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Abstract

Context: Mining software repositories is a popular means to gain insights into
a software project’s evolution, monitor project health, support decisions and
derive best practices. Tools supporting the mining process are commonly ap-
plied by researchers and practitioners, but their limitations and agreement are
often not well understood.

Objective: This study investigates some threats to validity in complex tool
pipelines for evolutionary software analyses and evaluates the tools’ agree-
ment in terms of data, study outcomes and conclusions for the same research
questions.

Method: We conduct a lightweight literature review to select three studies
on collaboration and coordination, software maintenance and software quality
from high-ranked venues, which we formally replicate with four independent,
systematically selected mining tools to quantitatively and qualitatively com-
pare the extracted data, analysis results and conclusions.
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Results: We find that numerous technical details in tool design and imple-
mentation accumulate along the complex mining pipelines and can cause sub-
stantial differences in the extracted baseline data, its derivatives, subsequent
results of statistical analyses and, under specific circumstances, conclusions.

Conclusions: Users must carefully choose tools and evaluate their limitations
to assess the scope of validity in an adequate way. Reusing tools is recom-
mended. Researchers and tool authors can promote reusability and help reduc-
ing uncertainties by reproduction packages and comparative studies following
our approach.

Keywords Mining software repositories ¨ Software analysis ¨ Tools ¨

Replication ¨ Validity ¨ Conclusion stability

1 Introduction

Software repositories, managed by version-control systems such as Git, record
the entire development history of a software project, making them a highly
relevant data source for empirical studies. Gaining new insights into soft-
ware projects and their development processes by mining software repositories
(MSR) has become a popular field in software engineering. In early years, stud-
ies focused on extracting and representing information from software reposi-
tories, for instance to analyse software defects and their resolution (Śliwerski
et al, 2005) or contributors’ activity and coordination patterns (Dinh-Trong
and Bieman, 2005). Studies quickly became more advanced, constructing de-
veloper networks based on communication (Bird et al, 2006) or technical col-
laboration, analysing and modeling statistical relationships to improve effort
estimation (Fernandez-Ramil et al, 2009) or software quality and derive best
practices (Bird et al, 2011). Nowadays, studies take another step further and
leverage advanced machine learning techniques to build fine-grained models
able to support developers in specific tasks and situations – for instance, gen-
erating code (Ciniselli et al, 2021) and recommending libraries (He et al, 2021b)
during development or identifying the cause of quality issues in a problematic
software project from a process perspective (Paradis et al, 2024a). With the
growing complexity of research questions, advanced methods are required to
accomplish such tasks.

Manually retrieving and combining all the required information from large
software repositories with sometimes over twenty years of change history is
impractical. Therefore, tools automating data extraction and processing are
essential to enable comprehensive analyses at scale. However, implementing
automated pipelines requires a number of design and implementation decisions
to be made. For instance, there are numerous degrees of freedom in choosing
data sources, APIs, algorithms, data schemes, filters and metrics (Paradis and
Kazman, 2022). During implementation, researchers and practitioners must
carefully evaluate for which decisions they provide configuration options and
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for which ones they implement defaults. Due to the high number of seemingly
minor technical details, lots of these decisions are made implicitly based on
assumptions of the tool author.

Nowadays, a plethora of tools exists to automate different steps of the
analysis pipeline. For instance, tools such as Codeface (Joblin et al, 2015),
git2net (Gote et al, 2019),GrimoireLab (Dueñas et al, 2021),Kaiaulu (Par-
adis and Kazman, 2022) and SmartSHARK (Trautsch et al, 2016) were de-
veloped to extract data from version-control systems (VCS), GitHub, issue
trackers, mailing lists, chats, Q&A platforms, map related contributions, unify
author identities, construct and visualise metrics and graphs, with the goal of
incorporating even more useful information into analyses and models to in-
crease accuracy. Automated retrieval and processing of such large amounts of
diverse data is obviously a complex problem, where validation of correctness
is sometimes not feasible. For instance, we cannot determine if all timestamps
captured in the Git log are correct, or if developers using different aliases in
Git and chats over years really belong to the same person. Due to this lim-
itation, data extracted by tools is often trusted without further verification,
giving the misleading impression of a ground truth for subsequent analyses.

Although several threats in mining pipelines have been studied in previ-
ous research (Bird et al, 2009; Kalliamvakou et al, 2014) and methods were
proposed to overcome them (Saarimäki et al, 2022), there may be more un-
certainties introduced by the implicit assumptions inherently made by tool
developers. Ideally, this would not pose a big problem, as robust research
processes, results and conclusions should not depend on the specific imple-
mentation of an extraction and analysis process. Furthermore, tools with a
defined set of extraction and analytical capabilities should ideally allow for
substitution by another similar tool, and thereby overcome problems such as
unavailable artefacts, scripts and dependencies, which researchers often face
during reproduction and replication (Hermann et al, 2020; Gonzalez-Barahona
and Robles, 2023; Abualhaija et al, 2024).

In previous work, we found that even for two very similar tools following
the same data extraction and analysis process, small technical differences ac-
cumulate along the pipeline and in sum can have a substantial impact on the
resulting data (Hoess et al, 2025). However, we did not evaluate the actual im-
pact of the entirety of potential and observed discrepancies along a pipeline on
the high-level conclusions of studies. Although very few other studies address
the stability of analysis results through replication (Eng and Sahar, 2022), an
extensive evaluation of the impact of tool choice on conclusion stability is still
missing. If equally valid fine-grained implementation details and assumptions
can influence the overarching statement made by a study, this would raise se-
rious concerns about the generalisability of many impactful findings and best
practices in the field and thus require significant changes in methodology.

To better understand the significance and consequences of threats found in
software repository mining, we build on our technical comparison and adjust-
ment of the two mining tools Codeface and Kaiaulu and investigate the
impact of the observed discrepancies on empirical study conclusions from a
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higher level of abstraction by replicating three influential studies from the last
decade with four different tools. The selected studies cover distinct research
topics from collaboration and coordination, software maintenance and soft-
ware quality. Specifically, we focus on studies depending on the evolutionary
characteristics from the history of a software project. This gives us a more in-
formed perspective on uncertainty in evolutionary mining pipelines and helps
us in deriving good practices to improve future methodologies.

The results of this study are two-fold: (1) The high-level conclusions of
two of three studies are stable across four independent mining tools. This is
positive for the community, as it demonstrates that conclusions can be ro-
bust against tool variations if studies make very broad statements. (2) Despite
this positivity, we find threats for practical applicability: In some cases, sig-
nificant differences of individual results exist between tools, indicating that
their interchangeability does not apply without restrictions. This is particu-
larly evident in the third replication targeting a more complex problem with
less clear results. One of the major findings of this study could only be con-
firmed with one out of four mining tools. With uncertainty increasing with
each extraction, processing and analysis step, this demonstrates that minor
technical inconsistencies can have a substantial influence on the conclusions.
With research questions and solution approaches becoming increasingly com-
plex, it is ever more important to validate and document the entire analysis
pipelines in a reproducible manner.

In summary, we make the following contributions:

– We perform a literature review of seven high-ranked venues to identify tools
and popular topics frequently addressed by software repository mining to
evaluate the potential fields affected by discrepancies.

– We compare the analysis pipelines and results of four similar mining tools
and summarise the most relevant causes of discrepancies in the baseline
data.

– We evaluate the impact of such discrepancies on the stability of the actual
study conclusions by replicating the central analyses of three studies from
three different fields with data extracted by the four tools, simulating a
tool switch.

– We summarise lessons learned and recommendations regarding the most
important tool characteristics and technical details to which researchers
must pay particular attention in mining studies.

– We provide a replication package containing all data, code and supplemen-
tary artefacts. As we cannot cover all areas of software repository mining
within the scope of this study, other researchers can use our methods and
the annotated literature material for similar, future investigations.

The study is an extension of our previous work (Hoess et al, 2025). The
major extensions in this paper are as follows:

– We include two additional mining tools – git2net and GrimoireLab – in
our baseline data comparison.
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– We perform the literature review as described above for a more structured
evaluation of the impact of the threats identified in our previous work.

– As a major extension of the baseline data comparison in our previous work,
we now formally replicate three carefully chosen studies heavily relying on
data extracted by mining tools to investigate conclusion stability across
tools. Using four independent mining tools, this results in twelve new repli-
cations.

– We extend our list of lessons learned and recommendations by novel aspects
found in the replication studies.

The rest of this work is structured as follows: Section 2 provides an overview
of related studies exploring the validity of repository mining techniques, repro-
ducibility and replicability. Section 3 describes our study design and research
questions, starting with a literature review of popular mining tools and re-
search topics. This section also gives an overview on the selected study tools,
the setup for the baseline comparison and a summary of the selected original
studies for replication. Section 4 presents the results of the literature review,
the baseline data comparison and each replication study to answer our research
questions. In section 5, we discuss the implications of our findings on research
and practice. We reflect on these findings to provide lessons learned and rec-
ommendations for future studies, before we conclude the paper in section 7.
Section 8 refers to data availability and our reproduction package.

2 Related Work

Threats to validity in software repository mining have been identified and
explored in numerous previous studies. Related studies primarily focused on
the validity of specific analysis steps in the mining pipeline and compared
competing approaches of their implementation. Other threats have been found
in replication studies.

Validity and threats The most influential work on pitfalls in software repos-
itory mining has been conducted by Bird et al. (2009), whose study on the
promises and perils of mining git addresses possible traceability issues. Its
findings were later extended by a study evaluating threats caused by pecu-
liar properties of GitHub (Kalliamvakou et al, 2014). Further studies explore
threats and their overcoming when mining unstructured data (Bavota, 2016)
or working with time series data (Zheng et al, 2015; Moonen et al, 2018; Flint
et al, 2022; Saarimäki et al, 2022). In addition, the impact of untracked entity
changes was studied in the context of refactoring (Hora et al, 2018).

Particularly for socio-technical aspects, Zhu et al. (2019) study the use
of multiple developer identities in open-source projects, emphasising the rele-
vance of identity merging when calculating metrics. Nia et al. (2010) explore
the impact of pitfalls in e-mail network construction, resulting in missing edges
or edges out of temporal order. Their results show that metrics such as node
centrality are stable despite the changes in topology. Other studies explore
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developer perception of collaboration and team structure expressed by such
networks (Meneely and Williams, 2011; Joblin et al, 2015).

Further studies investigate threats in data labeling (Tantithamthavorn
et al, 2015; Herbold et al, 2022; Song et al, 2023; Guo et al, 2024), often
specific to defect prediction (Chowdhury et al, 2024). For empirical studies,
Härtel et al. (2022; 2023) propose simulation-based testing to evaluate the
validity of statistical methods. Tu et al. (2018) investigate data leakage in pre-
dictive models due to time-related problems in issue tracking data and, similar
to our study, show the impact of such threats by reproducing and analysing
three prior studies. Other studies explore popularity bias in recommender sys-
tems (Nguyen et al, 2023) and methods to detect and handle endogeneity in
statistical methods (Graf-Vlachy and Wagner, 2024). While previous studies
of validity and threats focused on methods for specific analysis steps in isola-
tion, our study focuses on their interaction and propagation along the entire
tool pipeline.

Method and tool comparisons Several studies investigate the interchangeabil-
ity of tools in other fields of empirical software engineering, such as software
composition analysis (Zhao et al, 2023) and architecture recovery (Schneider
et al, 2025). Lefever et al. (2021) compare the results obtained by commercial
and open-source tools for technical debt detection, finding that they disagree
even for very common, basic measures such as lines of code (LOC). To the
best of our knowledge, no similar studies exist for tools extracting evolution-
ary aspects such as time series from the version-control history.

However, some studies highlighted differentiating aspects of specific steps
in mining pipelines. For instance, studies propose and compare heuristics for
developer identity matching (Goeminne and Mens, 2013; Amreen et al, 2020).
Bertoncello et al. (2020) find that pull-requests are more accurate for mea-
suring contributions than commits to distinguish core and casual develop-
ers. Joblin et al. (2015; 2017a) investigate differences in collaboration network
construction methods, community detection and core developer classification
metrics and evaluate correspondence with the real perception of developers.
Several authors study the agreement of developer networks (Tymchuk et al,
2014; Panichella et al, 2014) and communities (Bock et al, 2021b) constructed
from data extracted from different communication and collaboration sources.
Tymchuk et al. (2014) find that the combination of these channels is essential
to obtain a comprehensive view of a project.

For studies using machine learning subsequent to mining, comparisons
across different models and data sets are more common. For instance, Ma-
hadi et al. (2021) evaluate stability of conclusions from classifiers predicting
whether discussions are design-related on different data sets, finding that con-
clusion stability across domains and data sets is poor and degrees of freedom in
the analysis pipeline are high. This problem is likely to also apply to the data
extraction itself. Therefore, our work contributes an evaluation of conclusion
stability of different tools for this purpose.
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Replication studies Studies missing technical details as described above can
impair both, the possibility of reproduction, referring to the repetition of an
experiment by using the exact same setup, and replication, referring to the in-
dependent repetition of an experiment using a different setup (Mauerer et al,
2022b; Gonzalez-Barahona and Robles, 2023), possibly by the same team (in-
ternal replication) or a different team (external replication) (Shepperd et al,
2018) with operational or conceptual changes (Gómez et al, 2014). As few
replication studies exist in the field of software repository mining, the conse-
quences of deviations in mining setups have not yet been fully evaluated.

The limited availability of replication studies in empirical software engi-
neering is discussed as a threat since decades (Basili et al, 1999; Robles, 2010).
In general, advances in reproducibility engineering contributed significantly to
the improvement of study reproducibility in the last years (Gonzalez-Barahona
and Robles, 2023). For instance, González-Barahone et al. (2012) propose a
general process with related elements suitable for most mining studies to im-
prove reproducibility. The elements include data sources, their transforma-
tions, any extraction, processing and analysing methodology and study re-
sults. Mauerer et al. (2022b) present best practices for reproduction packages
built as self-contained docker images, including all technical dependencies and
artefacts and being able to be executed in an automated pipeline, ideally by
a single dispatcher. Other approaches propose dedicated platforms designed
for reproduction purposes (Ghezzi and Gall, 2013; Trautsch et al, 2018). De-
spite these advances, replications of mining studies yet remain challenging, as
artefacts and implementations are often not published at all, only in parts,
or in form of a diverse (Trautsch et al, 2018; Liang et al, 2024), possibly
unusable (Gonzalez-Barahona and Robles, 2023) or outdated, set of scripts,
libraries and tools. In deep learning, complex training and testing pipelines
add to the difficulty of replication (Liu et al, 2021; Abualhaija et al, 2024).

Besides evaluating threats, replication studies offer the potential to increase
confidence in findings of previous studies (Shull et al, 2008), extend (Dinh-
Trong and Bieman, 2005), complement (González-Barahona and Robles, 2012)
or refine (Bock et al, 2021a) their results and increase the impact of the
field (Liang et al, 2024). While replications are more common in areas such as
defect detection (Mahmood et al, 2018; Di Penta et al, 2020; Niu et al, 2023),
their availability is still limited in the context of developer networks (Herbold
et al, 2021).

As part of a mining hackathon at the Mining Software Repositories (MSR)
conference, a study from Eng et al. (2022) explored the replacement of a tra-
ditional data processing pipeline for chat message investigation by the mining
tool GrimoireLab. By replicating a prior study, the authors evaluate techni-
cal aspects such as speed and data consistency, and, amongst others, find that
the change in pipeline led to different, but more precise results. Exploring the
impact of a tool adoption, this study is the most similar to ours focusing on
tool interchangeability.
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3 Methodology

The aim of this study is to understand the impact of threats to validity due
to technical details such as design decisions and limitations in mining tool
pipelines, as motivated by Hoess et al. (2025), on empirically derived results
and conclusions. For this purpose, we quantitatively evaluate the stability of
outcomes of four tools with the similar purpose of analysing software evolution
in terms of contributor activity, collaboration and artefact changes over time
at three levels: baseline and derived data, subsequently calculated metrics and
statistical analysis results and, finally, central implications.

3.1 Overall study design and research questions

The overarching question How does the technical implementation of tools affect
the validity and stability of outcomes in empirical studies? cannot be answered
in general terms for all studies and domains in empirical software engineering.
However, both positive and negative examples for data, results and conclu-
sion stability can be important indicators of the validity and generalisability
of methods and results in our field and give information on possible areas for
improvement. Therefore, to evaluate the agreement of tools in data, empiri-
cal results and conclusions, the study conducts three independent replication
studies, following the three-step approach depicted in Figure 1 and guided by
the following research questions:

Replication 
(a)

Answer 
RQ1

1 Select mining tools and studies 
for replication

Tool 
selection

Study 
selection

(a) (b) (c)

2 Mine subject repositories from 
original studies

(a)

ComparisonData 
extraction

(b)

(c)

Answer RQ2

(a)

(c)

(b)

3 Transform and analyse data in 
replication studies

Answer 
RQ3a

Metrics

Analyses

Replication 
(a)

Answer 
RQ3a

Metrics

Analyses

Replication 
(a)

Answer 
RQ3a

Metrics

Analyses

Fig. 1: Overall study design.

