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ABSTRACT

Context: Open-source software (OSS) ecosystems are pivotal to modern software development by fostering
innovation through inter-organizational collaboration. While becoming increasingly important, research on the
patterns and dynamics of this collaboration in OSS remains limited.

Objective: This study investigates inter-organizational collaboration within different OSS ecosystems, focusing on
identifying key contributing and influential organizations, analyzing collaboration patterns, and understanding
their evolution over time.

Method: An exploratory case study with a mixed-methods approach was conducted, with data collected from five
prominent OSS ecosystems on GitHub (React, Vue, TensorFlow, Bootstrap, and Flutter) involving 9947 de-
velopers and 339 organizations over ten years. Both qualitative and quantitative analyses were performed,
including software repository mining and applying different levels (micro/macro) and dimensions (rational/
structural/functional) of social network analysis (SNA) to examine collaboration patterns.

Results: Key organizations, such as Alphabet, TensorFlow, Meta, Nvidia, Intel, Mobilelron, IBM, and AMD,
emerged as significant contributors, acting as central hubs for collaboration within OSS ecosystems. The
collaboration networks showed an initial phase of rapid growth followed by stabilization, indicating project
maturation. Notably, competing firms were found to contribute to the same ecosystems, underpinning the
inherently cooperative, reciprocal, and multiplex nature of OSS development.

Conclusion: The findings highlight the pivotal role of top-contributing organizations in fostering collaboration
and driving innovation within OSS ecosystems. Understanding these dynamics provides valuable insights for
developing strategies to enhance the effectiveness, scalability, and long-term sustainability of OSS ecosystems,
benefiting both individual contributors and participating organizations.

1. Introduction

TensorFlow despite that they are direct competitors in artificial intelli-
gence (AI) and machine learning (ML) (Schreiber, 2023).

Modern enterprises gain a competitive advantage by developing
unique software solutions that drive innovation and deliver long-term
benefits, but still face continual pressure to improve quality and func-
tionality (Crowston et al., 2012; El-Haddadeh, 2020; Nylén and
Holmstrom, 2015). Open-source software (OSS) has emerged as a key
enabler of increased productivity, cost reduction, and
community-driven innovation (Harhoff et al., 2003; Nagle, 2019;
Scholtes et al., 2016).

Many organizations now engage in collaborative OSS ecosystems,
partnering with other companies, universities, and even rivals; this
combination of cooperation and competition is a phenomenon known as
“coopetition” (Bengtsson and Kock, 2000; Nguyen Duc et al., 2017).
Alphabet and Meta, for example, collaborate on OSS projects such as
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Inter-organizational collaboration offers significant advantages, such
as shared expertise and resource pooling, but also presents challenges,
including coordination across time zones and managing standards (Chen
and Pan, 2014; Dorn et al., 2016; Nguyen Duc et al., 2017; Teixeira and
Lin, 2014; Xia et al., 2016). As software complexity increases, collabo-
rative development is crucial for successful project execution
(Damasiotis et al., 2018; Mao et al., 2017). The failure of software
development projects is often attributed to poor communication and
interaction among customers, developers, users, and project managers
(Franken et al., 2015; Serrador and Pinto, 2015). Since
inter-organizational collaboration plays a central role in OSS ecosys-
tems, it is essential to understand how these collaborations are struc-
tured and how they evolve over time. To enhance the effectiveness and
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efficiency of software development, it is crucial to inspect and manage
social networks purposefully. Social networks, in this context, are
structures of relationships (ties) between individuals or organizations
(nodes) that collaborate in software development projects and often
emerge organically rather than being explicitly designed or managed.
Social network analysis (SNA) is a valuable instrument for uncovering
hidden structural issues and collaboration patterns in software devel-
opment projects, which is paramount (Fischbach et al., 2009; Schreiber
and Zylka, 2020; Zheng et al., 2016).

In this research, we have examined inter-organizational collabora-
tions in various OSS ecosystems, employing a mixed-methods and case
study approach (Rainer and Wohlin, 2024; Yin, 2011) that integrates
qualitative data from public documentation with quantitative data from
software repository mining and different social network metrics. A
ten-year time span was chosen to capture long-term trends, project
maturation phases, and the evolution of collaboration patterns,
providing a robust basis for understanding the dynamics of OSS com-
munities. The SNA was applied at different levels (micro/macro) and
dimensions (rational/structural/functional) to provide a comprehensive
understanding of the collaboration networks. Through this blended
methodological approach, we have acquired profound insights, lever-
aged synergy effects, and minimized biases associated with
single-method approaches (Creswell and Creswell, 2017; Mertens,
2023).

The key contributions of this research include:

e A multi-ecosystem analysis of inter-organizational collaboration
across five prominent OSS projects;

e A ten-year, longitudinal SNA study of collaboration dynamics and
evolution;

e Empirical evidence on coopetition between major technology firms
(e.g., Alphabet, Meta, Nvidia);

e A cross-case comparative analysis identifying structural patterns and
differences across OSS ecosystems;

e A theoretical synthesis bridging social network theory and platform
governance.

The paper is organized as follows. Section 2 presents the theoretical
background and related work on OSS ecosystems and SNA. In Section 3,
we formulate the research questions and delineate the research focus.
Section 4 is a detailed description of the case study methodology,
encompassing data collection and research methods. Section 5 elabo-
rates on the results of the OSS project case study and our evaluation of
these results. Section 6 is a discussion of our findings. Section 7 ad-
dresses the limitations of our study. In Section 8, we present significant
conclusions.

2. Background and related work
2.1. Open-Source software ecosystems

This section provides the conceptual foundation by outlining key
characteristics of OSS ecosystems. Open collaboration in software
development, particularly in OSS ecosystems, has become a significant
area of research due to its profound impact on innovation and digital
infrastructure. Over the past two decades, OSS ecosystems have estab-
lished themselves as a cornerstone of the software industry, providing
essential components and infrastructures such as operating systems, li-
braries, component repositories, and complete platforms. Their signifi-
cance continues to grow as they adapt to new technological and security
demands, further accelerating innovation (Eckert et al., 2019; Mergel,
2015).

This study distinguishes clearly between open-source projects and
open-source ecosystems. An OSS project refers to a specific software
repository (e.g., facebook/react or tensorflow/tensorflow) that serves as
the technical core of collaborative development. In contrast, an OSS
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ecosystem comprises the broader socio-technical network of related
projects, organizations, and contributors interacting around this core.
By defining these boundaries explicitly, we analyze project-level
collaboration structures as integral components of their respective
ecosystems.

Unlike traditional closed-source development, OSS projects are
licensed in ways that encourage open collaboration, allowing anyone to
study, change, and distribute the software (Baltes and Diehl, 2019;
Laurent, 2004). Transparency, collaboration, and openness are foun-
dational principles that enable developers to collectively improve soft-
ware (Guerrero et al., 2019; Sedera et al., 2016). This collaborative
ethos accelerates development, facilitates bug fixes, and ensures
continuous  improvement (Adomako and  Nguyen, 2023;
Counago-Blanco et al.,, 2024; Le Pennec and Raufflet, 2018; Vivona
et al., 2023). To achieve a competitive advantage, companies often seek
heterogeneous external resources and establish valuable relationships
through OSS participation (Guerrero et al., 2019). Software forges such
as GitHub are useful in OSS communities (Cosentino et al., 2017), of-
fering tools for version control, social interaction, documentation, and
application programming interface (API) support (Guendouz et al.,
2015; Rashid and Prakash, 2022; Squire, 2014).

The diversity of decision-making structures that govern projects is an
important factor in OSS ecosystems. These structures range from
centralized leadership, where a single actor or core team makes key
decisions, to hybrid models that integrate centralized control with
community input, and to fully decentralized models that rely on com-
munity consensus (de Laat, 2007; O’Mahony and Karp, 2022). The
decision-making structure of a project significantly influences how
contributors interact, form collaborations, and make contributions in
0SS development (Newton and Fiore, 2024).

The variety of licensing models, which significantly influence us-
ability and distribution, is another crucial aspect of OSS ecosystems
(Almeida et al., 2019; Santos, 2017). These licenses range from more
restrictive models such as the GNU General Public License (GPL), which
requires derivative works to also be released under the GPL, to more
permissive licenses such as the MIT, Apache, and Berkeley Software
Distribution (BSD) licenses, which offer greater flexibility, especially for
commercial applications (Shahrivar et al., 2018). The choice of license
has substantial implications for the possibility of commercial use and for
how companies interact with OSS projects (Lindman et al., 2010).

