systems
such as the mailing list and issue trackers. They find that, while pull request-based
systems are overall more efficient than traditional systems, both have their advantages
and disadvantages. One major difference when analyzing the patch-review process
in projects that utilize mailing lists as compared to pull requests, is the mapping
of contributions to their corresponding reviews. In pull-request based systems, the
mapping of contributions to their corresponding reviews is straightforward, as the
pull request is directly linked to the commit in the main repository. In mailing-list
based systems, however, this mapping is not as straightforward. The reason is that
the patches are usually sent to the mailing list as a plain text e-mail, and the commit
in the main repository is created after the patch has been accepted by the maintainer.
This makes the analysis of the patch-review process more difficult (Jiang et al. 2014;
Ramsauer et al. 2019), which we describe in detail in Section 4.2. Nevertheless, as
mailing lists are still widely used, they are an important part of the OSS ecosystem
and hold valuable insights. We focus on the peculiarities of the mailing-list based
patch-review process in our study.
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2.4 Survival Analysis
When analyzing the collaboration process of OSS projects, there are many factors
that have to be considered. One of these factors is the statistical method used to
analyze the collaboration and communication data. Qiu et al. (2019), for example, use
survival analysis to investigate whether the social capital of developers influences their
continued participation in OSS projects. Also, Ait et al. (2022) use survival analysis
to investigate whether OSS projects fail or continue to exist after a certain time.

Survival analysis was originally introduced in the field of medicine. It is usually
used to determine the probability of a patient surviving under the influence of some
other factors, such as a certain disease or medication (Rich et al. 2010; Kleinbaum
and Klein 2012). This is done by measuring the time it takes until a certain event
takes place (usually the death of a patient). Researchers can analyze this time and
correlate it to influencing factors, such as in a two-group medical study where one
group is given a new drug and the other group is given a placebo. With such a study,
researchers can identify the influence that either of the treatment options have on the
risk of the patients’ death.

Survival analysis has found wide applicability in other research fields today, includ-
ing software engineering. Lin et al. (2017) utilizes survival analysis to investigate the
factors that lead to developer turnover in OSS projects. They find that developers
that join a project in the early stages of its lifetime mainly modify existing files, and
mainly write code as opposed to documentation. These developers have an overall
lower turnover rate.

Ortega and Izquierdo-Cortazar (2009) use survival analysis to approximate the
time a developer stays with an OSS project. They find that, on average, the retention
period for developers in such projects lies between 500 and 1000 days. Aman et al.
(2017) investigate the survival times of bugs in code files. They find that bugs that were
introduced by new developers have about 26% shorter survival than bugs introduced
by long-term developers.

One specific type of survival analysis is Cox proportional hazard analysis (Cox and
Oakes 1984). This is a form of regression analysis to calculate the instantaneous risk
of a subject to experience the event at any given point in time. This risk is called the
hazard ratio. A higher hazard ratio means that a subject has a higher probability of
experiencing the event at any point in time.

Cox proportional hazard analysis has been used in OSS research before. Bird et al.
(2007) use the hazard ratio to investigate the factors that lead to people entering OSS
projects. They find that technical skill and social reputation have a positive effect on
the probability of a person becoming a developer in an OSS project. Using hazard
ratios Koru et al. (2007) find that the size of a source code module in the Mozilla
project has an effect on the defect proneness of the module.

In our study, we use the hazard ratio to obtain a quantitative measure of the
influence of the coreness of developers on the patch-review process. We describe this
in detail in Section 4.5.
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3 Problem Statement and Research Questions
While the influence of developer roles on the patch-review process has been studied in
the past, as presented in Section 2, it is still an important topic to investigate: The
patch-review process is a key element in the development cycles of OSS projects that
ensures code quality and is highly dependent on the roles developers take in the project;
their adherence to the process as well as other factors might thus affect the overall
sustainability of the project. Lots of studies in the field use different methodologies
to analyze the role of developers in OSS projects (e.g., using different classification
methods to determine the role of developers (Pinto et al. 2016; Cheng et al. 2017; Acuna
and Juristo 2004; Yamashita et al. 2015; Torres et al. 2011; Joblin et al. 2017a)). It is
not unreasonable to assume that the results of previous studies might be dependent on
methodological details (e.g., with respect to developer classification) and consideration
of various other factors of the analyses. To triangulate previous findings, we devise a
new methodological approach that deals with recurring technical challenges in order
to analyze the patch-review process in a more fine-grained manner than previous
studies, allowing us to investigate whether previous findings still hold when using a
more sophisticated research methodology. For this purpose, we set out to answer the
following research questions, based on previous studies in the field (Bosu and Carver
2014; Bosu et al. 2017; Jiang et al. 2013) and adapted to our research methodology
(which we describe in detail in Section 4):

RQ1 Does a higher coreness of developers increase the probability of the community
to give feedback on their code submissions?

RQ2 Does a higher coreness of developers increase the probability of successfully
integrating their code submissions?

On the basis of the quantitative analyses of RQ1 and RQ2, we conduct an in-depth
qualitative analysis of the underlying patch-review process. In particular, we suspect
that peculiar results that deviate from previous findings could indicate procedural
problems in the patch-review process of individual subject projects. This is not
unfounded, since Liu et al. (2024) have found that process anomalies in pull-request
reviews of OSS projects can be indicators of suspicious incidents in the project. In this
vein, we hypothesize that unexpected results in the analysis of the patch-review process
can be indicators of procedural problems in OSS projects, such as missing reviews of
critical parts of the source code. Therefore, we perform a pattern and outlier analysis
based on the results of our first two research questions to gain a deeper understanding
of the patch-review process in the subject projects. This leads us to the following
research question:

RQ3 Do unexpected results in our quantitative analysis of the integration process of
OSS projects in RQ1 and RQ2 indicate procedural problems of the development
process?

10



4 Methodology
In this section, we explain our research methodology. First, we describe our subject
projects and how we extract and process commit and e-mail data. Second, we introduce
how we construct developer networks from the data and how to determine developers’
coreness. Thereafter, we explain how exactly we apply the Cox proportional hazard
model. Last, we explain our methodology for the identification of process-deviant
projects, our qualitative analysis for RQ3, and our expert interviews.

As mentioned in Section 3, we utilize a more fine-grained methodology than previous
work to analyze the patch-review process in OSS projects and take technical subtleties
into account. In particular, we want to highlight three key differences to previous work:
(1) We use the continuous measure of developer coreness instead of a strictly binary
classification of a developer’s position in the organizational hierarchy of OSS projects.
This way, we factor in that the position is not a binary value but a continuous property
of a developer. (2) We use survival analysis to gain a more detailed statistical insight
into how the coreness of a developer influences the patch-review process at any point
in time (which has not been done to study the patch-review process). (3) We analyze
OSS projects that use a mailing list as their main communication and code review
platform. We deliberately choose these projects to analyze the patch-review process in
a more mature and long-lasting review environment. In the following, we take a closer
look at the various details of our methodology.

4.1 Subject Projects
In this study, we aim at understanding long-lasting foundational OSS projects that
have been active for many years. To do so, we choose 16 technically mature projects
that provide traceable data on their development history over decades. Instead of
transitory recent phenomena of the modern age, such as Web-based collaboration
platforms (e.g., GitHub), we analyze outlasting projects that consequently bank on
mailing lists as their main mode of communication as they are still a relevant and highly
used means of developer communication as we have pointed out in Section 2.1. The
projects we selected that fit into these criteria are Buildroot, BusyBox, Coreutils,
DPDK, FFmpeg, FLAC, GCC, Git, Jailhouse, LLVM, OpenEmbedded-Core,
OpenVPN, Postgres, QEMU, U-Boot, and Wine. Following the approach of Rigby
et al. (2014), we first inspected the type of review processes that our subject projects
use, to obtain an understanding of the processes used in these projects and to ensure
that our methodology and especially our qualitative analysis of the projects are
applicable. We did so by manually reading and analyzing the contribution guidelines of
the projects5. All of them state that developers are required to send their patches to the
project’s mailing list for review before they can be integrated into the main repository.
This shows that all of our subject projects use the Review-then-Commit (RTC) process,
which is one of the most common review process forms in OSS projects (Rigby et al.
2014). Knowing this helps us to understand the results of our analyses and to pinpoint
potential procedural problems in the integration processes of the projects.

5For example, the patch-submission policy of QEMU: https://www.qemu.org/docs/master/devel/
submitting-a-patch.html
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4.2 Data Extraction and Processing
To acquire and analyze the data of these 16 OSS projects, we use Codeface6 (Joblin
et al. 2015, 2017a,b) and its companion tool codeface-extraction7 to extract the
commit metadata from the version control system (VCS) of the project. These include
author name, e-mail address, and committer date for each commit. For extracting
mailing-list data, we downloaded the project’s development mailing list(s) (see Table 1)
from the mailing-list archive Gmane8 and organize metadata of e-mails, such as author
name, e-mail address, and date via Codeface.

Developers may use multiple identities (i.e., different combinations of name and
e-mail addresses) when contributing to an OSS project. As a countermeasure, we use
the disambiguation heuristic of (Oliva et al. 2012) to harmonize different combinations,
which has been proved to be accurate (Wiese et al. 2016).

Furthermore, we assign patches on mailing lists to related commits in the VCS.
While mailing-list archives allow for

Table 1: The development mailing lists that contain patches for our
subject projects.

Subject Project Developer Mailing Lists Containing Patches

Buildroot gmane.comp.lib.uclibc.buildroot*

BusyBox gmane.linux.busybox
Coreutils gmane.comp.gnu.coreutils.general,

gmane.comp.gnu.core-utils.bugs
DPDK gmane.comp.networking.dpdk.devel
FFmpeg gmane.comp.video.ffmpeg.devel
FLAC gmane.comp.audio.compression.flac.devel
GCC gmane.comp.gcc.devel,

gmane.comp.gcc.patches
Git gmane.comp.version-control.git
Jailhouse gmane.linux.jailhouse
LLVM gmane.comp.compilers.llvm.devel,

gmane.comp.compilers.llvm.cvs*,**

OpenEmbedded-Core gmane.comp.handhelds.openembedded.core
OpenVpn gmane.network.openvpn.devel
Postgres gmane.comp.db.postgresql.devel.general,

gmane.comp.db.postgresql.devel.patches
QEMU gmane.comp.emulators.qemu
U-Boot gmane.comp.boot-loaders.u-boot
Wine gmane.comp.emulators.wine.devel,

gmane.comp.emulators.wine.patches
* Contains not only patches submitted for revision, but also automated
commit e-mails containing the applied patch; we have removed the
automated commit e-mails for our analyses based on filtering subject
prefixes (see Appendix A).

