POSE: Phase II: An Open-Source Compiler Ecosystem for Pervasive Hardware Acceleration
1 Overview

Hardware accelerators are the best tools we have to compensate for the rapidly waning advances in
general-purpose computing [26]. Specialized hardware is routinely two orders of magnitude more
efficient than mainstream, general-purpose hardware [25]. Even formerly “software companies”
(e.g., Google [32,47], Microsoft [17,44], Meta [16], and Amazon [6]) all fabricate bespoke silicon
optimized for their specific workloads. And via increasingly affordable field-programmable gate
arrays (FPGAs), hardware accelerators are coming within reach of small companies, scientific
researchers, and even hobbyists.

The accelerator-centric future of computing is already here, but it is not yet evenly dis-
tributed [19]. Even as the physical technology costs continue to fall, designing new accelerators
remains extremely expensive. Today, hardware projects require specialized electrical engineering
skills, large development teams, and costly commercial toolchains available only from a handful
of large vendors. The end result is that the immense efficiency advantages of acceleration remain
accessible to a handful of the world’s largest technology companies—not to the long tail of smaller
teams that make up the rest of the technology industry.

The key to widespread hardware specialization lies in lowering the cost of accelerator design.
Open-source ecosystems have a critical role to play in supporting diverse programming languages
and high-quality tools that power cheap, accessible, productive accelerator development. There
is a strong analogy in software development: the software industry’s productivity relies on a
diverse ecosystem of interoperating languages and compilers that are predominantly based on
open-source foundations [34]. Hardware development, in contrast, is stuck in the past: a small
number of extremely low-level languages dominate, in part because of their ties to entrenched
commercial toolchains. The next revolution in accessible accelerator design requires an open
approach to proliferating novel, high-level languages.

The Calyx compiler infrastructure. Since 2019, our team has been building Calyx [1,41], an MIT-
licensed open-source compiler infrastructure for the construction of high-level accelerator design
languages (ADLs) [48]. ADLs are distinct from hardware description languages (HDLs), the low-
level digital design tools that dominate mainstream hardware design today. HDLs like Verilog,
VHDL, Bluespec [42], and Chisel [9] work at the register transfer level (RTL): an extremely detailed
abstraction that gives programmers direct control over individual clock cycles, explicit wiring
topologies, and the allocation of physical resources. ADLs raise the level of abstraction, offering
algorithmic abstractions that hide some of these concrete hardware details, and eventually compile
into HDL descriptions as a target.

In the same way that high-level software languages build on top of C and assembly, ADLs offer
an alternative to HDLs that trade off some control for vastly improved productivity. Conventionally,
however, designing and implementing ADLs has been a Herculean task. As a result, few successful
ADLs currently exist. The dominant examples today are proprietary high-level synthesis (HLS)
compilers [7, 11} 29, 38] that attempt to translate legacy software languages—typically C or C++—
into HDL designs. Despite years of commercial investment, even these tools are exceptionally
buggy [27] and yield wildly unpredictable performance [40].

In our view, the monolithic commercial approach to ADLs is hopeless. The problem is that a
single language or a single compiler cannot begin to cover the diversity of use cases for an entire
industry of accelerator development. At the same time, the industry cannot sustain n siloed ADL
compilers for n different use cases. The only practical approach is an open-source ecosystem,
where many stakeholders build on and contribute to a common foundation. In the same way that
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Figure 1: The Calyx open-source project and its interactions with other ecosystems. Shaded blocks denote
proprietary tools. Dashed outlines mark extensions to the Calyx infrastructure proposed in this work.

the software industry has largely abandoned proprietary compilers in favor of building on GCC
and LLVM [31], accelerator design needs an open-source basis for the next generation of ADLs.

Calyx aims to lower the barrier to entry for the creation of new ADLs and their compilers.
Instead of focusing on a single input language, Calyx is a compiler infrastructure that encompasses
an array of interacting components that developers can use to construct a toolchain for any ADL.
There is an analogy between LLVM [34], a dominant open-source infrastructure for building
software compilers, and Calyx’s vision: through an open-source, language-neutral toolkit that
different projects can mix and match for their own use cases, both projects aim to harness the
collective effort of many different compiler projects.

Figure [1| depicts the Calyx open-source project. The centerpiece is Calyx’s intermediate lan-
guage (IL) [41], which represents hardware throughout the lifecycle of an accelerator design.
An ensemble of tools all work with the IL: frontends for high-level languages such as the TVM
machine learning compiler [12] generate the IL, a stack of optimizations transform the IL to im-
prove its performance and efficiency, an interactive debugger executes the IL directly [10], and
a compiler backend translates the IL into SystemVerilog to hand off to hardware simulators or
EDA toolchains. Calyx is also a critical component of CIRCT [36], an industry-led initiative to
collaborate on interoperable hardware compilers and tools.

