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Abstract We report a large-scale empirical study of two aspects of software
reproducibility—rebuildability and bitwise reproducibility—in the Nix pack-
age ecosystem. Using 29 evenly spaced historical snapshots over a decade of
history of the nixpkgs repository (2015-2024) we attempted to rebuild and
bitwise-compare the build outputs of tens of thousands of packages per snap-
shot. Our experiment produced a dataset of build metadata and logs for
1321000 package builds and preserved 166 523 diffoscopes for unreproducible
outputs.

We find that functional package management enables extremely high re-
buildability over time (near-universal ability to reconstitute historical build
environments and rebuild software packages), while bitwise reproducibility
has steadily improved and reaches a high point in recent years (up to 93%
in 2024). Early years show substantially lower bitwise reproducibility, indi-
cating that functional package management alone does not guarantee bitwise-
identical outputs, and that the observed high level of bitwise reproducibility is
not solely due to the package management approach. Common causes of un-
reproducibility, both in the rebuildability and bitwise reproducibility dimen-
sions, include management of dates in build and test processes; we quantify
their prevalence and other common causes using manual analysis of logs of
rebuild failures and automated analysis of diffoscopes.
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Our dataset (build logs, metadata, and diffoscopes) and analysis scripts
are released to support future research on debugging, repairing, and track-
ing reproducibility at scale. We discuss implications for package managers,
distribution maintainers, and reproducible-builds practitioners, and identify
actionable mitigations to increase reproducibility across large software distri-
butions.

1 Introduction

Software reproducibility is a multifaceted concept with significant implications
for software engineering practices. Depending on the kind of applications that
practitioners are targetting, they might associate it with different properties
of software builds. In its weakest form, it refers to the ability to recompile
source code into an executable, even years after its initial creation [21, 19].
This property is essential for long-term software preservation, as it ensures
that as long as the source code is accessible, the software can still be built and
executed. In this article, we will refer to this form of software reproducibility
as rebuildability. In its strongest form, the requirement goes further: recom-
pilation must yield results that are exactly identical to the original, down to
the level of individual bits, which also guarantees the two artifacts will be-
have identically under the same conditions. This is the concept of reproducible
builds, which is promoted by the project of the same name [46]. In this article,
we prefer the more explicit term bitwise reproducibility [6], to avoid the possi-
ble confusion between the notion of reproducible builds and weaker notions of
reproducibility. Bitwise reproducibility is a promising way to avoid having to
trust third-party vendors who distribute executable software in binary form.
Indeed, if a piece of open source software is bitwise reproducible, a user may
rely on a network of independent software (re)builders to reach a consensus
on what the “right” result of building the software is, and verify its check-
sum before downloading built artifacts from a specific vendor. For an attacker
wanting to compromise the software supply chain of that software component,
it is no longer sufficient to compromise only one of the involved parties [22].
However, despite those advantages, neither rebuildability nor bitwise re-
producibility are exempt of challenges: they both suppose as a prerequisite
the ability to reproduce the environment containing the exact set of depen-
dencies that was used to compile the project initially—the build environment.
This assumption does not hold true in most cases, as independant evolutions
of dependencies within software distributions might create cases where it is
practically impossible to assemble a build environment with the expected de-
pendency versions. Sometimes, it is even impossible to recover the needed
information on what were the precise versions used at the time of the ini-
tial build. Even when reproducing the build environment is possible, sources
of non-determinism in the build process might hinder bitwise reproducibility,
to the point that a recent study [18] which interviewed 24 experts of repro-
ducible builds (R-B) concluded that there is “a perceived impracticality of fully
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reproducible builds due to workload, missing organizational buy-in, unhelpful
communication with upstream projects, or the goal being perceived as only the-
oretically achievable” and that “much of the industry believes [R-B] is out of
reach”. While there exist some successful examples of package sets with high
bitwise reproducibility levels like Debian, which consistently achieves a repro-
ducibility rate of more than 95% [37], those good performances should be put
in perspective with the strict quality policies applied in Debian and the rela-
tively limited size of the package set. Uncertainty remains among field experts
about the scalability of this approach to larger software distributions.

Functional package management (FPM) is a deployment model that aims
to address the challenges of build environment reproducibility by applying the
principles of functional programming to package management [15, 9]. FPM
packages are pure functions (in the mathematical sense) from build- and run-
time dependencies to build artifacts, described as “build recipes” that are
executed locally by the package manager when users request to install a pack-
age. Components are built in a sandboxed environment, disallowing access to
unspecified dependencies, even if they are present on the system.

Nix [35] is the initial and most widely used implementation of the FPM
model. It comes with a package repository called nixpkgs, which is the largest
cross-ecosystem distribution of free and open source software (FOSS), totaling
as of October 2025 over 100 000 packages.! It includes components from a large
variety of software ecosystems, making it an interesting target to study repro-
ducibility at scale. However, despite the potential for insightful distribution-
wide metrics, nixpkgs limits its monitoring of bitwise reproducibility to the
narrow set of packages included in the minimal and GNOME-based ISO im-
ages [36], where a reproducibility rate higher than 95% is consistently reported.

In a seminal ICSE NIER paper [29], we have shown that the functional
package management model allowed for reproduction of build environments
in 99.99% of cases, out of about 7 million Nix expressions sampled over time.
These results paved the way for further investigations on the reproducibility
properties enabled by functional package managers. In the same study, we fur-
ther asked whether the property of being able to reproduce build environments
was sufficient to achieve good rebuildability levels, and we started answering it
by rebuilding a single 6-year-old revision of nixpkgs (for a total of 14 thousand
software packages built) with a success rate of 99.94%. In the current paper,
we go further on several aspects:

— We study reproducibility properties over a longer time span, one full decade
from 2015 to 2024, on a sample of 29 evenly spaced revisions of nixpkgs.
Note that building one single revision of nixpkgs means building all pack-
ages referenced by it, or about 100 thousand software packages in recent
revisions (fewer for earlier ones);

— We consider two dimensions of reproducibility: rebuildability and bitwise
reproducibility. We investigate for each revision the proportion of packages

1 Based on the Repology rankings https://repology.org, accessed Oct. 2025.
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that can be rebuilt, the proportion of packages that can be rebuilt bitwise
reproducibly, and the causes of failures to achieve these properties.

Contributions In this work, we perform the largest scale empirical study of
reproducibility of open source software going back in time, rebuilding historical
packages from evenly spaced snapshots of the nixpkgs package repository taken
every 4.1 months from 2015 to 2024. With this experiment, we answer the
following research questions:

— RQ1: Does functional package management allow rebuilding past
packages reliably at scale (even if not bitwise reproducibly)?

— RQ1.1: What is the evolution of rebuildable packages in nixp-
kgs between 2015 and 20247 Is it harder (i.e., more rebuild failures)
to rebuild older packages than newer ones?

— RQ1.2: What are the causes of rebuild failures? Can we dis-
tinguish between transient failures (flakiness) and permanent failures?
Can we identify common causes of failures from build logs?

— RQ1.3: What is the cascading impact of rebuildability failures on
the package dependency graph?

— RQ2: Does functional package management allow bitwise repro-
ducibility at scale?

— RQ2.1: What is the evolution of bitwise reproducible pack-
ages in nixpkgs between 2015 and 20247 How does the rate of
bitwise reproducibility evolve over time? Are unreproducible packages
eventually fixed? Do reproducible packages remain reproducible?

— RQ2.2: What are the bitwise unreproducible packages? Are
they concentrated in specific ecosystems? Are critical packages more
likely to be reproducible?

— RQ2.3: Why are packages bitwise unreproducible? Is large-scale
identification of common causes possible?

Results Thanks to this large-scale experiment, we are able to establish that
bitwise reproducibility is achievable at scale, with a reproducibility rate
reaching 93% in 2024. However, going back as far as 2015, we observe that such
high bitwise reproducibility levels are not a necessary consequence of the use
of functional package management, since in the early years, we only get a re-
producibility rate of 35%. The general upward trend in bitwise reproducibility
over time happened despite a continuous increase in the number of packages
in nixpkgs.

Looking at rebuildability, we find an extremely high rebuildability rate over
the whole time span, to the exception of one notable regression in 2015, that
we analyze in detail.