**Also known as llvm-commits, contains also automated commit e-mails
and not only patches (see *).

tracking communication between participants within a discussion (i.e., by traversing e-
mail threads), there are no built-in means to track the connection between (a) different

6See https://github.com/lfd/codeface/
7See https://github.com/se-sic/codeface-extraction/
8See https://gmane.io/. The front-end of Gmane is down at the time of writing, but the backend is

accessible via NNTP protocol, for which we used the tool nntp2mbox (https://github.com/xai/nntp2mbox/)
to extract the mbox files containing the e-mails form the mailing list(s).
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revisions of a patch within the mailing list, and (b) the connection between the latest
revision of the patch and the resulting commit in the repository (Jiang et al. 2013;
Ramsauer et al. 2019). Especially, when patches require several major revisions over
time before they are finally integrated, they may significantly differ from the version in
the repository. Therefore, it is a non-trivial challenge to reconstruct the connection of
patches on mailing lists and the repository (Ramsauer et al. 2019; Jiang et al. 2014).

To reconstruct these connections, we use the tool PaStA9, which identifies patches
on mailing lists and systematically maps them against commits in the repository. As
described by Ramsauer et al. (2019), PaStA uses heuristics to detect semantically
similar patches. PaStA reconstructs patch-revision sets, that is, semantically similar
patches and commits. As our data set dates back years or even decades (see Table 2),
we assume that every accepted patch submitted to the mailing list will show up in
the VCS (except for most recent patches which are not finally integrated). Hence, if a
patch (i.e., one e-mail in the patch-revision set that contains the patch) is mapped
to a commit, we consider the patch accepted. Otherwise, if a patch-revision set is not
mapped to any commit in the VCS, we consider the patch rejected.

We have performed multiple sanity checks and have undertaken extensive cleanup
steps on our data, enabling PaStA to also identify patches that use uncommon patch
formats, etc., on the mailing lists. In a similar vein, we removed e-mails that look
like patches but actually are automatic commit e-mails after the commits have been
integrated into the repository. We describe the details about these technical challenges
in Appendix A. Regarding PaStA, Ramsauer et al. (2019) demonstrated the high
accuracy of the tool: Using a sample of 1047 e-mails from a Linux kernel mailing
list, they reach a Fowlkes-Mallows10 index of 0.988, indicating that the tool attains
both high precision and high recall.

When investigating whether a developer received feedback on their submitted patch,
we search for e-mails that meet all of the following criteria:

1. They belong to the same e-mail thread as the submitted patch.
2. They were sent after the patch was submitted.
3. They were sent by a developer other than the patch submitter.

If there is no such e-mail on the mailing list fulfilling these requirements, we assume
that there is no feedback for this patch. While this approach does not give us a
guarantee that the identified e-mail is an actual reply to the submitted patch, the fact
that it is part of the same e-mail thread increases confidence in this assumption. An
additional sanity check by sampling 10 patch-reply pairs from each of our 16 subject
projects (160 pairs in total) and manually checking whether these are actual replies to
the previously sent patch exemplarily confirms our assumption: Of the 160 samples,
only 7 replies were not related to the previously sent patch, which is less than 5%.
Consequently, we are confident that our heuristic is viable.

9See https://github.com/lfd/PaStA/
10The Fowlkes-Mallows index measures the similarity between two clusterings of the same data set by

computing the geometric mean of pairwise precision and recall, ranging from 0 (no agreement) to 1 (perfect
agreement) (Fowlkes and Mallows 1983).
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4.3 Developer Network Construction and Coreness Calculation

Fig. 1: Overview of the four different scenarios for a submitted patch in the integration process. The patch
can either be accepted or not, and it can receive feedback or not. The 9-months time window prior to patch
acceptance or prior to the last patch revision in case of not-acceptance (indicated by the timeline at the
bottom of each scenario) is used for determining the developer’s coreness for the respective patch submission.
The feedback time and acceptance time are the times that we use for the statistical analysis and represent
the time it takes for a patch to be accepted (see developer Dev 1) or a developer (i.e., Dev 1 or Dev 2) to
receive feedback on their submission by another developer (i.e., Dev 3).

To answer our research questions, we determine the coreness value of every developer
at the time of each of their patches’ submission. In Figure 1, we provide an overview
of four different scenarios in terms of four exemplary patch-revision sets.

First of all, for each patch-revision set, we only consider the author of the first
e-mail related to the set, as we base our analysis on the initial submission of a patch.
In the patch-revision sets in Figure 1, this would be the patches P1.1, P2.1, P3.1,
and P4.1. By doing that, we lose potential submissions of revised patches by others
than the initial developer of that patch. However, we investigated how often there are
patch-revision sets in which different developers sent revisions of the same patch. Our
investigations show that we can neglect this case as it usually occurs in less than 5%
of the detected patch-revision sets (except for project QEMU where it occurs in 33%;
we could explain this phenomenon by an active reviewer community that often takes a
submitted patch, makes changes to it, and posts the improved version back into the
thread).

As a developer’s coreness value may change throughout project evolution, we need
to determine the coreness separately for each patch (i.e., patch-revision set). Therefore,
we create an individual 9-months developer network for each patch, ending at the
time of patch integration into the repository (i.e., the committer date of an accepted
patch), or—if the patch was not accepted—the submission date of the last patch
revision. We show this for the four different scenarios via the four timelines in Figure 1.
Hence, we consider the last 9 months before a patch might get accepted/submitted
to determine its developer’s coreness. We also conducted sensitivity analyses using
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windows of 3 months, 6 months, and 12 months. A window of 9 months emerged
as a reasonable choice, as shorter windows introduce spurious patterns due to high
fluctuations in coreness values, while longer windows risk capturing outdated values
given that a developer’s coreness can change considerably over the course of a year.
Our decision for 9-months windows is also motivated by the fact that some patch
reviews lead to many discussions and revisions, taking several months until a patch
gets accepted. According to the literature (Jiang et al. 2013), most of the accepted
patches should be accepted within 9 months after initial submission.

We associate the coreness of a developer with the centrality of the developer in
the community (Christian and Vu 2021). Based on the 9-months window determined
for each patch individually, we build three different kinds of undirected, unsimplified
developer networks (i.e., the developers are represented by the vertices in the network
and the edges represent interactions between developers) to handle different perspectives
of centrality in the community:

cochange To capture the centrality within the technical part of the project, we build
cochange networks, where two developers are connected by an edge when they
have edited the same file within the respective time window (Zimmermann et al.
2005; Gall et al. 1998; Joblin et al. 2015).

mail To capture the centrality within the communication structure of the project,
we build mail networks, in which two developers are connected by an edge when
they have replied to the same mailing-list thread within the respective time
window (Bird et al. 2006; Storey et al. 2017).

both To obtain a holistic view on socio-technical aspects of the project, we combine
cochange and mail networks into a single network covering both technical collabo-
ration and communication activity between developers (Joblin et al. 2023; Hechtl
et al. 2025).

Finally, we use two different network centrality metrics to determine the coreness
of a developer: eigenvector centrality and hierarchy centrality. This way we get two
different perspectives on the coreness of developers, as the two metrics model different
properties to determine the centrality. Using multiple different centrality metrics to
model different perspectives is a known concept in the literature (Bock et al. 2023;
Hechtl et al. 2025). In the following, we describe the two metrics in more detail and
explain why we use these two metrics in particular.

Eigenvector centrality infers the centrality of a vertex in a network by determining
the centralities of the vertices in its direct neighborhood. If a vertex is embedded in
a high-centrality neighborhood, the vertex itself gets a higher centrality value. The
formula to compute the eigenvector centrality xi for developer i is:

xi =
1

λ

∑
j∈N(i)

xj (1)

N(i) describes the set of all neighbors of vertex i and λ is a proportionality con-
stant (Joblin et al. 2017a; Brandes and Erlebach 2005). Under this metric, developers
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receive high centrality values if they are connected to other individuals with high
centrality. In other words, if a developer mostly communicates (mail network) or collab-
orates (cochange network) with developers that have high centrality values themselves,
the developer gets a high centrality value as well.

Hierarchy centrality is a metric that describes how local neighborhoods are organized
among themselves. This is achieved by combining two concepts: vertex degree and
clustering coefficient. The vertex degree describes how many edges are connected to a
vertex. The clustering coefficient is used to measure how embedded a vertex is within
a cluster of vertices. The formula of the clustering coefficient of a vertex i is

ci =
2ni

ki(ki − 1)
(2)

where ki is the number of edges connected to vertex i, and ni is the number of edges
between the neighbors of i (Boccaletti et al. 2006). The hierarchy centrality of a vertex
is then determined using these two metrics: The higher the vertex degree and the
lower the clustering coefficient, the higher the hierarchy centrality value (Joblin et al.
2017a, 2023). The underlying theory for receiving a higher centrality value with a lower
clustering coefficient and a higher vertex degree is that these developers communicate
(mail network) or collaborate (cochange network) with many different developers from
different local clusters while not being embedded in a local cluster of developers, thus
being more of a ”hub” in the network.

While there are multiple possible network metrics that can be used to determine
the centrality of a developer in a network, we have chosen these two metrics as they
are well-established in the literature and have been shown to be useful for determining
the coreness of developers in OSS projects (Joblin et al. 2017a, 2023; Bock et al. 2023).
We use these metrics specifically, because they model the centrality of developers
on different scales. Eigenvector centrality models a global view of the network by
considering the centrality of the neighbors of a developer, while hierarchy centrality
considers the community structure of the network.

To sum up, we have the network type and coreness metrics as two variables: We use
three different network types (cochange, mail, both) together with two different coreness
metrics (eigenvector centrality, hierarchy centrality). In our empirical study, we refer to
the combination of network type and coreness metric as configuration. To preprocess
our data, build the networks, and calculate the coreness metrics, we use the network
library coronet11 and additional scripts. All in all, we end up having six configurations
per project, which enables us to have different points of view on our subject projects.
The three network types cover the technical side, the social side, and a holistic view of
both sides combined for each project. The two coreness metrics provide different views
of a developer’s positioning in the organizational structure of the project—either being
connected to many very central developers (eigenvector centrality), or being a hub in
the hierarchical structure (hierarchy centrality). By considering all six configurations,
we aim to obtain a more comprehensive understanding of the relationship between
developer coreness and the patch-review process.

11See https://github.com/se-sic/coronet/
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Fig. 2: Scatter plots of the distribution of centrality values of developers in the cochange network of DPDK
using hierarchy centrality. The left plot shows the values on a decimal y-scale from 0 to 1, while the plot on
the right shows the same values on a logarithmic scale. The dashed line shows the threshold for a binary
core/periphery classification and the colors indicate the role a developer would be classified into. The points
labeled with ”A” and ”B” show two developers with very similar centrality values, but that would be
classified into different roles.