A nascent open-source ecosystem. While other research-stage compiler infrastructures have
been proposed [13} 22, 23,149, 57], few of them have developed into full open-source projects with
sustained investment. In contrast, Calyx has been continuously developed since its inception in
2019 and has supported an array of research and industrial users (see Section 2.4). As far as
we are aware, Google’s XLS project [20] is the only other currently supported, open-source ADL
compiler toolchain. XLS has complementary goals to Calyx: its primary priority is accelerating the
productivity of Google engineers on the company’s silicon products. MLIR’s CIRCT project [36]
has some similar aims, but it relies on Calyx to generate hardware designs.

The Calyx open-source project already has 56 unique contributors, robust testing and continu-
ous integration (CI) infrastructure, 39,000 words of technical documentation, and multiple ongoing
external collaborations. The next step is for the framework to develop an open-source ecosystem
that can harness the development investment of academic, industry, and government stakeholders.

Building a robust, multi-stakeholder ecosystem. Progressin the Calyx ecosystem so far has come
exclusively as a byproduct of research efforts. Its potential is gated by the informal organization
and governance that comes with an organically growing open-source project. This proposal is to
establish a robust organization behind Calyx that will help it reach the momentum of a sustainable,
multilateral ecosystem driven by investment from many stakeholders. Our vision is to realize the
potential of a modular, open infrastructure: each user’s investment in one piece of the ecosystem



feeds back into the larger community and bolsters all other use cases. Over time, Calyx will
develop into a toolchain that will be unmatched by any single-vendor, proprietary approach.

Our plan for the Calyx OSE includes a formal, multi-stakeholder governance model; technical
infrastructure that integrates with mainstream hardware toolchains; and community-building
efforts to induct new users and contributors into the ecosystem. Together, this work will let Calyx
support an era of pervasive acceleration, where all performance-intensive computing applications—
not just the most popular and best funded—benefit from the unmatched efficiency advantages of
domain-specific hardware.

2 Context of the Open-Source Ecosystem

This section summarizes Calyx’s goals and its progress since its inception in 2019; Section [3| then
describes our plans to build a full open-source ecosystem (OSE) around the project.

2.1 Principles, Vision, and Impact

We articulate a central vision statement for the proposed OSE around Calyx:

Realizing the potential of pervasive hardware acceleration requires a rapid expansion in the
number of high-level programming languages that compile to hardware accelerators. Calyx
aims to act as the catalyst for the proliferation of these languages.

Our vision intentionally embraces an analogy to LLVM [34], an open-source infrastructure that
has has accelerated innovation in software programming languages by lowering the cost to build
new high-quality compilers. New software languages like Rust and Swift, by building on LLVM,
have more quickly become serious challengers to entrenched languages like C and C++. And
by remaining the “default choice” for new compiler implementation efforts, LLVM consolidates
engineering effort across many different projects and avoids duplication of work. Calyx aims to
bring the same pattern of rapid language innovation to accelerator design.

Programming languages, however, are not the end goal of this vision: the ultimate goal is to
bring custom hardware acceleration to a long tail of computing applications. Today, specialized silicon
is reserved for large, well-funded teams and only the highest-value applications. In a particularly
stark example, industrial artificial intelligence (AI) hardware has focused on the most well-studied
machine learning models, which helps further entrench their advantage over more experimental
approaches to machine learning (ML) [28]. In a world with a lower barrier to entry for silicon
design, smaller teams and earlier-stage ideas could compete on a more level playing field with
conventional approaches.

While AI has monopolized the recent attention of custom hardware investment, many more
categories of applications stand to benefit. Bespoke hardware to support climate modeling or
genomic analysis, for instance, could bring qualitative advances in the capabilities of those fields
if we can empower domain experts to design it. A conventional accelerator development model,
with a strict separation between hardware engineers and application experts, is unlikely to yield
pervasive, cost-effective hardware projects. We see domain-specific ADLs as the key to enabling
application experts from any domain to become accelerator designers—and infrastructures like
Calyx as the catalyst for those programming models.