Inter-organizational collaboration is a key feature of OSS ecosystems.
Developers from different organizations, including competitors, work
seamlessly together, fostering innovation and knowledge exchange
(Bonaccorsi and Rossi, 2006; Gonzalez-Barahona et al., 2013). Estab-
lishing relationships to gain a strategic edge over rivals is another
important focus (Guerrero et al., 2019). These coopetitive relationships
are complex, challenging to manage, and often lead to organizational
conflicts (Bengtsson and Kock, 2014; Tidstrom, 2009). Understanding
the dynamics of inter-organizational collaboration within OSS de-
velopments is essential for harnessing its potential (Runeson et al.,
2021).

2.2. Introduction to social network analysis

To delve deeper into OSS collaboration, we turn to SNA, which
provides a powerful lens through which we can examine the intricate
web of relationships among developers, organizations, and ecosystems.
By mapping interactions, identifying key players, and analyzing network
structures, SNA sheds light on collaboration patterns and their impli-
cations (Borgatti and Foster, 2003; Wasserman and Faust, 1994). With
different SNA methods, researchers gain valuable insights into the dy-
namics, reveal hidden structural issues, top influencers, and collabora-
tion patterns of OSS landscapes, which can aid in ensuring success
(Camacho et al., 2020; Fischbach et al., 2009; Smite et al., 2017).

The SNA literature highlights the importance of understanding both
the macro and micro levels of social networks (Claridge, 2020). The
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macro-structure level analyzes the entire network by partitioning it
based on specific characteristics of vertices (Duxbury, 2024).
Micro-structural (ego) network analysis examines the roles of individual
actors within the overall network. This implies that micro-level in-
teractions give rise to macro-level network structures and are essential
for achieving a deeper understanding of SNA research (Bolibar, 2016;
Stadtfeld et al., 2020).

Furthermore, social networks at various levels have different di-
mensions characterized by rational, structural, and functional proper-
ties. The rational dimension focuses on the links between individuals
and can be described in terms of, for example, intensity, reciprocity, and
multiplexity. Structural properties, such as density and the size of a
network, correspond to the morphology of relationships between actors.
Functional dimensions refer to transactional content, such as how two
developers might exchange knowledge or information. For our research,
we identified the factors in Table 1 as relevant to the different di-
mensions of SNA at different levels of analysis (see Table 1).

Many social network theories are based on basic social network
properties, dimensions, and levels (see Table 2). By integrating theo-
retical concepts with practical analysis, our study contributes to a
deeper understanding of inter-organizational collaborations in OSS
ecosystems by examining both macro and micro levels and their inter-
play with rational, structural, and functional dimensions.

2.3. Application of SNA in software engineering research

There is considerable research into the features of the communica-
tion networks of community members and the structural characteristics
of developer collaboration networks in OSS ecosystems. The develop-
ment of software in large OSS landscapes is knowledge-intensive,
human-centered, globally distributed, as well as across time zones,
and the interactions between the members are complex and self-
organized (Behfar et al., 2018; Shah, 2006). Furthermore, OSS
frequently lack publicly available definitions of project responsibilities
and group structures, especially in smaller or less mature projects (Bock
et al., 2023; Crowston and Howison, 2005; Tamburri et al., 2019).

Effective coordination among software developers in OSS ecosystems
is crucial for maintaining software quality and promoting sustainable
evolution. Previous research has extensively examined the social project
structure, highlighting the importance of core-periphery dynamics and
cluster segment analysis (Cataldo and Herbsleb, 2012; Kalliamvakou
etal., 2015; Kwan et al., 2011). For example, Cataldo and Herbsleb 2012
(Cataldo and Herbsleb, 2012) found that cohesive social ties among core
developers significantly enhance productivity. While these studies pro-
vide valuable insights into internal team dynamics, our research ad-
dresses a gap by extending this understanding to inter-organizational
collaborations. Specifically, we reveal how competing firms such as
Alphabet and Meta cooperate within the same OSS projects, a phe-
nomenon that has received limited attention in the current literature
(Nguyen Duc et al., 2017). This broader focus not only confirms the
importance of network centrality but also underscores the role of coo-
petition in driving innovation across organizational boundaries.

In addition, research has focused mainly on social project structure,
coordination, and clique analysis, which includes the topics of core-
periphery (core team and enhanced team) and cluster segment anal-
ysis (Concas et al., 2017; El Asri et al., 2017; Jergensen et al., 2011;
Joblin et al., 2017b; Yu et al., 2016) in particular. Core developers are
crucial for ecosystems because they possess key knowledge, hold central
positions, contribute significantly, and shape the culture of the com-
munities (Jergensen et al., 2011; Joblin et al., 2017a; Toral et al., 2010;
Wang et al., 2020). Other findings support that cohesive social ties be-
tween team members in their social networks lead to greater produc-
tivity (Allaho et al., 2013; Bird et al., 2008; Singh et al., 2011). There are
also publications focused on prediction to support various software en-
gineering processes such as the bug triage (Jeong et al., 2009), defect
prediction (Bird et al., 2009), software vulnerability coordination
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Table 1
Factors to the different dimensions and levels of SNA.
Dimension  Rational dimension Structural Functional
Level dimension dimension
Micro e Reciprocity e Bridge An e Transactional
(Ego) measures the individual node content
extent to which that provides the Transactional
relationships in a only link content at the
social network are between micro level refers
mutual, indicating multiple clusters to the specific
the bidirectional (Tichy et al., types of
nature of 1979). exchanges, such
connections as information,
between nodes coding, and
(Wasserman and services, that
Faust, 1994). occur through the
e Multiplexity The link between two
number of different individual nodes
types of content or in a network
relationships that (Monge and
exist within a Contractor,
single tie between 2003).
two nodes in a
network (Monge
and Contractor,
2003).
e Trust
(Cooperations)
Trust in a network
context refers to
the confidence one
node has in the
reliability,
integrity, and
competence of
another node,
influencing the
strength and
quality of their
relationship
(Buskens, 2002).
e Homogeneity/
Homophily The
degree of similarity
between nodes
(McPherson et al.,
2001).
Macro e Intensity The e Density The e Transactional
strength of the number of ties content
relationship divided by the Transactional

between nodes in a
network (Scott,
2013).

Stability in a
network context
refers to the
persistence and
resilience of the
network over time
(Stadtfeld et al.,
2020).

total number of
possible links
(Wasserman and
Faust, 1994).

o Size The total
number of nodes
(Wasserman and
Faust, 1994).

o Degree
centrality The
number of direct
connections a
node has in a
network
(Freeman,
1978).

content refers to
the specific types
of exchanges at
the macro level,
such as
developing
together between
different nodes in
a network (Monge
and Contractor,
2003).

(Ruohonen et al., 2018; Schreiber, 2024), leadership change forecasting
(Howison et al., 2006), automatic core-developer identification (Bock
et al., 2023), and build failure prediction (Wolf et al., 2009).

There is, though, a lack of research on the dynamics of social net-

works within various OSS ecosystems, particularly concerning activities
of developers from different organizations. Gaining a deeper under-
standing of these inter-organizational interactions is crucial for building
and supporting OSS ecosystems. There is growing interest in research
aimed at uncovering and understanding the informal structures within
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Table 2
Relevant social network theories.

Theory concept Definition

Clique analysis Clique analysis identifies subsets of closely connected nodes
within a network, revealing how larger social structures are
composed of small, cohesive components (Gupta et al., 2022).
Structural holes refer to gaps between different parts of a
network that can be bridged by a node, which provides it with
brokerage opportunities and access to complementary sources
of information (Burt, 2009).
Strength of weak The strength of weak ties theory proposes that weak ties are
ties crucial for accessing diverse information and opportunities
across different social circles (Granovetter, 1977).
Power-law distribution in networks describes a phenomenon
where a few nodes (hubs) have many connections, while most
nodes have relatively few, and follow a scale-free distribution
pattern (Barabasi and Albert, 1999).
Small-world experiments examine the shortest average path
length for social networks, meaning most nodes can be reached
from any other node through a small number of steps (Singh,
2007).

Structural holes

Power-law
distribution

Small world

these ecosystems (Herbold et al., 2021; Schreiber and Zylka, 2020).
There is also a lack of work on the formation of subgroups, productivity,
participation of different organizations in evolution, company strategy,
and organizational behavior within software communities (Bock et al.,
2023; Herbold et al., 2021; McClean et al., 2021; Osborne et al., 2024;
Schreiber, 2024, 2023; Schreiber and Zylka, 2020).