4.4 Coreness vs. Core/Periphery Classification
As described in Section 4.3, we employ the continuous measure of developer core-
ness instead of the classic core/periphery classification to determine the position of
developers in the organizational hierarchy of OSS projects. The binary classification
of developers into core and peripheral developers is a common approach in the liter-
ature (Crowston et al. 2006; Joblin et al. 2017a; Bock et al. 2023), but it has some
limitations. To illustrate these limitations, let us use an example: In Figure 2, we show
the distribution of the hierarchy-centrality values of developers in DPDK measured
on the cochange network. On the left side, we show the values on a decimal scale,
and, on the right, on a logarithmic scale. The dashed line indicates the 80% threshold
that would be used to classify developers into core and peripheral developers. When
comparing the developers whose centrality values are close to the threshold, we can see
that there are developers with very similar values on both sides of the threshold. Tak-
ing for example the developers labeled with ”A” and ”B” in Figure 2, we can see that
they have very similar centrality values, but developer A would be classified as a core
developer while developer B would be classified as a peripheral developer. Furthermore,
when looking at the left plot, we can see that a chunk of the developers that would get
classified as core developers have very low centrality values, while developers with only
minimally lower values are classified as peripheral developers. These imperfections
of the core/periphery structure are the reason why we use the continuous measure
of developer coreness instead of a binary classification of developers into core and
peripheral developers.
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4.5 Cox Proportional Hazard Model
Having determined the coreness of developers in our subject projects, we employ the
Cox proportional hazard model (see Section 2.4) to answer our first two research
questions. We do so to gain insights into the influence of the coreness of developers on
the probability of receiving feedback on their patch submissions and the probability of
getting their patches accepted. This model gives us unique and novel insights into the
relation of developer coreness and its relation to the patch-review process as it takes
time and the order of events into account.

The hazard ratio of the model is calculated as follows:

h(t,X) = h0(t) · e
∑p

i=1 βiXi (3)

where h(t,X) describes the hazard at time t under the influence of the variables X. The
term h0(t) describes the base hazard at time t without the influence of any variable,
and the exponential term describes the sum of all influencing variables multiplied by a
regression coefficient β (Kleinbaum and Klein 2012). If the event is, for example, the
acceptance of a patch, then a higher hazard ratio means that a patch has a higher
chance of being accepted at any given point in time than a patch with a lower hazard
ratio. As described in Section 4.3 we use six different configurations (three network
types and two coreness metrics) to determine the coreness of developers and analyze
each configuration separately with the Cox proportional hazard model for the first two
research questions.

To analyze RQ1 (i.e., whether the coreness of developers influences the probability
of receiving feedback on their code submissions), we have to define the event that is used
for the Cox proportional hazard analysis. In this case, the event is a developer getting
feedback on a patch submission. For each patch-revision set, we determine whether this
event happens, and if so, how long it took. Then, we can analyze the resulting data with
the Cox proportional hazard model to calculate the overall hazard ratio of the project
and configuration in question. A hazard ratio larger than 1 means that developers with
higher coreness values have a higher probability to get feedback on patch submissions
than developers with lower coreness values at any given time from submission of the
patch until the event happens. A hazard ratio lower than 1 shows the exact opposite.
We expect that developers with higher coreness values should receive feedback faster
and more consistently than developers with lower coreness values. If this is not the
case, we call this result unexpected. This is due to the conjecture that developers with
higher coreness values are more integrated into the project communities and have
therefore more social capital (Bosu and Carver 2014; Bosu et al. 2017). However, we
admit that there are also plausible reasons that speak against our expectation. So, in
contrast to our expectation, it could also be that developers with lower coreness values
get more and faster feedback. This could be due to project communities wanting to
value and bind new developers to their project, or simply because developers with
lower coreness values are usually less experienced in the project and therefore need
more feedback to fulfill the project’s standards. Consequently, there are reasonable
explanations for both situations, resulting in hazard ratios being above 1 if developers
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with higher coreness preferably receive feedback or below 1 if developers with lower
coreness preferably receive feedback.

To analyze RQ2 (i.e., whether the coreness of developers influences the probability
of getting their patches successfully integrated), we proceed in a similar way. The event
that is used for the Cox proportional hazard analysis, in this case, is the commit with
which the patch is integrated into the VCS of the subject project. Again, a hazard ratio
above 1 indicates that developers with higher coreness values have a higher chance
of patch acceptance at any given point in time than developers with lower coreness
values. A hazard ratio lower than 1 shows the opposite. We expect that developers
with higher coreness values have a higher probability to get their patches accepted
than developers with lower coreness values. If this is not the case, we call this result
unexpected. This is due to the conjecture developers with higher coreness values have
more experience with the code base of the project and therefore know how to write
patches that are necessary and high-quality.

Clearly, beside the developer coreness, also other factors could influence the proba-
bility of getting a patch accepted. In particular, the number of reviewers (Jiang et al.
2013) (i.e., the number of developers that have reviewed a patch) could influence the
probability of getting a patch accepted, as a higher number of reviewers could lead
to a higher agreement with the proposed patch, or, in contrast, could indicate a high
number of issues identified in the proposed patch. Therefore, we add the number of
reviewers of a patch as an additional factor (i.e., covariate) to the Cox proportional
hazard model of RQ2. We measure the number of reviewers by counting the distinct
developers that have commented on (i.e., replied to) a patch on the mailing list. We
add this additional factor to the Cox proportional hazard model of RQ2. This way, we
obtain separate hazard ratios for the developer coreness and the number of reviewers.
These hazard ratios (while being separate) are however not independent of each other
and reflect the influence of the factors on the probability of getting a patch accepted
at any given point in time under the influence of the other factor. This allows us to
analyze whether the coreness of a developer has an influence on the probability of
getting a patch accepted, even despite the number of reviewers.

4.6 Process-Deviant Projects and Qualitative Analysis
To obtain a deeper understanding of the concrete processes used in our subject projects,
we perform a qualitative pattern and outlier analysis of the results of RQ1 (feedback)
and RQ2 (patch acceptance). In particular, we investigate in RQ3 whether unexpected
results can indicate procedural problems in a project’s patch-review process or whether
we miss important points that are not covered by our analysis. Given the diversity of
our subject projects and the different ways how the projects particularly implement
the integration process, there is no strict universal mechanism to definitively determine
potential procedural problems. Since feedback and patch acceptance, while being the
central parts of the patch-review process, are not the only parts of the process, we
also consider other factors beyond the analyses of RQ1 and RQ2 to identify potential
procedural problems in the projects. We consider the following three criteria to identify
whether a project is process-deviant (i.e., a project that violates the following points),
or process-conforming (i.e., a project that fulfills the following points):
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1. We take a look at the commit coverage. The commit coverage is the percentage
of commits in the project’s VCS that can be mapped to patches on the mailing
list. If this coverage is low, then this is an indicator that either a lot of code
contributions had not been previously sent to and reviewed on the mailing list
(potentially violating the project’s contribution policy), or that there are other
technical difficulties that prevent the detection of patches on the mailing list. In
a study of the Linux kernel, Ramsauer et al. (2020) show that they are able to
map around 96% of the commits in the VCS to patches on the mailing list, which
shows that the commit coverage can be very high if the patch-review process is
well-defined and followed by the developers. In this case, the Linux kernel is an
exceptional example, as it commonly takes the process adherence very seriously
and have a very strict patch-review process. Furthermore, the kernel developers
send almost all of their patches in a standardized format, which makes it easier
to detect patches on the mailing list and to map them to commits in the VCS. In
projects that do not enforce the patch-review process in all details as strictly as
the Linux kernel but still have a well-defined process, we would still expect that
a majority of the commits in the VCS can be mapped to patches on the mailing
list, as the majority of the code contributions should be sent to the mailing list
for review before they get integrated into the VCS. However, accounting for some
possible irregularities in the process and in the mapping heuristic, we consider a
commit coverage of around 2/3 (66.7%) to be a reasonable threshold for a project
to be considered process-deviant. Any less than that leads to our analysis missing
a substantial percentage of commits, which puts the strictness of the patch-
review process in the project into question and diminishes the significance and
informative value of our analyses with respect to RQ1 and RQ2. To further justify
the threshold of 2/3, we also compare it against the average commit coverage of
our subject projects and also check whether there is a considerable gap between
the projects that are above and below this threshold. We consider projects with a
commit coverage below our threshold to be process-deviant.

2. We look at the statistical significance and direction of the results of the Cox
proportional hazard analyses for RQ2. As described in the previous section, we
expect the hazard ratio to be above 1, meaning that developers with higher
coreness values have a higher probability of getting their patches accepted than
developers with lower coreness values. If we find that a majority of our investigated
configurations for a project are not statistically significant above 1, this is a strong
indicator that a project could be process-deviant.

3. We look at the statistical significance of the results of the Cox proportional hazard
analyses for RQ1. As described in the previous section, we expect the majority of
the configurations to be statistically significant above 1, meaning that developers
with higher coreness values have a higher probability of getting feedback. However,
in the previous section, we also have laid out reasonable explanations for why
this expectation might not be fulfilled. Consequently, in contrast to RQ2, if our
expectation for RQ1 does not hold for a project, this is not a strong indicator for
a process-deviant project. Instead, we consider a project that, for the majority
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of our configurations, shows statistically significant hazard ratios below 1 or a
mixed picture not to be process-deviant.

In summary, we define a project as process-deviant if the commit coverage is low
(less than the average) or if the results of RQ2 do not follow our expectations. If only
the results of RQ1 do not reflect our expectations but the commit coverage is high
(≥ 66.7%) and the results of RQ2 do reflect our expectations, then we do not consider
these projects to be process-deviant.

To investigate whether there are procedural problems in the integration process of
the projects that we consider to be process-deviant, we perform a qualitative analysis
that helps us answer RQ3. While we focus on these process-deviant projects in the
qualitative analysis, we also analyze the process-conforming projects. This allows us to
gain a deeper understanding if procedural problems only occur in the process-deviant
projects or if they are also present in other projects. We perform the qualitative
analysis in the following way:

First, we check whether there are only few developers that are consistently con-
tributing to the project. We expect these developers to be at a higher risk not to
follow the patch-review process (i.e., integrating the patch without review and without
sending the patch to the mailing list prior to integration), as they are the ones that do
most of the reviewing themselves. Consequently, a very low number of active develop-
ers might lead to unexpected results in our analyses, as patches that were never sent
to the mailing list are not considered in our analyses of RQ1 and RQ2.

If we consider a project to be process-deviant because of its low commit coverage,
we have to assume that many patches do not get reviewed (at least, not in the intended
way) and thus do not undergo quality control. Hence, for projects with low commit
coverage, we investigate commits in the projects’ VCS that could not be mapped to
patches on the mailing list. For our qualitative analysis, we sample some of these
commits for each of the affected projects to further look into. Specifically, we check
whether the commits were wrongfully not mapped (because of uncertainties of our
mapping strategy) or whether these commits are trivial patches, such as changes to
copyright headers or README files. Moreover, we manually analyze who the developers
responsible for the un-mapped commits are, and whether we can find a pattern there.
In addition, we check whether the commits that were not mapped to patches on
the mailing list were integrated from other sources (e.g., other repositories or other
communication channels), as this shows that the integration process is either not well-
defined or not followed by some developers. This can lead to confusion about the set
integration process and can also lead to un-reviewed code entering the project.