2.2 A Comprehensive Intermediate Language for Accelerator Compilation

The Calyx project (Figure [1) encompasses a spectrum of tools that all intersect on a common in-
termediate language. The IL is Calyx’s central differentiator from other compiler infrastructures:
it provides a single program representation that bridges the gap between high-level semantics and



low-level control over the hardware structure. Consequently, all of Calyx’s frontends, analyses, op-
timizations, and ancillary tools can work on the same representation with well-defined semantics:
there are no “hidden” data structures that control the hardware’s performance or behavior.

The Calyx IL was originally introduced in an ASPLOS 2021 paper about its design [41]. Calyx
explicitly represents both the physical structure of the hardware and its logical control. The struc-
tural component resembles a traditional HDL, representing physical elements like functional units
and memories. The control component resembles an imperative software language, describing
how to orchestrate those structural resources over time to compute a function. Calyx’s ADL fron-
tends generate code that relies heavily on control to implement high-level semantics, such as those
of the TVM deep learning compiler [12] or the Dahlia loop-based ADL [40]. A suite of lowering
and optimization passes gradually converts these high-level constructs into structural elements,
instantiating specialized control logic to implement them. Finally, after applying these passes, the
Calyx IL reaches a form that is fully structural and isomorphic to a traditional HDL. The Calyx
compiler backend is a simple translation to Verilog, which can then feed into a traditional closed-
or open-source EDA toolchain to produce silicon or FPGA designs.

The Calyx open-source project has expanded beyond the original compiler stack from 2021.
Calyxnow includes Cider, an interpreter and debugger that can directly execute the Calyx IL without
first compiling it to Verilog [10]. Cider forced the project to formalize and clarify the semantics of
the IL, and it provides an indispensable debugging tool that lets programmers interactively step
through accelerator executions—much like a traditional software debugger like GDB or LLDB.
Calyx has also developed deep connections to MLIR’s CIRCT subproject [36], a broader effort to
develop new open-source hardware compilation tools. Calyx serves as an integral component
of several hardware-generation flows within CIRCT by exchanging code bidirectionally with the
MLIR ecosystem. Section 2.4{elaborates on the connections between Calyx and CIRCT as well as
other components that have already built upon the Calyx infrastructure.

2.3 Current Open-Source Organization

The Calyx project has so far been managed informally, controlled by a small group of researchers
at Cornell University who share equal rights to contribute and manage the project. Despite this
informal structure, we have already set up our technical management of the project to prepare it
for sustainable development. Calyx follows several best practices for open-source work:

¢ Calyx has used the permissive MIT license since its inception.

¢ Calyx is a mono-repository (monorepo) that includes many disparate components under a
single source tree: the core compiler, the IL's standard library, documentation and tutorials,
and a separate Python library for generating Calyx programs. The monorepo organization
makes it easy to implement coordinated changes between these disparate components and
to catch any unintended breakage through continuous testing.

¢ Calyx has approximately 500 tests across all the components in the monorepo. The devel-
opment model relies heavily on snapshot-based regression testing, where every bug fix or
feature comes with test inputs and their expected outputs.

¢ The entire test suite runs on every commit via continuous integration (CI). Our development
model enforces an “always green on main” policy, where all new work happens in branches,
and we can only merge a branch once the complete test suite passes. All contributions, even
from the core team, go through GitHub pull requests to enable code review and discussion.



¢ Calyx uses continuous delivery (CD) for documentation and Docker container images. Every
new commit automatically updates the publicly visible documentation and produces new
Docker images for Intel and ARM architectures for easy setup..

* We regularly tag versions of the Calyx library for external consumption. Releases follow the
semantic versioning [43] scheme to convey the severity of changes to dependent projects.

¢ All communication about the Calyx project happens in the open, via GitHub issues and
discussion threads. The Cornell team is careful to keep private communication channels to
a minimum so every decision is visible to the community and archived for future reference.

Calyx’s infrastructure is written in 56,000 lines of Rust, 18,000 lines of Python, and several thousand
lines of tests and other infrastructure. To date, it has had 56 unique contributors, 2,200 issues and
pull requests with cumulatively hundreds of thousands of words of discussion. The project has
39,000 words of documentation, spanning getting-started tutorials, a detailed language reference,
and users’ guides for each tool in the ecosystem.

2.4 Collaboration and Adoption

Calyx has already been the focal point of several industrial and academic collaborations. Instead
of an exhaustive list, this section enumerates a few examples that highlight the critical role that
Calyx already plays in high-level accelerator design.