By investigating reproducibility failures, we are able to draw implications
for practitioners, highlighting in particular the large importance of tests in re-
buildability failures, and some common and easily avoidable causes of bitwise
unreproducibility. Dates, in particular, are a major cause of both rebuildability
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failures (because of tests relying on current dates) and bitwise unreproducibil-
ity (because of embedded build dates in artifacts).

As part of this work, we introduce a novel dataset containing build
logs and metadata of over 1321000 package builds, and more than 205 000
occurrences of non-reproducibility with full artifacts including 166 523 “diffos-
copes”, i.e., recursive diffs of where unreproducible build artifacts differ. Ample
room for further research is left open by the dataset, including exploiting the
build logs beyond what we have done, or applying more complex heuristics or
qualitative research to the diffoscopes.

Extended version This paper is an extended version of a previous paper [28]
published at the Mining Software Repositories (MSR) 2025 conference. Com-
pared to the shorter conference version, the current version includes: a longer
time span (2015-2024 instead of July 2017—April 2023); more focus on the re-
buildability aspect, with a new quantitative and qualitative analysis of rebuild
failures, and the analysis of the cascading impact of rebuildability failures on
the package dependency graph; new figures throughout the paper, including
when discussing bitwise reproducibility. The conference paper contained an ad-
ditional analysis of commits fixing unreproducibility, which we removed from
the current version, because we do not consider that extending it to the new
time span would bring significant additional insights. We refer the interested
reader to the conference version for that analysis.

Paper structure This paper is structured as follows. After presenting the re-
lated work in Section 2, we give some background that is required to under-
stand the experiment in Section 3, whose methodology is then presented in
Section 4. Some descriptive statistics about the dataset are presented in Sec-
tion 5, then we answer RQ1 about rebuildability in Section 6, and RQ2 about
bitwise reproducibility in Section 7. We discuss the implications of our findings
in Section 8, and the threats to validity in Section 9, concluding in Section 10.

2 Related work
2.1 Software reproducibility

Hinsen introduced the term software collapse [19], to capture the phenomenon
that software stops working eventually if not actively maintained, impact-
ing negatively the reproducibility of experiments in computational sciences.
Among the many causes of software collapse, the inability to rebuild it is a
major culprit. Software reproducibility [21]—meaning the ability to reproduce
it, the software, rather than the fact that software always behaves the same—
helps in reducing the risk of software collapse. In this paper we study exten-
sively two possible technical measures of software reproducibility—rebuildability
and bitwise reproducibility—in the Nix package ecosystem.
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In 2020, the ReScienceC journal initiated the Ten Years Reproducibility
Challenge [47, 39], encouraging researchers to rerun—and hence, in most cases,
rebuild—software associated with their own publications from at least a decade
prior. While participants generally succeeded, many authors reported signifi-
cant challenges in the process.

Currently, supporting reproducible science through software tooling is a
prominent topic, with researchers investigating the potential of Docker for this
purpose [4, 7], alongside functional package managers [53, 11]. One of the key
promises of functional package management [15, 9] is the comprehensive de-
scription of build environments, effectively mitigating dependency issues that
lead to build and test failures. This represents the theoretical framework; how-
ever, it has been empirically validated only in experiments of limited scale [29].
With this work we extend the scale of similar experiments, both in terms of
scale and of considered reproducibility dimensions: both rebuildability and
bitwise reproducibility.

2.2 Reproducibility of build environments and software rebuildability

The presence of moving parts in build environments has long been acknowl-
edged as problematic by developers, leading to issues with non-reproducibility.
A substantial yet fragmented body of research has explored the causes and im-
pacts of specific moving parts of development and build environments.

CI failures Continuous Integration (CI) [17, 32], an essential component of De-
vOps practices, relies on the stability of build environments. Empirical studies
on CI build failures have been conducted at a large scale [49, 42, 56]. It has
been firmly established that, regardless of the programming language, the pri-
mary cause of CI build failures is often attributed to (bloated) dependency
issues [52].

Dependency hell More broadly, the phenomenon known as “dependency hell” [13]
significantly contributes to the non-reproducibility of development environ-
ments. For instance, Mukherjee et al. [33] examined this issue within the
Python ecosystem, while Zampetti et al. [55] corroborated similar findings
in a wider analysis of “CI smells.” Abate et al. [1] demonstrated that failures
in dependency resolution are a recurrent cause of package non-installability
across software ecosystems.

Flaky tests Flaky tests [24, 38] also frustrate developers and are among the
main causes of rebuild failures identified in our study (Section 6.2). The cat-
egories in our taxonomy of rebuild failures map to the root causes identified
by Luo et al. [24] and consolidated by Parry et al. [38]. In particular, our race
conditions correspond to their Concurrency category; our kernel differences
and hardware differences correspond to their Platform Dependency category;
and our date-related permanent failures correspond to their Time category.



A Decade of Software Reproducibility in the Nix Package Ecosystem 7

Software preservation Ensuring reproducibility in build environments is also
crucial for software preservation [51]. Previous research [30, 48] has suggested
that build systems, recipes, and tools should be preserved just as diligently as
source code [8] and binary executables. Nevertheless, preservation is rendered
less meaningful if, after capturing all the necessary components, the build
process cannot be executed to produce the intended results.

2.3 Reproducible builds (R-B)

R-B, which we refer to as bitwise reproducibility in this paper (reusing a
terminology already found in the literature [6]), are a relatively recent concept,
which has been picked up and developed mostly by practitioners from Linux
distributions and upstream maintainers. The Reproducible Builds project [46]
has been the main actor in the area. The project has produced a definition of
R-B, best practices to achieve them, and tools to monitor the reproducibility
of software distributions, and debug unreproducibilities (the diffoscope).

Besides, R-B have picked the interest of the academic community, with a
growing number of papers on the topic.

R-B for the security of the software supply chain R-B are often seen as a way
to increase the security of the software supply chain [22]. Torres-Arias et al.
provide a framework to enforce the integrity of the software supply chain for
which they demonstrate an application to enforce R-B [54]. Our paper does not
contribute directly to this line of research but, by demonstrating the feasibility
of R-B at scale, it strengthens the case of the approach.

Techniques for bitwise reproducibility In a series of articles [43, 44, 45], Ren
et al. devised a methodology to automate the localization of sources of non-
reproducibility in build processes and to automatically fix them, using a database
of common patches that are then automatically adapted and applied.

An alternative technique to achieve bitwise reproducibility is proposed by
Navarro et al. [34]. They propose “reproducible containers” that are built
in a way that makes the build process fully deterministic, at the expense of
performance.

Relazxing the bitwise reproducibility criterion Because of the difficulty (real or
perceived) to achieve bitwise reproducibility, some authors have proposed to
relax the criterion to a more practical one. These alternative reproducibility
definitions are stronger than simple rebuildability, but weaker than the strict
notion of bitwise reproducibility. For instance, accountable builds [40] aim to
distinguish between differences that can be explained (accountable differences)
or not (unaccountable differences). Sharma et al. [50] takes a similar approach
and “canonicalize” Java build artifacts so that it is possible to determine their
equivalence even in the presence of meaningless (from the Java bytecode point
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of view) changes at the byte level. OSS-Rebuild? is an initiative announced
by Google in July 2025, which also takes a similar approach: they will re-
build packages from several ecosystems (PyPI, npm, Crates.io) at large scale,
record build attestations using the SLSA framework,® and allow to compare
independently built artifacts with a “semantic” comparison that ignores irrel-
evant byte-level differences. Our work highlights that bitwise reproducibility
is achievable at scale in practice, and thus that relaxing the reproducibility
criterion may not be necessary after all.

Empirical studies of R-B Some other recent academic works have empirically
studied R-B in the wild. Two papers from 2023 [6, 18] looked into business
adoption of R-B and perceived effectiveness through interviews.

Bajaj et al. [2] mined historical results from R-B tracking in Debian to
investigate causes, fix time, and other properties of unreproducibility in the
distribution. Our work is similar, but instead of relying on historical R-B track-
ing, we actually rebuild packages and compare them bitwise to historical build
results. When we report on packages being reproducible, it means they have
stood the test of time. It also allows us to provide more detailed information
on the causes of unreproducibility, in particular by generating diffoscopes and
saving them for future research as part of our dataset; whereas diffoscopes from
the Debian R-B tracking are not preserved in the long-term. Finally, Bajaj et
al. used issue tracker data from the R-B project to identify the most common
causes of non-reproducibility, possibly introducing a sampling bias since only
root causes that were identified by Debian developers are counted in their
statistics. In our work, we try to avoid this bias by performing a large-scale
automatic analysis of diffoscopes to automatically identify the prevalence of
a selection of causes of non-reproducibility. Although we derive our heuristics
from empirical data rather than from pre-labeled entries in the Debian issue
tracker, they match causes cataloged in existing taxonomies: our date heuristic
corresponds to the Build Timestamp category described by Lamb and Zacchi-
roli [22] and by Bajaj et al.; our build ID heuristic corresponds to Bajaj et
al’s Build ID category; and our uname heuristic matches their Architecture
Information category. Our contribution is to quantify the prevalence of these
causes at scale across the entire nixpkgs distribution over time.