In summary, while significant progress has been made in under-
standing the internal dynamics of OSS projects, there remains a critical
gap in the literature concerning inter-organizational collaborations at
both the macro and micro levels. Addressing these research gaps is
essential for fostering sustainable OSS ecosystems that can leverage
collective expertise.

3. Research questions

Our research questions (RQs) address inter-organizational collabo-
rations in OSS ecosystems involving developers and organizations. We
examine the forms of collaboration, cooperation, and competition
within OSS development across ecosystems.

RQ1. Which top organizations contribute to the selected OSS

ecosystems?

RQ2. What patterns of collaboration between organizations can be
observed in OSS ecosystems?

RQ3. How does collaboration evolve in the selected OSS project eco-
systems over time?

RQ4. Do competing institutions contribute to the same OSS
ecosystems?
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4. Methodology

This study follows a qualitative multiple-case study design, as out-
lined by R.K. Yin’s method (Yin, 2011) and Runeson’s method (Runeson,
2012), combining qualitative and quantitative analyses of mined soft-
ware repositories through SNA and public data. This strategy is
well-suited for exploratory research (Runeson, 2012), especially when
investigating complex, real-world phenomena such as the dynamics of
0SS landscapes. To conduct this analysis, we selected five prominent
0SS ecosystem projects from the GitHub Universe, based on criteria such
as popularity (measured by the number of stars), industrial relevance,
and diversity of participation (involvement of multiple organizations).
The ecosystems were chosen purposefully to serve as the sample for our
multi-case study (Yin, 2017) (see Table 3).

The selection aimed to cover a broad spectrum of open-source soft-
ware domains and technologies that are widely adopted in practice. All
five projects are highly active and recognized as reference imple-
mentations within their respective fields (e.g., web frameworks, ma-
chine learning, UI toolkits). They vary in terms of project age,
governance structures (e.g., community-driven vs. corporate-led),
technical scope, and licensing models, which ensures a diverse and
balanced sample for cross-case comparison. Furthermore, each project
attracted substantial organizational participation, making them well-
suited for investigating inter-organizational collaboration patterns
over time. Following this logic of analytical generalizability (Yin, 2011),
this purposeful variation allows us to explore inter-organizational
collaboration across different technological and governance contexts
rather than aiming for statistical representativeness. Fig. 1 outlines the
research framework, illustrating the steps involved in data collection
and analysis.

4.1. Data collection

For data collection, we focused on the primary project within each
software ecosystem while acknowledging the presence of diverse sub-
projects within these projects. For instance, the facebook/react re-
pository serves as the main entry point for the React ecosystem, while
tensorflow/tensorflow represents the core of the TensorFlow ecosystem.
This operationalization ensures consistency across cases and allows us to
analyze collaboration patterns at the most relevant point of organiza-
tional engagement.

For the input data of SNA, we mined the logs of the selected software
repositories to obtain deeper insights into the respective ecosystem
communities. The Git system records all the commits of the OSS
ecosystem, typically along with comments, and documents them in the
changelog, and so we extracted the relevant information for our study
from the changelog. We then identified developer affiliations based on
code commits, established links between developers who worked on the
same files to identify and quantify their collaboration, and constructed a
social network that visualizes these collaboration patterns.

To ensure methodological consistency across ecosystems, this study
focuses exclusively on collaborations manifested through shared source

Table 3
Descriptive statistics of selected projects (as of March 16, 2024).
Project Stars Investigated Time Language Project Domain Project License Description
Name Periods
react 220,163 2014 -2023 JavaScript JavaScript Library MIT License A library for web and native user interfaces.
vue 206,592 2014 - 2023 TypeScript JavaScript User Interface ~ MIT License Vue.js is a progressive, incrementally adoptable JavaScript
Framework framework for building user interfaces on the web.
tensorflow 181,316 2014 - 2023 C++, Machine Learning Apache An 0SS machine learning and neural network framework.
Python Framework License
bootstrap 167,090 2014 - 2023 JavaScript Web Development MIT License The most popular HTML, CSS, and JavaScript framework for
developing responsive, mobile-first projects on the web.
flutter 160,702 2014 - 2023 Dart User Interface Developer BSD-3-Clause Facilitates the rapid development of aesthetically pleasing mobile

Kit

License and cross-platform applications.
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| Phase 1: Data collection

Github 0SS
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repositories

Public Data Sources
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Fig. 1. Research framework.

code modifications recorded in Git commits. Other collaboration forms
such as pull requests, issue tracking, or code reviews were intentionally
excluded because their structure, accessibility, and availability vary
substantially across projects and repositories. This deliberate scope al-
lows for a consistent, reproducible, and quantifiable operationalization
of collaboration across all selected ecosystems. Nevertheless, we
acknowledge that these non-code-based interactions represent valuable
coordination mechanisms and therefore constitute an important direc-
tion for future research.

To complement this technical data, our screening for this case study
also incorporates publicly available data from various sources to verify
affiliations and project context. We identified and selected the most
relevant public announcements, white papers, blogs, and publicly
available documentation.

4.2. Research method

The empirical data from the entire extraction process span from 2014
to the end of 2023, covering ten full calendar years. This extensive
timeframe allows us to capture long-term trends and patterns in OSS
ecosystems. We employed a multitude of techniques to obtain and
validate developer affiliations at the time of the commit they made to
the selected projects. To assign developers via email addresses, we used
disambiguation heuristics (Oliva et al., 2012) and performed additional
checks and manual corrections. Developers were mapped to organiza-
tions based on verified email domains and commit metadata. In cases
where contributors used multiple domains or changed employers during
the observation period, affiliations were assigned according to the ma-
jority of verified commits within each time slice. Contributors whose
affiliation could not be reliably determined were temporarily classified
as ‘volunteers’ until manual verification. About 8 % of all developer
records required manual verification or correction after automated
matching, which helped ensure consistent and reliable affiliation data
across all ecosystems.

In order to analyze the various projects’ trace data together, inde-
pendently of the different release cycles and in line with existing SNA
guidelines (Howison et al., 2011), we divided the data we obtained into
different time slices. This enabled us to conduct a deeper, comparative,
and standardized analysis of OSS ecosystems and existing collaboration
patterns. Each time slice covers one calendar year, aligning with prior
SNA-based studies on OSS evolution (Howison et al., 2011; Teixeira
et al., 2015). Annual segmentation offers a balanced level of temporal
granularity, sufficiently fine-grained to capture evolving collaboration
dynamics, yet broad enough to minimize noise from short-term fluctu-
ations such as release cycles or temporary activity spikes. For visuali-
zation purposes, Fig. 8 and Table 6 aggregate data into two-year
intervals to improve readability and highlight longer-term structural
shifts. This aggregation affects only the graphical representation and
does not alter the underlying yearly analytical results. Our methodology
specifically captures collaborations only when developers worked on the
same source code within the same observed time slice. This approach
allowed us to construct collaboration networks for both developers and

organizations specific to each time slice, facilitating a detailed and
segmented analysis of collaboration patterns. To ensure the traceability
and persistence of our data and methodology, we stored all collected
data systematically in a MySQL database. For analyzing collaboration
patterns within the complex whole network while minimizing the
impact of outliers, we concentrated our research on developers affiliated
with the top-eight contributing institutions to the selected projects over
the entire observation period. This focus established a clear and
well-defined scope for our study, allowing us to delve deeper into sig-
nificant collaboration trends and patterns within the OSS ecosystems.

Edges between developers or organizations were established when-
ever two contributors modified the same file within the same time slice.
Each edge was weighted by the frequency of such co-edits. To avoid
artificial inflation of connections, only pairs with at least one shared edit
event were included (threshold > 1). For network construction and
validation, only active contributors with at least one verified co-edit
event within each time slice were included in the collaboration
network. Developers who contributed only once or without any shared
edits were excluded to prevent distortion of network density and cen-
trality metrics. Inactive nodes (degree = 0) were filtered out before
network visualization and metric computation to preserve analytical
validity. Network validation was conducted through cross-time consis-
tency checks and random subsampling to ensure that the observed
structural patterns (e.g., degree distributions and density trends)
remained stable over time. All extracted data were stored in a normal-
ized MySQL schema designed for reproducibility, including developer
identifiers, commit metadata, and affiliation mappings.