RQ1: Which topics in empirical software engineering are typically driven by
mining software evolution from repositories and could be affected by threats due
to differences in tooling? We address this question by a lightweight literature
review to better understand the relevance and consequences of previous work
studying validity in mining software repositories. Knowing the most relevant
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and potentially vulnerable topics allows for an informed choice of representa-
tive tools and original studies for replication.

RQ2: To what extent can we observe discrepancies in the data obtained from
independent software repository mining tools? Each tool makes assumptions
on how to extract and process data, which can be influenced by configuration
parameters. Implicit assumptions and implementation decisions often remain
hidden from tool users. Building on our previous study, we are interested in
evaluating the existence of such uncertainties for two additional, well-known
mining tools. In this study, this step is important to first understand which
tool-specific preparations are required prior to conduct the replications as part
of RQ3. For instance, data extracted by each tool follows a different schema,
requiring tailored data processing. Knowing the technical reasons for discrep-
ancies in the extracted data also helps to locate where possible deviations in
subsequent analysis results and conclusions of the replications originate. This
allows for later summarising relevant technical factors of the analysis pipeline
that researchers and practitioners should implement and examine particularly
carefully to reduce uncertainties.

RQ3: To what extent are results and conclusions derived in empirical software
engineering research influenced by the observed discrepancies in the mining
tools and their outputs? This question concerns the actual replication of the
empirical studies selected as part of RQ1. After the tool-specific data process-
ing, we apply the same algorithms of the respective studies to all tool data sets
to ensure replication conformance. We quantify differences in metrics relevant
to each study’s outcome and evaluate whether the interpretation and overall
conclusion from these results are stable across tools. For the sake of clarity,
an overview of the replication studies is presented in Section 3.5. We define a
sub-research question for each individual study to emphasise their relevance
as case studies rather than a means to derive a universal answer to this ques-
tion. This allows for first insights into the criticality of threats introduced by
mining tools in our field. Together with the technical aspects from RQ2, these
lessons can help others to more accurately assess the scope of validity and
generalisability of methods and results.

3.2 Lightweight literature review and study selection

Mining software repositories is a very broad field, making it impossible to com-
pare all studies and tools. We must therefore make restrictions in both tools
and studies, but at the same time select enough to cover a sufficiently broad
range of topics. To identify suitable replication studies and tools for comparison
as part of RQ1, we take inspiration from the guidelines on systematic liter-
ature reviews and mapping studies proposed Kitchenham et al. (2004; 2013)
and Petersen et al. (2015) and the lightweight literature review conducted by



10 Nicole Hoess et al.

Berger et al. (2020) to collect primary studies from the proceedings and ar-
ticles of seven high-ranked conferences and journals, summarised in table 1,
and investigate which research topics are frequently driven by mining tools.

Conference Acronym Studies

Int. Conf. on Software Engineering ICSE 31

Mining Software Repositories MSR 229

Int. Con. on the Foundations of Software Engineering FSE 108

Int. Conf. on Software Analysis, Evolution and Reengineering SANER 95

IEEE Transactions on Software Engineering TSE 41

ACM Transactions on Software Engineering and Methodology TOSEM 73

Empirical Software Engineering EMSE 264

Total 841

Table 1: Investigated venues and studies matching our keyword search in the
literature review.

In the first phase, we compose a dataset of candidate studies published
between 2015 and 2024 in one of these venues using the query (“empirical
study” OR “data analysis” OR “evolution”) AND (“software repositories”
OR “version control system”). The keywords were selected in line with the
previous study to favour studies that primarily deal with the long-term and
comprehensive analysis of data from software repositories.

To identify domains of mining software repositories in which tools like ours
play a major role, we read each study’s abstract and research questions. If
required, we read the entire methodology and results sections to assign a max-
imum of three primary, secondary and tertiary categories to each study. The
categories are iteratively updated in the course of the literature review. The
resulting, annotated data sets of this phase are available in the supplementary
material.

In the next step, we quantitively evaluate the popularity of each field. The
results of this phase are summarised in Section 4.1 to answer RQ1. These
findings allow for choosing three diverse, but highly relevant topics for the
replications in the final phase. As explained in Section 4.1, studies are of
very diverse nature. Many of them are not suitable for replication with the
tools under study, for instance because they focus on aspects analysed with
other tool capabilities, such as constructing abstract syntax trees (ASTs),
or propose novel algorithms and evaluate their performance. Filtering such
methodological details in advance with an automated approach is not reliably
feasible. Therefore, we qualitatively evaluate the studies manually regarding
several criteria:

Studies we consider as particularly suitable to assess the impact of mining
threats are such that (a) mainly derive conclusions on best practices in software
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engineering based on statistical relationships in tool data and its derivates. We
exclude studies with a very high (b) proportion of qualitative manual and sub-
jective analyses. For instance, some very influential studies collect data from
repositories, but then manually inspect the obtained data to identify patterns
by methods such as card sorting, interviews or developer surveys to draw a
central conclusion. Since we are interested in exploring the effect of threats
introduced by tools, these studies would not address our needs, but instead
compare threats introduced by human processing. Finally, (c) tool or script
and data availability is essential for replication, as the absence of any code
would substantially increase the risk of accidentally introducing threats due
to an incorrect implementation of analysis pipelines. In this study, we further
focus on studies that can be reasonably replicated with version-control system
data only, as some of the study tools’ capabilities to mine other sources such as
mailing lists and issue trackers are partially limited due to maintenance issues.

In Section 3.5, we shortly describe each of the chosen original studies with
the scope of our replication. Due to limited resources, we have to trade-off
depth and breadth of our replications by considering the relevance of indi-
vidual analyses for the overall conclusion and the effort for replication. When
replicating the selected analyses, we aim to minimise operational and concep-
tual changes to the original studies. Nevertheless, some of the original studies
incorporate a very high computational effort or anonymisation in their repli-
cation, which requires us to further limit the scope of our replications. We
clarify such additional limitations for each study in Appendix A.1.

Finally, the tools often rely on very specific methods that cannot be repli-
cated with all of the tools under study. In our prior work, we exemplary demon-
strated the process researchers and practitioners may follow to adjust a tool
or pipeline to produce the same results as another one. While we keep the
extensions and adjustments made exemplary for the tool Kaiaulu in our pre-
vious study, we do not adjust the other tools for this replication. Whilst this
may constitute a threat in other replications, we are interested in maintain-
ing exactly these uncertainties to evaluate their impact on the conclusions of
studies in an unbiased manner. However, we summarise significant known tech-
nical differences relevant to each specific study in Appendix A.1, because their
consideration is important for the interpretation of the replication results.

3.3 Tool selection

Our literature review quickly revealed that relevant studies and suitable tools
for replication are closely linked: Studies require specific tool capabilities and
tools are suitable only for a subset of studies, which requires us choose ei-
ther tools or studies in advance. To solve this causality dilemma, we take our
previous study as reference, which analysed the technical causes of discrepan-
cies in the data obtained by the mining tools Codeface and Kaiaulu and
searched for additional tools providing the same or a subset of the supported
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data extraction and processing capabilities. These capabilities include (1) the
extraction of commits from version-control systems over the entire project
history, (2) the extraction of finer granularity code entities, such as files, func-
tions and interfaces, (3) the possibility to study socio-technical aspects by the
construction of developer networks. As further selection criteria (4), we con-
sider the tools’ active maintenance by the tool authors, as our prior study
showed that extensive discussions may be required to clarify technical details
and ensure the most suitable configuration.

Table 2 summarises candidate open-source tools identified during the lit-
erature review. All tools serve the purpose of evolutionary software analyses,
but pursue different goals and provide different functionalities. These capabil-
ities are determined to the best of the authors’ knowledge based on papers
and repositories. To support future users in tool selection, we added some
additional analyses, which are often used in literature.

Other more advanced analyses such as developer disengagement (Dey and
Woods, 2022) and defect prediction (Nguyen et al, 2022) are provided by some
of the tools, but due to resource and space constraints, we cannot address all
of them in our study. To support future studies helping to close this gap, we
provide a list of 111 open-source tools, their primary purpose, repository and, if
applicable, introducing paper in the supplementary material. The list excludes
tools which are closed-source, not (yet) or no longer available and includes
others commonly used but not introduced in the scope of our literature review
to focus on readily evaluable options.

From Table 2, four tools fulfil all of our criteria, namely Codeface, git2net,
GrimoireLab and Kaiaulu. Three additional tools support all the parsers
and analyses from criteria (1-3), but are not actively maintained. Therefore,
we choose the first four tools and outline their pipelines to illustrate similar-
ities and differences, focusing on analyses relevant to the subsequent baseline
data comparison and replication studies:

Codeface: Starting as an industrial software analysis tool from Siemens AG,
Codeface evolved to a research tool for socio-technical aspects in software
development. One of its key features is the efficient mining of Git repositories
for evolutionary analyses. Figure 2 shows the informal components and steps
involved in this process: Codeface supports different analysis modes to build a
MySQL database of commits, persons, mails, and fine-grained changes affect-
ing entities such as files, overarching features or functions. During analysis,
the tool automatically constructs temporal, directed and weighted developer
networks from jointly edited entities and detects communities (Joblin et al,
2015). Codeface also offers a code complexity model for effort estimation.
Built for industrial scales, Codeface implements parallelisation at multiple
levels and provides a dashboard designed for managers. The tool sets meaning-
ful defaults for aspects such as file filtering, entity parsing, identity matching
and network construction and hides its complexity in a simple command-line
interface (CLI). However, configuration files enable users to modify few parts
of the pipeline, for instance the time interval length or entity granularity for
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analysis. In the database, all information is related to one of the release ranges
resulting from the time intervals. For reproducibility, Codeface provides a
Docker image with all dependencies.

Tool VCS Entity Mail Issue Net. Comp. AST Active

Codeface1 x x x x x x – 2010–now

Crossminer2 x x x x x x – 2013–2019

Diggit3 x x – – – x – 2014–2021

Dominoes4 x x x x x – x 2014-2020

git2net5 x x – – x x – 2019–now

GHTorrent6 x – – – – – – 2013–2019

GrimoireLab7 x x x x x x – 2015–now

Kaiaulu8 x x x x x – – 2020–now

Lagoon9 x x x – x – – 2021–2022

LibVCS4j10 x – – x – x – 2018–2024

Lisa11 x – – – – – x 2016–2019

Pandora12 x – – x – – – 2020–2021

PyDriller13 x x – – – x – 2018–now

SmartSHARK14 x x x x – x x 2015–now

Topleet15 x – – x – x – 2019–2021

Table 2: Tools for mining software repository evolution with similar capabil-
ities: parsing of commits (VCS), finer-grained code entities (Entity), mailing
lists (Mail), issues from bug trackers and advanced analyses including de-
veloper network construction (Net.), code complexity analysis (Comp.) and
construction of abstract syntax trees (AST).

1 https://github.com/lfd/codeface, Joblin et al (2015)
2 https://github.com/crossminer/crossminer, Di Rocco et al (2021)
3 https://github.com/lawrencejones/diggit, Chatley and Jones (2018)
4 https://github.com/gems-uff/dominoes, da Silva Junior et al (2022)
5 https://github.com/gotec/git2net, Gote et al (2019)
6 https://github.com/ghtorrent/ghtorrent.org, Gousios (2013)
7 https://github.com/chaoss/grimoirelab, Dueñas et al (2021)
8 https://github.com/sailuh/kaiaulu, Paradis and Kazman (2022)
9 https://github.com/GaloisInc/SocialCyberLAGOON, Dey and Woods (2022)

10 https://github.com/uni-bremen-agst/libvcs4j, Steinbeck (2020)
11 https://bitbucket.org/sealuzh/lisa/src/master/, Alexandru and Gall (2015)
12 https://github.com/clowee/PANDORA, Nguyen et al (2022)
13 https://github.com/ishepard/pydriller/, Spadini et al (2018)
14 https://github.com/smartshark, Trautsch et al (2018)
15 https://github.com/topleet/topleet/, Härtel and Lämmel (2020)

https://github.com/lfd/codeface
https://github.com/crossminer/crossminer
https://github.com/lawrencejones/diggit
https://github.com/gems-uff/dominoes
https://github.com/gotec/git2net
https://github.com/ghtorrent/ghtorrent.org
https://github.com/chaoss/grimoirelab
https://github.com/sailuh/kaiaulu
https://github.com/GaloisInc/SocialCyberLAGOON
https://github.com/uni-bremen-agst/libvcs4j
https://bitbucket.org/sealuzh/lisa/src/master/
https://github.com/clowee/PANDORA
https://github.com/ishepard/pydriller/
https://github.com/smartshark
https://github.com/topleet/topleet/
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Fig. 2: Informal overview of structural components of the mining tools Code-
face, git2net, GrimoireLab and Kaiaulu. White boxes indicate fixed
parts of the data extraction pipeline, while coloured boxes visualise config-
urable steps. Although all tools perform the same analysis steps, their inter-
action and data structure differ.

Codeface has been widely used to explore organisational structures (Joblin
et al, 2017b) such as hierarchy (Joblin et al, 2023), developer roles such as
core and peripheral (Joblin et al, 2017a; Bock et al, 2023) or software ar-
chitects (Ṕıcha et al, 2017), community structures and their evolution (Bock
et al, 2021b). Codeface4Smells (Tamburri et al, 2021) is an expansion tool
to detect community smells as sub-optimal patterns of social organisation. The
prevalence, prediction (Palomba and Tamburri, 2021; Almarimi et al, 2020)
and potential causes including gender (Catolino et al, 2019), cultural and geo-
graphical diversity (Lambiase et al, 2022) of these smells have been intensively
studied along with their impact (Tamburri et al, 2021; De Stefano et al, 2020)
on aspects such as software quality (Palomba et al, 2021; Eken et al, 2021) and
maintainability (Stefano et al, 2022). Other studies use Codeface to track
development process conformance (Hunsen et al, 2020; Bock et al, 2021a), de-
sign community-aware software forges (Tamburri et al, 2020; Tamburri and
Palomba, 2021), analyse characteristics for successful projects (Joblin and
Apel, 2022) and evaluate the impact of socio-technical congruence on soft-
ware quality (Mauerer et al, 2022a).

git2net: git2net was specifically designed for developer network construction
at line granularity. git2net detects changes in exact line ownerships and uses
text mining to extract textual information from files. To mine the baseline
data for network construction from Git repositories, git2net relies on the
mining tool PyDriller and stores all information related to commits, code
editing operations and persons in its SQLite database (Gote et al, 2019, 2021),
as shown in figure 2. Besides the construction of directed co-editing networks
for user-defined or automatically determined time windows, git2net also sup-
ports bipartite graphs and projections connecting developers who contributed
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to the same files and code editing paths (Gote et al, 2019, 2021). For identity
matching, git2net integrates Gambit (Gote and Zingg, 2021), a tool disam-
biguating developers based on their name and e-mail address similarity. To
measure code complexity, git2net relies on the external tool lizard (Gote
et al, 2022). Built for large-scale mining, git2net internally implements paral-
lelisation. The tool provides a CLI for standard analyses and an API for more
advanced, user-defined pipelines (Gote et al, 2019, 2021; Gote, 2022a). In this
study, we use the API for increased flexibility and replication conformance.

In previous work, git2net was used to detect and optimise interactions of
team member roles (Zingg et al, 2023) and to analyse the impact of overhead to
coordinate with other developers on individual developers’ productivity (Gote
et al, 2021), illustrating the validity of Brooks’ law (Gote et al, 2022). In
the context of development operations, future work will employ git2net to
explore the effect of specific GitHub actions such as code review bots on team
collaboration structures (Röseler et al, 2023).

GrimoireLab: Introduced by the company Bitergia, GrimoireLab was de-
signed for the free, open source software (FOSS) community to meet indus-
trial requirements in aspects such as automation, configurability and diver-
sity of metrics (Dueñas et al, 2021; Gonzalez-Barahona et al, 2022). Perce-
val (Dueñas et al, 2018) is GrimoireLab’s unified API which extracts data
from diverse sources such as git repositories, code reviews, mailing lists, issue
trackers, project wikis and chats with actually non-uniform access to a stan-
dard format. Graal (Cosentino et al, 2018) enriches the data from Perceval
and allows for additional analyses such as evaluating source code complexity,
also measured by lizard. In GrimoireLab, output of all analyses is stored in
an ElasticSearch database. Analyses focusing on specific information such as
commit activity or file changes are isolated in different indexes for efficient
querying. Users can specify the desired analyses in configuration files. After
analysis, results can be inspected on a Kibana dashboard, where users can
visualise bipartite networks and projections from diverse information in the
ElasticSearch backend, such as developers, files or entire repositories, as il-
lustrated in Figure 2. While GrimoireLab, contrary to other tools, is able
to merge information across projects (Dueñas et al, 2021; Gonzalez-Barahona
et al, 2022), for instance by matching developer identities with the Sort-
ingHat component (Moreno et al, 2019), users can also apply filters in the
frontend for diverse interests. GrimoireLab optimises computational efforts
by means of parallelisation with components such as Mordred and minimal
interactions with data sources, for instance in case of processing only new
items when refreshing data. To promote reproducibility, GrimoireLab pro-
vides multiple docker images for its components (Dueñas et al, 2021; Gonzalez-
Barahona et al, 2022).