The CIRCT project. CIRCT [36] is a recent multilateral open-source effort that includes contribu-
tors from SiFive, AMD, Microsoft, and academia to build new hardware tooling on the MLIR [35]
framework. CIRCT encompasses several new MLIR dialects for low-level hardware description and
for high-level synthesis flows. Our team contributed an MLIR dialect that corresponds to Calyx IL
and tooling to convert between the MLIR dialect and Calyx’s “native” representation (see Figure([I).
Since then, the MLIR project has embraced Calyx as a critical component of its HLS flows: several
initiatives rely on translating other MLIR dialects into Calyx, passing this representation through
the Calyx compiler, and then returning to MLIR for low-level Verilog generation. This proposal
includes letters of collaboration from two experts in the CIRCT ecosystem, Stephen Neuendorffer

(AMD) and Julian Opperman (Codeplay), that provide more details on this symbiotic relationship.

Halide-to-Calyx compiler. A 2023 master’s thesis from the Universitat Politecnica de Catalunya [21]]
built a new compiler from the Halide image-processing DSL [46] to hardware accelerators using
Calyx. The thesis demonstrates how realizing high-level semantics in hardware would be pro-
hibitively challenging without such an infrastructure and details how to use Calyx to produce
accelerator implementations that are ready to use from software. See the included letter of collab-
oration from this thesis’s author, Sergi Granell Escalfet, for more commentary on the role Calyx
played in this work.

The Spade HDL. The Calyx team has an ongoing collaboration with the primary developer of the
Spade HDL [50], a modern alternative to traditional hardware description languages that brings
type safety and new features for composability. See the included letter from Frans Skarman, the
project’s lead developer, on his plans for integrating Spade and Calyx to combine the advantages
of low-level and high-level hardware design.

Google XLS. The Calyx team also interacts regularly with the Google team developing XLS [20],
another open-source ADL compiler that aims to accelerate Google’s own chip development work.
The complementary goals of Calyx and XLS mean that, while the concrete directions remain
distinct, the two projects can exchange ideas and techniques that are relevant to any open-source
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Figure 2: Open-source and proprietary technologies for hardware design. This proposal focuses on compil-
ing high-level languages to hardware—above the level of traditional hardware description languages and
electronic design automation toolchains, where robust open-source ecosystems are already established.
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accelerator generation toolchain. Chris Leary (Google) has provided a letter of collaboration
expanding on this symbiotic relationship.

2.5 The Open-Source Hardware Design Landscape

Via high-profile projects like RISC-V [56], Chisel [9], and OpenROAD [5], open-source hardware
has gained momentum over the last decade. These open-source toolchain alternatives, however,
have centered on the lower layers in the hardware design stack: hardware description languages
and electronic design automation tools. While these components form the foundation for open-
source hardware, they occupy a fundamentally different space from Calyx: they support low-level
digital design by trained hardware engineers. This proposal focuses on an ecosystem that builds
on these lower layers to make high-level hardware generation accessible to all software engineers.

Figure[|depicts the layers in the open-source hardware design stack and their proprietary coun-
terparts. The lower levels of the stack are populated by robust ecosystems like Chisel, its FIRRTL
compiler infrastructure, and the OpenROAD toolchain. There are even several open-source efforts
to design high-level languages for accelerator design [33] 36| 58]. However, these other languages
rely on proprietary HLS compilers to generate their hardware. This reliance on specific commercial
compilers limits these tools” practicality and flexibility. Calyx aims to act as a fully open-source
backend for these languages, delivering the adaptability that practical solutions require.

The only other actively maintained open-source ADL toolchain we are aware of is Google’s
XLS [20]. XLS focuses on supporting a specific language frontend, DSLX, that targets Google’s
silicon workflows. Calyx aims instead to build a generic, extensible foundation for a wide range of
languages, tools, and optimizations for any hardware target, including reconfigurable hardware.
The two projects’ focus areas complement each other and form an important avenue for future
collaboration (see Section [2.4).

2.6 Team and Qualifications

PI Adrian Sampson will lead the proposed ecosystem-building work. He has led the Calyx project
since its inception, advising an expanding team of PhD students and undergraduate contributors
who implemented the entire system of interoperating tools. PI Sampson brings a combination of
perspectives from both computer architecture and compilers; he runs a lab at Cornell that trains
similarly balanced researchers who routinely publish in not only ISCA, MICRO, and ASPLOS but
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also PLDI and OOPSLA. He won the 2021 IEEE TCCA Young Computer Architect Award in part
for his contributions to generating hardware accelerators from high-level descriptions. The team
will also include the PhD students in PI Sampson’s lab who have acted as the lead developers of
the Calyx ecosystem and, after spending hundreds of person-hours on maintaining and extending
it, know the technical details best.