5. Results

5.1. RQI1 - which top organizations contribute to the selected OSS
ecosystems?

To address RQ1, we examined the relationships between the macro-
level structural characteristics of the developer community and its
associated organization across the selected ecosystems. To assess inter-
organizational collaboration, we applied established network metrics
that capture structural properties of developer interaction. The number
of ties indicates the total number of unique collaboration links between
developers, reflecting the overall connectivity of the network. The
average degree measures how many connections each developer has on
average, representing collaboration intensity. Network density is
defined as the ratio between actual ties and all possible ties in the
network, capturing how tightly connected the developer community is.
These metrics allow us to track the evolution of collaboration activity
over time. The metrics analyzed include the total number of developers,
the number of ties, average degree, and network density. Table 4 sum-
marizes the results.

The developer count increased sharply from 2014 to 2017, peaking
at 1718 in 2017, followed by stabilization between 1100 - 1600 de-
velopers. Both the number of ties and average degree rose until 2020,
reflecting increased collaboration intensity. The number of ties peaked
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Table 4

Basic network metrics - Developer network analysis.
Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Description
Total number of Developers 463 709 1279 1718 1624 1602 1644 1393 1227 1130
Number of ties 3009 5319 15,552 26,558 27,317 31,738 35,411 25,996 21,583 21,903
Average Degree 13.931 16.291 26.072 32.828 36.253 42.43 45.603 39.033 37.052 40.115
Density 0.032 0.025 0.022 0.02 0.024 0.028 0.029 0.029 0.032 0.037

at 35,411 in 2020, with the highest average degree at 45.603, suggesting
strategic organizational investments during this period. Network density
initially declined, which is expected with network growth. However, it
began to rise again in 2018, reaching 0.037 in 2023, which indicates a
tighter-knit network over time due to increased collaboration among
developers.

We examined the contributions of volunteer developers compared to
organizational developers over different periods to better understand
their respective roles within the selected ecosystems.

Fig. 2 illustrates the trend in developer involvement over time. While
volunteer developers have consistently represented the largest propor-
tion of contributors, organizational involvement grew significantly,
particularly after 2017. This shift suggests an increasing role for struc-
tured, institution-driven contributions within OSS ecosystems.

We next calculated the proportions of commits made by volunteers
and organizations. Fig. 3 illustrates the proportion of commits made by
institutional developers versus volunteer developers. Over the years,
there was a noticeable shift, with organizational contributions
increasing significantly, especially after 2017. Over time, the OSS pro-
jects transitioned from a volunteer-driven community to ones with
substantial organizational involvement, with institutional contributions
outpacing those of volunteers.

To further understand the contribution dynamics, we plotted a Lor-
enz curve to depict the distribution of contributions among different
organizations (Fig. 4). Applying the Lorenz curve, an established method
for illustrating economic inequality (Davies et al., 2022), provides
valuable insights into the distribution dynamics within the OSS
landscape.

The Lorenz curve in Fig. 4 shows the distribution of contributions
among the 339 identified organizations in the OSS ecosystems over the
complete observation period. It underscores the significant inequality in
the distribution of contributions, revealing that a small number of
companies accounted for the majority of contributions. The curve’s
deviation from the diagonal line (line of equality) clearly illustrates this
substantial disparity. This is further quantified by the Gini coefficient of
0.984, which indicates a high level of inequality in the distribution of

contributions (Blesch et al., 2022; Siddiq et al., 2023). Such a coefficient
indicates that a few dominant organizations played a crucial role in OSS
development, driving key innovations and shaping the direction of these
ecosystems. This uneven contribution pattern may not solely result from
strategic priorities but may also reflect adoption challenges faced by
many companies, such as limited component choices, time pressure, and
the absence of formal evaluation processes, which can hinder broader
organizational engagement in OSS ecosystems (Butler et al., 2022).

Our findings reveal that eight institutions played significant roles in
contributing to the source code of the OSS ecosystems (see Table 5).

To obtain deeper insights, we analyzed the functional dimension of
the top contributing organizations in terms of commits, encompassing
both source code and comments. Notably, Alphabet and TensorFlow led
in programming-related commits, reflecting their extensive involvement
in core development activities. Furthermore, the top contributing in-
stitutions dominated not only in the number of commits but also in
critical categories such as bug fixes and continuous programming on the
related OSS software projects.

To complement our quantitative findings, official statements from
the top-contributing organizations offer valuable insights into their
primary strategic motivations and the perceived benefits of participating
in OSS ecosystems. We conducted a qualitative content analysis of
official public sources, including company blogs, press releases, white
papers, keynote speeches, and developer documentation. These sources
were systematically screened for statements explaining why the
respective organizations engage in open-source development.

The collected statements reveal the alignment between organization
goals and their active involvement in open-source projects. Alphabet
(“Google Open Source,” 2024), TensorFlow (“Contribute to TensorFlow,
7 2023), Meta (“Meta Open Source,” 2024), Nvidia (Cohen, 2023), Intel
(“Open Ecosystem,” 2024), Mobilelron (“Ivanti,” 2024), IBM (“Story,”
2020), and AMD (“AMD Research Open-Source Projects,” 2024) have all
publicly emphasized their commitment to OSS as a means to drive
innovation, share technological advancements, and enhance their
business operations across various domains. Fig. 5 is a detailed catego-
rization of the main strategic motivations of top-contributing
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Table 5

Top 8 organizations contributing to the OSS ecosystems.

Organization  Description

Alphabet Alphabet (formerly Google) is a US-based multinational technology
company that specializes in internet-related services and products,
including a search engine, cloud computing, software, and hardware.
AMD Advanced Micro Devices (AMD) is a US-based multinational
semiconductor firm that develops computer processors, graphics
cards, and related technologies for business and consumer markets.

IBM International Business Machines (IBM) is a multinational
technology, software, and consulting company that provides
hardware, middleware, and software, as well as hosting and
consulting services.

Intel Intel is a US-based multinational technology corporation known
primarily for its semiconductor chips, microprocessors, and related
technology used in computers and data centers.

Meta Meta (formerly Facebook) is a US-based multinational technology

conglomerate focusing on social media platforms, virtual reality, and

the development of the metaverse, as well as artificial intelligence.

Mobilelron is an American software company specializing in

enterprise mobility management, providing solutions for secure

access, management, and protection of mobile devices and
applications.

Nvidia Nvidia is a US-based multinational technology company best known

for its graphics processing units (GPUs), which are used extensively

in gaming, artificial intelligence, and high-performance computing.

TensorFlow is an open-source organization, originally founded by

Google, that offers a comprehensive ecosystem for building and

Mobilelron

TensorFlow

deploying machine learning models. It operates as a collaborative
organization, driving innovation through its developer and active
contributions.
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Fig. 5. Strategic motivations from top-contributing organizations.

institutions, highlighting key focus areas such as innovation, ML, and Al
The presence of a dimension in the figure indicates that it was explicitly
emphasized in at least one official statement by the organization. The
values indicate the main strength of motivation for each organization,
with higher scores (further from the center) reflecting more frequent or
explicit references in public statements and documentation. This
approach allows us to highlight not only shared motivations across or-
ganizations, but also strategic positioning and focus differences among
them.

5.2. RQ2 — what patterns of collaboration between organizations can be
observed in OSS ecosystems?

The SNA analysis of inter-organizational collaborations in the OSS
ecosystems was conducted at the macro level, focusing on the structural
relationships between different institutions. The SNA revealed
numerous nodes representing developers that are densely connected,
indicating robust collaborative efforts within the OSS ecosystem. The
nodes are clustered in specific regions, with each cluster representing a
different OSS project. Specifically, the clusters correspond to the
following projects: React (light green), Vue (green), TensorFlow (pink),
Bootstrap (red), and Flutter (deep green).

The network visualization in Fig. 6 illustrates dense connections,
which signify strong collaborations among developers. Key developers,
who act as hubs within the network, connected and delivered contri-
butions to different OSS projects. These central nodes played a crucial
role in the ecosystem, supporting the theory of weak ties (Granovetter,
1977). Different colors represent various OSS projects, providing a vi-
sual representation of how developers were distributed. The density
around specific nodes suggests that certain projects attracted more
collaborative efforts.

Connections between different colored clusters reveal developers
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Fig. 6. Overview of the developer network OSS ecosystems.

who contributed to multiple projects. This inter-project collaboration
indicates shared knowledge, tools, and goals between projects. These
developers acted as bridges, facilitating the transfer of knowledge and
innovations across projects, thus enhancing the overall ecosystem’s
robustness and supporting stability.