Research based on GrimoireLab designed and developed tool extensions,
for instance a community dashboard to overview team diversity and devel-
oper turnover (Guizani et al, 2023), commit activity forecasting (Decan et al,
2020) and bot detection (Chidambaram and Mazrae, 2022). Besides tailored
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analyses implemented with the Bitergia analytics platform for customers in-
cluding the Apache Software Foundation, GitLab, Google, WikiMedia, and
others, GrimoireLab has been widely adopted to optimise software develop-
ment processes. For instance, data and visualisations gathered by Grimoire-
Lab and its predecessors were used to monitor project health (Goggins et al,
2021), improve code review processes (Izquierdo et al, 2019; Tecimer et al,
2021), automate security analyses for sensitive software applications (Son-
nekalb et al, 2020), facilitate effort estimation in open-source projects (Robles
et al, 2014) and study the impact of and best practices for continuous integra-
tion (CI) (Zhao et al, 2017). The tool was further used to gain insights into
challenges of reusing pre-trained deep learning models (Taraghi et al, 2024).

In socio-technical research, GrimoireLab was used for analyses of devel-
oper emotions and affective states (Claes et al, 2018a; Kuutila et al, 2018), to
study contributors’ behavioural patterns outside regular working hours (Claes
et al, 2017), identify paid developers (Claes et al, 2018b), explore the effect
of stronger formality on development-related risks (Gaughan et al, 2024) and
study engagement of and collaboration across different teams and organisa-
tions in open- (Newton and Fiore, 2023; Robles et al, 2024) and inner-source
projects (Izquierdo-Cortazar et al, 2022). Other studies analysed developer
onboarding (Foundjem et al, 2021a,b) and factors influencing community sus-
tainability together with its effect on other aspects such as productivity and
quality (Alami et al, 2024, 2025). GrimoireLab was also used in studies
targeting code contributors and users, for example ranking open-source repos-
itories based on quality, popularity and maintainability (Hasabnis, 2022).

Kaiaulu: Paradis and Kazman (2022) built Kaiaulu as a tool for empirical
software engineering research, following capabilities and design principles ob-
served in other, often retired, mining tools and focusing on understandability
and ease of use (Paradis et al, 2024b). As shown in Figure 2, the analysis
pipelines starts with commit parsing, where users must specify several con-
figuration options regarding file filtering. Contrary to the other mining tools,
Kaiaulu stores data in CSV files instead of a database. Additional analy-
ses such as the detection of functions and classes are performed on demand
with user-provided settings. Identity matching in Kaiaulu is optional and by
default only performed within a single column of a single table. In our replica-
tions, we use the scripts from our previous study to perform identity matching
in both author and committer columns across all tables, as this behaviour is
more similar to the original studies. Subsequent network construction supports
multiple modes, for instance connecting developers to commonly edited files or
entities by bipartite graphs and to each other by bipartite projections. Alter-
natively, temporal networks connect developers in the order of contributions
to the respective artefacts. Edge weights in Kaiaulu’s graphs are aggregated
by weight schemes chosen by the user. To support different needs, Kaiaulu
provides both, a CLI and an API (Paradis and Kazman, 2022). In our work,
we rely on the API to leverage and enhance Kaiaulu’s flexibility for higher
replication conformance.
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In practice, Kaiaulu has been used to measure process compliance with
requirements at NASA (Paradis et al, 2023). Research studies extended Ka-
iaulu to detect social smells (Paradis et al, 2024b), which were later examined
in relationship with design smells (Mumtaz et al, 2022b) and to evaluate the
usage and impact of GitHub features on socio-technical aspects of software
projects (Mumtaz et al, 2022a).

As illustrated in Figure 2, all tools perform similar analysis steps, but
the order and configurability differ. From a higher level of abstraction, the
implementations of individual steps are also similar. For example, Codeface,
git2net and Kaiaulu all use the git blame to identify code entities. Tool
users may therefore expect very similar results across tools and assume that
switching tools is possible without negative consequences.

3.4 Baseline data comparison

Evaluating differences in the baseline data extracted by the four mining tools
gives us a first impression of uncertainties potentially influencing the results of
a study. For the comparison to answer RQ2, we analyse established software
projects with the most similar configurations of the tools. Due to the large
number of possible parameter combinations, we focus on combinations used in
the selected original studies for replication, which we introduce in Section 3.5.
From all software repositories analysed in this work, we select a set of diverse
subject projects with different characteristics regarding application domain,
programming languages, age of the project and team size.

Project Domain Language Commits Team LOC[k] t[m]

Birt Data visualisation Java 32,303 236 2,538 9

Conductor Orchestration Java 2,141 344 149 9

Django Web framework Python 21,786 3,121 513 3

Flink Stream processing Java, Scala 22,567 1,958 1,597 9

PostgreSQL DBMS C 39,375 60 1,111 3

Qemu Hardware virtualiser C 41,947 2,707 1,000 3

U-Boot Boot loader C 33,496 3,089 1,261 3

Wine Compatibility layer C 108,690 1,854 3,334 3

Table 3: Descriptive statistics of subject projects considered in the baseline
data comparison. Depending on the replication study a project was selected
from, configuration parameters such as the time window size t in months differ.
The statistics refer to the state checked-out in the original studies.

Table 3 provides an overview of the subject characteristics. The primary
language and LOC are determined via cloc (Danial, 2025). Projects with
primary languages not yet supported by Kaiaulu were excluded from the
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set of projects, because the comparison of entities and developer networks
would be misleading. Usually, the quantitative measures such as the number
of developers are reported by tool-specific measurements in empirical studies.
Since evaluating discrepancies in these metrics across tools is part of this study,
we instead report commits and developers extracted directly via git, without
additional processing such as identity matching, to avoid bias.

After data extraction with the mining tools, we calculate a set of very
fundamental measures which are often the basis for more complex metrics in
literature. These measures include the number of commits, files, code enti-
ties and developers. We compare the metrics quantitatively and visualise the
results as time series. In our previous study, we focused on a technical in-
depth comparison and adjustment of two tools. In this study, we only evaluate
whether discrepancies in baseline data also exist for other tools and focus on
studying the actual stability of results and conclusions across tools in subse-
quently conducted empirical studies.

3.5 Original studies and scope of replication

To measure the impact of discrepancies in tools and their extracted data on em-
pirical results and conclusions, we replicate three representative studies from
the literature review motivated in Section 3.2. This section briefly summarises
the intention and key findings of the studies to derive a relevant research ques-
tion for each study, which we answer with the help of data from the four mining
tools to evaluate conclusion stability across tools. More detailed descriptions
of the studies and limitations in the scope of our replications can be found in
Appendix A.1.

– The first study “Classifying Developers into Core and Peripheral: An Em-
pirical Study on Count and Network Metrics” from Joblin et al. (2017a)
addresses the field of collaboration and coordination, focusing on organisa-
tional roles in open-source software projects. The authors evaluate the va-
lidity and agreement of established count-based metrics and novel metrics
based on the structure of developer networks to classify contributors into
core developers, responsible for coordination and major workload, and pe-
ripheral developers as casual contributors. Their quantitative and qualita-
tive evaluations indicate that the level of agreement always exceeds random
agreement, leading the authors to conclude that all proposed metrics are
overall consistent and agree with actual developer perception. In addition,
they find that core and peripheral developers exhibit different hierarchical
positions in the network structure, which are consistent over time. From
this study, we replicate two central analyses to answer RQ3a: Is the level
of agreement of core and peripheral developer operationalisations based on
count and structural metrics and the hierarchical embedding of developer
roles consistent across tools?

– The second study “Big Data = Big Insights? Operationalising Brooks’
Law in a Massive GitHub Data Set” from Gote et al. (2022) represents
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the field of software maintenance, addressing developer productivity. In
software engineering, Brooks’ law states that adding manpower to a late
software project makes it later, which is similar to the Ringelmann effect in
psychology describing the phenomenon of productivity linearly decreasing
with team size. As different empirical software engineering studies report
conflicting results, the authors aim to examine threats and causes through
a large-scale mining study exploring the relationship between numerous
productivity and collaboration metrics through correlation analysis and
regression modeling. The results confirm a negative relationship between
team size and productivity in all cases and additionally indicate an optimal
team size of 7 to 19 members. This leads the authors to conclude that the
Ringelmann effect also applies to software engineering, confirming Brooks’
law. We adopt the central analyses from this study to answer RQ3b: Is the
relationship between team size and productivity consistently negative across
all tools, corresponding to Brooks’ law?

– The third study “Impact of Developer Turnover on Quality in Open-Source
Software” from Foucault et al. (2015) addresses software quality, in particu-
lar patterns of software defects. The authors investigate the relationship be-
tween software quality and developer turnover, describing the phenomenon
of new developers joining and established developers leaving a development
project in the context of open-source software. Previous studies in industry
suggested a negative correlation. The authors modularise the source code,
calculate multiple turnover rates and finally correlate it to the bug density
per module. The results indicate that the role of turnover as a common
phenomenon in open-source software projects differs from the one in indus-
trial settings. Based on the correlations, the authors conclude that external
turnover at project level negatively impacts software quality in open-source
settings, while internal turnover is not problematic. With this being one of
the central findings, we replicate the required analyses to answer RQ3c:
Is the relationship of internal and external turnover and software quality
consistent across all tools, indicating that external newcomer activity neg-
atively impacts module quality?

4 Results

In the following, we describe the main results from the study phases shown in
Figure 1: the literature review, the baseline data comparison and, finally, the
three replication studies exploring the actual impact of differences between
tools on empirical study results and conclusions. Details on the methodology
of each study can be found in Appendix A.1. For better understandability, we
limit metrics, tables and visualisations to the most meaningful examples. The
full data are available on our supplementary website16.

16 Supplementary website: https://lfd.github.io/emse2025.github.io/

https://lfd.github.io/emse2025.github.io/
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4.1 Lightweight literature review

As the first step of our study, the literature review shows that many of the
central issues in software engineering are driven by mining software repositories
with appropriate tools. Figure 3 illustrates the popularity of each primary,
secondary and tertiary field. Out of all considered studies, 148 (18%) introduce
new tools, which emphasises their essential role in the field.

In the context of our replications, we focus on the most active primary
research areas, which include software maintenance, software quality, MSR
techniques, development support and automation and collaboration and coor-
dination in descending order. MSR techniques mainly comprises studies tar-
geting the development of tools for specific purposes, such as software package
analysis in containers (Zerouali et al, 2019), the creation of data sets, for in-
stance from issue trackers (Montgomery et al, 2022), or the analysis of threats
to validity, for example in identity matching (Zhu and Wei, 2019). As these
studies do not derive conclusions or best practices, we exclude them from
our replications. Similarly, development support and automation targets the
implementation of novel, often machine-learning-based algorithms to help de-
velopers in their daily work by generating code (Ciniselli et al, 2021), commit
messages (Zhang et al, 2024), reviews (Fan et al, 2025), release notes (Wu
et al, 2024a) and other documentation (Gao et al, 2023), providing access
to enriched knowledge (Krüger, 2019), or recommending libraries (He et al,
2021b) and artefact changes (Rolfsnes et al, 2018), which requires different
capabilities than provided by the tools under study. Therefore, we focus on
the remaining most popular topics:

Collaboration and coordination Coordination is essential in global open-source
projects, which are a primary subject in empirical studies. Popular issues com-
prise the detection of organisational structures including developer roles (Pinto
et al, 2016; Milewicz et al, 2019; Jiang et al, 2024), hierarchical and non-
hierarchical structures (Joblin et al, 2023), developer reputation (Rahman
et al, 2019), developer communities (Kannee et al, 2023), their stability (Sharif
et al, 2016) and future evolution (Wang et al, 2022; Zhang et al, 2025). Often,
analyses are driven by the construction of developer networks at different levels
of granularity, for instance representing collaborations across projects in entire
software ecosystems (Lamba et al, 2020; Zhang et al, 2020) or across artefacts,
communication and code entities within an individual software project (Ashraf
et al, 2020; Maddila et al, 2022; Bock et al, 2021b).

Communication between developers can provide advanced insights into
technical issues (Croft et al, 2021) or social sentiments (Calefato et al, 2018)
and thus allows for identifying areas for improvement at the technical and
process level. The analysed means of communication range from mailing lists
to chats (Alkadhi et al, 2017; Mezouar et al, 2022), GitHub issues and pull
requests (Brisson et al, 2020). A special interest is in mining and modeling
discussion topics from Q&A websites (Kamienski and Bezemer, 2021) such
as Stack Overflow (Beyer and Pinzger, 2016; Uddin et al, 2021). Earlier, pull-
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Fig. 3: Tree map visualising the popularity of each field identified in the liter-
ature review. The size of a square indicates the popularity of the field, mea-
sured by the number of studies addressing it. Large italic headings in the
upper left corners represent primary fields; bold headings at the bottom of a
group squares indicate secondary categories; vertical texts and smallest, lighter
coloured squares represent tertiary categories.
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requests were also studied as a mechanism supporting collaboration (Zhu et al,
2016), similar to other means such as pull requests’ reactions (Batoun et al,
2023) or tags for social coding (Foundjem et al, 2022).

Other studies analysed and modelled developer expertise, for instance to
support task assignment (da Silva et al, 2015; Milano and Cafeo, 2024) or the
matching of competencies and projects (Fang et al, 2023). Similarly, studies
derived best practices for onboarding by identifying factors attracting new
developers (Gautam et al, 2017), studying how to mentor and motivate them
to stay in projects in the long-term (Norikane et al, 2017) and identifying
suitable tasks for newcomers (Rehman et al, 2022; Santos et al, 2023).

Studies also investigated the compliance with human values, for instance
regarding privacy and inclusiveness of software products (Nurwidyantoro et al,
2023; Khalajzadeh et al, 2023), team diversity (Rossi and Zacchiroli, 2022),
measures to promote ethical behaviour of developers (Tourani et al, 2017; Win
et al, 2023) and bias in large language models (Treude and Hata, 2023). In
addition, human factors such as individuals’ coding habits were studied in the
context of software development (Avgustinov et al, 2015).

Software maintenance Research on software maintenance focuses on diverse
subdomains reaching from overall process monitoring to technical topics such
as change impact analysis. The largest sub-area focuses on change patterns
and evolution, studying the representation of code changes (Pravilov et al,
2021; Lin et al, 2023), grouping related (Jiang et al, 2015) and classifying
frequent types of changes (Kiehn et al, 2019; Zeng et al, 2024), analysing
maintenance efforts of specific programming constructs (Zampetti et al, 2024),
code clones (Mondal et al, 2018) and across components and projects (Arabat
and Sayagh, 2024) to derive best practices and support developers in their
daily work, for instance by untangling tangled commits (Li et al, 2022).

Estimating maintenance and integration efforts is a challenging undertak-
ing in continuously evolving software systems. Therefore, studies analyse pat-
terns in the context of open-source projects (Jiang, 2015; Robles et al, 2022)
and company settings to build models supporting teams in this task (Dehghan
et al, 2017). Both open and closed source projects depend on the activity and
productivity of their developers. Several studies analyse activity patterns of
developers (Calefato et al, 2022) and companies (Zhang et al, 2021), promot-
ing and hindering factors (Scholtes et al, 2016; Wessel et al, 2023) as well as
measures (Oliveira et al, 2020) and models for team (Wang et al, 2022) and
individual productivity (Kuutila et al, 2021) to optimise development efforts.
Especially for complex maintenance activities, collaboration of developers is
often a crucial factor (Zhou et al, 2017; Arabat and Sayagh, 2024).

Another field related to evolutionary analyses is software change impact
analysis (CIA), which allows for identifying ripple effects during maintenance.
Studies investigated the relationship between logical and semantic coupling
with co-change (Rolfsnes et al, 2016; Ajienka et al, 2018) to identify artefacts
affected by a specific change (Nejati et al, 2016; Borg et al, 2017). Evolutionary
couplings were further used to recommend changes (Rolfsnes et al, 2018).
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Similarly, studies predicted likely future changes, for instance transformations
at code-level such as repair and refactoring or at commit-level for predicting
whether a commit is prone to reversal (Yan et al, 2019) or conflicts (Accioly
et al, 2018). Merge conflicts and their resolution were also explored by other
studies investigating the frequency of merges (Liu et al, 2022) and proposing
advanced merge strategies (Seibt et al, 2022), with some studies focusing on
the interaction with refactorings (Mahmoudi et al, 2019; Ellis et al, 2023).

In many of these analyses, sequences of code changes are represented by
ASTs (Stevens et al, 2019; Tsantalis et al, 2022) and more coarse-grained
code structure trees (CSTs) (Silva et al, 2021), which are also an important
means in detecting and analysing refactoring practices (Muse et al, 2023).
For instance, studies analysed reasons for refactoring, which include increased
reusability of code (Silva et al, 2016). Others proposed tools to automate
and support refactoring-related operations by recommending refactorings for
feature requests (Nyamawe et al, 2020) and removing obsolete comments (Gao
et al, 2021). At the process level, studies investigated the frequency and tactics
of refactoring (Noei et al, 2023).

