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ABSTRACT KEYWORDS

Large-scale open source communities, such as the Linux kernel,
have gone through decades of development, substantially growing
in scale and complexity. In the traditional workflow, maintainers
serve as “gatekeepers” for the subsystems that they maintain. As
the number of patches and authors significantly increases, main-
tainers come under considerable pressure, which may hinder the
operation and even the sustainability of the community. A few sub-
systems have begun to use new workflows to address these issues.
However, it is unclear to what extent these new workflows are suc-
cessful, or how to apply them. Therefore, we conduct an empirical
study on the multiple-committer model (MCM) that has provoked
extensive discussion in the Linux kernel community. We explore
the effect of the model on the 1915 subsystem with respect to four
dimensions: pressure, latency, complexity, and quality assurance.
We find that after this model was adopted, the burden of the 1915
maintainers was significantly reduced. Also, the model scales well
to allow more committers. After analyzing the online documents
and interviewing the maintainers of 1915, we propose that over-
loaded subsystems which have trustworthy candidate committers
are suitable for adopting the model. We further suggest that the
success of the model is closely related to a series of measures for
risk mitigation—sufficient precommit testing, strict review process,
and the use of tools to simplify work and reduce errors. We employ
a network analysis approach to locate candidate committers for
the target subsystems and validate this approach and contextual
success factors through email interviews with their maintainers. To
the best of our knowledge, this is the first study focusing on how to
scale open source communities. We expect that our study will help
the rapidly growing Linux kernel and other similar communities to
adapt to changes and remain sustainable.
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1 INTRODUCTION

Over the past several decades, open source software (OSS) projects
have grown rapidly in popularity, owing to their unique advan-
tages, e.g., low cost and high quality [27, 60]. During this time,
many prominent projects emerged, such as the Linux kernel and
Apache HTTP Server [44]. At this stage, many of these projects are
mature and not merely hobbyist projects [54], but rather represent
critical computing infrastructure for society. Both the scale and
complexity of these projects have undergone considerable changes,
e.g., the Linux kernel version 4.19 has over 25.58 million lines of
code contributed by 1,710 contributors representing 230 corpora-
tions [13], whereas version 0.01 in 1991 had only 10,239 lines of
code.! These projects established their own workflows in the early
stages. In general, a small core group does most of the work, and
coordinates with a considerably larger group of peripheral partici-
pants [16, 35, 44]. However, in recent years, an increasing number
of contributors in several OSS projects (e.g., Node.js,? Dpdk,? and
Fastlane?) have raised concerns about whether the original work-
flows can handle the current volume of patches, which continues
to increase. This is especially the case in the Linux kernel, where it
has triggered a heated discussion.’

The code base of the Linux kernel is logically organized into
many subsystems, each of which has a designated maintainer—a
contributor who possesses the commit right to the subsystem repos-
itory that s/he maintains (some subsystems have more than one
maintainer). Almost all of the code patches are selected and trans-
ferred by the corresponding maintainers, layer by layer, until they
are merged into the mainline repository.® It is an undeniable fact

Lhttps://en.wikipedia.org/wiki/Linux_kernel

Zhttps://medium.com/the-node-js- collection/healthy-open-source-967fagbe7951
Shttp://mails.dpdk.org/archives/moving/2016-November/000060.html
*https://krausefx.com/blog/scaling-open-source-communities
Shttps://lists.linuxfoundation.org/pipermail/ksummit- discuss/2018-September/005
313.html

®https://www.kernel.org/doc/html/latest/process/index.html


https://doi.org/10.1145/3377811.3380920
https://doi.org/10.1145/3377811.3380920
https://doi.org/10.1145/3377811.3380920
https://en.wikipedia.org/wiki/Linux_kernel
https://medium.com/the-node-js-collection/healthy-open-source-967fa8be7951
http://mails.dpdk.org/archives/moving/2016-November/000060.html
https://krausefx.com/blog/scaling-open-source-communities
https://lists.linuxfoundation.org/pipermail/ksummit-discuss/2018-September/005313.html
https://lists.linuxfoundation.org/pipermail/ksummit-discuss/2018-September/005313.html
https://www.kernel.org/doc/html/latest/process/index.html

ICSE 20, May 23-29, 2020, Seoul, Republic of Korea

that this hierarchical review workflow is a key factor in maintain-
ing the high quality of the kernel [9]. However, as the scale of the
project increases, these maintainers need to deal with burdensome
review work, such as 487 patches in a two-week period [34] and
hundreds of emails a day [53]. Worse still, many subsystems have
only one maintainer, which means that if those sole maintainers
take a vacation, become ill, or simply become busy at their day job,
there is no one who can replace them. Meanwhile, new maintainers
are not easy to train—they need to not only review patches, but
also to shoulder the responsibility of sending that work upstream
and acting as a liaison for complaints arriving from other subsys-
tems [56]. This series of problems have raised widespread concern
from both the community [11] and researchers [61]. People are
concerned that the overworked maintainers may not sustain the
subsystems, and they may become a single point of failure, resulting
in the disruption of the hierarchical production.

There is a demand to adapt the original workflow to the growing
workload and to sustain the community. The multiple-committer
model (MCM) that distributes the workload to a group of con-
tributors by giving commit rights has been created to address this
problem. It is endorsed by the subsystems currently applying it [55].
Although this model is not rare in other projects, decentralization
by suddenly introducing an increased number of committers is a
high-risk operation for any community that experiences rapid scale-
up. It may result in unexpected problems and complaints from other
maintainers [56]. Many subsystems are reluctant to adjust/change
the current workflow, even though it is widely accepted as problem-
atic. Adopting an invention usually appears as a continuous and
slow process, because decisions are rendered difficult by the lack
of unbiased information sources [18, 26]. A deep understanding of
the factors affecting the choice of a new workflow is essential for
its adoption and therefore for resolving the workload crisis.

In this study, we attempt to achieve this understanding, and
to help projects that are undergoing workload problems to make
decisions as to how to adjust/change the current workflow. Deci-
sions are often the result of a comparison of the uncertain benefits
of the new invention with the uncertain costs of adopting it [26].
Therefore, we start by seeking to understand the effectiveness of
the new model, and then investigate the factors most relevant to
the adoption of the new model.

RQ1 To what extent does the MCM work (or how exactly does
the MCM help to reduce maintainer’s workload)?
RQ2 How to apply the MCM?
2.1 What factors are crucial for successful implementation/
operation of the MCM?
2.2 How should candidate committers be selected when main-
tainers adopt the MCM?

To answer these questions, we analyze the commit history of
the Linux kernel, read related online documents, and conduct inter-
views with maintainers. We focus on maintainers’ main workload,
i.e., reviewing patches, and define four categories of metrics to
characterize their performance: pressure, latency, complexity, and
quality assurance. We utilize these metrics to quantify the effect of
adopting the MCM on the i915 subsystem, which has been using it
since 2015. We find that after the adoption, pressure on maintain-
ers, review latency, and the complexity of the review relationship
between maintainers and patch authors were significantly reduced.
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At the same time, the new model enforces a strict process to ensure
patch quality. After analyzing the online documents and interview-
ing the maintainers, we recommend overloaded subsystems having
the following properties to adopt the MCM: 1) there are suitable
candidate committers; 2) maintainers and committers trust each
other; and 3) they already have or are willing to introduce measures
to mitigate risks. Based on these findings, we also discuss insights
for scaling OSS projects. We expect that our results will help main-
tainers of the Linux kernel and other OSS projects become more
sustainable. This work builds upon an earlier 2-page summary [52].