The presence of inter-cluster connections suggests that certain pro-
jects may be integrated or have overlapping functionalities, necessi-
tating collaborative efforts from developers across different projects.
Understanding these integration points can help in mapping the in-
terdependencies within the OSS environment and planning for collab-
orative development efforts.

Next, we performed an organizational SNA to highlight collabora-
tions between different institutions. We focused on the top-eight
contributing organizations and their interactions within the
ecosystem. The execution of organizational social SNA (see Fig. 7)
provides detailed insights into inter-organizational collaborations. The
top-eight institutions — Alphabet, TensorFlow, Meta, Nvidia, Intel,
Mobilelron, IBM, and AMD - were identified through Lorenz curve
analysis, underscoring their significant contributions and influence
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within the observed OSS projects. Each node represents a contributing
organization, and the size of the node reflects the number of affiliated
developers contributing to the selected projects, i.e., the organization’s
developer-based participation level. The edges represent collaboration
links, defined by shared file contributions within the same time slice. All
edges are undirected and weighted by the frequency of such co-
contributions. The figure spotlights the network of contributions and
collaborations among organizations, with specific colors assigned to the
top participating corporations.

Visible collaborations show that these top organizations frequently
interacted with each other and with a broad range of smaller entities.
This suggests that the collaborative environment generated significant
added value and that resources were shared to drive development.
Additionally, the diverse range of contributions from these organiza-
tions, spanning from core programming to bug fixes and documentation,
underscores their strategic involvement in various aspects of the OSS
ecosystem.

The collaborations illustrated among top institutions indicate po-
tential alliances and partnerships. The insights gained from the SNA
underscore the critical role of both central and peripheral organizations
in maintaining a vibrant, stable, and dynamic OSS landscape. Central
institutions such as Alphabet and TensorFlow provided leadership and
drove major initiatives, while peripheral organizations contributed to
different areas and ensured a diverse range of projects. The collaborative
clusters identified in the analysis underscore the importance of strong
partnerships in fostering innovation and achieving shared goals. The
strategic alliances and partnerships among top organizations shape the
direction and set priorities of OSS development in projects. For example,
partnerships such as the OpenXLA initiative involving Alphabet, AMD,
Intel, and Nvidia demonstrate collaborative efforts to advance machine
learning frameworks (“OpenXLA Dev Lab 2024, 2024). Similarly, the
Al Alliance, spearheaded by IBM and Meta, highlights the shared
commitment to fostering trustworthy and open Al technologies (“Al
Alliance,” 2024).

5.3. RQ3 - how does collaboration evolve in the selected OSS project
ecosystem over time?

To investigate how collaboration in the selected OSS projects
evolved over time, we performed an additional macro-structural anal-
ysis using SNA. This analysis focused on the temporal dynamics of

Alphabet
TensorFlow
Meta
Nvidia

Intel
Mobilelron
IBM

AMD
Others

OBEEEEOOMN

Fig. 7. Social network of organizations.
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collaborations among organizations and key contributors within these
ecosystems.

Furthermore, we highlighted the top-eight organizations — Alphabet,
TensorFlow, Meta, Nvidia, Intel, Mobilelron, IBM, and AMD - to show
their relevance in the OSS ecosystems. By examining successive snap-
shots of the network taken every two years, we can identify trends,
patterns, and shifts in collaborative behavior, effectively capturing long-
term dynamics while filtering out minor and short-term fluctuations.

The analyzed network structures as a whole exhibit a strong core-
periphery dynamic among developers and organizations. While our

(a) 2014-2015

(c) 2018-2019

(e) 2022
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analysis focuses primarily on structural roles, the evolving participation
of peripheral organizations across time slices suggests a continuous
influx of new actors. These contributors are often involved in early
testing, experimental branches, or smaller-scale contributions, which
prior OSS research has linked to innovation and adaptability (Bock et al.,
2023; Jergensen et al., 2011; Joblin et al., 2017a).

The core provides stability and productivity, whereas the periphery
introduces fresh ideas, builds new connections, and enhances ecosystem
flexibility, while also contributing valuable feedback on user needs and
software quality (Crowston and Howison, 2005; El Asri et al., 2017;

(b) 2016 - 2017

(d) 2020 - 2021
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Fig. 8. Evolution of inter-organizational collaboration networks (visualized in two-year aggregated intervals, for readability; underlying analysis based on

yearly data).
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Joblin et al., 2017a).

The visual representation of the organization network in Fig. 8
depicting the analysis over different years provides a clear view of the
changes in collaboration patterns. By comparing these snapshots, we can
observe the highlights, development, and dissolution of collaborative
clusters. We can also identify the emergence of new key contributors and
shifts in organizational involvement over the periods.

e In 2014-2015 (see Fig. 8a), the network was relatively sparse, with a
limited number of companies and connections. Few central nodes
were present, indicating that key contributors or organizations had
not yet emerged as prominent leaders in the ecosystem.

By 2016-2017 (see Fig. 8b), there was a noticeable increase in the
number of nodes and connections. Some nodes began to stand out as
central figures, indicating the appearance of key contributors and
firms. The network shows early signs of clustering, with groups of
institutions beginning to form collaborative sub-networks.

In 2018-2019 (see Fig. 8c), the network reached its peak in terms of
the number of organizations and connections. Clusters were well-
formed, indicating robust collaboration among groups of in-
stitutions. Prominent central nodes were evident, highlighting the
leading roles of key contributors in driving collaboration and
development.

By 2020-2021 (see Fig. 8d), a slight decline in the number of nodes
and connections was observed. Despite the reduction, the network
remained well-clustered with strong collaborative sub-networks.
Central nodes continued to play a pivotal role in maintaining the
network’s structure and facilitating interactions.

In 2022-2023 (see Fig. 8e), the number of nodes decreased signifi-
cantly, reflecting a consolidation phase in the ecosystem. The
remaining organizations were highly interconnected, with dense
connections indicating intensive collaboration. Central nodes
became more pronounced, underscoring the influence of a few key
groups in sustaining the ecosystem.

The analysis of network metrics over time provides quantitative in-
sights into the evolution of collaboration in the OSS ecosystems. Table 6
presents basic network metrics for the organization network analysis
from 2014 to 2023, including the total number of organizations, the
number of ties, average degree, and density.

From 2014 to 2023, the number of institutions and ties in these OSS
projects fluctuated, peaking in 2018 before declining. The average de-
gree increased until 2018, followed by a slight decline. Network density
varied, with the highest value in 2022. These temporal trends provide
valuable insights into the evolution of collaboration within the OSS
ecosystems, highlighting phases of growth, peak collaboration, and
eventual consolidation. The analysis revealed a high concentration of
connections among a few nodes, underscoring the critical role of key
organizations in maintaining network robustness.

5.4. RQ4 - do competing institutions contribute to the same OSS
ecosystem?

To address research question 4, we conducted a micro-structural
analysis focusing on the contributions of competing institutions to the

Table 6
Basic network metrics - Organization network analysis (aggregated in two-year
intervals for readability; underlying analysis based on yearly data).

Description Total number of Number of Average Density
Year Organizations ties Degree

2014-2015 30 33 2.20 0.076
2016-2017 115 293 5.09 0.045
2018-2019 155 623 8.03 0.052
2020-2021 139 537 7.73 0.056
2022-2023 73 245 6.71 0.093
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same OSS ecosystems. Specifically, we used ego network analysis to
examine the evolution of collaborations involving the top-eight
contributing organizations.

Fig. 9 extends the ego network analysis for the top eight contributing
organizations, offering a comprehensive view of how these entities
engage within and across OSS ecosystems. Each node represents one
organization from our case study (e.g., IBM, AMD, Alphabet, etc.). Edges
represent observed collaboration between organizations, defined as
joint contributions to the same OSS ecosystem during the same time
period. Node size reflects the number of ecosystems an organization is
involved in, capturing the breadth of its engagement. Edge thickness
indicates the intensity of collaboration, based on the number of eco-
systems where both connected organizations are active contributors.