A few recent works perform experimental studies of R-B by rebuilding
software, like we do, but with different methodologies. Randrianaina et al. [41]
study the effect of compile-time configuration options on reproducibility in
three C systems (Linux kernel, BusyBox, ToyBox). They build each configu-
ration twice on the same machine in a fixed environment, with no time gap, to
isolate which options introduce non-determinism. Benedetti et al. [3] rebuild
packages from six ecosystems (npm, Maven, PyPI, Go, RubyGems, Cargo) and
compare two local builds against each other using reprotest, which varies en-
vironmental conditions (time, locale, file ordering) on the same machine. They

2 https://github.com/google/oss-rebuild
3 https://slsa.dev/
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explicitly do not compare against published registry artifacts. Their study is
cross-ecosystem but uses a single snapshot with no time gap between builds.

Sharma et al. [50] rebuild Java/Maven artifacts and compare against pub-
lished artifacts on Maven Central, which were built on different infrastructure—
a methodology closer to ours. However, they focus on a single ecosystem at
a single point in time. In contrast, our study is longitudinal (spanning 2015—
2024), covers an entire distribution including its full dependency graph, and
compares local rebuilds with historical builds performed on different infras-
tructure and at significantly different times. Ours is a stronger reproducibility
criterion, as it reveals failures caused by long-term environmental drift that
same-time, same-machine approaches cannot detect.

2.4 Linux distributions and package ecosystems

Besides R-B, our work also relates to the literature on Linux distributions and
package ecosystems. The nixpkgs repository being the largest cross-ecosystem
software distribution, we are able to compare properties of packages across
ecosystems. This was the case of Benedetti et al. [3] as well, who were able to
observe widely different R-B rates across ecosystems in their study. Similarly,
we observe differences in bitwise reproducibility between ecosystems repre-
sented in nixpkgs, although for Python packages we observe a much higher
reproducibility rate than they do, perhaps due to the way nixpkgs builds
Python packages.

Beyond the specific topic of R-B, several previous works have compared
package ecosystems (e.g., [12]). For an overview of recent research on package
ecosystems, see Mens and Decan [31].

More specifically, nixpkgs is the basis of the NixOS Linux distribution.
Linux distributions have a long history of being studied by the research com-
munity. Recently, Legay et al. [23] measured the package freshness in Linux
distributions. While this is not the topic of this work, our dataset could be
used, e.g., to study how frequently packages are updated in nixpkgs.

3 Background

We provide in this section some background knowledge about Nix and R-B,
which is required to understand the details of our experiments.

3.1 The FPM model and the Nix store

The FPM model applies the idea of functional programming to package man-
agement. Nix packages are viewed as pure functions from their inputs (source
code, dependencies, build scripts) to their outputs (binaries, documentation,
etc.). Any change to the inputs should produce a different package version.
Nix allows multiple versions of the same package to be built and coexist on
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{stdenv, fetchFromGitHub, ncurses, autoreconfHook}:
stdenv.mkDerivation rec {
pname = "htop";

version = "3.2.1";

src = fetchFromGitHub {

owner = "htop-dev";
repo = "htop";
rev = version;
sha256 = "sha256-MwtsvdPHcUdegsYj9NGyded5XJQxXril1lIM1j4gef1Xk=";
};
nativeBuildInputs = [ autoreconfHook ];
buildInputs = [ ncurses ];
};

Fig. 1: Example Nix expression for the htop package.

the same system. To that end, Nix stores build outputs in input-addressed
directories (using a hashing function of the inputs) in the Niz store, usually
located in the /nix/store directory on disk. Figure 1 shows an example of a
Nix packaging expression (a Niz recipe) for the htop package.

3.2 Nix evaluation-build pipeline

Building binary outputs from a Nix package recipe is a two-step process. First,
Nix evaluates the expression and transforms it into a derivation, an interme-
diary representation in the Nix store containing all the necessary information
to run the build process. In particular, the derivation contains ahead of time
the (input-addressed) output path, that is the exact location in the Nix store
where the build artifacts will be stored if that derivation were to be built.

Then, given the derivation file as input, the nix-build command performs
the build, creating the pre-computed output path in the Nix store upon com-
pletion.

In the same fashion as other Linux distributions, Nix packages may produce
multiple outputs (a main output with binaries, one with documentation, etc.).
Each output has its own directory in the Nix store, and building the derivation
from source systematically produces all its outputs.

3.3 Path substitution and binary caches

Alternatively to building from source, Nix offers the option to download pre-
built artifacts from third party binary caches, which are databases populated
with build outputs generated by Nix. Binary caches are indexed by output
paths, making it possible for Nix to check for the presence of a precompiled
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package in a configured cache after the evaluation phase.
https://cache.nixos.org is the official cache for the Nix community and
most Nix installations come configured to use it as a trusted cache.

3.4 The nixpkgs continuous integration

Hydra [16] is the continuous integration (CI) platform for the nixpkgs project.
At regular intervals in time, it fetches the latest version of nixpkgs’ git master
branch and evaluates the pkgs/top-level/release.nix file embedded in the
repository. This evaluation yields a list of derivations (or jobs) that are then
built by Hydra: one derivation for each of the ~ 100000 packages contained
in nixpkgs nowadays. Upon success of a predefined subset of these jobs, the
revision is deemed valid and all the built artifacts are uploaded to the official
binary cache to be available to end users.

3.5 Testing bitwise reproducibility with Nix

Nix embarks some minimal tooling to test the reproducibility of a given deriva-
tion in the form of a --check flag passed to the nix-build command. To check
for bitwise reproducibility, Nix needs a pre-existing build output for the deriva-
tion under test, which it will try to fetch from one of the configured binary
caches, or fail if not available. Nix then acquires the build environment of the
derivation under consideration, builds the derivation, and compares each of
the outputs of the derivation against the local version. The --keep-failed
flag can be used to instruct Nix to keep the unreproducible outputs locally for
further processing.*

3.6 Diffoscope

Diffoscope [14] is a tool developed and maintained by the Reproducible Builds
project that aims to simplify the analysis of differences between software ar-
tifacts. It is able to recursively unpack binary archives and automatically use
ecosystem specific diffing tools to allow for better understanding of what makes
two software artifacts different. It generates HTML or JSON artifacts—also
called diffoscopes—that can be either interpreted by humans or automatically
processed.

4 Methodology

Our build and analysis pipeline is summarized in Figure 2.

4 For our experiment, we alter the behavior of nix-build --check to prevent it from
failing early as soon as one unreproducible output is detected.
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Fig. 2: Description of our build and analysis pipeline.

4.1 Reproducibility experiments
4.1.1 Revision sampling

We start from the 200 nixpkgs revisions from our ICSE NIER paper [29] in
the period July 2017-April 2023. Since building revisions, as opposed to just
evaluating them, is very computationally intensive, it was not feasible to build
all 200 revisions. Also, it was difficult to correctly estimate how many revisions
we could build, due to the ever-growing number of packages in each revision.
For the conference version of the current paper, we hence applied dichotomic
sampling: we first build the most recent revision, then the oldest one, then the
one in the middle of them, and so on always picking the one in the middle of
the largest time interval when choosing. After 17 revisions built, we obtained
a regularly spaced sample set of nixpkgs revisions, with one sampled revision
every 4.1 months. To extend the time span of our study to the period 2015—
2024, we added nixpkgs revisions starting from the two ends of the previous
sample set, again picking one revision every 4.1 months, until we fully covered
the new time span. This resulted in a total of 29 revisions, listed in Table 1.
On average, each revision corresponds to building more than 46 thousand
packages.