We deduce that there are indeed procedural problems in the integration process of
a project if there are a lot of patches that get pushed directly to the project’s VCS
without review. This shows that some developers do not follow the defined integration
process and can lead to bugs and security issues if un-reviewed patches are integrated
into the source code of the project without proper quality control (Michlmayr et al.
2005; Haider et al. 2023).
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4.7 Semi-Structured Interviews of Core Contributors
Subsequent to the qualitative analysis of the projects, we attempt to contact a few
maintainers and core contributors of each of our 16 subject projects (i.e., not only
the process-deviant projects, but also all other projects) to gain insights into their
integration processes. For this purpose, we first manually identify these developers in the
projects by examining project-reported data for maintainers and the top contributors
in the commit data of the projects. Of these developers, we manually select the ones
that are currently still contributing and have been with the project for a longer time
(i.e., multiple years) to ensure that they have lots of experience in the project. While
this manual selection process is subjective, we put in a lot of effort to ensure that we
select the most suitable and experienced developers in the projects. We then reach
out to these developers (between one and three per project) via e-mail to ask them
questions about the integration process of their project. We formulate different e-mails
for the projects that we have identified as process-deviant (based on the results of our
analyses for RQ1 and RQ2) and the projects that we consider process-conform. For the
projects that we consider to be process-conform, we ask the interviewees about their
integration process and whether they actively enforce their integration process. For
the projects that we have identified as process-deviant, we ask the interviewees about
the integration process, in general, and whether they have observed any procedural
problems in the integration process. The concrete wording of our e-mails can be found
on our supplementary website12. Depending on the responses that we receive from the
developers via e-mail, we also follow up with additional questions via e-mail to gain a
deeper understanding of the integration process of the projects if something is unclear
from the initial response. We analyze the responses of the developers manually and
have discussed them extensively in our team.

By conducting these interviews, we aim at gaining insights into the integration
process of the individual projects and into the reasons for the observed discrepancies
in the projects that we identify as process-deviant.

5 Descriptive Statistics
Using the data extraction and processing procedure described in Section 4.2, we
extracted and processed data for the 16 projects introduced in Section 4.1. In this
section, we discuss our project selection and present descriptive statistics about these
projects to contextualize the results of our analyses in Section 6. In large, our project
selection was guided by four main criteria: (1) the projects are from different domains,
(2) the projects differ in size and age, (3) the projects use mailing lists for their patch-
review process to follow the RTC model (see Section 2.1), and (4) the projects have
a large enough number of patches and patch-revision sets to be able to perform a
quantitative analysis. However, as data extraction and processing is computationally
expensive, analyzing very large projects that fulfill our four main criteria, such as the
Linux kernel, would not be feasible as such an analysis could take multiple months
to complete. With these criteria in mind, we selected the 16 projects listed in Table 2.
The mentioned difference in size and age between the projects can be seen in Table 2.

12https://se-sic.github.io/paper-patch-survival-analysis/
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The larger projects, such as LLVM, have hundreds of thousands commits, e-mails, and
patches, while the smaller projects, such as FLAC, only have a couple of thousands
or hundreds. All of our projects use either C or C++ as their main programming
language, except for Buildroot, which consists of mainly shell scripts and Python
code while using only little C or C++.

Table 2: Numbers of the extracted commits, e-mails, authors (mail senders and commit authors), patches,
patch-revision sets, and analyzed time period for each subject project.

Project # commits # e-mails # authors # patches # patch-revision sets time period
Buildroot 51 957 281 700 3 218 77 131 56 892 2006–2020
BusyBox 16 533 46 163 3 104 4 425 3 762 2002–2020
Coreutils 2 889 40 921 4 368 6 859 2 889 2010–2020
DPDK 25 177 190 555 2 146 79 803 25 117 2013–2020
FFmpeg 86 588 281 381 6 470 66 142 47 034 2003–2020
FLAC 3 904 6 739 806 614 512 2000–2020
GCC 134 613 609 338 10 058 155 507 132 413 1996–2020
Git 44 081 396 570 11 263 111 715 67 624 2005–2020
Jailhouse 2 717 14 388 354 5 047 3 328 2013–2020
LLVM 183 127 840 956 8 546 416 143 315 821 2002–2020
OpenEmbedded-Core 35 934 142 287 1 640 62 145 35 934 2011–2020
OpenVpn 2 744 20 964 1 163 3 993 2 744 2005–2020
Postgres 36 553 396 393 5 317 28 854 18 343 2002–2020
QEMU 71 588 740 534 9 216 299 483 104 840 2003–2020
U-Boot 60 662 412 668 8 634 143 261 73 509 2000–2020
Wine 156 847 317 498 4 682 241 811 123 168 2001–2020

Intuitively, one would expect that the number of e-mails is somewhat related to
the number of commits, as a higher commit frequency may lead to more discussions.
However, this is not the case, as we can see from the number of commits and e-mails
in projects Coreutils and FLAC, for example. This could be explained through
the communication culture of the projects. Some projects may have a culture of only
reviewing patches on the mailing lists, while others could also be communicating about
other topics on the mailing lists, such as general discussions about the project or
announcements (Guzzi et al. 2013). There is also the obvious relation between the
number of patches and the number of commits. The number of patches in Table 2
is the total number of patches that could be detected on the mailing list(s) of the
projects. This ranges from only 614 patches in FLAC to 416 143 patches in LLVM.
Patch-revision sets are a subset of this as it counts all revisions of a patch as just one
submission, which is the unit of analysis in our study. Looking at the difference in
the numbers of patches and patch-revision sets also indicates how the patch-review is
handled in the projects. A large difference, such as in OpenEmbedded-Core, shows
that patches get revised often, while a smaller difference, such as in Buildroot,
indicates that there are less revisions of patches. In projects that follow a rigorous
patch-review process, we would expect the number of patch-revision sets to be larger
than the number of commits as this indicates that the commits are created from the
sent patches instead of not being reviewed.

Another important metric is the percentage of patch-revision sets of a project that
are either answered, accepted, both, or neither. We show this in Figure 3. We can see
that most projects have a majority of the patch-revision sets accepted and answered,
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which means that the different revisions of a patch made it successfully through the
integration process while also being commented by other developers. The percentage of
patch-revision sets that are neither accepted nor answered is relatively small (between
1% and 10%) in most of the projects. This is a good sign for a working patch-review
process because not many patches get left behind.

Figure 3 holds further information on the integration process of an OSS project. For
example, for Wine, 85% of the patch-revision sets are accepted without being answered.
This indicates a patch-review process that does not have a lot of communication about
patches. It may be that the developers with direct commit rights in the repository,
which are usually the developers that do most of the work, commit their changes
without review or with review that is not placed on the mailing list. The results for
OpenEmbedded-Core (which we call OE-Core in our figures, for brevity) show a
similar, yet not so extreme picture as Wine. Another interesting result is the result of
LLVM, which indicates that, while a lot of patches receive answers, not a lot of them
are accepted. This suggests that the community of LLVM rejects a lot of submissions.
We also investigate such peculiarities in the qualitative analysis of RQ3 in Section 6.3.
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Fig. 3: Percentage of patch-revision sets that were accepted, received an answer, were accepted and received
an answer, or enjoyed neither.

6 Results
In this section we present the results regarding our three research questions. We start
with the results of our quantitative analyses for RQ1 and RQ2, and then continue with
the results of our qualitative analysis and interviews for RQ3.
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6.1 Probability of Getting Feedback (RQ1)
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Fig. 4: Hazard ratios (HR) of a developer getting feedback on their patch submission. A hazard ratio above 1
means that a developer with a higher coreness value has a higher chance of getting feedback than a developer
with a lower coreness value at any given time. The differently hatched areas are only for better visibility of
which hazard ratios are above or below 1.

In our first research question, we ask whether the coreness of developers has an
influence on the probability of getting feedback on their patch submissions. The
results of our Cox proportional hazard analysis are shown in Figure 4. Overall, the
results suggest a mixed picture. There are some projects, namely QEMU, U-Boot,
DPDK, Git, Postgres, OpenEmbedded-Core, and Wine, where the results of
most configurations support that developers with a higher coreness indeed have a
higher chance of getting feedback. In QEMU, for example, the results using 5 out of
6 configurations support that developers with higher coreness values have a higher
probability of getting feedback (hazard ratio > 1; counting only significant hazard
ratios). The projects, FFmpeg, Jailhouse, LLVM, and Coreutils indicate the
opposite (i.e., developers with lower coreness have a higher chance of getting feedback).
Similarly to QEMU, Coreutils shows that 5 out of 6 configurations support the
opposite of our expectations (hazard ratio < 1; counting only significant hazard ratios).
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Finally, there are also some projects that are overall inconsistent and do not show
significant differences between developers with higher coreness values and developers
with lower ones. These projects are Buildroot, BusyBox, FLAC, GCC, and
OpenVPN. In OpenVPN, for example, there is no statistically significant result
supporting either our expectation nor the opposite. We discuss the differences between
the configurations in more detail in Section 7.3.

Our results show that, while there are projects where the feedback aspect of the
integration process shows the expected properties (namely that developers with higher
coreness have a higher chance of getting feedback than developers with lower coreness),
there are many projects that do not (which is also a plausible result as we have
indicated in Section 4.5).

We answer RQ1 as follows: While developers with higher coreness values have a higher
chance of getting feedback on their patch submissions in some projects, there are also
projects where this is not the case. In 9 out of the 16 projects, our assumption is not
met. This is the majority of projects and therefore we cannot say that our assumption
is generally true. However, we also cannot say that our assumption is generally false,
as there are still 7 projects that show results in line with our expectations. Of the
9 projects that do not follow our expectations, 4 show that developers with lower
coreness values have a higher chance of getting feedback, while the other 5 projects
show inconsistent results. Therefore, due to the lack of a clear picture, we cannot
draw a general conclusion on the influence of developer coreness on the feedback
probability and deem the results to be overall inconclusive.

6.2 Probability of Getting a Patch Accepted (RQ2)
Our second research question is concerned with whether developers with higher
coreness values have a higher chance of getting a patch accepted than developers with
lower coreness values. We show the results of our corresponding Cox proportional
hazard analysis in Figure 5. Our results draw a mostly consistent and statistically
significant picture that developers with higher coreness value (and, thus, probably
higher experience in the project) are indeed more likely to get their patches accepted.

However, there are some exceptions. In the projects Buildroot, BusyBox, LLVM,
and OpenVPN, we see largely inconsistent results, such as statistically insignificant
results and results that jump from a hazard ratio above 1 to a hazard ratio below 1 in
the different configurations although BusyBox and OpenVPN still show that half
of their results are statistically significant above 1. These are three projects that also
show inconsistent results for the analysis of RQ1, as described in the previous section.
There is a strong indication that these findings are linked to each other. One possible
reason could be that maintainers (usually developers with high coreness values) do
not post their patches onto the mailing list but rather push them directly into the
project’s VCS. This would then lead to us not being able to find these submissions
with our analyses and, thus, not being able to draw consistent conclusions. We explore
the actual reasons for these inconsistent results of these three projects during our
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Fig. 5: Hazard ratios (HR) of a patch being accepted under the influence of developer coreness. A hazard
ratio above 1 means that a patch by a developer with a higher coreness value has a higher chance of getting
accepted at any given time. The differently hatched areas are only for better visibility of which hazard ratios
are above or below 1.

qualitative analysis for RQ3 in the following section. Furthermore, we discuss the
differences between the configurations in more detail in Section 7.3.