Fig. 9a shows Alphabet’s significant connections with competitors
such as AMD and Nvidia, indicating robust collaborative efforts despite
market competition. In Fig. 9b, TensorFlow’s network reveals strong ties
with both Alphabet and Nvidia, highlighting its central role in collabo-
rative OSS projects. Fig. 9c shows Meta’s extensive network, empha-
sizing its collaborative efforts with Alphabet, Tensorflow, and other key
players, demonstrating a strategic approach to leverage shared re-
sources. Fig. 9d shows that Nvidia’s network included strong ties with
Alphabet, Tensorflow, and Intel, indicating active participation in
collaborative development. Fig. 9e showcases Intel’s significant con-
nections with Alphabet, Tensorflow, and Mobilelron underscoring its
strategic collaborations in the OSS ecosystem. Fig. 9f, which highlights
Mobilelron’s network; although less extensive than the others, still
shows meaningful collaborations with Alphabet and Intel. Fig. 9g fea-
tures IBM’s strong ties with Alphabet, Intel and Nvidia, indicating IBM’s
active role in the collaborative landscape. Finally, Fig. 9h shows AMD’s
network; despite being smaller than others, it includes key connections
with Nvidia and Alphabet, reflecting AMD’s involvement in collabora-
tive efforts.

The collaborative efforts among competing companies within the
OSS ecosystem enhance innovation by combining diverse expertise and
resources. This collective approach leads to the development of more
robust and versatile OSS projects. Organizations benefit mutually from
these collaborations, gaining access to shared knowledge and advance-
ments that would be challenging to achieve independently. This mutual
benefit reinforces the value of contributing to OSS ecosystems.

All network metrics, figures, and supplementary materials underly-
ing the analyses and results presented in this paper are provided in the
replication package accompanying this submission. The package in-
cludes methodological documentation, longitudinal datasets, and visu-
alizations supporting the cross-ecosystem analyses.

6. Discussion

This study provides valuable insights into the dynamics of inter-
organizational collaboration in OSS ecosystems by examining both
macro- and micro-level interactions through SNA across five major
projects over a ten-year period. By integrating relevant factors across
different dimensions and levels of SNA, along with various theoretical
frameworks such as structural holes, weak ties, clique analysis, power-
law distribution, and small-world networks, we offer a comprehensive
understanding of how these ecosystems evolve and adapt. In the
following, we discuss the results in relation to our research questions
and place them in the context of existing literature and relevant theo-
retical frameworks.

6.1. Top-contributing organizations in OSS ecosystems

The analysis of contribution data across the five OSS ecosystems
revealed that a small group of organizations account for a substantial
share of activity. In particular, companies such as Alphabet, Meta,
Nvidia, Intel, IBM, AMD, Mobilelron, and contributors affiliated with
TensorFlow organization emerged as central players. These
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Fig. 9. Ego organization network analysis.

organizations consistently occupied core positions in the collaboration
networks, as indicated by high degree centrality and betweenness scores
across the entire ten-year period.

This result is in line with prior research on the dominance of large
firms in open-source development (Gonzalez-Barahona et al., 2013;
Schreiber, 2023), and confirms that corporate contributions are not only
extensive but also strategically positioned to influence the direction of
OSS projects.

From a network-theoretical perspective, these actors serve as brokers
bridging structural holes (Burt, 2009), connecting otherwise discon-
nected segments of the network and enabling the flow of knowledge,
tools, and practices across organizational boundaries. Their bridging
roles enhance the overall resilience and integration of the ecosystem,
particularly in complex, modular codebases (Crowston et al., 2012).

One notable structural feature is the power-law distribution of con-
tributions, reflected in a Gini coefficient of 0.984. This indicates a high
concentration of contributions among a few organizations, a phenome-
non well known in OSS and other networked systems (Barabasi and
Albert, 1999). While such concentration can promote efficiency and
stability, it also raises concerns about dependency and influence
asymmetries.

Interestingly, the dominance of these central organizations does not
preclude the participation of smaller entities and independent contrib-
utors. However, their peripheral positions in the network suggest
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limited access to strategic decision-making or architectural influence.
This finding underlines the importance of governance mechanisms and
inclusive practices to maintain openness even as projects scale and
centralize.

In summary, the presence of top-contributing organizations is
essential to the functioning and growth of OSS ecosystems. These actors
drive technical innovation and provide coordination capacity, but their
influence must be balanced with openness to ensure long-term
sustainability.

6.2. Inter-organizational collaboration patterns

In response to RQ2, our analysis revealed several characteristic
patterns of collaboration between organizations within OSS ecosystems.
These patterns vary across ecosystems but share certain recurring
structural and relational features.

Across the five ecosystems studied, the networks exhibit a core-
periphery structure, in which a few dominant organizations such as
Alphabet, Meta, and Nvidia maintain dense, multidirectional collabo-
rations, while many peripheral organizations are only loosely connected
or linked through a single core actor. This confirms previous observa-
tions in OSS research that collaboration tends to centralize over time
around organizational hubs (Crowston and Howison, 2005; Joblin et al.,
2017b, 2017a).
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Another notable feature is the presence of structural holes between
clusters of organizations, particularly across different technological or
regional domains. Central organizations often acted as brokers, main-
taining ties to multiple otherwise unconnected actors (Long et al., 2013).
This reflects the theory that brokers enhance network efficiency by
controlling access to information and opportunities, which in OSS con-
texts translates to access to architectural decisions and knowledge
diffusion (Burt, 2009; Serafino et al., 2021).

Interestingly, we found low levels of homophily in organizational
collaboration. Firms from different regions, industries, and sizes
frequently engaged in code-level cooperation, suggesting that OSS
ecosystems support cross-boundary openness. This is consistent with the
collaborative ethos of open-source development and contrasts with
findings in intra-organizational software engineering, where team
structures tend to be more homogeneous (McPherson et al., 2001).

However, the data indicate limited reciprocity among organizations.
Although some dyadic ties between firms are reciprocal, many others
exhibit asymmetric collaboration, where one organization (often a
smaller player) contributes to shared resources without a balanced ex-
change. This could be explained by differences in strategy, available
resources, or the role of the organization within the ecosystem (e.g., user
vs. platform provider).

Finally, multiplexity, defined as the presence of multiple layers of
interaction between the same actors was observed primarily among core
contributors. These organizations not only co-develop source code but
also engage in testing, documentation, community support, and
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standardization efforts. This richness of interaction types may serve to
stabilize relationships and reinforce long-term collaboration, as sug-
gested in prior work on network resilience in software ecosystems
(Smite et al., 2017).

Taken together, these collaboration patterns highlight the dual na-
ture of OSS ecosystems: they are at once open and inclusive, yet struc-
tured and strategically coordinated. While dominant actors drive
coordination and integration, peripheral contributors broaden the eco-
system’s diversity and reach.

6.3. Temporal dynamics of collaboration in OSS ecosystems

To answer RQ3, we examined the evolution of inter-organizational
collaboration over a ten-year period across the selected OSS ecosys-
tems. The analysis revealed clear temporal patterns that suggest a shift
from loosely connected collaboration structures to increasingly dense
and strategically coordinated networks.

Across all ecosystems, we observed a consistent increase in network
density and clustering coefficients over time, indicating stronger and
more interconnected relationships among participating organizations.
This development reflects a broader trend towards ecosystem consoli-
dation, in which initial openness and experimentation give way to stable
alliances and formalized roles (Crowston et al., 2012). While prior
studies have investigated the technical evolution of microservice-based
0SS projects (Assuncao et al., 2023), our work emphasizes how orga-
nizational structures and collaboration networks co-evolve with these
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systems, shaping the intensity, structure, and long-term sustainability of
inter-organizational collaboration.

For instance, in early project phases (e.g., 2014-2016), collaboration
was characterized by sporadic co-contributions and many disconnected
organizational nodes. In contrast, during the later stages (e.g., post-
2019), we found the emergence of dense subgraphs and cohesive clus-
ters, particularly in ecosystems like TensorFlow and Flutter. These
clusters often centered around key technology providers and industry
leaders.

The growing centrality of core organizations — notably Alphabet,
Meta, and Intel — suggests a process of institutional dominance, where
these actors not only maintain high activity levels but also increasingly
coordinate and integrate contributions from others. This is consistent
with research on the centralizing forces in maturing OSS ecosystems
(Runeson et al., 2021).

Moreover, the networks exhibit a persistent small-world structure
over time, characterized by short path lengths and high clustering. This
topology facilitates efficient information diffusion and collaboration
while maintaining structural robustness, a finding that aligns with the
scale-free network model (Barabasi and Albert, 1999).

These phases suggest that the maturity and popularity of an OSS
ecosystem influence not only the number of contributors but also the
nature of their interactions. Strategic alliances, long-term coordination,
and division of labor become more pronounced as projects grow. In this
context, projects that meet key quality and technical criteria are more
likely to attract sustained organizational investments in OSS ecosystems
(Li et al., 2022).