Refactoring is often applied to reduce technical debt, which can threaten
maintainability. A popular factor contributing to technical debt are code smells (Tu-
fano et al, 2015), which are characterised as poor implementation choices and
for instance introduced by code cloning (Wagner et al, 2016; Wu et al, 2024b).
Besides their analysis in diverse contexts such as software architecture, de-
sign (Oliveira et al, 2023) and quality (Wang et al, 2020; Oishwee et al, 2022),
studies also introduced novel types of smells, for instance specific to Docker-
files (Rosa et al, 2024) or tests (Peruma et al, 2020). Another field of interest is
the detection and categorisation of self-admitted technical debt in code com-
ments (Huang et al, 2018; OBrien et al, 2022).

Besides technical debt, code reuse and its maintenance practices have been
studied in the context of software families with divergent forks of the same
code base (Businge et al, 2022; Michelon et al, 2022) and shared commits
across repositories (Mockus et al, 2020). For instance, studies investigated the
impact of forking on community participation (Rastogi and Nagappan, 2016)
and forking-related challenges such as keeping reused code up-to-date (Hata
et al, 2021). Updating software is a common issue also researched in other
contexts such as deprecation detection in documentation (Tan et al, 2023)
or Android apps (Li et al, 2020; Wen et al, 2024). Related studies explored
best practices to migrate libraries in case of outdated dependencies (Sawant
et al, 2018; He et al, 2021a) and in terms of frequencies of upgrades and
downgrades, for instance in case of machine learning libraries (Dilhara et al,
2021). Other studies in the field of dependency management explored methods
to support developers by detecting API breaking changes (Brito et al, 2018)
and incompatibilities (Claes et al, 2015), comparing libraries (El-Hajj and
Nadi, 2020) or recommending suitable library alternatives (Nafi et al, 2022).

Software dependencies also play a crucial role in correct builds during
software integration, where methods were proposed to detect unspecified de-
pendencies (Bezemer et al, 2017). With software builds as a central part
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of development operations, related research interests are in optimising build
times (Ghaleb et al, 2019; Gallaba et al, 2022), detecting build changes (Macho
et al, 2017) and understanding (Zolfagharinia et al, 2019), predicting (Santolu-
cito et al, 2022) and resolving build failures (Vassallo et al, 2020). To further
improve continuous integration (CI) and deployment activities, studies also
explored common patterns in CI specifications (Sidhu et al, 2019; Gallaba and
McIntosh, 2020) and the evolution (Golzadeh et al, 2022) and impact of CI
practices (Rahman et al, 2018; Bernardo et al, 2023) in large-scale mining
studies. With increasing popularity of software with machine learning com-
ponents, another sub-field focuses on machine learning operations, analysing
its characteristics (Bernardo et al, 2024) to improve current practices (Aghili
et al, 2023) with a special focus on companies (Bendimerad et al, 2023). As
software bugs are inevitably, another field of research focuses on best practices
and supporting tools (Guo, 2016; Hashimoto et al, 2018) for debugging and
logging (Chen and , Jack; Li et al, 2018). Automating software engineering
tasks (Erlenhov et al, 2020) such as dependency management (Rombaut et al,
2023) with bots is another field of interest. Detecting such bots is also an
important step in many mining pipelines (Ma et al, 2021).

Software quality Ensuring and improving software quality is a central field of
software engineering. A major interest in mining software repositories is in
novel methods for identifying and localising software defects, ideally just-in-
time when a change is performed (Yan et al, 2022) and generalisable across
projects (Zhou et al, 2018). Approaches incorporate historical commit infor-
mation to improve localisation performance (Wen et al, 2021). As a funda-
mental method for defect-related research at commit level, studies proposed
and evaluated variants and extensions (Bludau and Pretschner, 2022) of the
SZZ algorithm first proposed by (Śliwerski et al, 2005) for the identification
of bug-introducing commits (Fan et al, 2021) and their mapping to bug-fixing
commits (Lyu et al, 2024).

In addition, predictive models were developed to classify bug-prone code
components (Palomba et al, 2019). Studies often rely on supervised machine
learning (Pornprasit and Tantithamthavorn, 2021; Ni et al, 2022) and eval-
uate different sets of features, which can include code metrics, for instance
measuring cognitive complexity (Alqadi and Maletic, 2020), or socio-technical
information on developer-specific editing patterns (Di Nucci et al, 2018) and
communication metrics (Tourani and Adams, 2016). As defect prediction re-
mains a challenging task, studies also investigate factors contributing to the
complexity of this problem (Wan et al, 2024) and indicate research directions
for future approaches. To reduce the problem, studies also investigated defect
prediction models for specific types of bugs (Sellik et al, 2021) and investigate
patterns of defects in specific application domains (Wan et al, 2017; Rahman
et al, 2020) and their co-occurrence with other factors (Foucault et al, 2015).
For instance, socio-technical information on developer collaboration and com-
munication was found helpful in the identification of buggy commits (Falcão
et al, 2020) and static analysis (Sattler et al, 2023). Automatically ensuring
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good coding practices and fixing introduced defects is another goal of research.
For this purpose, studies explored actions to correct violations (Oumarou et al,
2015) or fix bugs (Robati Shirzad and Lam, 2024) and proposed and evalu-
ated techniques for automatic program repair (Durieux et al, 2019; Huang
et al, 2024).

As a special type of software defects, other studies detected (Ponta et al,
2020), categorised (Mazuera-Rozo et al, 2019; Rahman et al, 2023) and pre-
dicted software vulnerabilities. The automatic detection of vulnerability patch-
ing commits is another field of research aiming to improve timely updates and
security in the software supply chain (Sawadogo et al, 2022; Hommersom et al,
2024). Studies also explored reasons for practices of developers introducing
security risks (Rahman et al, 2022; Iannone et al, 2023) and patterns of vul-
nerability prevalence (Verdi et al, 2022; Almanee et al, 2021), their life cycle
and propagation (Alfadel et al, 2023). Other studies used mining techniques to
analyse the impact of specific cyber attacks (Davis et al, 2018) and proposed
best practices for developers to counterfeit them (Santos et al, 2022). To eval-
uate security in open-source projects, studies also explored the suitability of
possible metrics (Walden, 2020).

Besides defect detection techniques, code reviews are another common
means of quality assurance in software development processes (Thongtanunam
et al, 2015). Several studies investigated common practices in this process, for
instance regarding review coverage, participation and reviewer expertise (McIn-
tosh et al, 2016). To provide guidance for contributors and optimise processes,
other researchers investigated factors leading to patch acceptance (Baysal et al,
2016) or reviewer participation, for instance finding that human factors play
an important role (Ruangwan et al, 2019). To assist developers during review
processes, studies identified best practices to write useful reviews (Bosu et al,
2015) and proposed automated methods for review comment generation (Chat-
ley and Jones, 2018), recommending suitable reviewers (Zanjani, 2016), and
linking interdependent reviews of competing solution approaches (Hirao et al,
2019). To ascertain process conformance, studies also developed methods to
track the evolution of code changes with their corresponding review com-
ments (Ramsauer et al, 2019).

To measure and monitor different aspects of code quality, studies proposed
and evaluated metrics to measure readability (Piantadosi et al, 2020), regu-
larity (Gil and Lalouche, 2017), complexity (Meijer et al, 2022; Alqadi and
Maletic, 2020), and artefact-based change metrics (Reck et al, 2023), function
usage (Grotov et al, 2022) and smells (Jebnoun et al, 2020) in various fields of
application, for example in quality assessment of generated code (Nguyen and
Nadi, 2022). Other structural code metrics were found helpful in identifying
candidate classes for refactoring (Nikolaidis et al, 2023). Studies also explore
the validity of code metrics, for instance regarding their agreement (Ó Cinnéide
et al, 2017) or correlation with other metrics such as size (Gil and Lalouche,
2017; Chowdhury et al, 2022) and social factors including team size (Youssef
and Capiluppi, 2015). Other studies used statistical tests, for example to mea-
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sure the impact of code metrics on bug density (Reck et al, 2023), which could
help in identifying bug-prone code areas.

Software tests are another important means in quality assurance. To sup-
port testing practices, researchers explored the benefits of integrating historic
code changes in regression test selection (Soetens et al, 2016; Kauhanen et al,
2021) and proposed novel methods to detect flaky tests (Parry et al, 2023).
Other work explored patterns in CI test failures (Chen et al, 2023) and in
the co-evolution of production and test code (Wang et al, 2021), including
the development of tools for their automated linkage (White and Krinke,
2022). Studies also use software repositories as subjects during evaluation of
test suites, for instance for performance assessment. Other approaches aim to
improve performance of software systems by automatically identifying code
changes responsible for performance regressions (Luo et al, 2016) and learning
and predicting software performance using machine learning (Gong and Chen,
2022). Related studies explored efficient and inefficient programming patterns
to increase performance and energy efficiency (Rua and Saraiva, 2023).

Answer to RQ1 Which topics in empirical software engineering are typ-
ically driven by mining software evolution from repositories and could be
affected by threats due to differences in tooling?): Besides the development
of automation and mining techniques, most tool-driven insights are gained
in the fields of software maintenance, software quality and collaboration
and coordination. Other, slightly less popular fields include software archi-
tecture and design, software usage and software governance, respectively.
All of these fields can potentially be affected by threats in mining tools, as
they rely on complex, very specific analytical capabilities, which inherently
require numerous implementation decisions.

4.2 Comparison of baseline and derived data

In previous work, we compared the baseline data of two mining tools–Codeface
andKaiaulu—and examined some of the factors which are responsible for dis-
crepancies in technical detail. Based on these results, we evaluated the effort
required to adjust one of the tools to match the results of the other. This
section summarises the most important findings from this initial study and
demonstrates the generalisability of the observed threats to validity for two
additional mining tools—git2net and GrimoireLab.

A fundamental task of mining tools that capture evolutionary software
development processes is the consistent extraction of commits and related
information such as edited files and developers. The simple counts of these
units often form the basis for more complex metrics in the course of a study
and should therefore not differ between tools. In figure 4, however, we illustrate
that, even with similar tool configurations, the time series for basic metrics
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such as the number of commits, developers, edited files and edited entity blocks
can vary significantly across four well-known mining tools.

As in our previous study, we find that the differences between tools vary
depending on project characteristics. In addition, the plot reveals differences
due to the analysis setup. As explained in section 3.4, we choose projects from
the replication studies and analyse them in different time windows according
to the respective original setup: From the study of Gote et al. 2022, we chose
the subject projects Birt, Conductor and Flink and analysed them according
to the original work in nine month time intervals, while the remaining projects
as part of the study of Joblin et al. (2017a) were analysed in ranges of three
months. This allows for evaluating two different time window sizes in the
comparison. We note that the aggregation using larger time windows makes
differences in the baseline data appear more pronounced.

The commit time series as a basis for all other metrics are often signifi-
cantly higher for GrimoireLab compared to the other tools. GrimoireLab
collects commits from all branches in a GitHub repository, while the other
tools analyse a single locally checked-out branch of a Git project. This has sig-
nificant impact in subject project PostgreSQL, where commit activity reaches
a maximum in most recent time windows, while the other tools indicate an
overall decrease. In our previous study, we identified the order of filtering op-
erations, commit parsing and commit storage as further factors for variations.
The file time series further emphasise the effect of file filtering. For instance,
GrimoireLab identifies more than twice as many files as Codeface in sub-
ject project Conductor, because Codeface ignores changes in documentation
or lock files and only stores file information if a code entity in the respective
file has been changed. Kaiaulu provides configuration options to filter file
endings relevant to the user. git2net ignores binary file changes. Developer
identities usually appear consistent across tools. One of the outliers is subject
project Birt, where GrimoireLab’s identity matching algorithm assigns mul-
tiple identities to developers sharing the same full name, which are merged by
the other tools.

Finer granularity analyses detecting related code entities are only sup-
ported by Codeface, git2net and Kaiaulu. In the previous study, we fo-
cused on the set of uniquely identified named entities. As git2net does not
capture the name of a function and splits entities into blocks in its database
schema, we present the total number of identified blocks, including potential
duplicates, in this study. The time series indicate that in almost all cases, the
number of blocks identified by git2net is orders of magnitude higher than
for the other tools. For instance, in subject project Django, the highest value
for changed blocks is 68, 952 in range 24 according to git2net, while for the
same time interval, the number is only 2, 038 according to Codeface and
1, 070 according to Kaiaulu. Codeface summarises the changed blocks per
named entity and commit, while Kaiaulu distinguishes different blocks like
git2net. Despite Kaiaulu being more similar to git2net in this aspect from
a technical implementation perspective, Codeface’s outcomes are more sim-
ilar to those of git2net, as other factors interfere. As we found in previous
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Fig. 4: Time series of simple count-based metrics (number of commits, files,
developers and finer-grained code entity blocks) calculated based on the git
log extracted by Codeface, git2net, GrimoireLab and Kaiaulu with the
most similar configurations for the respective replication. Lines are plotted
with a small offset to visualise overlapping lines.
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work, the definition and parsing of entities also differs across tools: git2net
considers entities to be blocks of code lines in local proximity Gote et al (2021).
Although Codeface and Kaiaulu follow a similar approach, they incorpo-
rate additional information on defined structures such as functions, interfaces,
classes, enumerations, and namespaces from external parsers. Codeface ex-
tracts the internally defined set of entities via Doxygen, C-Tags and a custom
SQL parser for the also internally defined set of programming languages. Ka-
iaulu provides configuration options allowing the user to choose from specific
C-Tags. However, Kaiaulu does not yet support C-Tags for all programming
languages, limiting entity analyses to C, C++, Java, Python and R.

In subsequent, more complex data processing steps, such as the construc-
tion of developer networks, results can diverge even further. For instance,
figure 5 demonstrates the effect of different network construction methods on
the resulting developer collaboration graph. The same network is constructed
by the four tools for the same time interval in the history of subject project
Flink. Nodes represent developers and edges indicate collaborations.

The overall network structure shows that there are significant differences
between tools. The number of nodes is much higher in the network constructed
by git2net compared to all other tools. In addition, the edge density and
weights differ across tools. This phenomenon can be mostly explained by the
interpretation of collaboration: Codeface and Kaiaulu construct the net-
work based on code entities jointly edited by developers. Here, the directed
edge represents contributions from developer d1 to code previously contributed
by developer d2. To further indicate the strength of this collaboration, both
tools assign weights to the edges, which aggregate the lines of code contributed
to the other developer. However, as we showed in previous work, this aggrega-
tion differs as well. For instance, the number of code lines can incorporate lines
contributed by d1 once (Kaiaulu) or multiple times (Codeface). Another ap-
proach is pursued by git2net. Here, results are based on the line-granularity
analysis mode, as the block-granularity mode used for the entity time series
comparison above is not yet supported for network construction. Contrary
to Codeface and Kaiaulu, edges in git2net’s network graphs indicate a
change in code line ownership from d1 to d2. The changes in code ownership
are not aggregated by default, but the graph contains multiple edges (Gote
et al, 2022). GrimoireLab supports the construction of bipartite graphs for
any two fields in its database. While the first node type can be developer iden-
tities, GrimoireLab does not support functions or similar code entities as the
second node type. This would actually be required to correspond to network
construction in Codeface, git2net and Kaiaulu. However, from all the sec-
ond node types we can choose, such as project or organisation names, file paths
are the most fine-grained code-related option and therefore serve as a substi-
tute for entities in our replications. When calculating the bipartite projection
of this graph, GrimoireLab allows for defining a weight function, which we
configure to the number of jointly edited files, weighted by the number of
changes made by the respective developer. As explained by Joblin et al. (2015)
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Fig. 5: Developer networks constructed by Codeface, git2net, Grimoire-
Lab and Kaiaulu for the same time interval of subject project Flink with the
most similar configurations to replicate Gote et al (2022). Names have been
pseudonymised.

and Gote et al. (2019), networks constructed at file-granularity detect more
edges in general, but only a small percentage are actually meaningful. In addi-
tion to the network construction, the differences in the baseline data described
above impact the network structure. For instance, by default, git2net uses a
different identity matching technique from the tool Gambit (Gote and Zingg,
2021), which rates similarity of developer names and e-mails using Levenshtein
distance. Compared to the exact partial string matching supported by Code-
face, GrimoireLab and Kaiaulu, this technique accepts greater deviations
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between identities. However, this tolerance can lead to higher false positives.
For instance, git2net partially matches the identity of developer Kushochono
Leshinefa with Febochoja, causing the latter to appear in the network graph
despite not contributing any commits in the considered time window. Con-
versely, due to the exact partial string matching, the networks constructed
by Codeface, GrimoireLab and Kaiaulu show several duplicate nodes in
cases where identity matching was not tolerant enough.