Looking at the influence of the number of reviewers on the acceptance probability
in Figure 6, we see a mostly consistent picture (for all projects except for FLAC)
that the fewer reviewers review a patch, the higher the chance of the patch being
accepted (hazard ratio < 1; counting only significant hazard ratios). When comparing
the influence of the developer coreness on the acceptance probability with the influence
of the number of reviewers and without the number of reviewers 13 as a covariate, we
see that the results are largely consistent. Therefore, we answer RQ2 as follows:

While there are some inconsistencies in the results of our analysis of RQ2, we find
that developers with higher coreness values generally have a higher chance of getting
their patches accepted in most projects.

13We do not present these results as they are mostly the same as the results we present.
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Fig. 6: Hazard ratios (HR) of a patch being accepted under the influence of the number of patch reviewers.
A hazard ratio above 1 means that a patch reviewed by more reviewers has a higher chance of getting
accepted at any given time. The differently hatched areas are only for better visibility of which hazard ratios
are above or below 1.

6.3 Qualitative Analysis of Process-Deviant Projects (RQ3) and
Expert Interviews

So far, we have found that there are some projects that do not show a clear picture with
respect to the analysis of the influence of developer coreness on the integration process
(i.e., the results regarding RQ1 and RQ2 do not show that developers with higher
coreness have a significantly higher feedback and acceptance probability). In addition,
when looking at the commit coverage that we obtained for our subject projects (see
Table 3), we can see that some projects have a very low commit coverage, meaning that
a lot of commits in the VCS cannot be mapped to patches on the mailing list. While
one could argue that it would be reasonable to exclude the projects with extremely
low commit coverage from our analysis, we consider these projects still important
to analyze for different reasons. For one, all these projects explicitly state that their
patch-review process is based on the mailing list. The low commit coverage, however,
indicates that this is not the case in practice. Therefore, these projects are interesting
to analyze as they show a discrepancy between the stated patch-review process and the
actual patch-review process. Including such projects is important to show the difference
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between process-conform and process-deviant projects and to understand why such
deviations happen. Secondly, the conclusions of our analysis of RQ1 and RQ2 for these
projects are still valid for the portion of patches that were sent to the mailing list.

We take both the findings of RQ1 and RQ2 into consideration to identify process-
deviant projects (i.e., projects whose commit coverage is less than 66.7% or whose
results do not reflect our expectations for RQ2; solely not reflecting our expectations
for RQ1 is not sufficient to be considered to be a process-deviant project, as defined and
explained in Section 4.6). Overall, we identify seven projects that fulfill the criteria to be
identified as process-deviant, which are indicated in bold in Table 3. To further validate
our chosen threshold of 2/3 for the commit coverage, as mentioned in Section 4.6, we
also calculated the average commit coverage across all 16 projects, which is 57.28%.
This means that the average commit coverage is even lower than our chosen threshold,
which supports our choice of the threshold. Moreover, when comparing the commit
coverage of the lowest identified process-conform project (Coreutils with 68.8%)
and the highest identified process-deviant project (GCC with 30.2%), we can see a
clear distance between these two projects with the upper end being right around our
chosen threshold. Note that, while Buildroot has a commit coverage of 78.9%, we
still identify it as process-deviant because the results of RQ1 and RQ2 do not reflect
our expectations.

In what follows, we present the results of our qualitative analysis of the process-
deviant projects including the answers we received from the expert interviews of these
projects. Afterwards, we also present the results of the expert interviews for the projects
that we identify as process-conform. In summary, we received answers from experts of
9 projects out of our 16 subject projects.

Projects that we identify as process-deviant:

Buildroot: For Buildroot, we see in Table 3 that, while the commit coverage is
high, the results of RQ1 and RQ2 show that developers with higher coreness values
neither have a higher probability for getting feedback (see also the inconsistent and
partly insignificant results in Figure 4), nor a higher probability of patch acceptance
(see also the hazard ratios below 1 in Figure 5). One of the maintainers of Buildroot
stated that the project has a very strict patch-review process. Anybody that does
not have direct commit access to the repository has to submit their patches to the
mailing list and the people that do have this access still submit their patches to the
mailing list for review. Furthermore, in the early days of the project, there were no such
strict guidelines in the project which led to inconsistencies across the code base and,
therefore, they adopted the strict integration process. Hence, the inconsistencies in
early days of the project and the later adoption of the strict integration process could
be reasons for the inconsistent results in RQ1 and for the unexpected results in RQ2.

BusyBox: We can see in Table 3 that only 5.5% of the commits in the project’s
VCS could be mapped to patches on the mailing list. We analyzed a sample of the
commits that could not be mapped by PaStA and manually checked these patches for
commonalities. The commits in question have largely been integrated by one maintainer

29



(whom we will not be naming for privacy reasons). At closer inspection of the patches
on the mailing list, we find that there are patches with similar properties. What
happens here is that a maintainer takes a patch from the mailing list, rewrites it, and
then commits it straight to the VCS. This rewriting hinders PaStA to map the commit
to the original patch. Furthermore, in many cases, the maintainer does not use the
mailing list but pushes patches directly to the VCS. When contacting the maintainer
of the project about this unusual practice, we unfortunately did not receive a response.

FFmpeg: For FFmpeg, we are able to map only 28.1% of the commits in the
repository to patches on the mailing list. When looking closely at these commits, we
find that the developers responsible for most of these commits are or were at some
point listed in the MAINTAINERS file of the project. This means that these developers
have direct push access in the VCS. In particular, 62% of the commits that (even with
manual inspection) cannot be traced to patches on the mailing list have been authored
and committed by the top-10 contributors with the highest number of commits in the
project (all listed in MAINTAINERS). That is, the maintainers largely use their direct
push access and do not post their patches to the mailing list. A personal communication
with a former maintainer of FFmpeg prior to the interviews revealed that maintainers
did not post their contributions to the mailing list on a regular basis. In our interview
with current maintainers, they told us that this was indeed the case in the past.
However, they also mentioned that they have changed this practice and now post most
of their patches to the mailing list for review. Triggered by this, we re-evaluated the

Table 3: Overview of the commit coverage (i.e., percentage of commits that can be
mapped to patches on the mailing list), whether our expectations for RQ1 and RQ2
are fulfilled, and whether we have identified a project as process-deviant or process-
conforming. We identify the bold projects as process-deviant. × denotes that our
expectations regarding one of the research questions are not fulfilled; X denotes the
opposite.

Project
Commit Expected Expected
Coverage Result for RQ1 Result for RQ2

(feedback) (patch acceptance)

Buildroot 78.9% × ×
BusyBox 5.5% × X
Coreutils 68.8% × X
DPDK 90.8% X X
FFmpeg 28.1% × X
FLAC 8.3% × X
GCC 30.2% × X
Git 81.1% X X
Jailhouse 89.1% × X
LLVM 8.1% × ×
OpenEmbedded-Core 91.9% X X
OpenVPN 69.3% × X
Postgres 16.2% X X
QEMU 89.1% X X
U-Boot 92.1% X X
Wine 69.1% X X
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commit coverage for just the last two years in our data and found that the commit
coverage indeed improved to 77.3% for the years 2019 and 2020. This shows that the
project is actively working on improving the transparency of the integration process.

FLAC: Similarly to BusyBox, the project FLAC is also mainly developed by very
few but very active developers. As we can see in Table 3, we can only map 8.3% of the
commits to patches on the mailing list. When inspecting these commits more closely,
we found that they are mostly related to these few maintainers. These maintainers
do not use the mailing list for their patch submissions. Since FLAC is a rather small
project, it is reasonable to assume that these few maintainers might communicate
through other channels than the official mailing list. The current maintainer of FLAC
confirmed that the project has a small number of active developers (only one really
active maintainer for long stretches of time). These few developers do not post their
patches before integrating them, because there is no real community that could review
the changes. Nevertheless, this makes the integration process intransparent and, in the
worst case, this can lead to a lack of proper quality control.

GCC: This project has a commit coverage of 30.2%. When looking closely at why this
is the case, we found that this is mainly due to technical difficulties. Specifically, we find
that a lot of the unmapped commits are either from the previous SVN repository (an
older VCS where the commit history is not easily transferred to Git) or came into the
project via some sub-projects (included in the project as libraries) that we do not track.
In particular, on occasion, the project copies snapshots from external dependencies
into their repository via a single commit that is comprised of many individual changes
to the external dependencies that have appeared as individual e-mails on the mailing
list, which makes mapping the resulting large commit to individual patches on the
mailing list infeasible.

Independent of these technical difficulties, it appears that there is no concrete
guideline in GCC on how patches have to be integrated through one central mailing
list. When contacting some core contributors of the project, we engaged in a discussion
about the integration process of the project with them. It seems that we are not able
to map a lot of the commits to patches on the mailing list because the project does
not enforce formatting (e.g., format-patch in Git) for the patch submissions. This
means that developers can submit their patches in any way they like, which makes it
hard to track these patches. Furthermore, they told us that it is difficult to enforce
new rules because some long-standing contributors are used to their process. This does
not necessarily mean that the project has a bad integration process, but it is hard to
track the process with our methods and could therefore be potentially intransparent
for new contributors.

LLVM: For LLVM, there are similar problems as for GCC leading to a commit
coverage of 8.1%. Also, the results of RQ2 are inconsistent and do not reflect our
expectations. When looking at the commits that could not be mapped to patches on
the mailing list, we found that a lot of them are related to the LLVM sub-projects (e.g.,
Clang, LLDB, etc.) that are included in the main LLVM repository. The community
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of this project changed the contribution system several times (e.g., from a mailing list
to Phabricator14), which limits our ability to map the commits that did not get
reviewed on the mailing list. Moreover, there are some security-related discussions in
this project that are not publicly available and thus cannot be mapped to commits
in the project. These inconsistencies in the integration process could also explain the
inconsistent results for RQ2. When contacting core contributors of the project, we did
not receive a response.

Postgres: Postgres is considered process-deviant because of the low commit
coverage of 16.2%. During our manual, qualitative analysis of the project’s integration
process, we found that a substantial number of the unmapped commits are actually
linked to conversations on their mailing lists (e.g., via their CommitFest App, which
is a tool to track the progress of developers’ patch submissions15). Consequently, we
investigated why PaStA was not able to detect some of these patches on the mailing list
and found several process-related or technical reasons for that: (1) In some cases, the
patches on the mailing list were too different from the commits in which they eventually
resulted, which could indicate that the developers make significant rewrites of some
patches that are not posted to the mailing list again. (2) In other cases, we figured out
that the developers modified the traditional patch-review process (e.g., the patch is
reviewed and discussed on the mailing list after the patch has already been integrated
into the VCS) or did not adhere to it at all (e.g., a patch is integrated without any
review). (3) We found a substantial number of e-mails that contain multiple patches as
separate attachments. PaStA is not able to handle separate patches that are contained
in a single e-mail, as this would violate the uniqueness constraint of identifying a
patch by the corresponding message id. In such cases, PaStA considers only the first
attachment that contains a patch and ignores the remaining attachments. (4) Finally,
we also identified other technical difficulties in e-mail formats that let standard e-mail-
processing tools fail on processing the e-mail content (e.g., special forms of delimiters
for GPG signatures). In summary, there are process-related reasons (i.e., deviations
from the usual patch-review process) as well as technical difficulties (i.e., limitations of
our patch-detection methodology) that both contributed to the low commit coverage in
our analysis, which is why we identify Postgres as a process-deviant project. When
contacting core contributors of the project, we did not receive a response.