The nature of collaboration can be generalized from our study across
different OSS ecosystems, and this evolution can be represented in
distinct different phases, as Fig. 10 shows. Fig. 10 illustrates the meth-
odological phases of the analysis, rather than aggregated temporal in-
tervals, and summarizes how collaboration structures evolved across
distinct evolutionary stages. For instance, the TensorFlow project
exhibited a high degree of collaboration among developers, indicating a
mature and stable project, whereas newer projects such as Flutter
showed less dense collaboration networks.

The general phases include an Early Phase, characterized by initial
collaborations. This is followed by a Growth Phase, marked by increased
alliances with key contributors. The Expansion Phase sees dense clus-
tering and the inclusion of specialized actors, while the Consolidation
Phase focuses on stabilizing and maintaining the quality of collabora-
tions. This suggests that the maturity, size and popularity of an OSS
project may influence the extent and nature of collaboration (Barabasi
and Albert, 1999; Crowston et al., 2012). As projects evolve and reach
higher levels of maturity, they often spawn subprojects or extensions in
which innovative additions are no longer directly integrated into the
central branch but develop independently (Jullien et al., 2025). These
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subprojects allow for specialized innovation while maintaining the sta-
bility and focus of the main project. Newer projects should focus on
building strong community engagement, while mature projects should
aim to maintain their collaborative environment and encourage new
contributors to take on leadership roles.

In summary, collaboration in OSS ecosystems evolves from open,
experimental beginnings toward more structured and coordinated re-
lationships, driven by both technical complexity and the strategic
behavior of key players.

6.4. Coopetition: collaboration between competing institutions

In response to RQ4, our findings confirm that competing firms
frequently collaborate within the same OSS ecosystems. This phenom-
enon of coopetition is particularly evident in projects such as Tensor-
Flow and Flutter, where Alphabet, Meta, Nvidia, AMD, and other major
players contribute to shared codebases while maintaining direct
competition in areas like Al, cloud computing, and mobile platforms.

To better understand the nature of these relationships, we analyzed
the strength of inter-organizational ties, measured by the frequency of
shared file edits and co-commit events. These high-frequency in-
teractions indicate not only mutual technical alignment but also inten-
tional coordination, despite the underlying market rivalry.

Comparative analysis revealed that coopetitive ties differ from
typical collaborations in several ways:

- They exhibit higher multiplexity, often extending beyond code to
documentation, issue tracking, and community engagement.

- They tend to form more persistent and stable connections over time.

- They show low reciprocity asymmetry, meaning that contributions
are more balanced compared to peripheral-to-core collaborations.

Temporal analysis further shows that these strategic relationships
often intensify during periods of technological change or standardiza-
tion, such as the rollout of major machine learning APIs or cross-
platform frameworks. For instance, increased collaboration density
coincided with the introduction of major technological initiatives such
as OpenXLA (Alphabet, AMD, Intel, Nvidia) and the AI Alliance (IBM,
Meta). These cases illustrate how external events and strategic alliances
triggered new patterns of inter-organizational engagement and reshaped
ecosystem governance structures.

These patterns suggest that coopetition in OSS is not incidental, but
rather a strategic response to shared challenges and innovation goals.
While our results reveal collaboration among firms that also compete in
related markets, we acknowledge that such patterns indicate, rather
than conclusively prove, the presence of strategic coopetition. In this
study, coopetition is inferred from a combination of structural evidence,

......... o=@l Consolidation Phase

Stabilization and focus on quality
over quantity in collaborations

Innovations in subprojects or
extensions

Time

Fig. 10. General phases of OSS ecosystem evolution.
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as manifested in shared code contributions and sustained cross-firm
interactions, and contextual indicators derived from publicly available
corporate communications (e.g., strategic statements on innovation
sharing and open standardization efforts). This approach ensures that
our interpretation remains theoretically grounded while recognizing the
methodological limits of inferring strategic intent from network-based
data and official statements. Firms appear to leverage open-source
projects as neutral platforms where pre-competitive collaboration can
take place, lowering development costs, shaping standards, and
accessing shared talent pools.

This aligns with earlier studies on OSS as a vehicle for cross-
organizational alignment (Teixeira and Lin, 2014; West and Gallagher,
2006) and complements prior SNA-based analyses of industrial OSS
ecosystems that revealed similar event-driven collaboration patterns
(Teixeira et al., 2015). This study extends the literature by offering a
quantitative, longitudinal perspective on how coopetition manifests
over time and across ecosystems.

In conclusion, coopetition in OSS ecosystems is a stable and struc-
tured phenomenon, characterized by strong, balanced, and persistent
ties between otherwise competing organizations. This underscores the
role of OSS as a coordination mechanism beyond traditional firm
boundaries, enabling innovation without central control.

While these patterns illustrate the strategic nature of coopetition
within individual ecosystems, the following section synthesizes these
findings across all five cases to identify common structural logics and
contextual variations.

6.5. Cross-case comparative analysis

Synthesizing the results across the five OSS ecosystems reveals
several recurring collaboration patterns that transcend individual proj-
ect contexts. While each ecosystem exhibits distinct characteristics
shaped by its governance, technical scope, network analysis, and
participant community, the comparative perspective highlights both
converging structural logics and context-specific deviations.

Across all ecosystems, a stable core-periphery configuration
emerged, where a small set of central organizations drive the majority of
contributions, supported by a large peripheral base of independent de-
velopers. This structure reflects a balance between coordination and
openness, allowing firms to maintain architectural and governance
control while leveraging the distributed innovation capacity of the
wider community. Such a pattern is consistent with prior research on
network governance in open-source ecosystems, emphasizing hybrid
coordination mechanisms that combine hierarchical and collaborative
elements.

Governance structures appear to influence the degree of cohesion
and persistence in inter-organizational collaboration. Ecosystems with
centralized governance, such as TensorFlow and Flutter, exhibit higher
network cohesion, denser inter-firm connections, and more persistent
collaborative ties. This stability results from clearer organizational
ownership and strategic alignment among leading firms. In contrast,
community-driven ecosystems, such as Vue and Bootstrap, show more
decentralized and dynamic collaboration patterns. These networks
attract broader individual participation but experience higher turnover
and less enduring inter-organizational coordination, reflecting the
looser coupling typical of volunteer-driven development. The gover-
nance type was inferred from publicly documented project governance.

Organizational diversity also influences overall network density and
knowledge diffusion. Ecosystems involving a heterogeneous mix of
corporate and independent contributors (e.g., React and TensorFlow)
display broader cross-firm connectivity, indicating a higher potential for
multiplex interaction (conceptually understood as overlapping collab-
oration roles rather than measured across multiple interaction chan-
nels). Diverse participation enhances mutual learning and technological
interoperability, aligning with open innovation theory, which posits that
heterogeneous knowledge sources strengthen collective innovation
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capacity. Conversely, ecosystems with fewer organizational stake-
holders tend to develop more cohesive but narrower collaboration
clusters.

Domain-specific factors further explain variation in collaboration
intensity. Projects situated in rapidly evolving technological domains,
such as machine learning or cross-platform frameworks, tend to show
stronger inter-firm coordination to manage architectural complexity and
evolving standards. This explains the higher persistence of collaboration
ties in TensorFlow and Flutter compared to web framework projects
such as Vue or Bootstrap, where modular architectures enable greater
independence among contributors.

Taken together, these cross-case insights suggest that inter-
organizational collaboration in OSS ecosystems follows consistent
macro-structural logics while varying in degree and persistence ac-
cording to governance type, organizational diversity, and technological
domain. The comparative analysis illustrates that collaboration struc-
tures in open-source ecosystems are not idiosyncratic to single projects
but reflect systematic mechanisms of coordination, competition, and
shared innovation. By integrating these patterns across ecosystems, this
study contributes a comprehensive understanding of how governance
and diversity jointly shape enduring collaboration architectures in open
innovation contexts.

These findings align with the open-source ecosystem perspective on
inter-organizational collaboration (Teixeira et al., 2015; Teixeira and
Lin, 2014) and coopetition research (Bengtsson and Kock, 2014), both of
which emphasize hybrid coordination mechanisms and mutual inter-
dependence among participating organizations, thereby underscoring
the defining characteristics of OSS ecosystems.

6.6. Implications

0SS ecosystems serve as neutral platforms where developers
collaborate toward shared goals, such as technological advancement,
support, and the integration of modern technologies. This environment
benefits not only the developers and companies involved but also the
broader user community. Developers appear to embrace the concept of
coopetition, collaborating across corporate and organizational bound-
aries in ways that transcend traditional competitive dynamics.