2 BACKGROUND

We examine the related work in Section 2.1. The traditional work-
flow and the new workflow of the Linux kernel are introduced in
Section 2.2 and Section 2.3 respectively.

2.1 Related Work

As software evolves over time, it becomes increasingly large and
complex [38]. During the process of software evolution, successful
OSS projects attract many contributors [7, 62]. These contributors
complete various tasks in a project, which helps to establish and
sustain the project. However, activities in OSS projects tend to be
skewed, i.e, a small number of people do most of the work [44]. This
group of people often act as maintainers of projects and take respon-
sibility for the direction of projects [20]. As the scale of projects
expands, they face increasing pressure that may challenge their
capacity. For example, Zhou et al. [61] found that the distribution
of work among the Linux kernel maintainers followed the 80:20
rule for most modules, suggesting that a few maintainers may bear
the brunt of the increased workload. These issues have caused OSS
projects to increasingly worry about their sustainability [17, 61].

Different innovations have been introduced to deal with work-
load and improve productivity in OSS projects. Notable ones include
the pull request model [23-25, 63] and the use of continuous inte-
gration (CI) for automated quality assurance [28-30]. For example,
Zhu et al. [63] found the pull request model to be associated with
reduced review time. Hilton found that 70% of the most popular
projects on GitHub heavily use CI. In comparison to projects that
do not use CI, these projects (i) release twice as often, (ii) accept pull
requests faster, and (iii) developers are less worried about breaking
the build [28]. Recent studies investigated bots seeking to auto-
mate repetitive tasks in the social collaboration platform such as
GitHub [36, 58, 59]. For example, the Hound bot was invented to
verify code style violations [58].

Although these inventions may accelerate maintainers’ work,
the effect is limited because a lot of manual intervention is still
required in patch review, e.g., determining whether a patch is nec-
essary, whether an implementation has shortcomings, or whether
there are better ways to implement. This problem could be ad-
dressed by distributing the workload among members to achieve
high bandwidth. As discovered, the successful evolution of OSS
projects depends on the co-evolution of the team structure and
the software structure [48]. The Linux kernel is organized as a
structured hierarchy of modules, which allows flexible expansion
of modules, together with their maintainers [3, 61]. This is the key
to the success of Linux. However, as the pressure on maintainers
continues to increase, it is clear that the current structure needs
to evolve. While the community proposes a new multi-committer



model to adapt to the changes, it is unclear to what extent this model
works, or how this model should be implemented. Therefore, in this
study, we aim to investigate these two questions. The investigation
can deliver insights into scaling of OSS communities, thus helping
OSS ecosystems survive the constantly changing environment.

2.2 Traditional Workflow

The kernel development community is organized as a hierarchy,
with contributors submitting patches to maintainers, who in turn
commit those patches to a repository (with each maintainer be-
ing responsible for their own subsystem repository), and pushing
them upstream to higher-level maintainers. This hierarchy logi-
cally resembles the directory hierarchy of the kernel source itself.
The process requires all maintainers in the chain to take respon-
sibility for the patches. The maintainers who introduce patches
directly from authors take the main responsibility of reviewing
patches. The higher-level maintainers who pull the patches from
the lower-level maintainers are responsible for conducting inte-
gration tests—they usually do not review these patches. According
to the online documents, reviewing patches requires considerable
effort and represents the main workload for maintainers. This is
further exacerbated by the fact that the number of patches con-
tinues to increase. Maintainers may worry about burnout when
undertaking such heavy review work [11, 56, 61]. In this study, we
focus on the main burden for maintainers, i.e., reviewing patches.

2.3 Multiple-Committer Model

To reduce the workload of maintainers, a few subsystems in the
Linux kernel have attempted to apply new models. The MCM is the
most discussed model in the community, and was applied by the
1915 subsystem in October, 2015. As shown in Figure 1, in the tradi-
tional workflow, only the maintainers have the privilege to commit
patches to the repositories they maintain, whereas in the MCM,
many core contributors are given commit rights, allowing them to
commit patches to the same repository as the maintainers. Because
the committers’ share a great deal of review work, the maintainers’
workload is greatly reduced. In contrasted to the committers, the
main job of the maintainers is to communicate externally, including
coordinating with other subsystems, sending patches upstream,
and being responsible for the faults in the subsystems.?

B
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Core Contributor Ordinary Contributor
[ [ ]
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Committer
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Figure 1: Two Types of Workflows of Subsystems

The MCM has been used by the 1915 subsystem—which is also
called INTEL DRM DRIVERS, supporting all integrated graphics
chipsets with both Intel display and rendering blocks.” Its main files
are under drivers/gpu/drm/i915 of the kernel’s code directory.
The number of its maintainers fluctuates between 1-3 in the studied
period. As shown in Figure 2, the numbers of commits, modified
files, contributors, and committers appear to grow over time.

"In this study, we refer to the regular contributors (maintainers not included) who
have commit right to the repositories as committers.
8https://kernel-recipes.org/en/2016/talks/maintainers-dont-scale/
https://www.kernel.org/doc/html/v4.14/gpu/i915.html
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Figure 2: Growth of the 1915 Subsystem

3 METHODOLOGY
3.1 Study Design

We applied a mixed-method approach [14] for this study. Figure 3
shows the overall design of the study, including the following steps.

Step 1. We started from collecting commit history data of the
915 subsystem and identifying the review workload of maintainers,
as described in Section 3.2.

Step 2. We designed four categories of metrics to study the effect
of the MCM, as described in Section 3.3.

Step 3. We reviewed the online documents related to the MCM
and conducted interviews to understand which factors are impor-
tant for the implementation of the MCM, as described in Section 3.4.

Step 4. As identified in the previous step, “committers” is a critical
success factor of the MCM but difficult to identify, we borrowed the
idea of collaboration network to propose an approach for selecting
candidate committers, as described in Section 3.5.

Step 5. Finally, we conducted interviews within and outside
(Node.js serves as an exemplar) the Linux kernel to validate the
generality of the results, as described in Section 3.6.

3.2 Identification of the Maintainers’ Workload

We cloned the mainline repository of the Linux kernel in June, 2018,
and retrieved its commit history. Because the Linux kernel moved to
Git in 2005, we ignored the pre-2005 history. We took steps to clean
and standardize the raw data for further analysis. Each piece of data
(i.e., a commit) records the hash of the patch,!? the author of the
patch, the person who committed the patch, the time at which the
patch was committed, the description of the patch, and the affected
files. For each affected file, we obtained the maintainer of the file and
the repository for that file at that time. The Linux kernel contains a
file named MAINTAINERS that records the name of each subsystem,
the repository of the subsystem, the names of the individuals who
maintain it, and the files associated with it. We obtained a version
of this file from each month since April 2009, when the file was
started.!! For the i915 subsystem, we considered our observations
to be only those commits that modified files belonging to the 1915
subsystem (mainly in drivers/gpu/drm/i915).