Projects that we consider to be process-conforming:

OpenVPN: While OpenVPN is not considered a process-deviant project because
only the results of RQ1 regarding received feedback do not fulfill our expectations,
and we have already provided plausible reasons for such a result in Section 4.5, we
nonetheless want to highlight this project since the results of RQ1 are still somewhat
unique in that they show no statistical significance, at all. The maintainers of the
project told us that OpenVPN is an old project that has gone through many major
changes to its development process. Examples include changing the VCS and a changing

14https://www.phacility.com/phabricator/
15https://wiki.postgresql.org/wiki/CommitFest_App/
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developer base. Furthermore, they explained that the project had to evolve towards its
current integration process over time going from a ’one-man show’ to a team effort. We
again looked at the last two years our data for OpenVPN (i.e., 2019–2020) and found
that, in these last two years, 99% of the commits can be mapped to patches on the
mailing list. This shows that the project has made significant progress in improving
the transparency of the integration process.

Wine: While Wine is also not considered a process-deviant project regarding our
definition in Section 4.6, we still investigated the particularly high hazard-ratio values
for the analysis of RQ1 (for which we observe hazard ratios of over 100 for Wine
as opposed to hazard ratios below 10 for all the other projects). This is neither an
inconsistency nor an insignificant result, but an interesting finding. The reason is that
there is one developer (who we will not name for privacy reasons) who was extremely
active on the mailing list. This developer was involved with almost all patch reviews
and discussions on the mailing list and also received feedback by the community on
their submissions almost every time. Thus, the hazard ratio takes on huge values.
Excluding this developer from the analysis, the results for Wine are still consistent
and in line with our expectations, but in a much lower range of the hazard-ratio values.
In addition, as this developer left the project sometime in 2019, we updated the data
for Wine to also include the year 2021 to have enough data afterwards to be able
to investigate how the leaving of this developer has impacted the project’s feedback
process. We repeated our analysis for the feedback probability (RQ1) once with all
data from the years 2017 to 2018 and once with the data from 2020 to 2021 and
show the corresponding results in Figure 7. We can see that, if we look at the two
years after this developer had already left the project, the hazard ratios take on much
smaller values than before. This shows that the abandonment of a central developer in
a project can have an important impact on the feedback process in the project. When
contacting core contributors of the project, we did not receive a response.

DPDK: The maintainers of DPDK told us that the project has a very strict integra-
tion process meaning that all patches must be posted to the mailing list for review,
which is in line with our results. They emphasize that this increases the number of
reviews a patch gets and thus the quality of the code base.

Jailhouse: As one of the authors of this article is a core contributor to Jailhouse,
we are able to obtain expert insight into this project without contacting the maintainers
of the project. He details that the project has a strict integration process where most
patches have to be posted to the mailing list for review, which is in line with our results.

OpenEmbedded-Core: The maintainers told us that they enforce a strict integration
process in this project, which is in line with our results. They further elaborate that
this is necessary because the scale of the project is too large to be managed without
a strict integration process. They state that this helps their project to maintain a
high-quality code base and that the community is happy with the process.

33



Wine before 2019 Wine after 2019

Feedback

H
ierarchy

Eigenvector

Mail

Coch
an

ge
Both Mail

Coch
an

ge
Both

0
10
20
30

0
10
20
30

H
az

ar
d

R
at

io
(H

R
)

HR > 1 HR < 1 Significant

Fig. 7: Hazard ratios (HR) of a developer getting feedback on their patch submission for the project Wine in
the two years before 2019 and after 2019. The hazard ratios of Wine after 2019 take on much more moderate
values, since the very active developer that caused the high values was not involved in the project anymore.
The differently hatched areas are only for better visibility of which hazard ratios are above or below 1.

U-Boot: We received detailed answers to our questions from the contacted maintain-
ers of U-Boot. They told us that they indeed have a strict integration process except
for some security-critical patches that get discussed in a smaller circle of developers.
But even these discussions are later posted to the mailing list. Further, they named
three key reasons they think a strict integration process is important. These reasons
are (1) that the feedback received from the community is valuable for improving code
quality, (2) that the development process is archived through the discussions on the
mailing-list, and (3) that the developers are familiar with the current process which
can help the flow of development.

Coreutils, Git, and QEMU: For these remaining three projects, we did not receive
any responses to our inquiries.

Overall, we answer RQ3 as follows: Unexpected results in our analyses of RQ1 and
RQ2 often coincide with procedural problems in the integration process. Thus, we
conclude that an unexpected result in a quantitative analysis of the integration
process can be an indicator of procedural problems. Our expert interviews indicate
that the developers are often aware of these problems and are actively working on
improving these inconsistencies in the integration process if given the chance.

7 Discussion
In this section, we discuss our results and their implications.
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7.1 Probability of Getting Feedback on Submissions (RQ1)
Our first research question addresses whether a developer’s coreness has an influence
on their probability of getting feedback on their submissions. In line with the results
of Bosu and Carver (2014), we find that a higher ranking in the coreness scale does
seem to have an influence on the probability of getting feedback. Although there are
mixed results shown in Figure 4, we find that in the projects in which the process
of submitting a patch via the mailing list is followed (e.g., QEMU and U-Boot),
developers with a higher coreness value do have a higher probability of getting feedback
on their code submissions.

As described in Section 4.5, this does not necessarily indicate procedural problems
as project communities might be more inclined to generate quicker feedback on code
submissions by less experienced, newer developers to try and retain them for their
projects. Overall, when looking only at the projects that we consider as process-conform
in our analysis of RQ3, we see that developers with higher coreness values do seem to
have a higher chance of getting feedback than developers with lower coreness scores.
This means that this observation only holds for projects that strictly adhere to a
systematic integration process.

7.2 Probability of Patch Acceptance (RQ2)
Our second research question is concerned with whether developers with a higher core-
ness value have a higher probability of getting their patches accepted than developers
with a lower coreness value. Again, similar to Bosu and Carver (2014), we find that
this seems to be the case. As is visible in Figure 5, most projects show significant
hazard ratios above 1 across all configurations of network type and coreness metric.

There are, however, some projects that show inconclusive results. We again hypoth-
esize that this can be attributed to the inconsistencies in process conformance. One
such project is BusyBox. There, we can see that the results are not consistent but
show a mix of statistically significant and insignificant results. In contrast, projects
with proper process conformance, such as U-Boot and Wine, show consistent results,
that is, all results are statistically significant and consistently yield a hazard ratio
larger than 1.

When looking at the hazard ratios of the influence of the number reviewers on
the probability of patch acceptance in Figure 6, we find that, in most projects, fewer
reviewers lead to a higher probability of patch acceptance (although only slightly).

7.3 Cross-Configuration Insights
As we have described in Section 4.3, we use six different configurations for our analyses
of feedback (RQ1) and acceptance (RQ2) to ensure the robustness of our results. In
this section, we discuss the insights we can gain from looking at the results across
these different configurations. For the majority of the projects and for both research
questions, we find that the results of the combined network are very similar to the
results of the mail network. This is visible in the results for feedback in Figure 4 as well
as the results for acceptance in Figure 5, where the results of the combined network
and the mail network are almost identical for most projects. To be precise, in 13 out
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of 16 projects in the results for feedback and in 14 out of 16 projects in the results
for acceptance, the results of the combined network are aligned with the results of
the mail network. Overall, this makes sense as the mail network is on average more
dense and larger than the cochange network, which means that the mail network has
a stronger influence on the combined network than the cochange network. Therefore,
with all developers included in the combined network, a majority of the edges in this
network are still edges from the mail network.

The mail and combined network also show a slightly more consistent picture across
the analyses of feedback and acceptance than the cochange network. Especially for
feedback this makes sense as the mail network captures the activities that are being
analyzed in this research question, that is, the feedback on patches that is given on
the mailing list. For the analysis of acceptance, this difference, while still present, is
smaller than for the analysis of feedback. However, since the overall picture of the
results of acceptance is more consistent than for feedback, the differences between the
different network types are less pronounced as for the analysis of feedback.

The difference between the two coreness metrics is not as strong as the difference
between the network types. This serves as an additional robustness check for our
results as the results are not dependent on the coreness metric used (Bock et al. 2023).
The most notable difference between the two coreness metrics is that the hazard
ratios of the configurations involving hierarchy centrality are usually higher than the
hazard ratios of configurations that use eigenvector centrality. This can be explained
by the very nature of the metric. For hierarchy centrality, there are usually fewer
developers with higher coreness values (i.e., few developers with very high coreness
and many developers with relatively low coreness), and if these developers have a
higher probability of getting feedback or getting their patches accepted, this will lead
to higher hazard ratios than for eigenvector centrality, which usually has a more even
distribution of coreness values across the developers.

In summary, the results across the different configurations, while not identical, are
mostly consistent and the inconsistencies stem mostly from the different aspects of the
socio-technical nature of the OSS projects that are captured by the different network
types and coreness metrics. This also shows that there is not one single best way to
capture the organizational hierarchy of OSS projects and that it is important to look
at different aspects to get a more complete picture of the processes in these projects.

7.4 Qualitative Analysis (RQ3) and Expert Interviews
With our third research question, we ask whether the unexpected results we find in
our analyses of RQ1 and RQ2 indicate procedural problems in the integration process
of these projects. We found that there are indeed some projects that show procedural
inconsistencies. These are mostly related to developers with direct push access to
the project’s VCS, not using the mailing list for patch reviews. Since the integration
process is the quality control of OSS projects, this can lead to severe problems as the
quality of the source code can not be guaranteed anymore. Our expert interviews with
a subset of the process-deviant projects reveal that the developers are aware of such
problems and some are actively working on improving these inconsistencies. In other
cases, the modalities of the project simply do not allow for such a strict integration
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process because the community is too small or the project is too specialized. Although
developers that have direct push access to a project usually have substantial experience
with the project and should be able to produce quite high-quality code, there can
always be oversights or errors when coding and these might not be detected in time
without a proper review. This can then lead to bugs and even security concerns as
indicated in the literature (Cairo et al. 2018).