The theoretical implications of our study extend the application of
concepts such as structural holes, weak ties, and clique analysis to OSS
ecosystems. These network theories provide a robust framework for
understanding the evolution and resilience of collaboration networks.
By examining both macro- and micro-level factors, we contribute to the
broader discourse on network stability and adaptability, highlighting
the mechanisms that drive both growth and resilience in OSS projects.

The practical implications of our study suggest that fostering both
strong organizational hubs and diverse individual contributions is
crucial for sustaining innovation in OSS ecosystems. Organizations can
leverage their centrality to provide strategic direction (Krogh et al.,
2012) while encouraging reciprocal and diverse interactions at the in-
dividual level to maintain adaptability. By bridging structural holes,
forming cliques, leveraging weak ties, fostering reciprocity, and
benefiting from the small-world nature of the network, institutions and
individual contributors alike enhance the adaptability and innovation
potential of OSS ecosystems (Lakhani and Hippel, 2003; Scacchi et al.,
2006).

7. Limitations

This study analyzes the importance of top-influencing organizations
within OSS ecosystems by examining the developers’ and organizations’
social relationships. Based on a case study approach (Runeson, 2012;
Runeson and Host, 2009), we investigated how developers and in-
stitutions collaborated in selected complex OSS ecosystems interact. The
validity of our research results may be threatened in various directions.
We used the scheme of validity and threats, which distinguishes between
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construct validity, internal validity, external validity, and conclusion
validity (Howison et al., 2011; Runeson, 2012; Wohlin, 2012).

Construct validity concerns how well our operational measures
represented the research objectives. Our analysis focused exclusively on
collaborations manifested through source code modifications, extracted
from Git repositories. This approach captures explicit technical contri-
butions and co-editing behavior but excludes other relevant collabora-
tion activities such as testing, code reviews, issue tracking, pull requests,
and project discussions. To ensure transparency, we explicitly
acknowledge that our operationalization captures only code-based in-
teractions. While this provides a consistent and reproducible measure
across ecosystems, it does not include non-code-based coordination (e.
g., pull requests, issue tracking, code reviews), which often reflect
communication and decision-making processes that go beyond what is
captured in code alone. Future research should therefore integrate
multiple collaboration signals to offer a more comprehensive picture of
inter-organizational coordination and dynamics in OSS ecosystems. In
addition, the qualitative component of this study is based on secondary
data sources, including official documentation, press releases, and white
papers. Although this design ensures methodological transparency and
cross-ecosystem comparability, it does not capture first-hand practi-
tioner perspectives. Future research should therefore include interviews
or surveys to explore organizational motivations, governance mecha-
nisms, and collaboration challenges in greater depth. Furthermore, we
identified developers based on their names and organization email ad-
dresses, which could lead to incomplete institution affiliations. To
mitigate these issues, we used disambiguation heuristics for empirical
studies (Oliva et al., 2012; Wiese et al., 2016) and visualized results to
support our findings.

With respect to the internal validity of our study, the results could be
inaccurate if we misinterpreted the SNA visualizations and other met-
rics. To minimize this limitation, the process was carried out with
various SNA metrics and different methods. We also made the entire
research as traceable and straightforward as possible.

The extent to which the findings of a study can be applied to other
contexts is referred to as external validity (Yin, 2014). This research is a
case study of five important OSS projects in the GitHub universe.
Generalizing the results to other OSS software development ecosystems
is only partially possible. The insights and findings from the research of
the different OSS ecosystems can be considered as a broad foundation.
To minimize this issue, we investigated five different popular and
important OSS ecosystems with different sizes, project domains, pro-
gramming languages, and various aims. Although our dataset captures
the longitudinal evolution of collaboration, it does not explicitly model
external events such as license changes or corporate restructuring.
Future research should incorporate event-based indicators to establish
causal relationships between external stimuli and network evolution.
Additionally, we analyzed historical archival data spanning about 10
years to minimize temporary deviations in this research. Furthermore,
while our analysis identifies collaboration patterns consistent with
strategic coopetition, these interpretations are derived from observable
structural and contextual indicators rather than direct access to orga-
nizational decision-making processes. To strengthen contextual validity,
we complemented network data with qualitative evidence from publicly
available corporate statements and documentation, in which firms
explicitly acknowledge collaborative or strategic partnerships within
OSS ecosystems. Future research should expand on this approach by
incorporating interviews or internal case studies to further validate or-
ganizations’ strategic motivations, intentions, and governance mecha-
nisms underlying inter-organizational collaboration in open-source
contexts.

Conclusion validity concerns drawing the correct conclusions about
relationships in data. In our study, we were concerned with the ability to
replicate our findings. Our combination of SNA visualizations with the
help of the research software Gephi (Bastian et al., 2009) and other
measures aimed to provide a more accurate view of our research results.
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Each step of the case study was validated, and the researchers carried
out periodic reviews.

8. Conclusion

This study provides a comprehensive analysis of inter-organizational
collaborations within OSS ecosystems, focusing on the contributions and
interactions among developers and organizations. Through SNA and a
mixed-methods approach, we examined collaboration patterns within
five OSS projects over a decade, across various levels and dimensions.
Our findings underscore the pivotal role of leading institutions and their
strategic motivations in driving collaboration and innovation, shaping
both the codebase and the collaborative culture.

Leading organizations such as Alphabet, TensorFlow, Meta, Nvidia,
Intel, MobileIron, IBM, and AMD act as hubs, establishing collaborative
norms that foster diverse developer participation and innovation. Ini-
tiatives such as community events, mentorship programs, and resource
contributions have been instrumental in encouraging broader partici-
pation and deeper engagement, illustrating the critical role these orga-
nizations play in driving OSS collaboration and sustainability.
Collaboration patterns in OSS ecosystems evolve dynamically, often
characterized by rapid initial growth followed by stabilization as pro-
jects mature.

Competing companies frequently adopt a coopetition approach
within OSS ecosystems, leveraging varied expertise and resources to
foster innovation, stability, and ecosystem health. Contributions span
activities from programming and bug fixing to documentation and
testing, demonstrating strategic organizational involvement across
multiple aspects of development.

Our analysis answered the four research questions by identifying
central organizations, revealing evolving patterns of coopetition, and
outlining collaboration dynamics across time and ecosystems.

Based on our findings, this study contributes to the literature in five
central ways:

1. It provides a cross-ecosystem perspective on inter-
organizational collaboration. By analyzing five major OSS pro-
jects, we reveal consistent structural patterns and evolution dy-
namics across ecosystems, going beyond the scope of single-case
analyses.

2. It offers a longitudinal view of organizational-level dynamics.
Our ten-year SNA uncovers how collaboration intensity, centraliza-
tion, and coopetitive structures develop over time, highlighting
phases of growth, consolidation, and stabilization.

3. It empirically demonstrates coopetition as a stable and strategic
phenomenon. Competing firms such as Alphabet, Meta, and Nvidia
maintain persistent collaborative ties, indicating intentional, long-
term partnerships within OSS ecosystems.

4. It delivers a cross-case comparative analysis that identifies
structural patterns and governance differences across OSS eco-
systems. This comparative perspective highlights how differences in
ecosystem governance, organizational diversity, and technical
domain shape collaboration intensity and network cohesion.

5. It synthesizes social network theory with platform ecosystem
research. By integrating constructs like structural holes, multi-
plexity, and weak ties with platform governance theory, we provide a
novel explanation for coordination and innovation in OSS.

For organizations aiming to influence OSS ecosystems, fostering
collaboration and acting as connectors between disparate developer
groups are essential strategies. These insights provide practical impli-
cations for decision makers and OSS community managers to design
interventions that encourage inclusive collaboration, supporting OSS
project sustainability and effectiveness.

In conclusion, understanding inter-organizational collaboration in
OSS ecosystems is crucial for fostering innovation and sustaining
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ecosystem growth. By highlighting key organizational roles and
collaboration dynamics, this study offers valuable insights to strengthen
0SS ecosystem resilience. Emphasizing cross-organizational collabora-
tion drives collective progress and technological advancement within
the OSS community.

Future research should examine additional OSS ecosystems and
platforms, exploring longitudinal effects of collaboration. Investigating
how various contribution types impact project sustainability could
further clarify collaboration dynamics. Future studies could also inte-
grate additional collaboration signals, such as pull requests, testing ac-
tivities, issue or feature discussions, to capture broader organizational
interaction patterns. In addition, understanding how strategic organi-
zational approaches influence collaboration and innovation may pro-
vide actionable insights for effective, sustainable OSS development
practices.
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