The Linux kernel uses “signed-off-by” to track patches, which
is a simple line at the end of the commit message that certifies
the person who wrote it or has the right to pass it on. Through
communicating with three maintainers, we found that generally,
there are two types of contributors who can add this tag to a patch:
the author of the patch, and the maintainer who accepts it from
the author. The maintainers in the upper layers accept patches
by a pull request from maintainers in the lower layers, and they

1071 this paper, commit and patch are used interchangeably.
For convenience, we obtained the first version on the 1st of each month.
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Figure 3: Overall Design of the Study

have no chance to modify the patches. Therefore, by analyzing
this tag, we can identify the maintainers who initially introduce
the patches to the hierarchical repositories of the Linux kernel.
These maintainers undertake the main workload of patch review,
as explained in Section 2.2. For each patch, if the individual who
signed off the patch is not the author of the patch and her/his name
is in the MAINTAINERS file, we consider that s/he actually reviewed
the patch. This allowed us to obtain the review workload of each
maintainer. If a contributor committed patches to the repositories,
but her/his name does not appear in the corresponding version of
the MAINTAINERS file, we consider her/him to be a committer. If a
committer signed off a patch when s/he was not the author, s/he is
considered to have reviewed this patch. This allowed us to obtain
the review workload of each committer.

3.3 Evaluation of the Model Effects

Our sequential mixed method research approach [14] comprised
two main stages. In the first stage, we conducted a literature review
to derive metrics to describe maintainer workload.!? Stage one con-
cluded with the development of eight metrics across four categories.
Based on these metrics, the second stage involved an evaluation of
whether the metrics exhibited differences before and after adoption.
Note that in the second stage, we did not seek to prove a causal
relationship. We do show that although the number of patches has
continued to increase, the burden of the maintainers is significantly
reduced after adoption of MCM. This is also consistent with the
perception of the kernel community.

In this section, we describe the metrics we used. The measure-
ment of reviewers’ workload is quite straightforward in the litera-
ture, typically the number of patches reviewed or in the pending
queue [2, 33]. However, we cannot conduct a comprehensive eval-
uation of the MCM with just those metrics. Hence, we borrowed
concepts and metrics that are often used to measure the perfor-
mance of computer systems, i.e. throughput and latency [46, 57].
We established four high-level categories. All of the metrics are
aimed at a particular subsystem and a particular timespan, i.e., a
month. The related definitions and proposed metrics are as follows.

o Mntr: the set of maintainers and committers;
Patch: the set of patches;

Patch;: the set of patches signed off by contributor i;
Reviewerp: the set of all the reviewers of patch p;
Filep: the set of files modified in patch p;

12Note that because maintainers and committers are all reviewers, “maintainer” may
refer to “committer” and “maintainers” may include “committers” in certain scenarios.

e authorp: the author of patch p;
e stimep: the time that patch p was signed off by maintainer;
e atimep: the author time of patch p;

Pressure. Maintainers’ pressure is measured by how much re-
view work they have done. We define the workload of the busiest
maintainer/committer as the bottleneck for processing patches in
the subsystem. We also define two additional metrics that describe
the distribution of the review workload among maintainers (and
committers) that can reflect the risk of a single point of failure.

e MI1: Maximum review workload: the number of the patches
reviewed by the busiest maintainer/committer.

MAX _RW = max |Patch;| (1)

ieMntr

e M2: Intensity of review workload: the ratio of review work-

load done by the busiest maintainer/committer.

INTST Rw = MAXRW @)
|Patch]|

e M3: Entropy of review workload: the dispersion of review

workload assignment, borrowed from information theory [50].
|Patch;|

ENT RW = — Z rilog, ri, wherer; = m.

ieMntr

©)

Latency. Latency is a measure of the time delay experienced by
a system. In our study, we define latency as the length of time from
a patch being submitted by the author to the time it is signed off
by the first maintainer/committer.!3> We use this metric because a
long latency implies that the maintainer may be overloaded, and
the possibility of conflict is high. This metric is also used in practice
by maintainers to judge whether they are overloaded [12].

e M4: Latency of review workload: the median review time of
the patches.

LAT_RW = median {stime, — atime,, | p € Patch} (4)
Complexity. The more complex the work is, the more time
and effort the maintainer must devote. The complexity of the code
review is found to be related to the number of files [43], and the
contact and communication with contributors [39]. Based on these
two considerations, we define two metrics to characterize the com-
plexity of maintainers’ review work. We choose the maximum
complexity of all of the maintainers (and committers) to reflect the

bottleneck of the subsystem.

e M5: Complexity of review relationship: among all the main-
tainers (and committers), the maximum number of unique

13 A patch may go through several iterations (versions) before acceptance. Here we
use the time when the last version of the patch is submitted.



authors reviewed by a certain maintainer/committer.
CPLX_RR = max |{author € Patch;
- ieMntr|{ p |P l}| (5)

e M6: File complexity: among all the maintainers (and com-
mitters), the maximum number of unique files reviewed by
a certain maintainer/committer.
CPLX _F= max |{f|p € Patch;, f € File,}| )
ieMntr

Quality assurance. The purpose of patch review is to ensure
that patches are of high quality. Instead of directly measuring
quality, we define the following two metrics to measure the ef-
fort/strategy that is employed to deliver quality. This is justifiable
given that patch quality is very high in this community.

e M7: The number of reviewers has been found to be important
to ensure patch quality [41, 47, 63]. We use the average
number of unique reviewers per patch (including the author)
as the indicator of the effort/strategy for quality assurance.
We retrieved all of the tags that indicated some sort of review,
including “Signed-off-by. “Reviewed-by;” and “Tested-by.’14

ZpePatch [Reviewerp|

LTY_ANR =
QLTY.. |Patch|

™

e MS8: Some maintainers pointed out that overload caused a
high number of maintainers’ commits to go unreviewed [56].
Therefore, we define the ratio of self-commits (commits au-
thored by maintainers/committers) that were reviewed by
others as an indicator of the strictness of review for patches
contributed by contributors with commit rights.

|{p | p € MPatch, Reviewery # {authorp}}|

|MPatch|
where MPatch = {p | p € Patch, author, € Mntr}.

®

QLTY_RSRO =

To mitigate the effects of interference and explore the scalability
of the MCM, that is, how the model works when more committers
are introduced, we fitted regression models, with the response being
maintainer burden (represented by M1-M8) and the predictor being
the number of committers (#C). Because the burden on the main-
tainers is likely to be affected by the number of patches (#P) and
maintainers (#M), we included these predictors in the models. Each
observation represents a month from April, 2009 to January, 2018.
We log-transformed skewed variables to satisfy the assumptions of
the model. The final regression equation is:

(In)(M1...M8) ~ In(#C) + In(#P) + In(#M) ©)
3.4 Analysis of the Contextual Success Factors

The MCM has been stimulating wide discussion and attention in
the Linux kernel community for some time, and many online doc-
uments have been created during this period. Therefore, we con-
ducted a qualitative analysis to help identify the factors that are
crucial for successful implementation and operation of the model,
and then complemented and strengthened these results with a
quantitative analysis on the 915 subsystem.