To perform our builds, we used a distributed infrastructure based on Build-
bot [5], a Python CI pipeline framework. Our infrastructure has two types of
machines: one coordinator and multiple builders. The coordinator is in charge
of distributing the workload and storing data that must be persisted, while
the builders are stateless and perform build jobs sent by the coordinator. Dur-
ing the initial part of the experiment (from June to October 2024) the set of
builders we used was composed of shared bare-metal machines running vari-
ous versions of Ubuntu and Fedora and our coordinator was a virtual machine
running Ubuntu. We completed the experiment for the added revisions be-
tween January and October 2025 using bare-metal machines running NixOS,
both for the coordinator and the builders. Note that to perform our bitwise
reproducibility checks, we compare to the historical results coming from Hy-
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Date Commit Hash Package Number
2015-03-13 e07eabc 15729
2015-07-17 19e5fd6 15344
2015-11-11 225642e 17273
2016-03-15 fdcd875 19396
2016-07-17 62455c7 16486
2016-11-17 711a42e 16782
2017-03-21 02129a8 18281
2017-07-23 5328102 19631
2017-12-07 14df60d 22782
2018-04-14 4cfdced 23957
2018-08-31 lel221c 31049
2019-01-03 b0f40b7 30575
2019-05-20 c00a043 28837
2019-09-24 a7el051 32023
2020-02-09 eeeT84a 36794
2020-06-14 00e4481 38355
2020-10-29 38bff9a 41417
2021-03-05 £5f6dc0 45334
2021-07-21 1610540 46853
2021-11-22 9874712 49919
2022-04-13 0343e34 53411
2022-08-16 6c6409e 57189
2022-12-20 ba6ba2b 76106
2023-04-27 8e3b64d 75584
2023-08-29 0c88788 81524
2023-12-31 d44d59d 90970
2024-05-02 94035b4 97783
2024-09-03 45508c1 112652
2024-12-27 7ccObff 109717

Table 1: List of built revisions with commit hashes and number of packages.
The rows highlighted in gray correspond to the revisions already built for the
MSR 2025 conference version of this paper.

dra, that uses builders that, at the time, ran older versions of Nix than the
ones we used on our builders.?

4.1.2 Evaluation and preprocessing

For each revision considered, the coordinator first evaluates pkgs/top-level/
release.nix (containing the list of jobs built by Hydra for this revision) using
nix-eval-jobs, a standalone and parallel Nix evaluator similar to the one
used on Hydra. The outcome of this operation is a list of derivations. The
release.nix file is human crafted and does not contain all the dependencies
of the listed packages, even though they are built by Hydra along the way. Since
we are interested in testing the reproducibility of the entire package graph built
by Hydra, we post-process the list of jobs obtained after the evaluation phase
to include all intermediary derivations by walking through the dependency

5 Further details on the operating systems, Nix versions and kernel versions that we used
on builders can be found in the replication package.
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graph of each derivation. During this post-processing, we also check that the
derivation outputs are present in the official Nix binary cache. This is required
to compare our build outputs with historical results for bitwise reproducibility.
Derivations missing from the cache can indicate that they historically failed to
build, although there can be other reasons for their absence. Derivations whose
outputs are not present in the cache are excluded from our experiment, as there
is no historical build output to serve as oracle for the bitwise reproducibility
comparison.

4.1.3 Building

To build a job A and test the reproducibility of its build outputs, the builder
uses the nix-build --check command, as described in Section 3.5. This
means that we always assume that A’s build environment is buildable and
always fetch it from the cache. This allows all the derivations in the sample
set to be built and checked independently and in parallel, irrespective of where
they are located in the package dependency graph. Note that the source code
of packages to build is part of the build environment. Relying on the cache
hence avoids incurring into issues such as source code disappearing from the
original upstream distribution place. Investigating how much of nixpkgs can
be rebuilt without relying on the cache for source code preservation is an in-
teresting research question, recently explored for Guix [10], but out of scope
for this paper.

After each build, we classify the derivation as either building reproducibly,
building but not reproducibly, or not building. We save the build metadata and
the logs, and when available we download and store the historical build logs
from the nixpkgs binary cache. Finally, for every unreproducible output path,
we store both the historical artifacts and our locally built ones, for comparison
purposes.

4.1.4 Retrying failed builds

Transient build failures can happen due to various issues with our build infras-
tructure, such as network issues or a full disk. When such failures happen, we
identify all the derivations that failed for a transient reason, and retry them
later on, without considering the initial build result.

Next, we wish to analyze failed builds that are not due to transient issues
on our system, including flaky builds that sometimes succeed and sometimes
fail because of non-determinism in the build process. To that end, we retry all
failed builds up to 5 times, and classify them as flaky as soon as they succeed
once during the retries, and as permanently failed otherwise.

Note that with this approach, we necessarily miss some cases of flakiness
if the first build was successful. However, detecting such cases would require
building all packages multiple times, which was not feasible given the scale of
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our experiment. Rebuilding only failed packages is viable, given that there are
much fewer of them.b

4.2 Ecosystem identification and package tracking

To answer some of our research questions, we need to be able to discriminate
packages by provenance ecosystem, and track them over time to follow their
evolution. To categorize packages by ecosystem, we rely on the first component
of the package name when it has several components (for example a pack-
age named haskellPackages.network is sorted into the Haskell ecosystem).
Sometimes, there are several co-existing versions of an ecosystem in a given
nixpkgs revision (for example python37Packages and python38Packages be-
ing present in the same revision), and sometimes the name of the ecosystem is
modified between successive nixpkgs revisions. Therefore, some deduplication
step is necessary. The first and last authors performed this step manually by
inspecting independently all the 197 ecosystems from the 29 nixpkgs revisions
considered, ordered alphabetically, and deciding which ones to merge, then
checking the consistency of their results, discussing the few differences (missed
merges, or false positives) and reaching a consensus. For instance, the following
ecosystems were merged into a single one: php56Packages, php70Packages,
..., php82Packages, phpExtensions, phpPackages and phpPackages-unit.

To deduplicate packages appearing in several versions of the same ecosys-
tem, we order by version (favoring the most recent one) and consider any
package set without a version number as having a higher priority (since it is
the default one in the considered revision, as chosen by the nixpkgs maintain-
ers).

4.3 Comparison with the minimal ISO image

As part of RQ2.2, we investigate the difference of bitwise reproducibility rate
between critical packages whose reproducibility is monitored and the rest of
the package set. We are interested in knowing whether observing the repro-
ducibility rate of this subset of packages gives good enough insights on the
overall reproducibility of nixpkgs. The minimal and GNOME-based ISO im-
ages are considered critical subsets of packages and benefit from a community-
maintained reproducibility monitoring, which was initiated in 2019.” We study
the minimal ISO image because it contains a limited amount of core packages.

6 For the second oldest revision, 5119 packages fail to rebuild with the same make segfault
(Section 6.1); as these all share a single root cause, we excluded these specific failures from
the retry pipeline but retried the remaining non-segfault failures in that revision.

7 The initial commit of the project github.com/grahamc/r13y.com (now superseded by
github.com/NixOS /reproducible.nixos.org) tracking the reproducibility of the minimal ISO
image is from February 2019.


https://github.com/grahamc/r13y.com/commit/f2afba688fba29b5cbe9473ff73d06f398239102
https://github.com/grahamc/r13y.com
https://github.com/NixOS/reproducible.nixos.org
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We evaluate the Nix expression associated with the image, compute its install-
time dependency closure (the set of packages included in the image) and match
it with the packages of our dataset to infer their reproducibility status.

4.4 Analyzing causes of failed builds from build logs

To answer RQ1.2, we manually compare the build logs from failed and suc-
cessful builds. Before manual inspection we run CiDiff [20], a tool for diffing
continuous integration logs, on each pair of logs, to abstract over meaningless
differences (e.g., timestamps, ordering) and help identify more quickly relevant
differences between them. Because this is a manual analysis, we perform it on a
smaller sample of nixpkgs revisions. Once again, we proceed with a dichotomic
approach, starting from the oldest and the most recent revision, then picking
the one in the middle of them, and so on. We stopped after having manually
analyzed all the failed builds of 5 revisions, which corresponds to 373 failed
builds.

For each revision, we analyze causes of flaky builds and causes of permanent
rebuild failures separately. For permanent failures, we compare the local failed
build log with the historical successful log from the cache. For flaky builds,
we compare the log of the initial failed local build with the one of the first
successful local build. We prefer local logs over historical logs in this case,
because it guarantees that we always have the log available, even when the
historical one is missing from the cache. When CiDiff fails to produce a diff
of logs, we compare the two logs manually. In the case of permanent rebuild
failures for which the log of the historical successful build is not available from
the cache, we analyze the failed log only.