3 Proposed Open-Source Ecosystem

This section describes our plans to develop the Calyx open-source project into a robust, self-
sustaining ecosystem. It covers three main thrusts: implementing a formal governance structure
for the ecosystem (Section [B.1)), building the auxiliary technical infrastructure to make Calyx the
“default choice” for new acceleration projects (Section [3.2), and community building to expand
the set of contributors to the ecosystem (Section [3.3).

3.1 Governing the Calyx Ecosystem

A main focus will be to establish a formal governance structure for Calyx. The project began as an

informal do-ocracy [39], where the only barrier to contribution is the willingness to do the work.

While it suffices for small projects, this informal model is not sustainable: it depends on individual

people instead of long-lasting institutional structures that persist as contributors come and go.
We envision a sustainable governance system that embodies three core values:

1. Accountability and legitimacy. Technical decisions and the allocation of work must reflect the
priorities of the Calyx community.

2. Inclusiveness. All identities and backgrounds are welcome in the Calyx community. We
actively work to make every community member feel safe and empowered to contribute.

3. Research/application synergy. Calyx is both a practical tool for industrial applications and a
platform for experimental research. The project balances stability and innovation so that
these goals work together instead of conflicting.

Figure 3illustrates our planned governance structure and how it interacts with the broader com-
munity around it. The core organizing mechanism is a request for comment (RFC) process, where all
organizational and technical decisions are made in the open (Section[3.1.1). We will create a set of
consensus-based leadership teams (Section to manage the project’s direction with the formal
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power to accept or reject RFC proposals. Finally, the project will designate involved contributors
as committers, granting them the power to merge contributions as directed by the leadership teams
and the RFCs they ratify. This organization is modeled after the governance structure behind
several modern programming languages, such as Swift, Rust, and Python, which also emphasize
participatory transparency in the language evolution process.

During the first year of this project, we will contract with an open governance consultant,
Shauna Gordon-McKeon, to implement the formal bylaws that reflect this structure. Gordon-
McKeon is an expert on open governance and open-source projects who will ensure that Calyx
follows the best known practices for setting up sustainable ecosystems.

3.1.1 The RFC-Based Evolution Process for Open Decision-Making

The core governance mechanism in the Calyx ecosystem will be request for comment (RFC) doc-
uments. The RFC process ensures that all decisions are made in the open, to keep the process
transparent and accountable to the entire community. While we rely on smaller leadership teams
to make final calls (see Section [3.1.2), the full community is involved in proposing, discussing,
designing, and implementing every change to Calyx.

RFCs, modeled after the Internet Engineering Task Force (IETF)’s standardization process,
are documents that describe technical or organizational changes. Many open-source language
projects implement a similar process, such as Python Enhancement Proposals (PEPs) [45] or Swift’s
evolution process [51]], to codify every new unit of work in detailed, archived written justifications.
Embodying the value of accountability and legitimacy, the RFC process ensures that every decision is
made transparently, with input from the entire community. RFCs cover both technical work (e.g.,
new features in the Calyx language or tooling) and nontechnical, organizational decisions (e.g.,
policy changes or the creation of a new leadership team). While minor code changes, such as bug
fixes and performance improvements, can happen without an RFC, all major changes—including
any user-visible functional changes to the Calyx tools—must be authorized by an accepted RFC.

Figure[ddepicts the flowchart for proposing, discussing, accepting, and eventually implement-
ing RFCs. Each RFC has a specific status assigned at any given time. Anyone in the community
can draft a new RFC by sending a pull request to the Calyx project’s RFC repository in Draft
status. To submit an RFC for community input, the author posts a broad announcement to the
project’s discussion forum. While In Discussion, and the entire community—not just the most
closely interested members—are encouraged to provide criticism and context.

When the author believes an RFC has been revised sufficiently for a final decision, they freeze
the text and mark it as Under Review for the appropriate leadership team. If the leadership
team agrees to accept a proposal, the RFC text is finalized and becomes guidance to the project’s
contributors and committers. All functional changes to Calyx require an accepted RFC, so Accepted
is the state where the project formally solicits code contributions that implement the change. After
a committer merges changes that implement an accepted RFC, that RFC is marked as Implemented



to indicate that it is now part of the Calyx project. The RFC then becomes a permanent part of the
project’s documentation.