For the qualitative analysis, we utilized the following procedures.
We first used Google to search for the keywords “multiple com-
mitters” and “Linux kernel,” and used the top 50 most relevant
returns as our initial dataset. We then expanded these documents

4The tags of “Reviewed-by” and “Tested-by” are usually used by ordinary contributors.
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Table 1: Contextual Success Factors for the MCM

Higher order codes/categories Themes
Overloaded maintainers Project
Single point of failure rojects
Suitable candidates .

Committers

Trust among maintainers and committers

Sufficient precommit testing
Strict review process
Application of tools to simplify work and reduce errors

Risk mitigation

by retrieving the embedded links, and iterated this process until no
new document emerged. This process resulted in 73 documents. We
read these documents and screened the 30 relevant documents that
involve documents from official websites, emails from a mailing list,
and articles and comments from maintainers’ blogs. The documents
we excluded were mainly those that were irrelevant to MCM or
not about the Linux kernel. We also conducted email interviews
with three maintainers, including two i915 maintainers and one
higher-level maintainer, to resolve any confusion in the documents.

We then applied thematic analysis, a widely used technique for
identifying and recording “themes” in textual documents [5, 8, 15],
to derive success factors of the MCM. Firstly, we read and reread
these documents to become familiar with them. Secondly, for each
document we analyzed, we systematically generated initial codes
related to the usage and preparation of the model. We then ex-
amined each initial code to see whether it could be related to a
more inclusive code, and also whether there was an opportunity
to merge codes. For example, for the sentence “[cJontributors who
want to apply for committer status should have submitted a few non-
trivial patches that have been merged already,” we generated the
initial codes “non-trivial patches” and “been merged” that were
mapped to the higher order code/category “suitable candidates”
These were then mapped to the theme “committers”. We also con-
sidered edge cases where initial codes could be mapped to multiple
categories. For example, the sentence “[yJou have your standard
issue — overloaded bottleneck” was identified as relevant to both
“overloaded maintainers” and “single point of failure.” In this case
following discussion among the authors, we decided to add it to
the “overloaded maintainers” category, as the main point was the
overloaded maintainers, and the bottleneck in this case might not
lead to a single point of failure. This analysis was supported by the
MAXQDA tool.'® The analysis revealed different themes related to
the contextual success factors. Based on these themes, we quantita-
tively analyzed the relevant characteristics of the 1915 subsystem,
and compared them with other subsystems to augment the former
results. Eventually, we obtained 61 initial codes that clustered under
seven higher order codes/categories. We then compared and further
abstracted these into three major themes that represent the factors
critical for implementing the MCM, as shown in Table 1.

3.5 Selection of Candidate Committers

The analysis in Section 3.4 suggests that “committers” is one of the
three critical success factors for the adoption of the MCM. Capable
people are always the key to the success [32]. However, for large-
scale projects it is difficult to identify developers with good potential
to become committers [31], we therefore proposed an approach to
select committers.

Bhttps://www.maxqda.com/
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The approach is based on collaboration network which has
advantages in visualizing members’ characteristics and relation-
ships [4]. By analyzing the contextual success factors, we found that
developers who are “suitable” and achieve “trust among maintainers
and committers” are likely to be elected as committers (more de-
tails are in Section 4: RQ2.1). Therefore, we construct collaboration
network for a subsystem to capture those elements of candidate
committers. Any node i represents a contributor. Let w; be the
weight of node i, defined by the number of commits authored by
contributor i in a particular timespan, which represents i’s capa-
bility and suggests whether i is suitable. Let c; j be the weight of
the edge between nodes i and j, i.e., the number of times that the
names of both contributor i and j appear in the tags from the same
commit message, which represents the level of trust between them.
For example, if the contributor i reviewed 10 patches from the con-
tributor j, there will be 10 commits whose author are j and who are
also tagged by i, so ¢; j = 10. In Section 4: RQ2.1, we construct the
collaboration network for the 1915 subsystem, which proves a close
relationship between the committers and maintainers.

Once we construct the collaboration network for a subsystem,
we can use the algorithm of identifying the densest subgraph in
graph theory to locate the candidate committers. The details for
the selecting approach are illustrated in Section 4: RQ2.2.

3.6 Approach for the Validation

To investigate the generality of the MCM, we validated the con-
textual success factors that were derived from thematic analysis,
and the approach for selecting candidate committers. Specifically,
we had two aims: (1) validate that the contextual success factors
are applicable within the Linux kernel community and that the
committers we selected are appropriate, i.e., they are recognized by
the subsystems’ maintainers; (2) investigate whether these findings
can apply to other communities.

For validation within the Linux kernel, we chose the top 50
busiest subsystems among 1,427 driver subsystems (based on Eq.
1) and calculated their candidate committers using the approach
proposed in Section 4: RQ2.2. 16 For seven subsystems, we did not
screen out the appropriate candidates because these candidates are
already overloaded maintainers in other subsystems. We emailed
the maintainers of the remaining 43 subsystems—we chose the
busiest maintainer of each subsystem to whom we sent the email.
We introduced the MCM (with the quantified effect on i915), and
asked the maintainers whether they were willing to try it in their
subsystems. We also provided the list of candidate committers,
and asked for their opinions. Eventually, 38 emails were delivered
successfully and we received eight responses. See Section 5.1 for
details of the responses.

In order to validate whether our results can apply to other com-
munities, we chose to study Node.js!” for two reasons. Firstly,
Node.js has experienced rapid development, especially since 2015,
and has become the most widely used development framework in
the world today.'® Hence it has experienced rapid scaling issues.
Secondly, Node.js is different from the Linux kernel: it has typical

16We chose two years as the timespan of commit history to construct the collaboration
network.

Thttps://github.com/nodejs

18https://insights.stackoverflow.com/survey/2017
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characteristics of many GitHub projects, such as more loosely-
controlled repository access. Also, it has a pull-request based model
instead of a patch-based one. We read its official documents and
interviewed via email one of its maintainers to obtain his view on
scaling Node.js. Specifically, we showed him the contextual success
factors and asked whether these factors were consistent with the
scaling experience of Node.js. To validate the approach for select-
ing committers, we applied this approach on development data
between January, 2015 and March, 2015 (rapid development period)
to predict committer candidates, who we then compared with real
committers between April, 2015 and June, 2015.

4 RESULTS

RQ1: To what extent does the MCM work?