The first and last author performed this task as follows. They decided
on the categorization by initially looking at diffed logs together. Once it was
clear that the categorizations were solid for the logs encountered, they divided
the work between them, but skipping any build where the cause would be
ambiguous or would correspond to a new category, later reconvening to treat
these cases and reach a consensus on the cause or the introduction of a new
category.

To assess the reliability of this classification, both authors independently re-
classified a random sample of 10% of the manually classified failures, yielding
a Cohen’s Kappa of 1.0 for the failure phase and 0.84 for the failure cause —
a lower bound on the original classification’s reliability, since ambiguous cases
were resolved jointly during the original process.

4.5 Analyzing causes of bitwise unreproducibility using diffoscopes

Analyzing causes of bitwise unreproducibility is a tricky debugging activity,
usually carried out by practitioners (in particular, by Linux distribution main-
tainers and members of the Reproducible Builds project). Some automatic



A Decade of Software Reproducibility in the Nix Package Ecosystem 17

fault localization methods have been proposed [44], but they rely on instru-
menting the build, while we have to run the Nix builds unchanged to avoid
introducing bias.

For each unreproducible output, we run diffoscope with a 5-minute time-
out, yielding a dataset of 166 523 diffoscopes, corresponding to 165976 pack-
ages® out of a total of 205000 non-reproducible packages. We then investigate
whether we can use our large dataset of diffoscopes for automatic detection of
causes of non-reproducibility. The diffoscope tool was mainly designed to help
human debugging, but it also supports producing a JSON output, which can
then be machine processed.

We consider heuristics that can be applied at the line level, so we recurse
through diffoscope structures until leaf nodes, which are diffs in unified diff
format. We reuse and rerun on the full diffoscope dataset the heuristics that
we derived in the conference version of this paper [28] (from a smaller dataset
of 86476 diffoscopes). We refer the interested reader to the conference version
for details on how the heuristics were obtained and validated.

5 Dataset

The main result of running the pipeline of Figure 2 is a large-scale dataset
of historical package rebuilds, including (re)build information, bitwise repro-
ducibility status and, in case of non-reproducibility, generated diffoscopes. In
this paper, we use the dataset to answer our stated research questions, but
many other research questions could be addressed using the dataset, includ-
ing more in-depth analysis of non-reproducibility causes. We make the dataset
available to the research and technical community to foster further exploration
on the topic. In the remainder of this section, we provide some descriptive
statistics of the dataset.

The dataset spans 1321753 package builds coming from 29 nixpkgs revi-
sions, built over a total of 21 480 hours. From those builds, 951 910 are coming
directly from the release.nix file and can be tracked by name. They corre-
spond to 84315 unique packages that appear over the span of sampled revi-
sions. As can be seen on Figure 3, the number of packages listed to be built
by Hydra increased from 10045 in 2015 to 67492 in 2024. Ecosystems can be
present in multiple versions. On average, deduplicating packages in multiple
ecosystem copies decreases their number by 20% while adding the evaluation
closure of the release.nix file increases the number of jobs by 39%.

Figure 4 shows the evolution of the top 9 ecosystem sizes in nixpkgs, plus
the base namespace. 63.1% of packages belong to an ecosystem, while the
rest live in nixpkgs base namespace. The four largest ecosystems are Haskell,
Python, Emacs, and Perl, which together account for 45.4% of the packages.

Figure 5 outlines the number of packages introduced in the dataset by each
revision, and their survival over time. In particular, as of 2015 the deduplicated
package set contained 6948 elements, 3263 of which were still present in 2024.

8 In some cases, a package may have multiple unreproducible outputs.
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Fig. 5: Number of packages introduced by every revision of the dataset and
their survival in the package set over time.

6 Rebuildability results

In this section, we present the results for our first research question: Does
functional package management allow rebuilding past packages reliably at scale
(even if not bitwise reproducibly)?

6.1 RQ1.1: What is the evolution of rebuildable packages in nixpkgs between
2015 and 20247

Apart from a significant regression in 2015 (second revision, where repro-
ducibility rate is of 67.24%), we obtain rebuildability levels between 99.34%
and 99.95% (see Figure 6 and Figure 7), confirming the findings from our
ICSE NIER paper [29]: Nix reproducibility of build environments allows for
very high rebuildability rate over time. Note that for the revision already built
in the ICSE NIER paper, only packages explicitly listed in release.nix were
rebuilt, but now we also include those in the dependency graph.

The oldest revisions have more rebuild issues, and we observe in particular
a major regression in the second oldest revision, which we investigate specifi-
cally. In that revision, 5119 packages fail to rebuild with the same exact error:
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Fig. 6: Evolution of the proportion of rebuildability failures over time.

a segmentation fault in the version of make used in the nixpkgs standard build
environment. Note that those packages built successfully in the nixpkgs con-
tinuous integration platform in 2015, which means that this segmentation fault
was not happening at the time with that version of make and that a change
exterior to the software in the build environment is the cause of this issue.
Given that this error only happened for our second oldest revision means that
the underlying issue was fixed between this revision and the next, despite the
absence of symptom at the time (given that this is a rebuildability issue that
we can only observe now). In order to understand the issue at play, we bisected
the nixpkgs repository between revisions 2 and 3 to identify the commit that
fixed the incorrect behavior of make. This operation yielded commit 3ede0a6
as a result, which applies a patch to make to prevent it from crashing when
ttyname could not be read. This suggests a change in the build sandbox of Nix
between the version used to perform the historical build (in which ttyname
could be read) and the version used in our pipeline (in which ttyname could
not be read, hence triggering the build failure).

Figure 8 breaks down rebuildability by ecosystem, excluding the second
oldest revision.

6.2 RQ1.2: What are the causes of rebuild failures?

When discriminating rebuild failures between those whose subsequent rebuild
attempts succeeded (flaky failures) and the others, we obtain that 1051 of
the 8276 classified rebuild failures (12.7%) are flaky. Excluding the large re-
buildability regression from the second oldest revision, the proportion of flaky
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Fig. 9: Evolution over time of the absolute number of flaky and permanent
rebuild failures across all revisions excluding the second oldest.

failures rises to 36.2% (1049 out of 2897). The detailed evolution of flaky and
permanent rebuild failures is shown in Figure 9.

Flaky rebuild failures Flaky rebuild failures refer to rebuilds that fail initially
but succeed upon being retried on the same machine, without any modifica-
tion to the source code or build environment. Such behavior indicates either
the presence of nondeterminism in the build process or insufficient resilience
to transient, non-critical environmental fluctuations on the build host (like
machine load).

One common manifestation of this phenomenon involves timeouts during
test execution, typically caused by temporary resource contention on the build
machine. For example:

Data generation is extremely slow: Only produced 1 valid examples in 1.86

seconds (0 invalid ones and O exceeded maximum size). Try decreasing size
of the data you’re generating (with e.g. max_size or max_leaves parameters).

This case belongs to the broader category of flaky tests—failures occurring
during the test phase when one or more individual tests fail in one run but pass
in subsequent retries. For instance, in a failed build of the package buildbot,
the log reports:

Ran 5673 tests in 66.450s
FAILED (skips=37, errors=4, successes=5635)

However, upon the first rebuild of the same package, the corresponding log
reads:
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Ran 5673 tests in 153.387s
PASSED (skips=37, successes=5636)

Flaky tests are the predominant cause of flaky rebuild failures: we identified
them in 135 out of the 194 flaky failures analyzed.

Flakiness can also occur during the build or installation phases—where ar-
tifacts are compiled or copied into their final filesystem locations. We observed
59 such cases. Two main causes emerged from our analysis: race conditions and
kernel version differences.

Race conditions arise when the ordering of build tasks affects the outcome.
For example, a task B may depend on task A but the dependency is not prop-
erly declared in the build recipe. As a result, the build may succeed or fail
depending on external factors such as CPU concurrency or system load. In
one build of elfkickers, the process attempted to start a task requiring the
object file elfrw_sym.o before it was compiled, resulting in the following error:

ar: elfrw._sym.o: No such file or directory

We identified 19 such cases.