3.1.2 Leadership Teams

The Calyx ecosystem will adopt a set of leadership teams: small, consensus-based groups whose
primary responsibility is to review and decide on RFCs. Leadership teams are the key to the
ecosystem’s sustainability; their roles persist beyond the involvement of any individual contributor.
We envision a growing set of leadership teams in the future, but the project will start with three:

¢ The Steering team provides high-level guidance to the entire project. This team handles
organizational (non-technical) RFCs, including ones to create new leadership teams. This
team is also responsible for enforcing the community’s Code of Conduct (see Section (3.3.1)).

* A Language Evolution team manages the specification of the Calyx IL. This team handles any
RFCs that add features or break backwards-compatibility in the language.

¢ The Compiler & Tools team covers the concrete infrastructure in the Calyx project: the compiler,
debugger, frontends, and so on. Initially, it will review all technical RFCs that do not affect
the Calyx IL’s semantics. This team is also responsible for handling security disclosures and
responding to vulnerabilities.

All Calyx leadership teams use consensus to make decisions. While most communication among
the teams should happen in the open, on GitHub issues and discussions, we plan to set up a
private communication channel for sensitive topics (such as security reports and Code of Conduct
violations). Teams will meet monthly to supplement these asynchronous communications. The
membership for all three will start with the current Calyx development team; the team can agree
to add new members via consensus. As the community grows, the Steering team may consider
changing the membership model to use community elections instead.

We expect to add new, topic-specific leadership teams as the project scales. Via the standard
RFC process, community members can create a new team for any topic that becomes a distinct
area of focus—such as splitting specific components from the umbrella Compiler & Tools team.

3.2 Technical Infrastructure to Support the Ecosystem

The second major focus in this proposal is on putting into place the technical infrastructure for the
ecosystem to succeed. The key insight is that, to become self-sustaining, the Calyx OSE needs to
engage stakeholders across a variety of different accelerator application domains. It is therefore
critical for the ecosystem to integrate with the existing, mainstream tools that accelerator designers
already use. These integrations will provide entry points for Calyx users and ultimately “jump
start” a virtuous cycle of adoption, contribution, and development.

Concretely, the greatest need is for deep integrations with FPGA and ASIC development work-
flows. We propose three main ecosystem initiatives: supporting FPGA toolchains (Section [3.2.1),
integrating with open-source ASIC ecosystems (Section[3.2.2), and a new target-specific optimiza-
tion framework to extract the best performance from both technology backends (Section [3.2.3).

3.2.1 Deploying on FPGAs and FPGA/CPU Hybrids

We aim to add first-class support for compiling Calyx-based accelerators to AMD and Intel FPGAs
via each vendor’s proprietary toolchains. We see three main technical challenges in making this
kind of development workflow practical:

1. Automating interactions with vendor toolchains. The toolchains for the two leading FPGA
vendors (AMD and Intel) typically require manual intervention to produce final FPGA



binaries. Calyx already has initial support for automatically orchestrating a specific version
of AMD'’s tools, but this support is limited to basic, bulk-transfer accelerator interfaces. This
work will build equivalent support for Intel’s FPGA toolchain and add a new self-hosted
continuous integration (CI) pipeline that automatically tests the end-to-end workflow on
every Calyx commit. The end result will be a documented, robust mechanism to produce
FPGA binaries for either platform from Calyx-based compilers with a single command.

The new CI infrastructure will require physical equipment to run the vendor toolchains,
which can require many hours per invocation, and to run experiments on real FPGAs.
Because we expect this testing workload to scale with the Calyx ecosystem this proposal
budgets for one multi-FPGA-equipped server per year to host the growing workload.

2. The host—accelerator interface. Realistic deployments of FPGA-based accelerators need robust,
efficient interfaces between the CPU and the FPGA. On both Intel and AMD platforms,
this interface consists of an AXI or Avalon protocol for low-level data exchange together
with a driver and C software library for invoking this interface [8, 30]. These interfaces
are very flexible: they support custom bus widths, streaming to overlap communication
and computation, and bursting to mitigate per-transfer overhead. Implementing a high-
performance interface customized for a specific application is therefore typically an involved,
manual engineering project. Calyx has proof-of-concept support for generating a basic, low-
performance AXI wrapper for simple synchronous accelerators that works with AMD’s XRT
host interface [8]. This component of the project will develop a flexible, high-performance
AXI interface generator that can stream data for a wider range of accelerator data ports.
The plan is to design a small interface definition language (IDL) for describing the desired
interface and a compiler from this IDL into Calyx code to implement the interface for either
AMD or Intel devices. We will also generate host-side wrapper code for C and Rust programs
on top of the two vendors’ software libraries to make it simple to use these interfaces.