Answer to RQ2 (To what extent can we observe discrepancies in the
data obtained from independent software repository mining tools?): In a
sample of eight subject projects with different characteristics and analysis
parameters, we find mostly similar evolutionary trends in high-level met-
rics such as the number of commits, developers and files. However, the
more fine-grained and downstream in the pipeline a data preparation step
is, the higher seems the inherent uncertainty. For instance, significant dif-
ferences exist in code entity parsing and developer network construction.
This indicates that despite offering similar analyses, the tools under study
cannot be considered readily interchangeable.

4.3 First replication: collaboration and coordination

So far, we completed step 2 depicted in figure 1 and analysed differences in the
data extracted from four popular mining tools. Although discrepancies exist,
we do not know yet whether these have an impact on the actual outcome of an
overarching question in studies. To address this open question, the following
sections focus on the results of the replication studies independently performed
with the four tools as the final step of our study.

This section describes the results of the selected analyses from Joblin et al
(2017a) to answer sub-research question RQ3a, investigating the level of agree-
ment of core and peripheral developer operationalisations across tools.

Agreement of count- and network-based operationalisations: The first repli-
cated analysis studies the agreement of core developer metrics measured on
version-control system data. The count-based metrics, number of LOC and
commits, are aggregated based on the information captured by each tool in
its database. Intuitively, core developers are expected to have a higher level of
activity, which is reflected in more contributions. We calculate network-based
metrics based on the adjacency matrices exported for each tool in a unified
format. The node degree denotes the number of links to other developers in
the temporal network. Core developers are expected to coordinate with more
developers than peripheral developers. Eigenvector centrality determines the
centrality of a developer in the network depending on the centrality of its
neighbourhood. Core developers are expected to have higher centrality and
coordinate with other developers with higher centrality. Hierarchy centrality



32 Nicole Hoess et al.

is determined by node degree and clustering coefficient, with clustering co-
efficient denoting the ratio of existing to all possible links in a developer’s
neighbourhood. Core developers are expected to have a higher hierarchy cen-
trality.
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Fig. 6: Time-averaged agreement in terms of Cohen’s kappa for QEMU and
PostgreSQL. The pairwise agreement is shown for the count-based metrics lines
of code (LOC), number of commits and the network-based operationalisations
node degree, eigenvector centrality and hierarchy centrality. The left column
shows the agreement measured in the original study. The right column displays
the agreement measured in the four replications using Codeface (yellow),
git2net (green), GrimoireLab (lilac) and Kaiaulu (blue).

The level of agreement between metrics is measured pairwise by Cohen’s
kappa. We calculate this measure separately for each project, tool and year of
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development. Joblin et al (2017a) interpret the strength of agreement repre-
sented by Cohen’s kappa as follows: 0.81–1.00 almost perfect, 0.61–0.80 sub-
stantial, 0.41–0.6 moderate, 0.21–0.40 fair, 0.00–0.20 slight, and ă 0:00 poor.

Joblin et al (2017a) present the level of agreement between count- and
network-based metrics averaged over one year of development. However, it is
unknown which year of development is presented in the paper and supplemen-
tary material. As other analyses in the paper refer to the most recent year
of studied development time, we present replication results obtained and av-
eraged over the same time interval. The results for all other individual time
ranges and the level of agreement averaged over the entire studied development
time are available on the supplementary website. Figure 6 shows the results
for the exemplary subject projects QEMU and PostgreSQL.

The left graph shows the metrics agreement observed in the original study.
The right graph shows the replicated metrics agreement for all tools. Since the
original study was conducted with Codeface, we would expect our replica-
tion with the same tool to yield very similar results. Ideally, we would observe
the exact same metric values. However, as we use non-overlapping time win-
dows in our replication for reasons outlined in Appendix A.1.1, we accept a
small tolerance and consider the same strength of agreement as above suffi-
cient. However, discrepancies exist for example in the agreement of eigenvector
centrality with node degree, LOC and number of commits in projects QEMU
and PostgreSQL. The original study measures a fair to moderate agreement,
while our replication with Codeface finds a higher moderate and in case
of the node degree even almost perfect agreement. Conversely, the strength
of agreement between, for instance, hierarchy centrality and number of com-
mits is higher in the original study than in our replication with Codeface.
While this could partially be attributed to our change in time window aggre-
gation, tool-specific updates since the original study could have also caused
these deviations. For instance, time window splitting and commit parsing in
Codeface were updated multiple times and also dependencies, such as the
igraph library, have been updated and may have changed behaviour since
the original study was performed. As we did not know the code and library
versions used in the original study, we could not explore this phenomenon in
more detail. However, as the replicated agreement is still in the next higher
or lower agreement class, we accept this tolerance and apply the same metrics
calculation pipeline to the baseline data extracted by the other tools.

With git2net, the strength of agreement between metrics is consistent
with the respective, next higher or lower agreement class observed by Code-
face in the replication. An outlier is the agreement between hierarchy cen-
trality and commits in project PostgreSQL, where we measure a moderate
agreement with Codeface and an almost perfect agreement with git2net.
With GrimoireLab, we observe similarly close agreement levels. Similar to
git2net, outliers exist for instance in case of hierarchy centrality, for which
GrimoireLab measures a two classes higher agreement with eigenvector cen-
trality and node degree than Codeface. With Kaiaulu and subject project
QEMU, the strength of agreement is always in the same class as found by
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Codeface. For PostgreSQL, we again observe a maximum difference of one
class compared to Codeface, for instance for the agreement between hierar-
chy centrality with LOC and commits.

The maximum difference of two agreement levels is surprising for the
network-based metrics, considering that the tools follow significantly differ-
ent approaches for network construction: Codeface and Kaiaulu construct
temporal networks at function-granularity, while git2net constructs them at
line-granularity. In GrimoireLab, networks are bipartite projections of bi-
partite networks connecting developers and files. All tools therefore indicate
the validity of network-based operationalisations of developer roles. The re-
sults obtained for GrimoireLab suggest that the operationalisations can also
be applied to more coarse-grained file-level networks, demonstrating general-
isability.

The agreement of count- and network-based metrics also matches the level
observed by Joblin et al (2017a) in all tool-specific replications. PostgreSQL
represents a project with one of the lowest measured agreements across all
studied subject projects. In particular, the level of agreement between hierar-
chy centrality, LOC and commit count is only fair (0.27) in the replication with
Kaiaulu, while the other tools measure a moderate to almost perfect agree-
ment (0.47–0.82). We hypothesise that the reason for this maximum difference
of 0.55 between tools is the programming language support. PostgreSQL con-
tains several SQL files, which are not supported and parsed yet by Kaiaulu,
while other tools such as Codeface implement custom parsers for their analy-
sis. Nevertheless, the differences in Cohen’s kappa coefficient are all within the
tolerated deviations for drawing conclusions in the original study. While the
level of agreement exceeds 0 in all recent development years of all subject
projects, we measure some negative values indicating poor agreement worse
than randomness between individual count- and network-based metrics in the
very early years of development in subject projects including Django, GCC,
LLVM, QEMU and U-Boot. This could be an effect of using non-overlapping
time windows in our replication. Another potential explanation could be that
developer networks are usually small in size at the beginning of a project,
meaning that differences in network metrics between individual developers
are less pronounced in general. Since the identification of core developers is
generally less relevant in practice for very small networks, we disregard these
outliers in the overall conclusion that count- and network-based metrics agree
consistently at least at a fair level. Between the count-based metrics, we ob-
serve a fair to almost perfect (0.40–0.83), typically substantial agreement in
the most recent studied year of all projects. This corresponds to the findings
in the original study.

Hierarchical embedding: The second replicated analysis from Joblin et al (2017a)
studies the manifestation of relational differences between developers in the
network hierarchy. Core developers are expected to take higher positions in
hierarchy, while peripheral developers are expected at lower positions. The
presence of such hierarchy in social networks is evident from a mutual depen-
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dence between node degree and clustering coefficient. Again, we evaluate this
dependence for each year of development as done by Joblin et al (2017a) and
present the results for the most recent studied year exemplary for the subject
projects QEMU and GCC in figure 7. As we do not know the the raw values
observed in the original study and since time window splitting in Codeface
slightly changed since the original study was conducted, we can only compare
the replication results across the replication tools in this analysis.

We consistently see core developers with high node degree and low cluster-
ing coefficient clustered in the bottom right region and peripheral developers
with lower node degree and high clustering coefficient clustered in the top left
region of each time window plot for QEMU (top graph). The overall linear de-
pendence between node degree and clustering coefficient can also be observed
to a similar degree with all tools, albeit slightly less pronounced withKaiaulu.
This confirms the results found in the original study. In subject project GCC,
however, trends are slightly different: Although the higher node degree of core
developers is obvious with all tools, the relational difference between core and
peripheral developers in clustering coefficient is evident with Codeface and
git2net, but significantly less pronounced withGrimoireLab andKaiaulu.
Due to outliers, the overall linear dependence actually appears reversed with
Kaiaulu in several time intervals. However, as this phenomenon is rare, the
overall results for the hierarchical embedding of developer roles can be consid-
ered consistent with the results from Joblin et al (2017a) and across tools.

Further investigations: So far we have compared the results obtained by each
replication carried out with a specific tool independently. Specifically, the
agreement and consistency observed in figure 6 refers to high-level metrics
calculated individually for each tool in isolation. These results do not give
us any insights into actual consistency of operationalisations between tools.
In other words, we could observe the same level of metrics agreement by two
tools, even though the actual classifications of developers differ completely.
This would correspond to the worst case scenario in which developers are con-
sistently classified as core with one tool and consistently classified as peripheral
with the other tool. To rule out the possibility of this scenario and to evaluate
the interchangeability of tools in more detail, we examine the consistency of
the individual developer classifications across tools. The results from section
4.2 show that the set of identified developer identities is not always consistent
across tools in the first place. Therefore, we limit our evaluation to the group of
developers that was found by all tools according to their names. Then, we cal-
culate Cohen’s kappa as done for the operationalisations’ agreement between
all tools for each metric per project. It is important to note that the absolute
agreement may be significantly higher, but Cohen’s kappa takes into account
the class imbalance between core and peripheral developers. If the tools can
be considered interchangeable, we would expect an almost perfect agreement
(ą 0.81) in all cases, as they should all measure the same variable similarly.

Figure 8 shows exemplary results for subject projects QEMU, FFmpeg,
GCC and U-Boot. For the QEMU and FFmpeg in the top graphs, we in-
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Fig. 7: Hierarchy stability in projects QEMU (top graph) and GCC (bottom
graph) during four development periods measured by Codeface, git2net,
GrimoireLab and Kaiaulu. The linear dependence between clustering co-
efficient and degree expresses the hierarchy. In most cases, core developers
appear clustered at the top of the hierarchy (bottom right region), while pe-
ripheral developers are clustered at the bottom of the hierarchy (upper left
region).
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Fig. 8: Time-averaged agreement of classifications of the same set of develop-
ers identified and classified by all four tools Codeface, git2net, Grimoire-
Lab and Kaiaulu. The pairwise agreement on classifications between tools
is shown for lines of code (LOC) count (yellow), commit count (green), node
degree (lilac), eigenvector centrality (blue) and hierarchy centrality (pink).

deed observe the expected almost perfect agreement (0.8–0.93) between tools
for classifications based on LOC count (yellow tile) and number of commits
(green tile). The level of agreement on classifications based on the network
metrics node degree (lilac tile), eigenvector centrality (blue tile) and hierar-
chy centrality (pink tile) is lower, but still moderate to substantial (0.47–0.74)
in these cases. For the subject projects GCC and U-Boot, the agreement be-
tween tools is lower in general. For classifications based on network metrics,
the agreement between tools does often not exceed the fair level above ran-
dom agreement. Given that inconsistently identified developers were already
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removed from the dataset, this indicates significant differences in the developer
classifications derived from different tools.

Answer to RQ3a (Is the level of agreement of core and peripheral de-
veloper operationalisations based on count and structural metrics and the
hierarchical embedding of developer roles consistent across tools?): In gen-
eral, the level of agreement between count- and network-based metrics and
the hierarchical embedding of developers observed by four independent
tools is consistent with the levels observed by Joblin et al. (2017a) in the
original study. We would therefore draw the same high-level conclusions
with all tools.
Nevertheless, it should be noted that discrepancies come to light when
comparing the actual developer classifications across tools. In some cases,
the magnitude of disagreement is significant and suggests that tools are not
interchangeable. Due to their higher complexity and downstream position
in the pipeline, network-based metrics appear more prone to tool-level
threats than simple count-based metrics.

4.4 Second replication: software maintenance

The following results summarise the replicated analyses of Gote et al. (2022)
to answer sub-research question RQ3b, which studies the relationship between
productivity and team size in line with Brooks’ law.

Correlation between productivity and collaboration metrics: The first analy-
sis calculates the Pearson correlation between all extracted productivity and
collaboration metrics. As explained in Appendix A.1.2, we were only able to
calculate a part of the metrics (number of commits and team size) exactly as
they were calculated in the original study, since the code for the productiv-
ity metrics aggregation and network metrics calculation was missing. For this
reason, the correlations measured in figure 9 are partly subject to our own as-
sumptions regarding implementation. The matrix on top shows the correlation
between the productivity metrics measuring the difference in the number of
commits, functions and Halstead effort and the collaboration metrics including
team size, number of nodes in the developer network graph, mean in-degree
of developers and mean foreign modification ratio (FModR). The calculation
is performed for all time intervals and projects together.

The top plot shows the values measured by the original study when reduc-
ing the subject projects in the reproduction data to the set considered in our
replication, as motivated in Appendix A.1.2. Despite the significant reduction
from 201 to 10 projects with representative characteristics, the calculated val-
ues are consistent with the results obtained from the large original data set.
The most important finding of this matrix in the original study is the nega-
tive correlation between team size and each of the productivity metrics. With
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Fig. 9: Pearson correlation between the transformed productivity and network
metrics, calculated by the original study (top plot) and by the replication
(bottom plot) using data extracted by Codeface (top tile), git2net (right
tile), GrimoireLab (bottom tile) and Kaiaulu (left tile).
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values below -0.5, this correlation is more pronounced in the reduced data set.
The magnitude of the other correlations corresponds to the ones from the large
original data set.

The bottom plot shows the correlations between the metrics calculated on
data extracted by the mining tools Codeface, git2net, GrimoireLab and
Kaiaulu. With all four tools, we observe the essential negative correlation
between the team size and the productivity metrics. The magnitude of the
correlations in the individual tool data sets is very similar. For example, the
correlation between team size and number of commits varies by a maximum of
0.04 across tools. The correlations between team size and productivity metrics
are in general higher in the replication than in the original study. For instance,
the correlation between team size and Halstead effort varies between -0.6 and
-0.69 in our replication, while the original study reported a value of -0.26.
This is especially surprising as git2net (right tile) was used in the original
study, but the correlations from the original matrix could not be replicated
consistently. This indicates that our replicated metrics calculation differs from
the original algorithm not specified in the code.

We contacted the lead author of the study and developer of the git2net
tool regarding this matter. Although the original code was not available any
more, he provided us with possible reasons explaining the discrepancies in the
replication. For instance, in a previous version of the correlation matrix, which
we included in the supplementary material, we exported the git2net devel-
oper networks in adjacency matrix format, which combined multiple edges into
a single edge weight. This corrupted the multi-edge count used in the original
study and led to positive correlations between the foreign modification ratio
and the productivity metrics. When switching to the multi-edge edgelist, this
issue was overcome, but at the same time changed the correlation between
team size and mean in-degree to a negative value. Due to these side effects,
a large number of possible combinations would have had to be explored to
achieve an accurate replication in all metrics. However, this circumstance does
not affect the agreement between the tools, which is of interest for this study.

Although the tools agree on the central correlation of team size and pro-
ductivity, several differences are apparent for the network metrics, which are
used as control variables in the original study. First, the correlation between
productivity and mean in-degree of developers in the network is positive for
Codeface, git2net and Kaiaulu, while it is negative for GrimoireLab. As
explained in more detail in Appendix A.1.2, GrimoireLab constructs undi-
rected networks, which actually does not allow us to calculate the in-degree,
but only the higher total node degree. The undirected graph also limits the
possibility to calculate the foreign modification ratio, since the information of
changes in ownership is not captured. However, the results for the undirected
graph could be considered a substitute for replication or adoption of the ap-
proach when switching tools. Codeface and Kaiaulu aggregate directed
edges between developers according to a weight scheme. Therefore, we observe
similar correlations with the in-degree for these tools, while the correlation for
git2net differs in magnitude due to the multi-edge graph. Although we use
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the same algorithm to calculate the foreign modification ratio across tools, the
correlations between this metric and team size and number of network nodes
differ significantly. While Codeface reports a negative correlation, Kaiaulu
and the other tools report a positive relationship. Similarly, Codeface and
Kaiaulu report a positive correlation between productivity and the foreign
modification ratio, while git2net and GrimoireLab measure a negative re-
lationship. This further highlights the impact of different network construction
techniques and indicates that other, more complex relationships and interac-
tions exist, which are captured differently by the individual tools.