1) Effect of the MCM. We compared the maintainers’ workload
before and after adoption of the MCM in the i915 subsystem based
on the eight metrics described in Section 3.3. Fig. 4 shows the values
of the different metrics over time.!?Since the i915 subsystem started
using this model in October, 2015, we calculated the monthly mean
and median values of each metric both before and after this date,
and removed the data before January, 2013 (inactive period) and
the data of October, 2015 to reduce noise. To determine whether
these two groups of data were significantly different, we utilized
the Mann-Whitney U test to compare between two independent
groups [45]. With the exception of file complexity (M6), the values
of all of the metrics exhibited significant differences before and
after the model was adopted. The results are shown in Table 2.
Pressure. As shown in Fig. 4 (a), although the number of com-
mits in this subsystem increased, the number of patches reviewed
by the busiest maintainer dropped significantly, especially when
the new model was just adopted. Before this model was adopted,
the busiest maintainer was responsible for over 90% of the work-
load (see M2 in Table 2), but after adoption, this value decreased to
approximately 30%. M3 reflects the degree of the dispersion of the
work, and indicates that the workload gradually distributes evenly
among the maintainers and committers. This suggests that after the
new workflow was adopted, the maintainers’ maximal workload
and the risk of a single point of failure were both reduced.
Latency. When maintainers are overloaded, they are unlikely to
review patches in a timely manner, which may delay the merging
of patches. The latency is shown in Fig. 4 (b). After the MCM was
adopted, the latency decreased from approximately five days to one
day. Before adoption, the latency of the 1915 subsystem was longer
than that of the kernel, but it became shorter after adoption.
Complexity. We measured the change in complexity based on
the maximum number of contributors/files touched by the main-
tainers (and committers). As shown in Fig. 4 (c), the complexity of
the review relationship (M5) appears to be halved after adoption
of the new model, whereas there is no significant difference in
the file complexity (M6) (see Table 2). This is reasonable, because
maintainers tend to have focused areas.
Quality assurance. As shown in Table 2, both M7 and M8 are
larger after adoption of the model. We also compared the i915
subsystem to the overall Linux kernel, as shown in Figs. 4 (d) and (e).

19We calculated all the metrics for both i915 subsystem and the Linux kernel for
comparison. For clarity, we only present the kernel comparison for a few metrics.
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Table 2: Statistic Results of the Eight Metrics of i915 Subsystem

Metrics Throughput Latency Complexity Quality Assurance
M1 M2 M3 M4 M5 M6 M7 M3
Mean 154.76, 79.92 0.92, 0.35 0.43, 2.79 5.71,1.94 22.39,12.23 40.27, 49.12 2.26, 2.39 0.80, 0.96
Median 150.00, 63.50 0.93, 0.32 0.40, 2.81 5.00, 1.00 23.00, 12.00 39.00, 47.00 2.26, 2.39 0.87,0.97
P-value/r | 7.18E-08/0.69 | 3.13E-11/0.85 | 3.03E-11/-0.85 | 1.55E-08/0.68 | 4.06E-09/0.75 0.019/-0.27 6.45E-09/-0.74 | 1.44E-06/-0.61

In each cell, the first number is the mean/median of each metric per month when the traditional workflow is used. The second number is the

mean/median when the MCM is used. “r” represents the effect size (r =
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Figure 4: Changes in Measurements before and after Adopting the MCM

Before adoption of the new model, the number of unique reviewers
per patch was lower than that of the kernel, but in recent years, it
has been somewhat higher. The ratio of self-commits reviewed by
others in the 1915 subsystem is far higher than that of the kernel, and
almost all of the self-commits were reviewed by others after October,
2015. It indicates that the subsystem enforces a strict review process
for patches, while giving commit rights to more people.

2) Scalability of the MCM. We fitted regression models (see Equa-
tion 9) to analyze the scalability of the MCM. The results are pre-
sented in Table 3. In seven of the eight models, the adjusted R? was
greater than 0.5, while in the remaining one, the R? was greater
than 0.3. Except for the file complexity (M6), all of the metrics were
significantly associated with #C (p =~ 0). It suggests that when more
committers are introduced, the pressure, latency, and complexity of
review relationship are reduced, whereas the entropy of the work-
load is increased. We further neglected #P and/or #M to exclude
erroneous results caused by multicollinearity, while under this con-
dition, the effects of #C are undiminished. These results indicate
that the new model is scalable.

In summary, we find that after the MCM was adopted, the
burden of the i915 maintainers was significantly reduced
and also, the model scales well to allow more committers.
We also find that the number of committers is negatively cor-
related with the time needed for patch review and the com-
plexity of the review relationship between committers and
authors. The review workload is shared by multiple commit-
ters, which can reduce the risk of a single point of failure,
but may require a strict process to ensure patch quality.

2015.01

Month

2016.01

T T
2017.01

Table 3: Results of Modeling M1-M8

. In(#C) In(#P) In(#M) 2
Metric Est Std.Err | Est Std.Err | Est | StdErr f

M1 -0.10 0.07 0.77 0.06 -0.08 0.06 7.03
M2 -0.92 0.06 0.14 0.06 -0.17 0.05 4.43
M3 0.92 0.04 -0.09 0.04 0.19 0.04 12.7
M4 -0.64 0.13 0.02 0.13 0.07 0.12 0.58
M5 -0.91 0.10 0.17 0.10 0.36 0.09 1.48
M6 -0.11 0.12 0.52 0.12 0.36 0.11 0.79
M7 0.57 0.12 0.07 0.11 0.19 0.10 1.00
M3 0.60 0.14 -0.12 0.14 -0.12 0.13 0.36

The data in the gray cells indicate p-value < .001. *

‘f?” represents the

effect size (Cohen’sf? = r?/(1 - r?)). According to [49], f > 0.02, f?
> 0.15,and f2 > 0.35 represent small, medium, and large effect sizes.

RQ2.1: What factors are crucial for successful
implementation/operation of the MCM?

The above analysis suggests that the MCM works effectively on the
1915 subsystem. To apply it in more projects, it is necessary to clarify
the crucial factors for adoption. By applying the approach described
in Section 3.4, we obtained seven contextual success factors under
three higher-level factors, as shown in Table 1. We describe these
factors in detail and refer to the analyzed documents as “DOC#”
and the views from interviews with maintainers as “INT”. For a
deeper understanding of these factors, we present a quantitative
analysis of these factors based on the development history data of
the i915 subsystem.

Projects (F1). Here, we focus on the factors that suggest a
project urgently needs this model. We identify two contextual suc-
cess factors extracted from 20 initial codes. Before the adoption
of the MCM, the maintainer of the 1915 subsystem said that as the
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single maintainer, he gave the subsystem “a bus factor of one” and
when he wasn’t available for any reason, things simply came to a stop
(DOC#7). By distributing the commit right to more contributors,
the MCM can effectively reduce the workload of maintainer(s), and
handle the risk of a single point of failure that occurs when the sole
maintainer takes a break. Naturally, the projects with overloaded
maintainers (F1.1) and/or single point of failure (F1.2) should
consider using this model (Note, this does not mean that other
projects cannot apply the MCM).