3. Incorporating off-chip memories. While FPGAs have small, fast on-chip SRAMs, even medium-
scale workloads require storing data in the FPGA's off-chip memory. Several modern FPGAs
include dedicated high-bandwidth memory (HBM) stacks specifically for this purpose. To
make Calyx-based FPGA acceleration practical, we will build new abstractions for using these
memories from within Calyx code. The abstraction will consist of a new library interface
for accessing generic, variable-latency, block-oriented data stores, together with concrete
implementations of this interface that link to vendors’ provided IP libraries for interacting
with these memories. The end result will be a push-button mechanism for Calyx frontends
to exploit bulk data storage without per-vendor engineering.

3.2.2 Integrating with Open-Source ASIC Ecosystems
This thrust of the infrastructure work will focus on integrating with the emergent open-source
ecosystem for ASIC development. Specifically, we aim to build first-class support for synthesizing
Calyx-based accelerators with the OpenROAD EDA toolchain [5] and open-source PDKs [2, 14].
Extending our push-button FPGA toolchain automation support from Section we plan to
build support for sending Calyx-generated HDL code through the OpenROAD toolchain to pro-
duce GDS designs. A critical component of this effort will be integrating with an open-source
memory compiler such as DFFRAM [52] or OpenRAM [24] to include on-chip SRAMs optimized
for a specific silicon process.

Asa “challenge goal” to demonstrate the viability of this fully open-source accelerator toolchain,
we aim to participate in a future iteration of the TinyTapeout multi-project fabrication run that uses
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the open-source SKY130 PDK [4]. We will demonstrate a push-button, fully automated workflow
that generates a tapeout-ready design from a high-level language that compiles to Calyx.

3.2.3 Target-Specific Optimization Framework

Calyx’s current compiler passes focus on target-independent optimization, in the sense that they
heuristically improve power, performance, and area (PPA) on average for any physical implemen-
tation. While this approach works for coarse-grained, generic transformations where there are no
complex trade-offs, many realistic optimizations depend deeply on the concrete target. A given
FPGA model will prefer specific bit-widths for arithmetic operations, for example, and every ASIC
process and standard-cell library comes with different implications for timing closure and pipeline
depth. Extracting the best performance from each hardware backend requires incorporating in-
formation about the target process into the optimization pipeline.

Rather than design individual target-specific optimizations, the proposed work will implement
generic infrastructure for supporting this category of optimization. The framework will include a
format for specifying a cost model for a specific backend workflow: relative area and delay estimates
for each element in an abstract standard-cell library based on the common Liberty [3] format. The
Rust compiler will expose this cost-model information via Rust interfaces that lets optimization
passes estimate the area and delay impact of a specific transformation before committing to it. We
plan to showcase the new framework by enhancing Calyx’s existing resource sharing optimization
to minimize a target-specific area estimate instead of a generic one.

3.3 Community Building and Engagement

While Calyx already has an established user and developer base, a core focus in the proposed
work is building the infrastructure to support users and contributors as they join the ecosystem.
A vibrant, sustainable ecosystem requires pluralistic participation from a large community of
stakeholders. To this end, it is a critical priority to make it as easy as possible to start using Calyx
and to start contributing back.

Reflecting Calyx’s principle of balancing research with applications, our work on this theme
focuses on both categories of contributors. Our aims in this thrust are threefold: we will build
the fundamental project infrastructure for a welcoming, accessible community, including doc-
umentation and community norms (Section ,' we will conduct active outreach to research
communities, including tutorials and training workshops (Section ; and, we will establish di-
rect collaborations with industry and government users to help adopt Calyx for specific accelerator

generation projects (Section (3.3.3).

3.3.1 Project and Community Infrastructure

This thrust of the proposed work focuses on developing community infrastructure to foster the long-
term health of the Calyx ecosystem. Our aim is to support Calyx’s contributors as they learn to
make technical contributions while feeling safe in the community.

Community norms. A healthy open-source ecosystem requires an inclusive, respectful, and eq-
uitable community. Calyx will adopt the Contributor Covenant [14], a widely used code of conduct
for open-source projects that specifies standards around respect, inclusiveness of minorities and
underrepresented groups, and keeping discussions constructive. The Contributor Covenant in-
cludes explicit mechanisms for community moderation, including an escalating scale of warnings
that can eventually lead to banning people who repeatedly violate the guidelines.