Regression models relating team size to productivity: The next analysis repli-
cated from Gote et al. (2022) fits linear and polynomial regression models
to the individual productivity metrics to investigate the effect of team size
in more detail. We visualise the original and replicated linear and quadratic
models in figure 10. From a visual point of view, we observe a negative rela-
tionship between team size and individual productivity across all combinations
of tools and productivity metrics. Although the overall shape of the quadratic
curve appears to differ slightly across tools, this may be a side effect of the
logarithmic scale used in the original and adopted in our replication study.

The quantitative results for the linear and quadratic model fitted to the
original reduced data set and to data extracted by the four replication tools
are presented in table 4. The models are constructed separately for each
productivity metric, for instance explaining the averaged difference in num-
ber of commits by team size (Commits „ TS) in the linear model and
Commits „ TS ` TS2 in the quadratic model. The linear models consis-
tently report negative regression coefficients for the team size, indicating that
individual productivity in terms of difference in commits, functions or Hal-
stead effort decreases for larger teams. Although the regression coefficients in
the linear models differ slightly between tools and metrics, this relationship is
clearly evident and stable.

Due to the reduction of subject projects, the quadratic model fitted to the
original study data exhibits negative coefficients for TS explaining commits
and functions and a positive coefficient when explaining Halstead effort. The
coefficients for TS2 are close to zero, being negative for commits and Hal-
stead effort and positive for functions. This diverges from the results found in
the original study for the entire data set, which reported consistently positive
coefficients for TS and consistently negative coefficients for TS2. This could
indicate that our data set is too small to fit a more complex model or that the
relationship is not evident in all subject projects. The magnitude of coefficients
in the replicated quadratic models overall agree with those found for the re-
duced original data set in terms of commits and functions, although the signs
of the coefficients close to zero are reverted in the replication. The absolute
regression coefficients for TS and TS2 when explaining the Halstead effort,
however, are significantly higher than in the original study. This indicates
that in the replication, the divergence due to metrics calculation outweighs
differences in the baseline data.
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Fig. 10: Productivity per team member as a function of team size estimated by
linear (blue) and quadratic (yellow) regression models. The models are built
on data sets from the original study and the four replication tools Codeface,
git2net, GrimoireLab and Kaiaulu.
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Table 4: Regression models fit to data from the original study and with the
replicated data from the four mining tools. Each table column shows a separate
model with the productivity metric as target variable and the team size (TS)
as covariate. Yellow indicates a negative regression coefficient, blue indicates
a positive coefficient. The intensity shows the coefficient magnitude. Standard
errors are shown in parentheses.

Linear relationship Quadratic relationship

Tool Term Commits Functions HallEff Term Commits Functions HallEff

O
ri
g
in
a
l

(IC) 4.84 5.53 17.48 (IC) 4.64 5.69 16.87
p0.19q p0.27q p0.38q p0.32q p0.45q p0.64q

TS ´0.45 ´0.52 ´0.35 TS ´0.30 ´0.64 0.09
p0.05q p0.07q p0.11q p0.20q p0.28q p0.39q

TS2 ´0.02 0.02 ´0.07
p0.03q p0.04q p0.06q

R2 0.32 0.24 0.07 R2 0.32 0.24 0.07
Adj. R2 0.32 0.24 0.06 Adj. R2 0.31 0.23 0.06

C
o
d
ef
a
ce

(IC) 5.48 7.75 21.82 (IC) 5.92 6.51 17.95
p0.14q p0.22q p0.44q p0.26q p0.39q p0.73q

TS ´0.54 ´0.95 ´1.17 TS ´0.80 ´0.20 1.19
p0.03q p0.05q p0.10q p0.14q p0.21q p0.38q

TS2 0.03 ´0.09 ´0.29
p0.02q p0.02q p0.05q

R2 0.58 0.65 0.42 R2 0.59 0.68 0.53
Adj. R2 0.58 0.65 0.42 Adj. R2 0.59 0.68 0.52

g
it
2
n
et

(IC) 5.39 7.57 21.37 (IC) 5.52 6.42 17.72
p0.14q p0.21q p0.42q p0.24q p0.37q p0.67q

TS ´0.50 ´0.92 ´1.08 TS ´0.59 ´0.18 1.25
p0.03q p0.05q p0.10q p0.13q p0.20q p0.37q

TS2 0.01 ´0.09 ´0.30
p0.02q p0.03q p0.05q

R2 0.55 0.63 0.38 R2 0.55 0.65 0.50
Adj. R2 0.55 0.63 0.38 Adj. R2 0.55 0.65 0.50

G
ri
m
o
ir
eL

a
b

(IC) 5.52 7.64 21.31 (IC) 5.83 6.54 17.65
p0.13q p0.21q p0.43q p0.24q p0.37q p0.68q

TS ´0.52 ´0.91 ´1.03 TS ´0.71 ´0.21 1.30
p0.03q p0.05q p0.10q p0.13q p0.20q p0.37q

TS2 0.03 ´0.09 ´0.30
p0.02q p0.02q p0.05q

R2 0.58 0.63 0.36 R2 0.59 0.66 0.48
Adj. R2 0.58 0.63 0.36 Adj. R2 0.59 0.65 0.47

K
a
ia
u
lu

(IC) 5.04 7.49 21.54 (IC) 5.42 6.42 18.29
p0.13q p0.22q p0.38q p0.24q p0.38q p0.61q

TS ´0.46 ´0.90 ´1.21 TS ´0.69 ´0.24 0.82
p0.03q p0.05q p0.10q p0.13q p0.20q p0.33q

TS2 0.03 ´0.09 ´0.26
p0.02q p0.02q p0.04q

R2 0.52 0.61 0.47 R2 0.53 0.63 0.57
Adj. R2 0.51 0.60 0.47 Adj. R2 0.52 0.63 0.57
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For the sake of clarity, we do not present the results for the linear and
quadratic regression models accounting for the network metrics as control
variables in the paper, but provide the tables in the supplementary materials.
Due to the differences in network metrics already observed in the correlation
matrices, the regression coefficients for the in-degree and the foreign modifi-
cation ratio vary significantly across tools. Despite these effects, the negative
coefficient for TS remained consistent across all tools and metrics in the lin-
ear models. In the quadratic regression models, the control variables turned
the previously positive coefficients for TS explaining productivity in terms
of Halstead effort into negative coefficients when fitting the models to data
extracted by git2net, GrimoireLab and Kaiaulu. For Codeface, the co-
efficient remained positive, which could be a consequence of differences in
network construction.

Answer to RQ3b (Is the relationship between team size and productivity
consistently negative across all tools, corresponding to Brook’s law?): The
relationship between time size and productivity is overall consistently neg-
ative across all tools, confirming the central conclusion on the applicability
of Brooks’ law found by Gote et al. (2022).
However, there are some disagreements in the correlations and effects of
network metrics across tools. Although these metrics play a subordinate
role as control variables for the regression models, the discrepancies indi-
cate that the conclusions drawn for another hypothetical research ques-
tion, for instance studying the effect of collaboration intensity with other
developers on productivity, would have diverged across tools.

4.5 Third replication: software quality

This section describes the results obtained by the mining tools in the replica-
tion of Foucault et al. (2015) to answer sub-research question RQ3c.

Relevance of developer turnover: As a starting point for replication, we anal-
yse the relevance of the turnover phenomenon in open-source software projects
by analysing time series evolution. In figure 11, we compare the evolutionary
trends of contributions from external newcomers, leavers and stayers and all
developers in the same time frames analysed by the original study and our
replications. From a visual perspective, all time series are very similar, al-
though the original tool Diggit and the replication tool GrimoireLab anal-
yse all branches of a subject repository, while the remaining tools only consider
the main branch. Marginal differences exist in some time series, for instance
the leavers and newcomers activity observed between 2014 and 2015 for project
Jenkins. Similar to the original study, we find that throughout the project his-
tory, at least 80% of developers are either newcomers or leavers. Therefore,
the observation that developer turnover is a highly relevant phenomenon in
open-source software projects is clearly stable across all tools.
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Fig. 11: Evolution of developer turnover found by the original study and the
four replication tools. The plain grey line on top represents the total number
of developers, the plain lilac line at the bottom the number of stayers, the
blue line the number of external newcomers and the yellow line the number of
external leavers.

Patterns of activity and bug fixes: Figure 12 shows the activity of external
and internal newcomers (ENA, INA), leavers (ELA and INA), stayers (StA)
and the number of bugs per module in six months before and after the release
chosen by the authors for each project. Modules are determined by matching
files identified by each tool via regular expressions. Grey modules indicate
that no file in the module was detected by a certain tool, for instance due
to differences in raw data parsing. The most significant discrepancy can be
observed for subject project Ansible. A large majority of modules are missed by
the tools Codeface and Kaiaulu, while the original tool Diggit, git2net
andGrimoireLab were able to identify them. Manually inspecting the missed
modules reveals that the repository contains several files containing Python
code but missing the file ending .py. Since Codeface and Kaiaulu both
filter files for analysis by their extensions, these could not be detected.
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Another surprising aspect is the relatively low number of modules in the
Ansible project. When inspecting the data, we note that several modules iden-
tified in the manual clustering performed by Foucault et al. (2015) were not
matched, both in the original and our replication results. The code reveals the
mapping to which module a file belongs to. The original implementation tra-
verses a list of regular expressions and groups a file based on the first match. In
Ansible, superordinate modules appeared first in the list, therefore more fine-
grained modules could not be matched. However, this behaviour corresponds
to the original implementation of Diggit. Therefore, we adopt it to maintain
comparability across results. Other modules are detected by the replication
tools while being absent in the original results. This is the case for files for
which Diggit applies a more complex regular expression during data parsing,
which could not be replicated exactly with the configuration options offered
by the other tools.

In general, the developer group activity found for each tool corresponds
to the activity observed in the original study. Nevertheless, slight deviations
were observed. Ideally, the intensity of activity per module should correspond
to the one from the original study, but when comparing the intensity for spe-
cific modules across tools, we note many differences. For instance, with Gri-
moireLab and Kaiaulu, we measure a higher total activity in all projects
and a significantly higher external newcomers and stayers activity in projects
Jenkins and Rails compared to the original study tool Diggit and the repli-
cation tools Codeface and git2net. As another example, the original study
states explicitly that no module was exclusively changed by external newcom-
ers, indicating that supervision by experienced developers always took place.
According to the replication with Codeface and git2net, this was not the
case for the second module in subject project Jenkins, where we observe only
contributions from external newcomers.

In addition to the activity patterns, the plot shows the number of bug
fixes identified by each tool for each module. Despite using the list of bug
fixing commits manually identified by Foucault et al. (2015) as a reference for
detecting affected files and modules, minor differences across tools are evident.
These differences are attributed to the baseline data extracted by the tools.
In subject project Jenkins, for instance, Codeface was not able to identify
certain bug fixing commits or affected files. Although all of these differences
seem minor, they impact the developer activity and bug density per module,
which is important for the next analysis.
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Fig. 12: Visualization of developer groups’ activity and the quantity of bugfixes
for each module identified by the original study and the four replication tools
Codeface, git2net, GrimoireLab and Kaiaulu. Each horizontal line of
blocks represents a module. The darker the colour, the higher the metric value.
Grey lines indicate that the respective module was not detected by a tool.
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Table 5: Spearman correlation coefficients between turnover metrics and bug
density (bug-fixing commits normalised by code size) per module and subject
project. Confidence intervals are computed per tool data set using bootstrap.
Turnover metrics include internal newcomers activity (INA), internal leavers
activity (ILA), external newcomers activity (ENA), external leavers activity
(ELA), stayers activity (StA) and total activity of all developers (A). Coloured
cells indicate statistically significant correlations found by the original study
(grey) and in the replications with Codeface (yellow), git2net (green), Gri-
moireLab (lilac) and Kaiaulu (blue).

Tool INA ILA ENA ELA StA Total A

A
n
g
u
la
rJ
S Original [-0.44, 0.38 ] [-0.36, 0.30 ] [ 0.11, 0.68 ] [-0.56, 0.20 ] [ 0.16, 0.83 ] [-0.14, 0.69 ]

Codeface [-0.04, 0.62 ] [-0.27, 0.47 ] [ 0.01, 0.72 ] [ 0.06, 0.69 ] [ 0.12, 0.81 ] [-0.21, 0.69 ]
git2net [ 0.02, 0.65 ] [-0.41, 0.40 ] [ 0.15, 0.82 ] [-0.09, 0.52 ] [ 0.11, 0.77 ] [-0.29, 0.64 ]
Grimoire [ 0.06, 0.72 ] [-0.39, 0.41 ] [ 0.10, 0.81 ] [ 0.01, 0.61 ] [ 0.06, 0.84 ] [-0.22, 0.68 ]
Kaiaulu [-0.01, 0.65 ] [-0.38, 0.43 ] [ 0.09, 0.81 ] [-0.08, 0.53 ] [ 0.04, 0.87 ] [-0.15, 0.72 ]

A
n
si
b
le

Original [-0.23, 0.73 ] [-0.34, 0.64 ] [-0.21, 0.67 ] [-0.29, 0.72 ] [-0.22, 0.75 ] [-0.33, 0.73 ]
Codeface – – – – – –
git2net [-0.15, 0.75 ] [-0.37, 0.66 ] [-0.42, 0.68 ] [-0.32, 0.70 ] [-0.32, 0.69 ] [-0.38, 0.73 ]
Grimoire [-0.37, 0.71 ] [-0.29, 0.64 ] [-0.37, 0.68 ] [-0.33, 0.69 ] [-0.28, 0.72 ] [-0.40, 0.72 ]
Kaiaulu – – – – – –

J
en

k
in
s

Original [-0.28, 0.30 ] [-0.17, 0.42 ] [ 0.27, 0.74 ] [-0.07, 0.49 ] [ 0.08, 0.65 ] [ 0.01, 0.63 ]
Codeface [ 0.07, 0.59 ] [-0.20, 0.43 ] [ 0.02, 0.55 ] [ 0.40, 0.88 ] [ 0.30, 0.72 ] [ 0.37, 0.70 ]
git2net [ 0.14, 0.66 ] [-0.29, 0.32 ] [-0.03, 0.55 ] [ 0.30, 0.77 ] [ 0.07, 0.63 ] [ 0.13, 0.64 ]
Grimoire [ 0.05, 0.55 ] [-0.20, 0.38 ] [-0.10, 0.55 ] [-0.03, 0.55 ] [ 0.08, 0.61 ] [ 0.13, 0.62 ]
Kaiaulu [-0.05, 0.50 ] [-0.25, 0.33 ] [-0.11, 0.55 ] [-0.02, 0.55 ] [ 0.07, 0.62 ] [ 0.07, 0.58 ]

J
Q
u
er
y

Original [-0.14, 0.67 ] [ 0.15, 0.81 ] [ 0.02, 0.70 ] [-0.41, 0.46 ] [ 0.14, 0.85 ] [ 0.07, 0.80 ]
Codeface [-0.59, 0.25 ] [-0.19, 0.63 ] [-0.24, 0.65 ] [-0.52, 0.40 ] [-0.23, 0.68 ] [-0.27, 0.71 ]
git2net [-0.53, 0.42 ] [ 0.10, 0.75 ] [-0.11, 0.80 ] [-0.28, 0.61 ] [-0.20, 0.69 ] [-0.12, 0.71 ]
Grimoire [-0.44, 0.49 ] [ 0.17, 0.80 ] [-0.06, 0.82 ] [-0.31, 0.56 ] [-0.23, 0.72 ] [-0.15, 0.71 ]
Kaiaulu [-0.55, 0.36 ] [ 0.12, 0.81 ] [-0.16, 0.79 ] [-0.42, 0.53 ] [-0.35, 0.64 ] [-0.27, 0.66 ]

R
a
il
s

Original [-0.01, 0.53 ] [-0.21, 0.30 ] [ 0.11, 0.58 ] [-0.18, 0.33 ] [ 0.16, 0.58 ] [ 0.03, 0.55 ]
Codeface [ 0.04, 0.51 ] [-0.11, 0.42 ] [ 0.10, 0.58 ] [-0.03, 0.49 ] [-0.02, 0.47 ] [-0.04, 0.50 ]
git2net [-0.09, 0.39 ] [-0.08, 0.44 ] [ 0.14, 0.62 ] [ 0.06, 0.56 ] [ 0.10, 0.57 ] [-0.05, 0.49 ]
Grimoire [-0.10, 0.40 ] [-0.07, 0.46 ] [ 0.08, 0.57 ] [ 0.09, 0.58 ] [ 0.09, 0.58 ] [-0.01, 0.51 ]
Kaiaulu [-0.10, 0.39 ] [-0.19, 0.40 ] [ 0.08, 0.55 ] [ 0.09, 0.56 ] [ 0.05, 0.55 ] [-0.02, 0.53 ]
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Correlation between developer turnover and software module quality: Finally,
we present the 95% confidence intervals for Spearman’s correlation between
developer group activities and bug density in software modules for all tool
data sets in table 5. Bug density is normalised based on the number of lines
of code measured by cloc (Danial, 2025) for all files of a module. As in the
original study, this approach includes files that were recognised by cloc but
not by the respective mining tool. In an additional investigation, we filtered
the files for lines of code calculation to only include files actually recognised by
the respective mining tool. Despite significant differences in the lines of code,
this approach had no significant impact on the overall result of the study.
Therefore, we only include it in the supplementary material.