We calculated the workload of the busiest maintainer of the 1915
subsystem based on the number of patches signed off by him (M1).
We found that before adoption of the new model, the workload of
this maintainer was ranked in the top 2.3% of all the maintainers,
whether considering all drivers or the overall kernel. In contrast,
after just a month of adoption of the MCM, he was ranked in
the top 9.8%. Other factors can also indicate that maintainers are
overloaded: for example, difficulty in finding time to take a break, or
a significant increase in the review latency (DOC#7). By analyzing
the commit history data of the Linux kernel from June, 2017 to
June, 2018, we found that out of 1,824 subsystems, 1,236 subsystems
have only one maintainer, indicating that they may face the risk
of a single point of failure. There are 75 subsystems with more
than 100 active days (days with commits) per year, whereas 37%
of them have only one maintainer. This suggests that a number of
the subsystems are taking risks, so the MCM has a relatively large
number of candidate projects.

Committers (F2). Under this theme, we identified 17 initial
codes that map to two factors. The basic requirement for applying
the MCM in a project is that there exists a group of committers
having the ability to commit changes to the repository (DOC#8). This
requires that the project has the following two characteristics.

Suitable candidates (F2.1). Commit right is a critical aspect
of open source communities [37]. Communities are very cautious
when giving someone a commit right [6]. As one of the large-scale,
high-quality OSS projects, the success of the Linux kernel is closely
related to the strictness of its commit access [10]. However, the
effectiveness of the MCM is achieved through relaxing the commit
right to a certain extent, which is a high-risk operation that may
affect patch quality. To avoid this problem, the community of the
1915 subsystem has established a set of strict rules to elect capable
contributors as candidate committers.?’ For example, contributors
who want to apply for this right should have submitted a few (5-10 as
a rule of thumb) non-trivial patches (not just simple spelling fixes and
whitespace adjustment) that have already been merged (DOC#28).

Trust among maintainers and committers (F2.2). Trust in
open source communities is crucial to facilitating their success [1].
Becoming a committer means that the contributor has the main-
tainer’s trust, indicating that they are not only technically com-
petent, but also play a key role in the collaboration network, e.g.,
actively participating in reviews and discussions (DOC#28). Another
trust-related issue is that the candidate committers must put the
interests of the community ahead of their own personal interests.
For example, some subsystems have multiple hardware vendors,
that are usually competitors.> Modifications by a certain vendor
may not be appropriate for other vendors, because their hardware

2https://drm.pages.freedesktop.org/maintainer-tools/drm-intel.html
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and commercial objectives are somewhat different. In this case, trust
is obviously key within the group, regardless of background or employ-
ment. Maintainers must act as gatekeepers for balancing the interests
of all parties (DOC#19).

To understand whether the 1915 subsystem satisfied the above
requirements before adopting the MCM, we followed the approach
in Section 3.5 to construct its collaboration network, as shown in
Figure 5. We used the commit data of the 1915 subsystem two years
before it moved to the new model (October, 2013 to October, 2015).
The size of a node characterizes a contributor’s capability and the
width of edges is positively related to the level of trust between two
contributors. The nodes with labels are the contributors who were
elected as committers immediately after the subsystem applied the
MCM (October, 2015 to December, 2015). It is clear that contributors
who have contributed substantial commits and played a key role
in the network would be elected as committers, consistent with
the results of the qualitative analysis. This observation also under-
pins the approach for selecting candidate committers proposed in
Section 4: RQ2.2.
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Figure 5: Collaboration Network of the 1915 Subsystem

Risk mitigation (F3). When compared to the traditional work-
flow, which requires all patches be reviewed by the maintainers,
the MCM may increase the risk of introducing bad patches—after
all, more people means more risk, and capable people are always
in short supply. Worse still, because a large number of patches are
submitted to the same tree (repository), it is nearly impossible to
rebase the tree. Therefore, the subsystem may have to formulate a
series of measurements to reduce these risks. Under this theme, we
found 25 initial codes that map to three contextual success factors.

Sufficient precommit testing (F3.1). There is almost no way
to identify all embarrassing mistakes without testing. This requires
sufficient precommit testing to ensure that obscure corner cases do not
break functionality (DOC#7). For this purpose, the 1915 subsystem
mainly enforces the following two practices: supporting continuous
integration (CI), and formulating detailed testing requirements. CI
helps the subsystem to adapt to changes quickly, and to better en-
sure the quality of patches. In particular, for the drivers that support
different types or versions of hardware, the speed of update makes
it particularly challenging to ensure the quality and robustness of
patches on various platforms. For the i915 subsystem, Intel provides a
CI system that consists of multiple Intel machines spanning as many
generations and display types as possible (DOC#10). Strict rules are
enforced for CI, e.g., a patch series must pass IGT Basic Acceptance
Tests (BAT) on all CI machines without causing regressions (DOC#29).
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Contributors can obtain the build results in real time (DOC#9). In
addition to providing abundant hardware resources, the community
of the 1915 subsystem sets up detailed testing requirements. For ex-
ample, it requires that tests must fully cover user-space interfaces. The
subsystem also does pre-merge testing of patch series on a multitude
of platforms, so as to confirm that the changes strictly improve the
state of the Linux. The results are automatically sent to contributors
by emails (DOC#2). During the interview with an i915 subsystem’s
maintainer, he specifically pointed out that it is important to have a
CI system integrated with the bug tracking system (INT).

Strict review process (F3.2). The MCM has strict requirements
for patch quality assurance (even stricter than the traditional pro-
cess because it involves more people). It requires committers to be
confident in the patches they push, in proportion to the impact of those
patches (DOC#29). The confidence must be explicitly documented
with special tags (e.g., Reviewed-by, Acked-by, and Tested-by) in
the commit message. In one interview, a maintainer stated that
“having at least two people looking at the code drastically reduces the
risk of bugs and regressions” (INT). As shown in Fig. 4 (e), almost all
self-commits are reviewed by others in the 1915 subsystem, whereas
this ratio is only 32% in the overall Linux kernel. If the committers
do not feel comfortable pushing a patch for any reason (technical
concerns, conflicting feedback, management or peer pressure, etc.), it
is recommended to defer to the maintainers (DOC#29).

Application of tools to simplify work and reduce errors
(F3.3). The responsibility of a maintainer/committer takes consid-
erable time and effort. Therefore, it is necessary to apply develop-
ment tools to automate and simplify work. For example, the i915
subsystem employs “dim” to provide rich functionality to simplify
the work of maintainers and committers. It can help maintainers
automatically test patches, and it provides options for error filtering.
It also allows one to conveniently view and manage branches, and
send pull requests to the upstream branch (DOC#30). In an interview,
an 1915 maintainer pointed out that “dim” is one of the key factors in
the effective operation of the MCM (INT). Using tools to avoid (rather
than correcting) errors is also key to the model. When someone makes
a mistake, a check should be put into the tools to prevent the mistake
from recurring, if possible (DOC#7).

RQ2.2: How should candidate committers be
selected when maintainers adopt the MCM?

In order to select candidate committers for a project, we first need
to construct its collaboration network as described in Section 3.5,
and then locate the featured densest subgraph as described below.

For an induced subgraph of a set of nodes P = {p1,p2, -+, pr},
we define its density as

Density = % az wi +(1-a) Z cij (10)
ieP i,jeP
where k is the number of selected nodes, and « is a factor to balance
the capacity of individuals and the trust among the group.