Finally, discrepancies in the Linux kernel version can also induce nondeter-
ministic build behavior. For example, we observed failures in 23 Lisp packages
built with SBCL:

mmap: wanted 5308416 bytes at 0x1003618000, actually mapped at 0x7f£ff££6000000

In this case, the behavior of the mmap system call differs from SBCL’s expecta-
tions regarding the memory mapping address, leading to intermittent rebuild
failures. These results illustrate how even low-level system variations can cre-
ate nondeterministic effects that eventually impact build reproducibility.

As Figure 10 shows, a large majority (866 out of 1051, 82.4%) of flaky
rebuilds succeed on the first retry, and only 11 (1.0%) require all five attempts
before succeeding.

Figure 11 shows the evolution of flaky rebuild failure causes across the 5
manually studied revisions. Flaky tests remain the dominant cause throughout,
while race conditions and kernel-related flakiness appear more sporadically.
Figure 12 breaks down the flaky rebuild failure causes by ecosystem. Haskell
and Python concentrate the majority of flaky tests, which is consistent with
both ecosystems relying heavily on test suites during the build process. Kernel-
related flakiness is most visible in the base nixpkgs namespace and in the Lisp
ecosystem, reflecting the SBCL memory mapping issue discussed above.

Permanent rebuild failures Permanent rebuild failures refer to packages that
could not be built successfully even after five consecutive retry attempts. How-
ever, these packages had built successfully in the past on the Nix project’s
continuous integration platform. This suggests that the cause of failure lies in
changes external to the build environment (given that the build environment
itself is fully specified and reproduced by Nix).

We observed that the majority of these failures (107 out of 179) occurred
during the test phase, where arbitrary code is executed to verify that the built
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Fig. 11: Evolution over time of the causes of flaky rebuild failures in the 5
manually studied revisions.



A Decade of Software Reproducibility in the Nix Package Ecosystem 25

Number of flaky rebuild failures

base python haskell lisp perl nixVersions home-assistant

Ecosystem
Cause: M Unknown [ Raceconditon [l Kemel differences Ml Flaky test(s)

Fig. 12: Causes of flaky rebuild failures broken down by ecosystem (aggregated
across the 5 manually studied revisions), over ecosystems with at least two
flaky failures.

artifacts behave as expected. Tests in this phase often rely on implicit assump-
tions about the execution environment. One common assumption, identified
in 44 cases, is the current date. For instance, some tests depend on certificates
with fixed expiration dates, e.g.

Client certificate expired: Not After: 2021-11-27 15:28:58Z

Others verify output containing time-dependent information, such as copyright
statements:

AssertionError: ‘‘Copyright (C) 2024, [retracted], Inc.’’ not found in ¢‘MIT
License Copyright (C) 2022, [retracted], Inc.’’

It is likely that such a test was crafted so that the maintainer would not for-
get to update the copyright year when releasing a new version of the software,
but was not meant to be run in builds of distributions shipping the package.

Two other major causes of permanent rebuild failures that we could identify
are kernel version differences and hardware differences.

Issues related to kernel version differences arise in both the test phase (9
cases) and the build phase (15 cases). The kernel version used in our build
pipeline most often differed from that of the historical builds. In the test
phase, this can lead to tests failing when they rely on specific kernel features
or system APIs that have changed over time. For example, in one build of the
go compiler, the test failed with the following error message:

creds_test.go:60: WriteMsgUnix failed with write unix @: invalid argument,
want EPERM
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In the build phase, kernel version discrepancies can lead to outright build
failures when, for instance, the configuration scripts check for specific kernel
versions that are known to be compatible. An example of this is:

configure: error: Valgrind works on kernels 2.4, 2.6

Issues arising from hardware differences were predominantly observed dur-
ing the test phase (14 cases), although they can also affect the build phase (4
cases). While our pipeline used the same CPU architecture as the historical
builds (x86_64-1inux), subtle variations in specific processor features (such
as the microarchitecture) can lead to discrepancies, especially during the test
phase where code is executed directly. For instance, we encountered the fol-
lowing assertion failure:

AssertionError: assert np.float64(0.9272952180016122) == 0.9272952180016123

This assertion is the result of a floating-point computation that yields a
slightly different result than the one expected by the test, possibly due to
variations in floating-point rounding (e.g., due to a library which would run
slightly different code paths depending on the available CPU instructions).
Because we used a range of different CPU models in our build infrastructure,
we were able to find an older machine where this test passed, despite the fact
that it consistently failed on newer hardware.

Conversely, we also found cases where newer hardware features were re-
quired, leading to failures on older CPU models. For example, in builds of the
jmp and chex packages, which depend on the jax1lib package, tests failed with
the following error message:

RuntimeError: This version of jaxlib was built using AVX instructions, which
your CPU and/or operating system do not support. You may be able work around
this issue by building jaxlib from source.

The likely explanation is that the software in the build environment (includ-
ing jaxlib), which we downloaded from the Nix cache, were built on machines
with a more recent CPU model than the one used in our build infrastructure
for this specific build. We were able to confirm that this test passed success-
fully on a newer machine in our infrastructure, despite the consistent failure
on older hardware. Note that this later example of rebuild failure would not
have happened if we had built all dependencies from source instead of down-
loading them from the Nix cache, as the build process would (expectedly) have
adapted to the CPU features of our build machine.

One notable example of failure due to hardware differences in the build
phase is from a build process which fails when started with an excessive number
of CPU cores:

Invalid value for the ’-j’ option, valid values are 1 through 64.

Overall, these cases highlight that even seemingly minor variations in the
external environment—such as kernel or hardware configuration—can deter-
ministically break previously successful builds, emphasizing the fragility of
rebuildability in time.
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Fig. 13: Evolution over time of the causes of permanent rebuild failures in the
5 manually studied revisions.

Figure 13 shows how the causes of permanent rebuild failures evolve across
the 5 studied revisions. Date-related failures (44 cases) and permission issues
(40 cases) are the two most prevalent causes. Kernel and hardware differences
appear in all studied revisions. Some causes, such as locale/date, permission
issues and shell differences, only appear in the first two manually studied
revisions, which suggests that these permanent rebuild failures are related to
changes in the Nix sandbox between these old data points and today. Figure 14
breaks down the same causes by ecosystem.

6.3 RQ1.3: What is the cascading impact of rebuildability failures on the
package dependency graph?

Our analysis pipeline has rebuilt each package independently and in parallel
from other packages in the same revision. We relied on our ability to precisely
reproduce the build environment of a given package by downloading all the
dependencies from the Nix cache. The results provided in the previous sections
therefore do not account for the cascading effects of rebuildability failures.
We revisit the rebuildability figures provided in Section 6.1 by exploring
the package dependency graph. Note that this analysis concerns rebuildability
(not bitwise reproducibility): we ask whether a package could be rebuilt at
all today if its dependencies also had to be rebuilt from source, rather than
fetched (prebuilt) from the binary cache. This analysis is performed by com-
bining the per-package build results from our pipeline with a traversal of the
dependency graph: for each package, we check whether all of its transitive
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Fig. 14: Causes of permanent rebuild failures broken down by ecosystem (ag-
gregated across the 5 manually studied revisions), over ecosystems with at
least two permanent failures.

dependencies were successfully rebuilt. A rebuildability failure anywhere in a
package’s transitive dependency chain prevents rebuilding the package: with-
out the binary cache, we cannot reproduce the build environment of a package
whose dependency failed to build.

Accounting for cascading rebuildability failures, rebuildability rates de-
crease sharply, see Figure 15. Besides, in Figure 16 we observe the evolution
of this rebuildability rate to be irregular, with 11 revisions with more than
90% packages still rebuildable, interleaved with 18 revisions with, on average,
35.6% cascading rebuildability failures. This disparity can be explained by the
fact that small changes may have large effects inside the dependency graph,
as shown by Figure 17: 14 failures of 8 individual packages out of 7216 rebuild
failures account for 54.0% of the cascading rebuildability failures.