The confidence intervals in table 5 are wide for all turnover metrics and
tools, which indicates that it is difficult to draw a clear conclusion. Due to the
low number of bug fixes and modules identified by Codeface and Kaiaulu,
we could not perform bootstrapping to calculate meaningful confidence inter-
vals. Therefore, these values are missing in the table. Since the original study
does not specify a random seed, our results differ slightly from those in the
original paper due to random sampling during bootstrapping. In our experi-
ments, we fix the seed for reproducibility. However, to validate our findings,
we tested different seeds and always obtained confidence intervals similar to
those presented in the table. Beyond statistical fluctuations, some correlations
differ more significantly across tools. For instance, the confidence intervals for
external leaver activity and bug density in Jenkins indicate a very weak neg-
ative to moderate positive correlation when using the original tool Diggit,
GrimoireLab or Kaiaulu, while the confidence intervals for Codeface and
git2net indicate a weak to strong positive correlation.

To draw conclusions about the influence of developer turnover on software
quality per module, Foucault et al (2015) consider confidence intervals which
indicate a consistently positive or negative correlation as statistically signifi-
cant. For replication conformity, we apply the same logic to draw conclusions as
the original study. In table 5, we mark significant results for each tool. Central
to the original study is the consistently positive relationship between external
newcomer activity and bug density observed for the majority of projects. In
our replication, we find these statistically significant confidence intervals only
for the original tool Diggit and Codeface. For git2net, GrimoireLab and
Kaiaulu, the confidence intervals indicate a consistently positive correlation
for just two out of five subject projects. Therefore, we cannot confirm a nega-
tive impact of the external newcomer activity on software quality when using
these tools.
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Answer to RQ3c (Is the relationship of internal and external turnover
and software quality consistent across all tools, indicating that external
newcomer activity negatively impacts module quality?): The relationship
between internal and external turnover and software quality is not consis-
tent across tools in all cases. In particular, the negative impact of exter-
nal newcomer activity on software module quality found by Foucault et
al. (2015) could only be confirmed with one replication tool. With three
other tools, this relationship is not evident.
The discrepancies observed in the analyses that build on each other demon-
strate that small differences in the baseline data can propagate through
the analysis pipeline and impact the central conclusion, especially in non-
trivial contexts.

5 Discussion and lessons learned

Are the results of independent mining tools different? From RQ2 to
RQ3a–c, we never observed exactly matching metrics calculated with the same
algorithms based on data extracted by different tools. This is true for both
the baseline data and subsequently derived metrics. Given the many imple-
mentation decisions along the tool pipeline, this is not surprising and may be
acceptable in some cases. However, under circumstances such as the existence
of multiple active branches in a repository, we have seen tools indicate oppo-
site activity trends. The more fine-grained and downstream analyses are, the
larger the differences in results become. For example, one tool identifies up to
64 times more code entity blocks than another one and in developer networks,
connections and nodes differ due to different strategies in developer identity
matching and graph construction.

This has consequences for subsequent analyses: In both studies relying on
network metrics, we observe a relatively low level of agreement on classifica-
tions of developer roles across tools and when calculating correlations between
a developer’s contribution behaviour and various collaboration and productiv-
ity metrics, switching to a different tool can even reveal the opposite effect.

Are the differences critical? With differences in even the most simple
metrics, such as the number of commits, all of the discrepancies can impact
decisions in practice, for instance by affecting popular problems of monitoring
open-source community health, its engagement and activity Claes et al (2017,
2018b); Izquierdo-Cortazar et al (2022); Newton and Fiore (2023); Robles
et al (2024) or identifying the most suitable person to review a new code
contribution (Rahman et al, 2016; Chen et al, 2022).

From a research perspective focusing on generalisable best practices and
methods, this question cannot be answered conclusively. In two of three stud-
ies, conclusions remain consistent when switching tools. However, with this
being the only change, our replications are as close to the original studies as
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possible, which often leads to confirming results (Shepperd et al, 2018). While
our replications show the minimal impact of switching general-purpose mining
tools, the impact when also switching subsequently applied tools is not eval-
uated, but expected to be even stronger. For instance, the original study of
Gote et al. (2022) relies on an additional tool to extract code-level metrics and
the study of Foucault et al. (2015) additionally classifies bug-fixing commits
manually. We think that separate studies from an even higher level of abstrac-
tion are required to evaluate the impact of changing these tool combinations.

The third replication study shows that when investigating complex rela-
tionships with several possible directions and high uncertainty, the impact of
tool choice can be significant and can even change the overall conclusion. With
research questions becoming more and more complex and detailed, we may not
have a clear intuition on the direction of causes and effects, leading us to heav-
ily rely on data-driven approaches to validate possible assumptions. Therefore,
data quality, in particular consistency and accuracy (Sidi et al, 2012) of tool
data, should be a major concern and a high degree of uncertainties in the data
cannot be accepted. According to our literature review, tool development and
application is of major relevance in empirical software engineering. This implies
that many areas of software engineering may face similar challenges, especially
considering findings of other studies (Lefever et al, 2021).

What can be done about it? In our previous study, we addressed this
question from a tool development perspective and adjusted one tool to yield
the same results as another. However, we also found a lack of standardisa-
tion, which is difficult to overcome, because there is often no clearly correct
implementation. The discrepancies we have identified are largely not due to
bugs, but to different assumptions and decisions, all of which may be equally
justified. Therefore, in the following, we address this question by summarising
our lessons learned and recommendations on aspects that should be consid-
ered during empirical study design and practical application of evolutionary
software analysis tools.

Choosing tools: With a clear primary use case, users can start their selection
process with an overview of tools providing a subset of the desired capabilities,
as we did in section 3.3. Then, users can investigate tool-specific papers and
documentation to answer more detailed questions on their implementation and
the properties of the extracted data. These questions should be related to the
metrics desired for their analysis.

Specifically for evolutionary analyses based on version-control system data,
which we explored in this paper, important data-related questions are:

– Which raw data sources and programming languages are supported? This
question must be evaluated for different types of analyses, as they can rely
on different parser capability. Limitations can impact the choice of subject
repositories and study validity in general.
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– How does the data scheme look like? Are all the required information
captured? How is data between different data sources, such as version-
control systems and issues, connected?

– Which mechanisms are available to unify data and ensure consistency?
Depending on the scale and granularity of a study, users may, for exam-
ple, require developer identities to be merged across multiple projects and
data sources. If no or only limited mechanisms ensuring consistency are
available, users have additional development efforts.

– How does the data flow through the pipeline look like? Is data stored in
raw and processed form? Are filters applied and if yes, in which order?
It is important to understand dependencies between such decisions. For
instance, file filtering intuitively impacts results of subsequent code struc-
ture detection. However, if files are only stored after a code structure was
detected, there is a mutual connection.

– How can developer networks be constructed? Are networks constructed
in temporal order or through bipartite graphs and projections? Which
artefacts are supported for network construction? Are edges directed and
weighted? How does the edge weight function look like? As our replications
demonstrated, these details can significantly impact collaboration analysis.

– What complexity metrics are used? How are they calculated? For instance,
tools may calculate complexity in lines of code per commit, file, module or
entire project and store it for different time intervals.

– Which configuration options are available? Do parameters allow for a con-
figuration of all of these aspects, or are default assumptions hard-coded?
Configuration parameters facilitate customisation, but also increase the
risk of misconfiguration if the effects of an analysis step on the subsequent
pipeline cannot yet be accurately assessed. For established tools with prede-
fined defaults, other developers may have already considered these issues. If
configuration parameters are missing, however, the effort required to adapt
the source code is significantly higher.

Acquiring such deep technical knowledge about tools can lead to the im-
pression that developing own, custom solutions could be more sustainable.
To avoid reinventing the wheel, we suggest to conduct more research on tool-
centric considerations: Dedicated studies (Lefever et al, 2021; Hoess et al, 2025)
can provide a comprehensive overview of technical details and outcomes for a
group of mining tools with a shared purpose to support users in trading-off
capabilities and making the most suitable choice. To motivate such studies, we
provide an annotated list of tools and purposes in the supplementary material.
Sometimes, it remains unclear which approach is best suited for a problem,
for instance when constructing developer networks. Tests or surveys with the
target group of the developed method (Joblin et al, 2015) can therefore offer
valuable insights.

Reproduction and replication: The experience from our replications confirms
that reproducibility cannot be limited to pointing to a tool repository and
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supplementary data. For instance, missing scripts for metrics calculation, un-
known tool versions and unavailability of tool dependencies complicate repli-
cations and the adoption of the proposed methods in practice. Therefore, we
recommend that reproduction packages should include snapshots of the tool
repositories and subject projects, along with all analysis scripts, result data
and visualisations in self-contained docker images as proposed by Mauerer et
al. (2022b) or implemented similarly using virtual box by Foucault et al. (2015).
Providing tool snapshots in docker images with compatible dependencies on
Zenodo (Dueñas et al, 2021) can also help tool users in much faster evaluating
whether a tool fits their needs.

Study design: In primary studies, metrics are relevant input features for many
types of models such as defect predictors or recommender systems. While
structural network-based metrics can be more expressive (Joblin et al, 2017a),
we find that tool agreement on these metrics is often lower. For generalisability,
it could therefore be helpful for future studies to additionally evaluate simpler
metrics with less degrees of freedom in calculation.

As addressed by Graf-Vlachy andWagner (2024) and observed in our litera-
ture review, many studies explore such relationships by measuring correlations
and building regression models, despite being actually interested in causal ef-
fects, for instance when attempting to improve software quality. However, re-
gression models are often prone do endogeneity, for instance due to missing
influential variables, hindering the identification of root causes. As Dueñas et
al. (2021) report from experience with GrimoireLab, practitioners require
explanations why metrics are important and how they change. Causal dis-
covery is therefore an increasingly popular field, which aims to automatically
generate causal graphs from data. Although these methods are still threatened
by instabilities during training, they could be useful means for verification in
future research (Hulse et al, 2025).

Reporting limitations and threats: Currently, the choice of a tool is rarely re-
ported as a threat in empirical studies. However, our results suggest that it can
become a significant threat under specific circumstances. This emphasises the
above: As we cannot report all technical details for every study and pipeline,
we should build on established tools and related comparisons to better assess
the scope of validity of our results. Changing results and conclusion of a study
by switching mining tools emphasises the existence of tool threats, but may
also indicate that conclusions are sometimes drawn too general. This issue is
not specific to tool threats, but has also been addressed by Hulse et al. (2025),
who examined threats in causal graph generation. Therefore, we recommend
to appreciate unclear or negative results and document the scope of validity
more specifically. For instance, if a study only finds significant correlations
for a specific group of projects, such as with a certain team size or program-
ming language, or does not find significant correlations by only analysing the
main branch of a project, this can be helpful indicators for future research, as
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other, possibly different or more complex approaches may be needed for other
circumstances.

6 Limitations and threats to validity

Construct validity: Comparing tool outcomes and evaluating stability of con-
clusions can be done in many ways, based on a wide range of data sources,
metrics and of course original studies. Therefore, there is a risk that we have
chosen suboptimal tools and studies, representing outliers in the landscape.
We reduce this threat by conducting a literature review to identify popular
tools and topics, from which we select a sample based on defined criteria.

When replicating studies to compare tool results, we trade-off replication
conformance and novel insights with respect to tool agreement. Finding an
optimal balance can be challenging: We favour replication conformance in cases
where metrics used by the original study are not calculated in a comparable
way by the replication tools. Here, we adopt the calculation of the respective
metric from the original study and reuse the algorithm for all replication tools,
including those that may offer a similar metric, but calculate it differently.
Including separate, novel tools to calculate the specific missing metric would
be an alternative approach, but would limit comparability across the original
and the replication studies. Contrary, in the scenario that a basic metric such
as the number of commits can be extracted by all tools, but is distorted by
other factors in the original study, we deviate from the original study to capture
more tool-specific details. These decisions may influence the result, but in our
opinion represent a valid compromise for evaluating the minimal discrepancies
and effects caused by a tool switch.

Internal validity: To compare the baseline data, we automate the calculation
of statistics, but additional manual investigations of data schemes and the
original git log were needed to explore the actual causes of differences. Due to
the large number of discrepancies and the interplay of effects along the pipeline,
we could not inspect all of them for each tool. Thus, there is a chance that more
hidden causes exist. As the characteristics of differences look similar to those
in our previous work and this extended paper focuses on conclusion stability,
we accept this threat.

Regarding replication, not all scripts for metrics calculation were provided
by the original studies. This required us to implement our own methods, which
may skew results. We minimised this threat by contacting the original author,
who gave us valuable hints. As results disagree with the original study in
several aspects, it can be assumed that our pipeline does not match the original
unavailable one in all aspects. Since we use the same pipeline for all tools, this
should not impact comparability of conclusions across tools.

External validity: The major threat of this study is that we compare only
four mining tools. However, the literature review revealed that few tools sup-
port the analyses addressed in our previous study, and even fewer are actively
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maintained. In addition, pipelines in evolutionary software repository mining
are computationally expensive. Replicating a study took several weeks up to a
month with a single tool. This is also the reason why external validity is further
limited by only replicating three studies. Of course, we could always include
more subject tools and studies, but this would not allow us to explore disagree-
ments in such depth. We think that this work has revealed some important
tool-related threats, although we do not claim completeness. Future research
can build on our supplementary material and extend our lessons learned by
similar studies with different tools and replications, possibly in other fields of
application.

7 Conclusion

Our literature review indicates that empirical software engineering heavily
relies on tools, and these tools often have a similar purpose. In this paper, we
studied the agreement between four independent tools that help to analyse
software evolution with socio-technical aspects. By replicating three studies
from highly ranked research venues and comparing results across tools, we
find

– differences in the extracted baseline data and its derivates;
– differences in the implementation of each data extraction and processing

step;
– differences in subsequently calculated metrics and results of statistical anal-

yses;
– impact on practical applicability;
– and in one case, impact on the overall study conclusion.

These results demonstrate that tools in this domain are not completely
standardised and interchangeable, and that the change of a tool can cause im-
portant distortions. We believe that the scope of study validity should there-
fore be considered in greater detail and that conclusions should not be over-
generalised.

Our replications further indicate that the provision of comprehensive re-
production packages, both for studies and tools, would highly benefit progress
in research and practice. We think that future work can conduct similar com-
parisons for tools in other fields to help others apply and implement tools with
less uncertainty.
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A Appendix

A.1 Original studies and replication details

A.1.1 First replication: collaboration and coordination

Context: The first study “Classifying Developers into Core and Peripheral: An Empirical
Study on Count and Network Metrics” from Joblin et al. (2017a) addresses the organisa-
tional roles of developers in software projects. Classifying developers into core and peripheral
is a common practice to understand a project’s collaborative dynamics.

Objective: In addition to prevailing operationalisations based on simple counts of devel-
oper activities, the authors propose and evaluate novel operationalisations based on the
organisational structure and collaboration behaviour derived from developer networks to
enrich information and overcome potential limitations. The study analyses the validity and
agreement of these metrics.

Method: The original study calculates count- (commit, lines of code and mail count) and
network-based metrics (eigenvector centrality, hierarchy centrality, node degree) on version-
control system and mailing-list data extracted from ten large open-source software projects
using the tool Codeface. Developer operationalisations are calculated using overlapping
time windows of three months. Cohen’s kappa is used to measure the pairwise agreement of
these operationalisations to evaluate whether the different operationalisations are statisti-
cally consistent across data sources and across count- and network-based metrics. Assuming
that core and peripheral developers exhibit different communication and coordination struc-
tures, the authors additionally analyse the position and temporal stability of developer roles.
Therefore, the authors evaluate node degree and clustering coefficient over time and build
Markov Chain models expressing the transition of developers across the roles core, periph-
eral, absent and idle. The authors additionally construct the core-periphery block model
describing edge probabilities between core and peripheral nodes in the developer network
to evaluate coordination preferences. Finally, Joblin et al. conduct a survey across 166 de-
velopers to evaluate to what extent the operationalisations agree with actual developer
perceptions.

Results: Joblin et al. find that the level of agreement between count-based metrics cal-
culated on version-control system and mailing-list data is consistently substantial for the
same data source and fair across data sources. For network-based metrics, the authors find
substantial agreement on the same data source. The agreement across all metrics and data
sources always exceeds random agreement. The time-resolved evaluation of structural and hi-
erarchical properties demonstrates that core developers consistently exhibit a low clustering
coefficient and high node degree in the network, while peripheral developers have the op-
posite. The Markov chain shows that core developers are less likely to transit to the absent
or isolated state. The decreasing probability of core-core, core-peripheral and peripheral-
peripheral edges in the core-periphery block model further confirms different coordination
preferences. The developer survey reveals that among the metrics types, network-based met-
rics have a higher agreement with developer perception, especially when constructed from
mailing lists.