The key step of our approach is to determine the densest one
among all possible sets of nodes P. This problem can be solved
using fractional programming and maximum-flow approaches, first
proposed by Goldberg [22]. Apart from the density requirement,
we add some extra conditions to select appropriate candidates. We
force the algorithm to search for the densest subgraph containing
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the maintainers of the subsystem, because committers have to work
with maintainers. However, if contributors are already overloaded
maintainers of other subsystems, we force the algorithm to exclude
them. If contributors did not do anything in the past three months
(in the selected date range), we consider them to be inactive and
not willing to review patches, and thus they are also excluded.

To evaluate the effect of this approach, we employed it to select
committers for the 1915 subsystem using the data before October,
2015 and compared with the actual committers selected in October,
2015. We found that our approach can select five out of eight true
committers, indicating our algorithm is of high accuracy (precision:
100.00%; recall: 62.50%). We did not identify the other three because
they were not active (our algorithm cannot see information beyond
commit history).

5 VALIDATION

We validated that the results of RQ2 are applicable within the Linux
kernel community. Based on the analysis of Node.js community,
we found that the results can also apply to other communities.

5.1 Applying the MCM in the Linux Kernel

Our first aim was to validate that the success factors and the ap-
proach for selecting candidate committers are significant within
the Linux kernel community. We also wanted to gauge maintainers’
responses regarding their willingness to accept this model, and any
concerns they might have. Based on the approach described in Sec-
tion 3.6, we eventually received eight responses.?! Six subsystems
(No. 1 - 4, 6, 8) expressed interest in the model, indicating that
we identify the projects (F1) fairly well. Five subsystems (No. 1, 2,
3, 7, 8) clearly stated that the selected candidate committers were
appropriate, indicating not only that the approach for selecting
committers is effective but also that the requirements for com-
mitters (F2) we identified are reasonable. As for the other three
subsystems, they did not comment on these candidate committers
because they did not need the MCM due to the scaling challenge.
Below we report the views of the maintainers to help illustrate the
applicability of the model for other subsystems.

The maintainers of the No. 2 and No. 8 subsystems clearly indi-
cated that they were applying the MCM and confirmed that the can-
didate committers that we identified are real committers. The main-
tainers of the No. 3 subsystem were preparing to apply this model,
but still lacked tooling, suggesting that the practice of “application
of tools to simplify work and reduce errors (F3.3)” is essential.
The maintainers of the No. 4 subsystem (the busiest maintainer
forwarded the email to another maintainer) showed interest in
this model. However, they have concerns regarding the candidates.
Because their contributors belong mainly to two competitors, Mel-
lanox and Intel, they worried that the decisions made by the com-
mitters from one company might harm the other. Their concerns
show clearly that trust among maintainers and committers
(F2.2) is important for this model. We suggested them to set stricter
review rules, e.g., the patches submitted by one company should
be reviewed by their competitors, to which they agreed. The No.
1 and No. 6 subsystems had attempted to apply this model, but

21No.1-8 subsystems represent ACPI, DRM DRIVERS, GPIO SUBSYSTEM, INFINI-
BAND SUBSYSTEM, INTEL ETHERNET DRIVERS, MELLANOX ETHERNET SWITCH
DRIVERS, MULTIFUNCTI ON DEVICES (MFD), and RADEON AND AMDGPU DRM
DRIVERS respectively.
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eventually failed, albeit for different reasons. The maintainer of the
former explained,’I respect all of these candidates and I collaborate
with all of them, but I don’t think they will be interested in the role
you are proposing for them.” This indicates the process of selecting
commiitters is a two-way choice between maintainers and commit-
ters, and that motivation is a key factor for candidate committers
to become real committers. The maintainers of the No. 4 and No. 7
subsystems also had a similar concern. As for the No. 6 subsystem,
the reason for the failed attempt was the heavy workload for the
verification and QA teams, which demonstrates the importance of
testing and review (F3.1, F3.2), and the necessity of application
of tools to simplify work(F3.3). The maintainers of the No. 5 and
No. 7 subsystems stated that they would not use this model. We
learned that the former subsystem was applying another kind of
group model that introduced a verification team to share the review
workload of the maintainer, and that our approach for selecting
candidate committers could afford insights. Although we found that
the maintainer of the No. 7 subsystem was busy (the 29th among
1,427 driver subsystems), he did not think he was overloaded at
present. Research suggests that innovation is impeded by both the
routine of an existing practice and perceived risks associated with
the innovation [51]. Applying this model requires practice and some
time to reveal benefits. Therefore, if maintainers are accustomed
to the current workflow, they may not want to be the first ones to
change and to face new problems.

In conclusion, we observed that although many kernel subsys-
tems are interested in the MCM, the application of the model is not
easy. The approach we proposed for selecting candidate committers
can help maintainers identify suitable and trustworthy candidate
committers, and their motivation to become committers is also a
key factor for actually applying the MCM.

5.2 Applying the MCM in Other Communities

Based on the approach described in Section 3.6, we validated that
the MCM is applicable to Node.js.

Node.js has 38 subsystems and is currently applying a “3 tier”
governance structure similar to the MCM: new contributors are at
the bottom providing support for more than 100 active committers
(often referred to as “collaborators” using GitHub’s terminology).
The top-layer comprises Technical Steering Committee members
(similar to maintainers in the MCM). However, before 2015, there
were fewer than five developers who had commit privileges. The
contextual success factors of the MCM we obtained in the 1915
subsystem are also applicable to Node.js. In particular, it stipulates
a series of rules to guarantee the quality of patch: a pull request
may land if it has approval from more than two developers
(F3.1) and passes CI (F3.2). It applies tools to simplify work
and avoid errors (F3.3), e.g., node-core-utils, a CLI (command
line interface) toolkit for Node.js core collaborators to facilitate
development.?? In order to select suitable and trustworthy com-
mitters (F2), this community stipulates that existing collaborators
can nominate someone who has made valuable contributions to
become a committer. In contrast to the 1915 subsystem, being nom-
inated as a committer in the Node.js community is much easier. It
may just require a number of contributions, including submitting

Zhttps://github.com/nodejs/node- core-utils
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pull requests, reviewing code, reporting bugs, etc. To validate our
approach for selecting committers, we applied it on the develop-
ment data between January, 2015 and March, 2015. Compared with
real committers between April, 2015 and June, 2015, the approach
selected 13 out of 35 true committers (precision: 100.00%; recall:
37.14%).

In conclusion, the contextual success factors we obtained are
applicable to other communities, e.g., the Node.js community, and
our approach can accurately identify candidate committers.

6 DISCUSSION

We discuss the insights for scaling OSS communities by comparing
similarities and differences between the kernel and other commu-
nities —with Node.js serving as an exemplar.