Table 2 lists these packages and the number of dependents impacted by
their failure, distinguishing between cascading failures caused by flaky root
causes (which could be resolved by retrying the build) and permanent root
causes. The most impactful package, dejagnu, is a testing framework used
transitively by a large portion of the package set; and its build failure is flaky.
Overall, 54.3% of all cascading rebuildability failures are caused by flaky root
causes, meaning that more than half of the cascading impact could be miti-
gated by simply retrying failed builds.
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Fig. 15: Distribution of transitive rebuildability rates across the 29 revisions,
when accounting for all rebuild failures (left) versus only permanent failures
(right).
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Package Version Impacted dependents Failure type
dejagnu 1.6.3 51405 Flaky
1.6.3 20183  Flaky
Libuy 1.44.2 17684  Flaky
1.28.0 5056  Flaky
coreutils  8.27 11446  Permanent
psutil 5.7.2 9459  Flaky
3.6.15 8274  Flaky
gnutls 3.6.13 8615  Permanent
19.0.0 6887  Permanent
OpenSSL 19.0.0 6334  Permanent
PyeP 18.0.0 5462  Permanent
17.2.0 6716  Permanent
heimdal 1.5.3 5640  Permanent
ghc 8.4.3 5383  Flaky

Table 2: Individual rebuildability failures that each cascade to more than 5000
dependents. The same package can appear multiple times across different re-
visions or versions. The “Failure type” column indicates whether the failure
was flaky (succeeded on retry) or permanent.
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Fig. 17: Distribution of the number of impacted dependent packages for each
rebuildability failure, distinguishing between flaky and permanent root causes.

Figure 18 plots the same data on a logarithmic scale, comparing all failures
with permanent failures only. The heavy-tailed nature of cascading effects is
visible in both cases, but the permanent-only distribution is noticeably sparser
at higher impact levels, confirming that many high-impact cascading failures
are avoidable through retries.
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Fig. 18: Number of dependent packages impacted by each rebuild failure that
cascades to at least one dependent, on a logarithmic scale. Left: all failures.
Right: permanent failures only.

7 Bitwise reproducibility results

In this section, we present the results for our second research question: Does
functional package management allow bitwise reproducibility at scale?

7.1 RQ2.1: What is the evolution of bitwise reproducible packages in nixpkgs
between 2015 and 20247

Our results show a major improvement of bitwise reproducibility in nixpkgs
over time, from 35% in 2015 to 93% in 2024 (excluding the rebuildability re-
gression in the second oldest revision, see Figure 19). The trends in Figure 20
show that the absolute number of bitwise reproducible packages has consis-
tently gone up and followed the fast growth of the package set. The most
notable exception is the data point for June 2020, where the number of repro-
ducible packages dropped even though the total number of packages grew. We
study and explain this reproducibility regression in Section 7.2 below.

Figure 21 shows for each revision the cumulative number of unreproducibil-
ities introduced by that revision that get fixed over time. Each curve starts
at zero at the revision where the unreproducibilities were introduced, and
increases as those unreproducibilities are fixed in subsequent revisions. The
visually dominant curve corresponds to the June 2020 reproducibility regres-
sion (reaching approximately 3000 fixes). Most other revisions introduce far
fewer unreproducibilities, and their curves remain near the bottom of the fig-
ure. Across all revisions, the large slope between the two first points of each
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and non-rebuildable packages over time.

curve indicates that most unreproducibilities introduced in a given revision
are fixed in the next revision, on average 77% of them (59% when excluding
the packages fixed after the 2020 reproducibility regression).

Excluding the June 2020 revision, Figure 22 depicts the average evolution
of the package set between two consecutive revisions. In particular, only 0.53%
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Fig. 22: Sankey graph of the average flow of packages between two revisions,
excluding the revision from June 2020, considered as an outlier.

of the packages transition from reproducible to buildable but not reproducible
status between two revisions, while 1.94% of the buildable but not reproducible
packages become reproducible. The average growth rate of the package set
is 1.06 and, on average, 73.90% of the newly introduced packages are repro-
ducible.
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Fig. 23: Sankey graph of the flow of packages between the revision from June
2020 (bitwise reproducibility regression) and the next one.

Figure 23 contrasts this average behavior with the June 2020 bitwise repro-
ducibility regression visible in Figure 19: unlike the typical inter-revision flow,
this transition shows a large number of packages moving from reproducible to
buildable but not reproducible, illustrating the magnitude of the regression. We
investigate its root cause in Section 7.2.

7.2 RQ2.2: What are the bitwise unreproducible packages?

We observe large disparities both in trends and in reproducibility by package
ecosystem (see Figure 24). While some ecosystems, like Perl, Emacs and Vim,
have virtually always had all their packages reproducible, the Haskell ecosys-
tem started very low (around 5% in 2015), significantly improved to around
60% in 2017, and then stagnated or even regressed slightly, down to around
48% in 2024. The Python ecosystem has globally enjoyed high reproducibility
rates, to the exception of three revisions, and in particular one major regres-
sion in June 2020, dropping from 96% to 6% reproducibility, before recovering
back to 96% bitwise reproducible in the next revision.

As can be seen in Figure 23, this dip in the proportion of reproducible
Python packages can be explained by a large number of packages transitioning
from the reproducible to the buildable but not reproducible state, indicating a
regression in bitwise reproducibility at that time. To identify the root cause of
that regression, we used a git bisection on the nixpkgs repository between June
and October 2020 in order to identify the commit fixing the unreproducibility
issue, and derived that the root cause of the regression was an update in the
pip executable changing the behavior of byte-compilation.”

To complement the per-ecosystem analysis, and understand where improve-
ments to the overall reproducibility of nixpkgs could be focused, we analyze

9 Details can be found in https://github.com/pypa/pip/issues/7808.
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Fig. 24: Number of reproducible, buildable and failed packages in the five
biggest ecosystems and the base namespace of nixpkgs. The holes in the plots
correspond to revisions where no package from the ecosystem was present in
the package set built by Hydra. This can be due to the absence of packages from
that ecosystem in nixpkgs at that time, or to the absence of those packages
from the release.nix file.

the ecosystems of provenance of unreproducible packages in our most recent
revision (see Figure 25). We find that the Haskell ecosystem accounts for 70%
of all bitwise unreproducible packages, which is in line with both its large
size in nixpkgs and its low observed reproducibility rate. This low build re-
producibility performance is an upstream issue in the Haskell compiler (GHC)
itself, which does not produce deterministic object code, rather than a problem
with the Nix infrastructure layer or the way Haskell packages are packaged in
nixpkgs. A fix to this long-standing issue has been introduced in GHC 9.12.1
(the new -fobject-determinism flag, which is off by default, because while
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Fig. 25: Ecosystems of provenance of unreproducible packages in our most
recent revision.

it improves reproducibility, it makes compilation slightly slower). As of Octo-
ber 2025, nixpkgs does not make use of this flag, but we have highlighted its
existence to the nixpkgs maintainers monitoring bitwise reproducibility, and a
preliminary experiment by a nixpkgs maintainer confirms that using the flag
could improve the reproducibility of Haskell packages in nixpkgs.

Figure 26 shows the difference in reproducibility rates between the NixOS
minimal ISO image—a package set for which there exists community-based
reproducibility monitoring, and made of packages that are considered critical—
and the whole package set. The minimal ISO image has a very high proportion
of reproducible packages in the last few years, with rates consistently higher
than 95% starting from May 2019 (a few months after the monitoring began).
Its reproducibility rates however do not follow the evolution of the overall
package set, such that observing the reproducibility of the minimal ISO image
does not give any clue about the reproducibility of the package set as a whole.

7.3 RQ2.3: Why are packages unreproducible?

In the MSR 2025 conference version of this paper [28], we identified four heuris-
tics that are both effective (they give a large number of matches in our diffos-
cope dataset) and relevant (they correspond to a software engineering practice
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that can be changed) to automatically determine why packages are not bitwise
reproducible:

Embedded dates: presence of build dates in various places in the build
artifacts (version file, log file, file names, etc.). To detect dates embedded
in build outputs, we look specifically for the year of the build (2024 or
2025) in added lines, given that we never ran our builds during the same
year as the historical builds (the revisions from 2024 were built in 2025).
uname output: some unreproducible builds embed build information such
as the machine that the build was run on. While the real host name is
hidden by the Nix sandbox, other pieces of information (such as the Linux
kernel version or OS version, reported by uname) are still available.
Environment variables: some builds embed some or all available envi-
ronment variables in their build outputs. This typically causes unrepro-
ducibility because an environment variable containing the number of cores
available to build on the machine is set by Nix.

Build ID: some ecosystems (Go for example) embed a unique (but not
deterministic) build ID into the artifacts.