Conclusions: Based on the quantitative and qualitative study results, the authors conclude
that all of the evaluated count- and network-based core-peripheral operationalisations are
overall consistent and agree with actual developer perception. They find that network-based
metrics can accurately discriminate core and peripheral developers due to their different
structural and hierarchical positions and their communication and coordination behaviour.

Scope of replication: The replication of Joblin et al. (2017a) focuses on the agreement
of core-peripheral developer operationalisations and the manifestation of different positions
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and role stability in the network structure. In particular, we focus on replicating the VCS
metrics, their level of agreement and the structural and hierarchical properties as analysed
by the original study.

Limitations: Our replication is further limited by several technical constraints. First, the
original study constructs developer networks in overlapping time windows. This feature is
not supported by git2net, GrimoireLab and Kaiaulu and would cause additional compu-
tational effort, which is beyond the scope of this study. Since the authors compare results
pointwise and report temporal stability, we consider this threat as acceptable. In addition,
as we extract data and compare results obtained by different tools for exactly the same time
intervals, results should be consistent across tools regardless of whether overlapping time
intervals were used or not. Another limitation is caused by an anonymised subject project
named Project X, whose true identity could not be determined. Due to computing time
constraints, we were also unable to complete the calculations for the Linux project with
one of the tools. However, as shown in the original supplementary material, the findings for
these projects are consistent with those of all other subject projects, indicating only minor
information loss.

Considerations: The original study relies on Codeface and refers to its official repository,
but as dependencies used at the time of study are outdated and several important bug fixes
have been made, we conduct the replication using our own actively maintained version of
Codeface. Kaiaulu was adjusted with new parameter options in previous work to support a
very close replication of data obtained by Codeface, which we adopt in this study. git2net
also allows for constructing temporal developer networks as used in the original study.
However, the tool is only able to connect developers at line- instead on function-granularity
for this type of network. Similarly, file-level is the finest entity granularity supported by
GrimoireLab. Although GrimoireLab allows for network construction through its Kibana
Dashboard, the networks represent undirected graphs connecting arbitrary columns from its
database. We evaluated different types of nodes and relations and found the connection of
developers based on commonly edited files as the most similar representation to Codeface.
To get the actual adjacency matrix for the visualisation, we implemented a corresponding
query and network construction with the help of GrimoireLab’s ElasticSearch API.

A.1.2 Second replication: software maintenance

Context: The second study Big Data = Big Insights? Operationalising Brooks’ Law in a
Massive GitHub Data Set from Gote et al. (2022) examines the relationship between pro-
ductivity and team size. In psychology, the Ringelmann effect describes the phenomenon of
productivity linearly decreasing with team size. In software engineering, Brooks’ law states
that adding manpower to a late software project makes it later.

Objective: Productivity has been widely studied in software engineering research, but
studies carried out on large data sources with similar empirical methods report disagreeing
results. The authors examine threats in large-scale repository mining and study the validity
of Brook’s law based on multiple productivity and collaborative metrics to dissolve these
conflicts.

Method: The original study employs a selection pipeline to systematically filter suitable
subject projects based on criteria such as the number of developers, project size, activity
and purpose from the GHTorrent dataset. The repositories are then mined with git2net.
Based on this dataset, the authors calculate commit-based (number of commits, number
of events measured by line changes, and number of modified characters) and code-based
productivity metrics (changed LOC, changed number of code tokens, changed number of
functions, change in McCabe cyclomatic complexity, Halstead effort to make changes) per
time window of 42 weeks and respective team size. To explore the effect of collaborative as-
pects, the authors calculate metrics based on temporal line-granularity networks, including
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the number of nodes, number of edges, network density, network diameter, global cluster-
ing coefficient, mean indegree, mean foreign modification ratio and eigengap. The authors
log- or square-root-transform metrics due to skewness. To select a meaningful set of met-
rics to evaluate Brooks’ law, the original study calculates Pearson’s correlation coefficient
between the productivity and network metrics among each other and cross-correlation. The
authors then build multiple linear and quadratic regression models for different produc-
tivity target variables using team size and other network metrics to test the relationship
between team size and productivity assumed by Brooks’ law. This relationship is indicated
by the regression coefficients of the model. Gote et al. additionally analyse the existence of a
global maximum of the quadratic functions to evaluate the existence of an optimal team size.

Results: The authors find a strong correlation between all productivity metrics, except
for the number of commits and Halstead effort, which exhibit lower correlation coefficients.
For the network metrics, Gote et al. identify three clusters in the correlation matrix: The
first cluster indicates strong positive relationships between team size, number of nodes and
network diameter. The second cluster reports a positive correlation between clustering coef-
ficient, mean indegree and eigengap, and the third cluster only consists of the mean foreign
modification ratio. The authors pick one measure from each cluster to build their regression
models. Both the linear and quadratic models regressing different productivity metrics on
team size consistently yield a negative relation, indicating that, on average, individual pro-
ductivity decreases with higher team size. Furthermore, some of the models exploring the
existence of an optimal team size suggest that individual productivity increases for small
and decreases for larger teams, with an optimum of 7 or 19 members. The models with
network metrics as control variables suggest a positive relationship between mean indegree
and productivity, while the mean foreign modification ratio has a negative relationship with
productivity. Models further exploring the effect of network structure indicate a positive
relation between team size and the mean indegree of developers.

Conclusions: Since both, correlations and models expressing the relationship between team
size and a diverse set of metrics capturing independent dimensions of productivity consis-
tently indicate a negative trend, the original study concludes that the Ringelmann effect
and Brooks’ law apply to collaborative software development. The authors attribute con-
tradictory results to threats in the method and interpretation of results in other studies.

Scope of replication: The replication of Gote et al (2022) focuses on the relationship
of team size and productivity, while accounting for the effect of structural properties. We
use a subset of expressive productivity and collaboration metrics to calculate correlations
and build linear and quadratic regression models. Specifically, we include the number of
commits and Halstead effort exhibiting unique characteristics. From the highly correlated
productivity measures, we choose the change in the number of functions, as it has the lowest
correlation with other productivity metrics. Among the network measures, we choose the
ones used by the authors to build regression models.

Limitations: The authors analyse 201 projects with git2net, which took them over one
million CPU-hours. As resources are limited in our replication with four tools and three stud-
ies, we select a subset of ten representative subject projects. We reduce population threats
by selecting projects with all different team size clusters investigated by the original study
to approximate the distribution. As we do not know which version of the GHTorrent dataset
was used for sampling, we select projects based on the team size in the latest time window
in the reproduction data. This may lead to the selection of larger projects, as authors are
already disambiguated in this dataset. To ensure comparability with the original results, we
reduce the reproduction data to our set of projects and recalculate the originally observed
metrics accordingly. Gote et al. calculate all metrics based on time windows of 42 weeks.
Since Codeface does not support weekly granularity, we would not be able to compare its
results to those obtained by the other tools in a close replication. Therefore, we configure
a time window of nine months for all tools and use Codeface’s time window boundaries
as reference. Unfortunately, the code to calculate metrics is missing in the reproduction
package. We assume that code-level productivity metrics were calculated in the same way
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as by the official git2net repositories. However, even with help of the original author, we
could not fully clarify the calculation of the network metrics. This leaves room for potential
incorrect implementations, which we cannot fully overcome. Although this limits compara-
bility with the original study, comparability across tools in the replication is not affected.

Considerations: The git2net tutorials repository (Gote, 2022b) indicates that the team
size may be calculated after performing a left join between the complexity metrics and com-
mits, meaning that all commits without complexity statistics are discarded. While this may
appear as a technical detail, it influences the commit count as a unique productivity metric
and the team size as the central collaboration metric. In our replication, we prioritise the
impact of tool-specific variations over replication conformity. Therefore, we consider the mea-
sures extracted directly from each tool’s data base whenever possible. Productivity metrics
calculated by git2net’s complexity analysis depend on the tools PyDriller and lizard.
Although these steps are part of git2net, we apply the same pipeline to data extracted
by Codeface, GrimoireLab and Kaiaulu, as these tools do not implement comparable
metrics calculation.

A.1.3 Third replication: software quality

Context: The third study Impact of Developer Turnover on Quality in Open-Source Soft-
ware from Foucault et al. (2015) investigates the effect of team dynamics on software quality.
Developers may join and leave entire software projects or individual software module. Most
theories assume that these turnover phenomenons negatively impact software quality due
to a loss of experience and knowledge. Others hypothesise positive or negative effects on
team motivation and social interactions.

Objective: In an industrial setting, prior research found that developers who leave a soft-
ware project have a negative impact on software quality, while newcomers who join a project
have no impact on quality. The study aims to investigate whether the relationship between
turnover and quality is similar in open-source software projects with extensive use and low
entry barriers.

Method: The original study extracts data from five popular subject repositories using the
tool Diggit. First, the authors evaluate whether turnover is an important phenomenon in
open-source projects. They measure turnover at module-granularity, with each module rep-
resenting a finite set of files. To modularise the source code, files are clustered manually
based on the directory structure. The study distinguishes between external turnover affect-
ing all modules of a project and internal turnover affecting a specific module. At project
level, turnover metrics are evaluated considering two subsequent time intervals of two weeks.
Developers contributing in the second but not the first period are considered newcomers. De-
velopers contributing in the first, but not in the second period are considered leavers. Stayers
contribute in both periods. To detect patterns, the original study splits the project’s history
into development periods of six months. By measuring the groups’ activity as the sum of
code churn per developer and module, the authors consider the varying levels of involvement
of individual developers. The study calculates bug density as the number of bug-fixing com-
mits per module, normalised by its size in lines of code. Bug-fixing commits are identified
manually from maintenance branches and include arithmetic and logic errors, security issues,
requirements misunderstanding and design flaws. Finally, the authors conduct Spearman’s
rank correlation tests and estimate confidence intervals using bootstrapping to evaluate the
relationship between each turnover metric and software quality.

Results: The study finds that at least 80% of developers are either newcomers or leavers.
Qualitatively analysing characteristics that cause developers to become stayers reveals that
payment and consulting may be influencing factors. Regarding contribution patterns, the
authors find that no module is exclusively changed by only external newcomers. Besides
that, the authors identify project-specific patterns. The confidence intervals for the correla-
tion between turnover and quality indicate a positive correlation between external newcomer
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activity and bug density for the majority of subject projects. Foucault et al. find no signif-
icant correlation between external leavers and quality. The confidence intervals for stayers
majorly indicate a positive correlation with bug fixes. For the internal turnover metrics,
results are unclear.

Conclusions: Finding high turnover in five highly successful projects leads the authors to
conclude that the role of turnover in open-source projects differs from the one in industrial
settings, disagreeing with the suggestion to control turnover. Although contribution patterns
are project-specific, the original study finds that external newcomers always work under su-
pervision. Based on the confidence intervals, the study concludes that external turnover
negatively impacts module quality, while internal turnover is not problematic.

Scope of replication: To address the domain of software quality, our replication of Fou-
cault et al. (2015) focuses on the impact of turnover on quality. However, to answer this
question in an informed manner, we calculate turnover metrics and evaluate patterns per
project as done in the original study, which also indicate the general relevance of turnover
in open-source projects. The original study evaluates different approaches for time inter-
val splitting, project modularisation, bug fix identification and classification, but does not
present results for all combinations in the paper and reproduction package. Therefore, we
exclude these additional approaches from our replication.

Limitations: The comprehensive reproduction package allows for reuse of the same subject
repositories and code logic. Although the code to calculate confidence intervals was miss-
ing, we could recover it from an updated version in a git repository of the author (Foucault,
2016). An important difference in tools concerns the parsing of the git log. The original study
tool Diggit traverses across all branches to identify commits, while Codeface, git2net and
Kaiaulu only consider the linear history of the currently checked-out branch. While this
technical detail is less relevant for the previous studies, it plays a major role when analysing
the LTS branches containing bug fixing commits. This required us to perform separate analy-
sis runs of multiple branches to simulate the behaviour of Diggit with the before mentioned
tools. Limitations remain, as this approach would actually require manual identity merging
between the analysis runs. Another difference is the file filtering. Diggit supports complex
filters of regular expressions to choose files. Most similarly, Kaiaulu provides configura-
tion options for users, but since they are based on exact substring matching, we cannot
accurately replicate all filters. The same is true for Codeface and git2net with internally
defined filters and GrimoireLab, which would require custom post-processing. All analyses
performed in the original study rely directly on the extracted commit history, without more
complex analyses such as network construction. This allows for an otherwise close replication.

Considerations: The authors modularise source code manually. As we are interested in
comparing tool pipelines, we do not replicate the manual part but adopt the authors’ de-
composition in all replications. Similarly, we adopt the classification of bug-fixing commits.
Although Codeface provides a keyword-based classification, its adoption would bias the
comparison of quality measured by Codeface and by other tools without such capabilities.
Therefore, we fixed the pipeline after data extraction to the original one for comparability.
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Guizani M, Feng Z, Arteaga EJ, Cañas-Dı́az L, Serebrenik A, Sarma A (2023) Unveiling
Diversity: Empowering OSS Project Leaders with Community Diversity and Turnover
Dashboards

Guo S, Li D, Huang L, Lv S, Chen R, Li H, Li X, Jiang H (2024) Estimating Uncertainty
in Labeled Changes by SZZ Tools on Just-In-Time Defect Prediction. ACM Trans Softw
Eng Methodol 33(4)

Guo X (2016) SmartDebug: an interactive debug assistant for Java. In: Proceedings of
the 2016 24th ACM SIGSOFT International Symposium on Foundations of Software
Engineering, Association for Computing Machinery, FSE 2016, pp 1127–1129
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Sawadogo AD, Bissyandé TF, Moha N, Allix K, Klein J, Li L, Le Traon Y (2022) SSP-
Catcher: Learning to catch security patches. Empirical Software Engineering 27(6):151

Sawant AA, Robbes R, Bacchelli A (2018) On the reaction to deprecation of clients of 4 +
1 popular Java APIs and the JDK. Empirical Software Engineering 23(4):2158–2197

Schneider S, Bakhtin A, Li X, Soldani J, Brogi A, Cerny T, Scandariato R, Taibi D (2025)
Comparison of static analysis architecture recovery tools for microservice applications.
Empirical Software Engineering 30(5):128

Scholtes I, Mavrodiev P, Schweitzer F (2016) From Aristotle to Ringelmann: a large-scale
analysis of team productivity and coordination in Open Source Software projects. Em-
pirical Software Engineering 21(2):642–683

Seibt G, Heck F, Cavalcanti G, Borba P, Apel S (2022) Leveraging Structure in Software
Merge: An Empirical Study. IEEE Transactions on Software Engineering 48(11):4590–
4610

Sellik H, van Paridon O, Gousios G, Aniche M (2021) Learning Off-By-One Mistakes: An
Empirical Study. In: 2021 IEEE/ACM 18th International Conference on Mining Software
Repositories (MSR), pp 58–67

Sharif B, Clark B, Maletic JI (2016) Studying developer gaze to empower software engineer-
ing research and practice. In: Proceedings of the 2016 24th ACM SIGSOFT International
Symposium on Foundations of Software Engineering, Association for Computing Machin-



Oops!. . . I did it again 77

ery, FSE 2016, pp 940–943
Shepperd M, Ajienka N, Counsell S (2018) The role and value of replication in empirical

software engineering results. Information and Software Technology 99:120–132
Shull FJ, Carver JC, Vegas S, Juristo N (2008) The role of replications in Empirical Software

Engineering. Empirical Software Engineering 13(2):211–218
Sidhu PK, Mussbacher G, McIntosh S (2019) Reuse (or Lack Thereof) in Travis CI Specifica-

tions: An Empirical Study of CI Phases and Commands. In: 2019 IEEE 26th International
Conference on Software Analysis, Evolution and Reengineering (SANER), pp 524–533

Sidi F, Shariat Panahy PH, Affendey LS, Jabar MA, Ibrahim H, Mustapha A (2012) Data
quality: A survey of data quality dimensions. In: 2012 International Conference on Infor-
mation Retrieval & Knowledge Management, pp 300–304

Silva D, Tsantalis N, Valente MT (2016) Why we refactor? confessions of GitHub contrib-
utors. In: Proceedings of the 2016 24th ACM SIGSOFT International Symposium on
Foundations of Software Engineering, Association for Computing Machinery, FSE 2016,
pp 858–870

Silva D, da Silva JP, Santos G, Terra R, Valente MT (2021) RefDiff 2.0: A Multi-Language
Refactoring Detection Tool. IEEE Transactions on Software Engineering 47(12):2786–
2802

da Silva JR, Clua E, Murta L, Sarma A (2015) Niche vs. breadth: Calculating expertise
over time through a fine-grained analysis. In: 2015 IEEE 22nd International Conference
on Software Analysis, Evolution, and Reengineering (SANER), pp 409–418

da Silva Junior JR, Campagna DP, Clua E, Sarma A, Murta L (2022) Dominoes: An Inter-
active Exploratory Data Analysis Tool for Software Relationships. IEEE Transactions on
Software Engineering 48(2):377–396
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Ó Cinnéide M, Hemati Moghadam I, Harman M, Counsell S, Tratt L (2017) An experimental
search-based approach to cohesion metric evaluation. Empirical Software Engineering
22(1):292–329
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