In our qualitative analysis, we also found that each project has its own peculiarities
with respect to its developer community and its integration process. For example, some
projects use modified patch-review processes and patch-submission guidelines (e.g.,
Postgres), while other projects have changed their processes during the project’s
evolution (e.g., Buildroot or OpenVPN). Thus, investigating whether a project
adheres to its contribution and integration processes is difficult to judge, given the
evolution of projects and their communities, and also taking technical difficulties into
account. Consequently, when identifying process-conformance, there will always be
projects that are on the border between being considered to be an process-deviant
or process-conformant, no matter which characteristics and thresholds are used to
determine this. For instance, OpenVPN and Buildroot show similar characteristics
(both acknowledge that they have improved their processes over time) and a similar
commit coverage. However, as Buildroot is one of only two projects (the other
one being LLVM) that does not follow our expectations regarding patch acceptance,
we consider it to be an process-deviant. On the other hand, OpenVPN is the only
project that does not show any significant results for RQ1, meaning that a developer’s
coreness does not have a significant influence on the probability to receive feedback.
But we consider it to be a process-conformant project, as there are plausible reasons
why receiving feedback might be independent of a developer’s coreness. This shows
the flexibility of our multi-method methodology and allows for individual project
peculiarities and for cases in which no significant differences can be observed, which is a
major advantage of our method. That is, a general, quantitative mechanism to identify
process-conformance is not useful without qualitatively investigating the corner cases.
Unexpected results in quantitative analyses can, however, be an indicator for potential
procedural problems as we have seen in some cases in our qualitative analysis (e.g.,
FFmpeg or BusyBox). Also, the qualitative analysis we did on the projects that
inhibit unexpected results in our quantitative analyses gave us important insights for
understanding the socio-technical collaboration processes in OSS projects.

All in all, we received answers from 9 of our 16 subject projects when asking
about their integration process. This indicates that there is a general interest in the
integration process of OSS projects. Most developers told us that they think a rigorous
integration process is important and necessary to ensure the quality of the source code
and stay transparent with the development community. As one developer put it when
asked whether they think it is important to enforce a strict integration process:

“[...] If I take a look at it from the other side, i.e. pose a question—why not apply
my own patches and send it to upstream without posting them to the lists—that is
a question I have hard time answering. To me, this is a similar question to—why
do you not litter in public—or—why do you not throw random pieces of trash on
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the ground outside—I don’t know the exact answer to that, simply because it is
not good behavior, and if people did that, the environment around us would look
horrible. [...]”

Responses such as this one show that the communities of OSS projects are aware of
the importance of the quality control in their projects.

7.5 Implications of our Findings
Our findings address a key element of OSS development: the patch-integration process.
This is the quality control mechanism of OSS projects and ensures that the standards
of a project are maintained. Without a systematic integration process, security flaws
and other problems could not be prevented effectively.

Another key ingredient of OSS development are the developers. We found that
developers with a higher coreness value do indeed have a higher probability of finishing
the integration process successfully and, in many cases, also of receiving feedback from
the community. As there is evidence in literature that successful interactions among
developers reduce the chance of developer turnover (Bosu and Carver 2014; Jiang et al.
2013), this is an important finding. This finding shows that the community implicitly is
more concerned with keeping active and well-connected developers in the project. This
can have many reasons: Patch submissions by experienced developers are of higher
quality than submissions from less experienced developers, and thus these developers
could have a higher chance of getting these patches accepted. Furthermore, more
experienced developers should already have working relationships with the maintainers
of OSS projects, meaning that they know exactly whom to contact when looking for
a review. This leads to these developers’ submissions having a higher probability of
getting feedback faster from the community than less experienced ones.

Nevertheless, our data show that less experienced developers have a harder time
with the integration process. This can be demotivating and, as a result, negatively
influence the influx of new developers to the community, limiting the pool of potential
contributors. This should be analyzed by the respective communities to have the ability
to steer their integration process in a different direction.

In some projects, we found inconsistencies with the conformance of the integration
process. If a group of developers (especially the core group) do not follow the project’s
contribution guidelines, this can be demotivating for the whole community. The
former maintainer of FFmpeg that we contacted about the inconsistencies in their
integration process (see Section 6.3) told us that the lack of coherence to the rules of
the integration process was a main reason that the developer ultimately left the project.
This confirms that non-coherence with the integration process can have a large impact
on the developer base and should be reviewed by the communities. Nevertheless, when
contacting current maintainers of FFmpeg, we find that they are actively working
on these problems. This shows that these problems are important to the developer
communities and that some are actively working on improving their processes. These
findings also show that our methodology could serve as a sort of warning signal for
project communities to identify potential procedural problems in their integration
process and to take action before these problems become a threat to the quality of the
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project and its longevity rather than relying on individual developers to raise concerns,
which can come at a high personal cost as shown by the example of FFmpeg.

Taken together, our findings indicate that the patch-review process is not merely a
technical process but rather a loose social contract between the developers of an OSS
project. If this contract is not upheld by the developers on top of the organizational
hierarchy, this can lead to a lack of trust in the process itself, which is the quality
control of OSS projects. Our methodology offers a practical means of monitoring the
conformance to the patch-review process and can be used by project communities to
identify potential procedural problems in their integration process and to take action
before these problems become a threat for the project and its community.

7.6 Perspectives
The methodology and findings presented in this paper have practical implications that
extend beyond the specific projects and setting we analyze. We discuss two directions
here: the practical applicability of our methodology, and the potential transferability
of our methodology and findings to other types of software projects.

As we described in Section 7.5, our methodology can be used by project communities
to look at the conformance to their patch-review process and to identify potential
procedural problems in their patch-review process. Practically, this means that project
communities could, in principle, apply our methodology periodically to monitor their
process conformance. Deviations from the expected coreness–feedback and coreness–
acceptance relationships could serve as an early warning signal for emerging procedural
problems. In the same vein, companies that contribute to or depend on OSS projects
could use this methodology to assess the transparency and rigor of a project’s patch-
review process before committing resources to it. As our expert interviews suggest,
project communities are generally receptive to such findings and willing to act on them,
which is an encouraging sign for the practical value of tools built on this methodology.

To discuss the transferability of our methodology and findings to other types of
software projects (e.g., commercial closed-source projects, or projects that use issue
trackers instead of mailing lists), we necessarily move beyond the scope of our empirical
data and into reasoned conjecture. In the design of our study, we consciously chose to
analyze OSS projects that use mailing lists for their patch-review process and that
follow the RTC model (see Section 2.1). This is because these projects, while using a
somewhat dated communication channel in a time where many projects have moved
to more modern contribution and communication channels such as GitHub (Zhu
et al. 2016), still represent a large part of the OSS ecosystem (Mannan et al. 2020;
Ramsauer et al. 2019; Käfer et al. 2018) and are especially prevalent in the domain
of system software, which is of high importance for our society. The transferability
of our methodology to projects that use issue trackers for their patch-review process
is, in principle, possible as the underlying process is similar to mailing lists (Zhu
et al. 2016). The mail network would need to be replaced with an issue interaction
network, which could be constructed from the issue-tracker data. In addition it is also
not trivial to map the patches within an issue tracker to commits in the VCS. If a
project, for example, uses a pull request-based process, the pull requests would need
to be mapped to commits in the VCS, which can be technically challenging as there
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is not a one-to-one mapping between pull requests and commits. This could further
be complicated by projects that use squash merging as then the commits that are
integrated from the pull request are not the same as the commits that are in the pull
request itself. Overall the process is largely the same, but the technical implementation
of the data extraction and processing would need to be heavily adapted to the different
data sources. Whether or not the results would be similar is an open question that
shall be addressed in future work, but we suspect that similar patterns could be found.
Although one could argue that it is easier to create a pull request on GitHub than
to format and send a patch to a mailing list (Zhu et al. 2016), developers with push
privileges could still bypass the review. Similarly, social coding platforms could help
with a better overview of currently open discussions as it is easier to track the status of
a pull request than the status of a patch on a mailing list, but this does not necessarily
mean that pull requests would always receive feedback. All in all, we suspect that the
results for issue tracker projects would be largely similar to our results.

The transferability of our methodology and findings to commercial closed-source
projects is more difficult to assess. The main difference for such projects is that there
is usually a more formal organizational structure and hierarchy in place, which could
lead to a more formalized patch-review process. This could lead to a more consistent
conformance to the patch-review process and thus to more consistent results across
projects. However, this does not mean that the process is always strictly followed
and there can be exceptions. Nevertheless, the general idea of our methodology, that
is, using network metrics to monitor process conformance and to identify potential
procedural problems, is still applicable in such a setting.

8 Threats to Validity
As with any data-driven empirical analysis of OSS projects, our study is prone to
threats to validity. In the following, we discuss internal and external threats and how
we address them.

8.1 External Validity
Analyzing 16 OSS projects threatens external validity in that our findings are not
applicable across the entire OSS landscape. To address this threat, we chose a diverse
set of projects that differ in size, age, and domain. We also chose projects that are
well-established and long-lasting in most cases. With this diversity, we hope to mitigate
the threat of our results not being generalizable to other OSS projects, especially since
our analyses are concerned with the patch-review process, which is, in its core, similar
in most OSS projects (Rigby et al. 2014; Asundi and Jayant 2007).

Another threat is that all of our subject projects use mailing lists as their main tool
for patch submissions. Our results could be different if we chose to analyze projects
with another means of collaboration, such as issue trackers. We suspect that this should
not be an issue, as these projects use essentially a similar kind of integration process.
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8.2 Internal Validity
A threat to internal validity arises from our choice to use social and technical developer
networks as a means to infer community structures. This could be problematic, as the
community structures could be different in reality. Albeit, since the usage of social
and technical developer networks is a well-established method in software-engineering
research (Bosu and Carver 2014; Crowston et al. 2006; Joblin et al. 2017a; Bock et al.
2023) where strong evidence of the method’s accuracy exists (Meneely and Williams
2011), we can accept this.

Another threat to internal validity is the data set we use for our analyses. We use
publicly accessible VCS repositories to mine all commit information from. This can be
done via a standardized method and therefore does not pose a risk for our commit data.
The mailing-list data were obtained from well-established project-specific archives that
allow us to mine all the information via an API. A further threat is that there might
be mailing lists we have missed. To mitigate this risk, for all of our subject projects,
we did a rigorous search for all possible mailing lists that are mainly used to send
patches and are publicly accessible. So, we are confident that we only miss outliers
and cover all relevant mailing lists for patch submission (see Table 1).

Furthermore, the patch-detection procedure threatens the validity of our study. As
we describe in A, we have taken considerable effort towards reliably detecting patches
that do not follow standardized formatting. Through our qualitative analysis of the
integration process, we found multiple pitfalls when detecting patches on mailing lists.
However, we already addressed a lot of them in our analyses. Most importantly, we
use PaStA, an established tool (Ramsauer et al. 2019) to map the detected patches to
the respective commits in the projects’ VCS repositories. While this tool has some
limitations, such as not being able to detect more than one patch in the attachments
of an e-mail, its high Fowlkes-Mallows index of 0.988 in mapping patches to commits
(see Ramsauer et al. (2019)) and the extensive effort we put into cleaning the data (see
Appendix A) gives a high enough confidence in the reliability of our patch-detection
procedure. Another threat related to the mailing lists is that feedback on submissions
might be given via other channels than the mailing list. Such feedback is not traceable
for us but we suspect that this happens in very rare cases, where the author of the
patch and the reviewer are already communicating via other channels (e.g., chat apps).
This should not be the case for most submitted patches, given that the mailing lists of
our subject projects are the dedicated and established channel for patch submission
and review.

