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Introduction

In today’s fast moving technology landscape, the integrity and predictability of software and firmware are
paramount. Whether you're developing drivers for a new PCle expansion card, crafting firmware for an embedded
system, or ensuring that a complex hardware stack meets stringent safety standards, the ability to reproduce a

build exactly as it was originally created is no longer a luxury—it's a necessity. The concept of pci reproducible
builds has emerged as a cornerstone of modern development practices, marrying the rigor of deterministic builds
with the practical demands of peripheral component interconnect (PCI) development. This article explores the
fundamentals of reproducible builds in the PCI domain, delves into the challenges and strategies for achieving
them, and looks ahead to future trends that will shape how hardware and software teams collaborate on secure,
reliable, and auditable products.

Understanding PCl and the Need for Reproducibility

What is PCI?

Peripheral Component Interconnect, commonly abbreviated as PCI, is a family of standards that define the
architecture for connecting peripheral devices to a computer's motherboard. Over the decades, PCI evolved
through several iterations—PCI, PCI Express (PCle), and the latest PCle 5.0/6.0—each bringing higher bandwidth,
lower latency, and improved scalability. In modern systems, PCle is ubiquitous, serving as the backbone for
graphics cards, SSDs, network adapters, and a myriad of specialized accelerators.

The Importance of Reproducibility in PCI Development

PCI development spans a wide spectrum of disciplines: from low level firmware that configures the bus to high level
drivers that expose functionality to operating systems. In this ecosystem, reproducibility offers several critical
benefits:

¢ Traceability — Knowing the exact source code, compiler flags, and build environment that produced a binary
allows teams to track changes, audit security, and debug regressions.

e Compliance — Many industries, such as automotive or aerospace, mandate that all software components be
reproducibly built to satisfy certification requirements.

¢ Security — Deterministic builds reduce the attack surface by eliminating hidden or time dependent artifacts that
could be manipulated by malicious actors.

¢ Collaboration — Open source projects, like the Linux kernel, rely on reproducible builds to enable community
verification and foster trust among contributors.

Reproducible Builds: Core Concepts

Definition

A reproducible build is one where the same source code, build configuration, and environment consistently produce
identical binaries, down to the checksum level. The process must be deterministic, meaning no randomization,
external dependencies, or environment specific variables influence the output.



Benefits for PCI
Applying reproducible build principles to PCI development yields tangible advantages:

e Guarantees that firmware and driver binaries are identical across production, testing, and deployment
environments.

¢ Facilitates automated verification pipelines that can detect unauthorized changes.

e Supports rollback and patching strategies by ensuring that updated binaries are verifiable against the original

build.
¢ Reduces the risk of supply chain attacks by providing cryptographic evidence of build integrity.

Challenges in Achieving Reproducible PCI Builds

Non Deterministic Elements

Many build tools embed timestamps, random numbers, or environment variables into binaries. For PCI firmware,
where binary size and timing can be critical, these non deterministic elements can corrupt the reproducibility
guarantee.

External Dependencies

PCI drivers often rely on external libraries, kernel modules, or firmware blobs. If these dependencies are not
version controlled or are fetched from untrusted sources, the build’s reproducibility is compromised.

Hardware Variability

During testing, variations in hardware—different chipsets, firmware revisions, or even board revisions—can cause
divergent build outputs, especially when the build process queries hardware state at compile time.

Strategies for Building Reproducible PCI Systems

Source Control Practices
Maintain a strict versioning policy:
* Tag releases with semantic version numbers.
¢ Use signed commits and tags to prove authorship.
e Keep all source files, including configuration headers, under version control.
Build Environment Standardization
Isolate the build environment to eliminate external influences:
* Use containerization (Docker, Podman) or virtual machines with pinned OS images.
* Specify exact compiler versions and toolchain packages.
< Disable locale or timezone settings that could alter timestamps.
Containerization and Virtualization

Containers provide a lightweight, reproducible runtime that can encapsulate the entire build stack. For PCI
firmware, you can build inside a dedicated container that mirrors the target hardware’s environment, ensuring that
the resulting binary behaves identically across deployments.

Deterministic Toolchains

Adopt toolchains designed for reproducibility:

e gcc with the --enable-deterministic-archives flag.



« clang with deterministic options.
 Linkers that support deterministic output, such as GNU Id’s --build-id=none and --hash-style=gnu.
Timestamp and Timezone Handling

Set the environment variable SOURCE_DATE_EPOCH to a fixed Unix timestamp. This instructs many build tools to
use that timestamp instead of the current time, ensuring that timestamps in binaries remain consistent.

Dependency Management
Pin all dependencies:
¢ Use package managers (e.g., apt, yum, pacman) with lock files.
e Download pre hashed binaries for external libraries.
e Maintain a local mirror of all required packages to avoid network variability.
Versioning and Release Management
Embed version information directly into the firmware or driver:
e Use static strings or build metadata fields.
e Ensure that these fields are deterministic and do not change with each build unless the source changes.
Testing and Validation
Automate reproducibility checks:
¢ Hash the binary after each build and compare against a known good hash.
¢ Run binary diff tools (e.g., diffoscope) to verify that all sections match.
 Validate firmware signatures against a trusted key store.
Continuous Integration / Continuous Delivery (CI/CD)
Integrate reproducibility checks into the CI pipeline:
¢ Build on a dedicated, immutable build agent.

 Store build artifacts in an immutable artifact repository.
« Trigger automated audits that compare current build hashes with baseline hashes.

Tools and Technologies for PCI Reproducible Builds

Build Systems
Popular build systems that support deterministic outputs include:

« Make with deterministic flags.

e CMake configured to avoid timestamp injection.

* Bazel and Buck provide hermetic build environments out of the box.
Reproducible Build Tools

Specialized tools help enforce reproducibility:
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