6.1 Similarities

For large-scale development teams, the highly experienced devel-
opers are the few who are on the top of the pyramid [61], and
have commit rights to directly modify the main repository. As the
number of patches increases dramatically, these developers come
under considerable pressure. In order to reduce the burden on them
and effectively utilize their capability, an intuitive approach is to
take advantage of the developers in the middle of the pyramid to
alleviate the pressure on the upper maintainers. This hierarchical
workflow is not rare in OSS projects—Node.js, Apache, and Eclipse,
for example. One way to truly scale a community is to distribute
control to community members and adopt modular design. This
concept is as old as civilization. In the agricultural revolution, in-
stead of each of us gathering and hunting our own food, we created
farms that would specialize in growing specific crops. Every em-
pire or nation has a system of delegated authority to local powers.
This is the case even in highly regimented systems, such as the
crew of a nuclear submarine. In his book Turn the Ship Around!,
Captain David Marquet showed that the distribution of control and
ownership is the most efficient method for improving execution
and developing leaders [40]. As for OSS communities which are
structured hierarchically, re-routing code review tasks originally
destined for top-layer to middle-layer developers by giving them
commiit rights is a good option. This allows senior developers to
focus on complex issues rather than more trivial matters.

Decentralization also needs supervision. For large-scale OSS
projects, quality is always paramount, all the more so since these
systems now provide the critical infrastructure for society. Both
the 1915 subsystem and Node.js reduce the review burden by dis-
tributing commit rights to the lower level, who do surface quality
risks. Consistent with our findings, Node.js has formulated a se-
ries of measurements to mitigate these risks, e.g., any committer
is authorized to approve any other contributor’s work but they
are not permitted to approve their own pull requests. This sug-
gests that when delegating maintainer authority, code review and
testing must be stricter, for which our analysis provides specific
recommendations.

6.2 Differences

Although the 1915 subsystem and Node.js both introduced multiple
committers, the requirement for committer capability is different.
Linux is the world’s largest and most pervasive OSS project. The


https://github.com/nodejs/node-core-utils

Linux kernel is the largest component of the Linux operating sys-
tem and is charged with managing the hardware, running user
programs, and maintaining the security and integrity of the whole
system. Compared to other projects, contributing to the Linux ker-
nel is more difficult because developers have to understand the basic
principles of a computer system to understand the intricacies of the
hardware and software, which is also confirmed by the maintainer
of Node js. He said, “for most projects on GitHub, most contributions
are not very complex and only need a few adjustments (e.g., compli-
ance with basic style requirements) that represent one of the largest
burdens during review. However, the bar for contributing to the Linux
kernel is so high, it provides a natural filtration mechanism’”. It is
easier to become a committer in Node.js, after several contributions,
which can explain why there are more than 100 active committers
conducting reviews in Node.js, whereas in the 1915 subsystem, be-
coming a commiitter is not so easy. Furthermore, committers may
be unwilling to review code because it takes considerable time and
effort (see Section 5.1). These are the main reasons why the phenom-
enon of multiple committers is common in other OSS communities
but has aroused a heated discussion from the kernel community. In
addition, the involvement of many hardware vendors with conflict-
ing interests in the Linux kernel makes it more difficult to select
appropriate committers. One possible solution is training candi-
date committers as early as possible and encouraging developers to
integrate code review into their daily routine. Any time a change
occurs, it should be communicated to the different stakeholders
who can make the appropriate adjustments in accordance with the
objectives of the project instead of personal interests.

7 LIMITATIONS

We identified the review workload of the maintainers by looking
at the “signed-off-by” field in the commit messages and the MAIN-
TAINERS file, which enables us to confirm that the individual named
by the signed-off-by field is indeed a maintainer. However, some
problems are difficult to avoid, e.g., individuals who do not wish
their names to appear in the MAINTAINERS file are excluded. Also,
because the time of “signed-off-by” of a patch is not recorded, we
used the commit time instead when calculating the review latency.
This may not accurately reflect the review time of maintainers who
do not use Git, since, in this case, the patches are usually com-
mitted by higher level maintainers. Because we analyzed only the
mainline repository of the Linux kernel, a large number of patches
that did not gain acceptance into the mainline repository were
excluded [21]. Reviewing these patches also consumes maintainers’
time. However, according to Zhou et al. [61], “it is easier for the
maintainer to not accept the code at all. To accept code, it takes time
to review it, apply it, handle problems that may ensue, possibly fix
any problems that happen later on when contributors disappear, and
maintain it for the next 20 years” Therefore, it is reasonable to regard
the review workload of the accepted patches as the main burden
on the maintainers.

To increase construct validity, we interviewed Linux kernel main-
tainers and inspected various online resources. Also, the qualitative
analysis was complemented and strengthened by quantitative vali-
dation. For example, we attained a reasonable understanding of the
main burden on maintainers by reading relevant online documenta-
tion and by communicating with the maintainers. After deriving the
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contextual success factors for the MCM, we also explored whether
the 1915 subsystem satisfied these factors quantitatively, and con-
firmed our findings based on the feedback from the maintainers of
the kernel community and Node.js community.

Threats to external validity mainly come from two sources. 1)
Studying only the 1915 subsystem limits external validity. The MCM
was first adopted by 1915 in the Linux kernel, and while the model
has been applied by a few subsystems since, the i915 is the one
that has used the model for a relatively long time, which enables
us to explore the effect by analyzing the development history data.
However, precisely because there are only a handful of subsystems
attempting to use the new workflow, studying the model is nec-
essary and timely. 2) The uniqueness of the Linux kernel limits
external validity. As a prominent OSS project, the Linux kernel has
many unique practices that have been referenced and used by many
other projects [42]. We found that OSS projects that emulated the
traditional kernel review process also encountered the pressure on
maintainers, e.g., the dpdk project.® The implication of delegating
commit rights and suggestions for risk mitigation are applicable
to general OSS projects, as discussed in Section 5.2 and Section 6.
Our framework for quantifying the maintainers’ workload and our
analysis of the MCM may benefit both the subsystems of the Linux
kernel and other projects encountering similar problems.

8 CONCLUSIONS

The scaling of OSS projects is a common and challenging problem
that determines whether projects which are growing can be sus-
tained. However, no in-depth study of this topic has been published.
In order to address this problem, we conducted an empirical study
of the Linux kernel which is struggling with scaling issues: many
developers have raised concerns regarding whether the current
development workflow can handle the increasing number of con-
tributors and patches. While the current workflow guarantees a
strict review process, it places significant pressure on maintainers,
who bear the risk of a single point of failure.

We investigated a new model—the MCM—that has been adopted
by the 1915 subsystem in the Linux kernel to relieve the burden
on maintainers. We found that after adoption, the maintainers’
workload were significantly reduced. A review process is strictly
enforced to guarantee the quality of patches, and the effect of the
model increases when more committers are introduced. For other
projects with overloaded maintainers, if there are trustworthy candi-
date committers and measures for risk mitigation, they are suitable
for this model. Our proposed framework to quantify the review
workload of maintainers may lead to a better understanding of the
factors that impede rapidly growing projects. Knowledge of the
factors for implementing the MCM, and the approach for select-
ing candidate committers, can help other suitable subsystems to
optimize their workflow to achieve a more efficient review process
while scaling up. To facilitate replication of our work or other types
of future work, we provide the data, scripts and retrieved materials
used in this study in https://archive.softwareheritage.org/swh:1:dir:
33d1a7540c8dc449b90d4771f6dd52bad5e26879/.
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