Despite a well-known recommendation by the Reproducible Builds project to
avoid embedding build dates in build artifacts to achieve bitwise reproducibil-

ity,

we find that 21 649 of our 165 976 packages with diffoscopes contain a date,

accounting for 13.0% of them. Still in the most recent nixpkgs revision, we find
840 instances of this non-reproducibility cause, showing that embedding dates
is still an existing practice. Embedded environment variables represent 4.3%
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Fig. 27: Evolution of the number of packages for which we generated diffoscopes
that are matched by each of our heuristics, over time

of our unreproducible packages, although only 4 revisions account for the vast
majority of instances, which suggests that this issue has more to do with the
way packages are built in nixpkgs, rather than the packages themselves. Build
IDs are found in 1.7% of our unreproducible packages. Finally, we find uname
outputs in 1323 of our unreproducible builds (0.8%), 721 of which also in-
clude a date as part of the uname output. Figure 27 shows the evolution of the
number of packages matched by each heuristic over time. Altogether, a total
of 19.2% of the packages for which we have generated a diffoscope have an
unreproducibility that can be explained by at least one of our heuristics.

8 Discussion

This work brings valuable insights to the ongoing discussions about software re-
producibility, rebuildability, reproducible builds, and functional package man-
agement.

False myth: reproducible builds (R-B) do not scale One strongly held belief
about R-B is that they work well in limited contexts—either selected “criti-
cal” applications (e.g., cryptocurrencies or anonymity technology) or strictly
curated distributions—but either do not scale or are not worth the effort in
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larger settings. Our results can be interpreted as counter proof of this belief: in
nixpkgs, the largest general-purpose repository with more than 100k packages
(in 2024), more than 93.2% packages are nowadays bitwise reproducible from
source. R-B do scale to general purpose, regularly used software.

Recommendation: invest in infrastructure for binary caches and build attesta-
tions To reap the security benefits of the R-B vision [22] in practice, users need
multiple components: (1) signed attestations by each independent builder,
publishing the obtained checksums at the end of a build; (2) caches of built
artifacts, so that users can avoid rebuilding from source; (3) verification tech-
nology in package managers to verify that built artifacts in (2) match the
consensus checksums in (1). With few exceptions, the infrastructure to sup-
port all this does not exist yet. Now that the “R-B do not scale” excuse is out
of the picture, we call for investments to develop this infrastructure, prefer-
ably in a distributed architectural style to make it more secure, robust, and
sustainable.

False myth: Niz implies bitwise reproducibility Contradictory to the previ-
ous myth, there is also a belief that Nix (or functional package management
more generally) implies bitwise reproducibility. Our results disprove this be-
lief: about 6.7% of nixpkgs packages are not bitwise reproducible in our last
revision. We can even strengthen this claim with the additional revisions built
further in the past in this extended version of our study: the lower propor-
tion of bitwise reproducible packages in the early years of our dataset (as low
as 35%) shows that FPMs alone are not enough to guarantee bitwise repro-
ducibility. This is not surprising, because R-B violations happen for multiple
reasons, only some of which are mitigated by FPM per se. The high bitwise
reproducibility rates we observe in recent years are thus more likely due to
the cumulative effect of multiple factors, including the adoption of R-B best
practices in upstream toolchains, the fixes to reproducibility issues proposed
by members of the R-B community (including from other distributions), and
the efforts of the nixpkgs maintainers to monitor and fix reproducibility issues.

Recommendation: use FPM for bitwise reproducibility and rebuildability Still,
Nix appears to perform really well at bitwise reproducibility, and even more so
at rebuildability: our ability to consistently rebuild more than 99% of packages
even after a decade is a great demonstration of Nix’s abilities for software
reproducibility (with the caveat that due to the criticality of some packages
in the package dependency graph of nixpkgs, single failures may have ripple
effects). This highlights the impact more adoption of FPMs could have on
software engineering practices. Based on this, we recommend to use Nix, or
FPMs more generally, for all use cases that require either mere rebuildability
or full bitwise reproducibility. At worse, they provide a very good starting
point.
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QA monitoring for bitwise reproducibility The significantly higher (and stably
s0) bitwise reproducibility performances of the NixOS minimal ISO image (see
Figure 26) suggests that quality assurance (QA) monitoring for build repro-
ducibility is an effective way to increase it. The fact that Debian uses a sim-
ilar approach with good results [22] is compatible with this interpretation. A
deeper analysis of the relationship between QA monitoring and reproducibility
rate is out of scope for this work, but it is quite likely that extending repro-
ducibility monitoring to all packages will result in an easy win for nixpkgs
(assuming bitwise reproducibility is seen as a project goal).

9 Threats to validity
9.1 Construct validity

We rebuilt Nix packages from revisions in the period 2015-2024, for about 10
years. That is enough to observe arguably long-term trends, which also appear
to be stable in our analysis; except for one notable regression in rebuildability,
and one in bitwise reproducibility, which we analyzed and explained. Still, we
cannot exclude significant differences in reproducibility trends before/after the
studied period.

Due to the high computation cost, build time, and environmental impact of
rebuilding general purpose software from source, we sampled nixpkgs revisions
to rebuild uniformly (every 4.1 months) within the studied period, totaling
21 480 hours of build time. We cannot exclude trend anomalies between sampled
revisions either, but that seems unlikely due to the stability of the observed
long-term trends. More importantly, this means that we are less likely to catch
short-spanned reproducibility regressions, which would be introduced and fixed
within the same period between two sampled revisions. This can be improved
upon by sampling and rebuilding more nixpkgs revisions, complementing this
work.

When rebuilding a given package, we relied on the Nix binary cache for all
its transitive dependencies. As we have rebuilt all packages from any sampled
nixpkgs revisions, our package coverage is complete. But this way we have
not measured the impact of unreproducible packages on transitive reverse
dependencies, i.e., how many additional packages become unreproducible if
systematically built from scratch, including all their dependencies? For the re-
buildability question, we have studied this impact in Section 6.3, finding that
rebuildability rates drop sharply when accounting for cascading rebuildability
failures, although as highlighted in our analysis of rebuild failures (Section 6.2),
this could often be mitigated by retrying the build (in case of flaky rebuild
failures) or by disabling the test phase (in case of permanent rebuild failures
occurring during tests). For bitwise reproducibility, it would be much more
complicated to estimate the transitive impact of unreproducible dependen-
cies, given that in most cases, packages that do not build bitwise reproducibly
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should still behave the same (but we do not have a theoretical guarantee of
that).

Also, during rebuilds we have not attempted to re-download online assets,
but relied on the Nix cache. Hence, we have not measured the impact of lacking
digital preservation practices on reproducibility and rebuildability. It would
be interesting and possible to measure such impact by, e.g., first trying to
download assets from their original hosting places and, for source code assets,
fallback to archives such as Software Heritage [8] in case of failure.

9.2 External validity

We have rebuilt packages from nixpkgs, the largest cross-ecosystem FOSS
distribution, using the Nix functional package manager (FPM). Other FPMs
with significant user bases exist, such as Guix [9]. Given the similarity in
design choices, we do not have reasons to believe that Guix would perform
any differently in terms of build reproducibility than Nix, but we have not
empirically verified it; doing so would be useful complementary work.

Neither did we verify historical build reproducibility in classic FOSS dis-
tributions (e.g., Debian, Fedora, etc.), as out of the FPM scope. Doing so
would still be interesting, for comparison purposes. It would be more challeng-
ing, though, due to the fact that outside the FPM context, it is significantly
harder to recreate exact build environments from years ago.

10 Conclusion

In this work, we conducted the largest scale empirical study of bitwise repro-
ducibility of open source software going back in time, in the context of the Nix
functional package manager, by rebuilding 1321 753 packages coming from 29
revisions of the nixpkgs software repository, sampled every 4.1 months from
2015 to 2024. Our findings show that bitwise reproducibility in nixpkgs is very
high and has known an upward trend, from 35% in 2015 to 93% in 2024. The
mere ability to rebuild packages (whether bitwise reproducibly or not) is even
higher, stably around 99.8%.

We have highlighted disparities in bitwise reproducibility across ecosystems
that coexist in nixpkgs, as well as between packages for which bitwise repro-
ducibility is actively monitored and the others. We have developed heuristics to
understand common (un)reproducibility causes, finding that 13% of unrepro-
ducible packages were embedding the date during the build process. Finally,
we conducted an in-depth analysis of a subset of non-rebuildable packages and
uncovered several recurrent failure causes such as test processes.
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