In a similar vein, the detection of replies to a patch on the mailing list is a potential
threat. As described in Section 4.2, we use a heuristic to identify replies to a patch
on the mailing list. We look for e-mails in the same thread that are sent after the
patch has been sent and that are sent by another developer than the patch submitter.
If there is no such e-mail, we assume that there is no feedback for this patch. To
mitigate this threat, we have performed a sanity check by sampling 10 patch-answer
pairs from each project (160 total) and manually checked whether these are actual
answers, which we detail in Section 4.2 Another potential drawback to our heuristic is
that there might be off-list feedback on patches (e.g., via private communication or
other communication channels). This is not something we would have been able to
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detect. However looking at Figure 3, we can see that a majority (over 75% on average)
of the patch-revision sets receive feedback on the mailing list.

While we choose to focus on the influence of developer coreness, there are other
factors that could influence the probability of receiving feedback on a patch or the
acceptance of a patch. For example, Weißgerber et al. (Weißgerber et al. 2008) find
that the size of a patch influences the probability of patch acceptance in that smaller
patches are more likely to be accepted. To address this threat, we have extracted
the sizes (sum of added and deleted lines) of the analyzed patches of three of our
subject projects (Buildroot, Jailhouse, and Git16) and included the patch size
as a covariate in our Cox proportional hazard models. We find that the patch size
has a negligible influence on the probability of receiving feedback on a patch or the
acceptance of a patch. Moreover, the results of the influence of developer coreness do
not change in both cases. We have also added the number of reviewers of a patch as
a covariate in the analysis of RQ2 (see Section 6.2). While we cannot rule out that
there are other factors that influence the patch-review process, we are confident that
developer coreness is a major factor that influences the process.

Additionally, our choice of the 2/3 threshold for identifying process-deviant projects
is a potential threat to validity. As described in Section 4.6, we chose this threshold
because in a previous study of the Linux kernel (Ramsauer et al. 2020) the authors
found that about 98% of the commits in the VCS could be mapped to patches on
the mailing list. This is exceptionally high and we wanted to allow for a more lenient
threshold to account for the fact that other projects might not enforce the patch-review
process as rigorously as the Linux kernel does. Additionally, we compared the chosen
threshold against the average commit coverage of our subject projects, which is 57.28%
and therefore clearly below our threshold, which gives us further confidence in our
choice. Lastly, we also observe a considerable gap between the project with the lowest
commit coverage above the threshold and the project with the highest commit coverage
below the threshold, which also supports our choice of the threshold (see Section 6.3).
Taken together, we are confident that our choice of the threshold is reasonable and
does not threaten the validity of our results.

Next, our semi-structured expert interviews pose a possible threat to validity for
multiple reasons. One reason is the selection of experts. We cannot entirely be certain
that we chose the appropriate experts for each of our subject projects. We did, however,
research the projects in detail to determine which developers would be most suitable
for our interviews. We consider suitable developers to be those who have been active
in the project for an extended period of time, are still active, and either have high
contribution numbers or even get identified as maintainers by the project communities
themselves. We assume that such developers have enough knowledge of the project
and the processes used in the projects.

Finally, there is the threat of the posed questions. We took great care when
formulating the questions we sent to the chosen experts. In our opinion, these questions
reflect the purpose we designed them for, but some experts might have interpreted our
questions differently, though. Lastly, while we received answers from more than 50%

16We have chosen these three as they follow standardized patch formats on their mailing lists which makes
it possible to extract the patch sizes. These three projects also cover process-deviant projects, process-conform
projects, and projects of different sizes.
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of our subject projects, we cannot be certain that the received answers reflect the
opinions of the remaining projects. But since the answers we received were similar in
their meaning, we suspect that they are representative.

9 Conclusion
The code integration process is one of the most important steps in the OSS development
process as it serves as the quality gate for source code and functionality. Understanding
the factors that influence this process is crucial for improving software quality and
detecting procedural problems in the code integration process. Therefore, in this study,
we investigated whether a developer’s coreness has an influence on their success in
the code integration process of OSS projects. We use developer coreness as a proxy-
measure for a developers’ position in the organizational hierarchy in our subject
projects. Corroborating previous work (Bosu and Carver 2014), we found that, in many
projects, a higher coreness value appears to positively influence the probability for a
developer to receive feedback on their patch submissions, and, in general, to ultimately
get their patches accepted and integrated. We triangulated these findings by using a
comprehensive quantitative analysis followed by an in-depth qualitative analysis of the
results, including expert interviews with developers from the subject projects. A key
insight of our study is that the conjecture that developers with higher coreness have a
higher probability to receive feedback and to have their patches accepted usually only
holds for projects where the community follows a systematic process of sending all new
patches onto the mailing list for review. In projects where (some) developers are less
strict when keeping up with the submission guidelines, our results are less consistent
and pronounced. We even find that in these situations there are possible procedural
problems that can lead to issues with the quality and security of the software through
an in-depth qualitative analysis. This shows that our methodology can be used to find
indications of procedural problems in OSS projects, which is a prerequisite for solving
these problems. By means of semi-structured expert interviews, we confirm that the
project communities are interested in such findings and are actively working on fixing
procedural problems in the integration process.

Possible follow-up research includes the investigation of whether a lack of process
conformance by the top 10% of the developers in the coreness scale does indeed have an
influence on the rest of the community and whether this increases developer turnover.
Also, our study could be extended by determining whether simple analyses of the
development processes in OSS projects can be used as an early-warning mechanism
for possible problems in the project’s development process.

Appendix A Fixing Different Patch Formatting Issues
Unlike for patches submitted to pull-request-based systems such as GitHub, patches
submitted to mailing lists do not necessarily follow a standard format. While identi-
fying and mapping patches using PaStA, we had to deal with various patch-format
inconsistencies, which we identified during our analysis.

To be able to judge the completeness of our patch-identification approach on our
subject projects, and also to judge the conformance to the patch-submission process
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in these projects, we investigate for each project how many of the commits in the VCS
we identify as patches on the mailing lists using PaStA. Therefore, we compute the
commit coverage, which is the ratio of commits in the VCS that can be mapped to
patches on the mailing list. The base version of PaStA did not provide a satisfactory
coverage of patches for some of our subject projects (e.g., only 16% for project GCC),
so we had to improve the patch-detection process in PaStA to be capable of identifying
a higher percentage of patches (and, thus, possible commits) on the mailing lists for
various projects and tens of years.17 This motivated us to further investigate commits
that could not be mapped to a patch, yet, to understand why the commit coverage
of PaStA was surprisingly low, and to improve our mapping approach in order to
increase the commit coverage. Note that a low commit coverage prevents us from
drawing conclusions about feedback and patch acceptance, as most of the patches are
not covered by our data then, indicating that either our data are incomplete or the
developers did not comply with the patch-review process.

By means of qualitative inspections, we found multiple issues regarding patch
formats, which we solved within the patch-detection functionality in PaStA. Many
projects used various, partially non-standardized formats for patch submission: Patches
usually consist of a commit message (textually describing the patch) and a diff
(containing the actual changes in terms of added lines and deleted lines of the changed
files) (MacKenzie et al. 2003; Ramsauer et al. 2019). After our investigations and
improvements, PaStA is able to detect patches that contain both, commit message and
diff, as well as patches that just contain a diff. Patches can be either the content of
an e-mail (which is the normal case if patches are generated via git-send-email18,
for instance) or can be added as an attachment to an e-mail. When searching for
patches in attachments, we consider all file extensions, since we found patches in files
that have an expected file extension (e.g., “.patch”, “.diff”, etc.) but also in files with
arbitrary file extensions (e.g., “.txt”, etc.). However, if there are multiple attachments
in one e-mail, we only consider the first attachment containing a patch and neglect
the remaining attachments, as our processing procedure restricts e-mails (identified by
their message id) to be considered as a single patch. Nevertheless, we do not consider
this as a substantial threat since it occurs only rarely that an e-mail contains multiple
attachments with patches (except for project PostgreSQL, which we discuss in detail
in Section 6.3).

When parsing diffs in PaStA (which is necessary to be able to map commits to
patches on the mailing list), we empirically observed a variation in diff formats that
have been used in patches: On the one hand, diffs in unified mode are common; it is
the standard mode for patches generated via Git19. On the other hand, there have
also been many patches containing diffs in context mode20 (which was considered the
standard format prior to unified diffs (MacKenzie et al. 2003)), especially in projects
PostgreSQL and GCC. As context-mode diffs can automatically be converted into
unified-mode diffs, we extended PaStA to also map patches that use unified-mode diffs

17In Table 3, we provide the final commit coverage for each of the projects after our improvements to the
patch-detection process.

18See https://git-scm.com/docs/git-send-email (accessed at 2022-07-22)
19See https://git-scm.com/docs/git-diff (accessed at 2022-07-22)
20See https://www.geeksforgeeks.org/diff-command-linux-examples/ (accessed at 2022-07-22)
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to commits in the VCS. With this ability, the commit coverage for project GCC, for
example, was increased from 16% to roughly 30%, which we consider a substantial
and important improvement.

In addition to that, in our qualitative inspections, we also identified deviations
from the standard diff format in the first line of a diff: The first line of a diff usually
starts with diff --git, but there are also diffs where this line was missing. Also,
differences in the filename patterns of a diff occurred: Usually, in a diff, the version
of the file before the change is named a/filename and the version of the file after
the change is named b/filename (with filename being a placeholder for the actual
name of the changed file). However, there are also patches using old/filename and
new/filename, instead, or any arbitrary alpha-numeric strings in front of /filename.
To improve our commit coverage, we improved the diff parsers in PaStA to deal with
these and various other diff formats.

In summary, we made huge efforts to manually investigate patch formats in detail
and improved our automatic patch identification functionality accordingly.21 As a
consequence, our extensions to PaStA increased the number of identified patches on
the mailing lists significantly (e.g., for GCC, the base version of PaStA identified about
100 900 patches in e-mails on the mailing lists, whereas our extended version of PaStA
identifies 155 204 patches on the mailing lists for the same investigated time period,
which is an increase by 54% for this project). This improvement also led to a higher
commit coverage for most of the projects, which we report in Table 3 and discuss in
Section 6.3

Beside improving the identification of patches on mailing lists, we also had to
individually check each mailing list for false positives, that is, whether the identified
patches are actual patches that have been sent to the mailing list for to be reviewed.
In some projects, when a commit is pushed to the main repository, also commits are
sent to the developer mailing list as an automatically generated e-mail which contains
the commit as a patch. Whereas most of the projects have separate mailing lists for
such commit-bot e-mails, few projects (e.g. Buildroot and LLVM) use(d) the same
mailing list for patch submission and automatic commit-bot e-mails. As PaStA would
detect patches in such commit e-mails as patch revisions, this would distort our results.
Hence, in such projects, we identified automatically generated commit e-mails on the
mailing list (which is used for submitting patches) based on certain patterns22 in the
subject of such e-mails and removed all these e-mails from the extracted mailing-list
data prior to running our analyses.
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