Maintaining a safe and inclusive environment will require ongoing effort to enforce the Con-
tributor Covenant. This proposal includes support for developers and administrative support
staff; these staff members will have specific responsibilities to monitor communications in the
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community to flag violations of the Covenant and other interpersonal problems that arise in the
community. When disputes arise that cannot be handled by individual community members, the
staff will involve the Steering team (Section 3.1.2) to moderate and provide final decisions.

Expanded and reorganized documentation. A main focus over the first year of this award
will be on expanding and refining Calyx’s technical documentation. By the typical standards
of research projects, Calyx already has extensive documentation: it has “getting started” guides,
a basic tutorial for the Calyx IL and its associated tooling, an elaborate hands-on tutorial that
guides users through writing a DSL-to-hardware compiler using the complete framework, and a
detailed language reference. However, this documentation has grown organically along with the
infrastructure itself, and its level of coverage can be inconsistent.

A main priority for the development staff and research personnel during this project will be
auditing the entire “surface area” of the Calyx language and tooling and adding documentation
throughout. We plan to build tools that automatically measure the fraction of API features and IL
constructs that have documentation so we can track our progress toward complete coverage. By
the second year of the proposed project, we aim to enter a maintenance phase where we enforce
complete coverage by implementing continuous integration (CI) checks that automatically reject
new contributions that do not come with associated documentation for new features.

Technical contribution onramps. Expanding the Calyx community will require “onramps” that
make it easy to convert passive users into active contributors. We believe that the best way to
begin contributing is to learn by doing: to start by making a compact, low-stakes contribution that
nonetheless benefits the project in a small way. This onramp process provides a critical opportunity
for the current community to offer guidance through the process and technical feedback on the
contribution. During the two years of this project, the technical staff will focus on building and
maintaining a library of GitHub issues labeled specifically for newcomers to the project. We plan
to build a section in Calyx’s documentation that points to this evolving list of onramp issues
and includes step-by-step guidance about how to approach one. When a new contributor starts
addressing one of these issues, all members of the project will prioritize offering hands-on feedback
and guidance to help induct the contributor into the community.

3.3.2 Training for a Research Audience

Researchers, especially in academia, are a core audience for the Calyx ecosystem. We want to
include both systems researchers, who are interested in optimization passes and new language
constructs, and applications researchers, who simply want to generate efficient hardware accelera-
tors for their workloads.

Our main plan for engaging the research audience is through hands-on tutorials, which we
will run both in person at conferences and virtually. The Cornell team already ran a successful
Calyx tutorial at FCRC 2023, where a dozen in-person attendees and several virtual attendees
wrote their first Calyx IL code and built proof-of-concept compilers for a high-level DSL. As part of
this tutorial, the team also produced comprehensive asynchronous materials for the same “lesson
plan” that are now part of the public Calyx documentation.

The proposed work will include two synchronous tutorials per year: one co-located with
a systems-focused venue (e.g., PLDI, ISCA, or ASPLOS) and one at an application venue (e.g.,
NeurIPS, SIGMOD, or Supercomputing). As part of preparing each tutorial, the team will iterate
on the associated open-source materials each time so the same approach remains available asyn-
chronously to interested users. A major focus in the curricular development will be on designing
novel examples that are relevant to each application domain. Each tutorial offering will be “hybrid”
to allow worldwide participation via videoconferencing.
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3.3.3 Non-Academic Collaborations

Industry, government, and non-profit collaborators will be an important component of the Calyx
community’s growth. In the second year of the proposed work, our focus will shift to working
directly with external teams to help them start using Calyx for their specific applications. While
the long-term goal is to support these teams through a self-sustaining community, we aim to
“bootstrap” this community in part through direct assistance to a small number of potential new
users. Our technical team will directly contact teams in industry and at national labs who have
ongoing hardware acceleration efforts, such as at Sandia National Labs [15], Google, and OctoML,
the stewards of the TVM open-source machine learning compiler [12]. Our aim is to find teams
who are interested in compiling a new or existing high-level language to hardware and provide
direct technical guidance with the ultimate goal of building the community around the project.
Through these case-study applications, we aim to identify technical and documentation gaps in
the Calyx ecosystem and guide future development to support similar applications.

As part of the Calyx OSE’s long-term sustainability goals, the project will implement a formal
membership structure for private companies that want to participate in the Calyx ecosystem. Or-
ganizations will join by paying yearly dues in the form of unrestricted gifts, which will subsidize
infrastructure development work and research. Member companies will receive formal acknowl-
edgment on the Calyx project website and opportunities to advertise open positions to Calyx
contributors. Critically, membership entails no special access to the Calyx ecosystem itself—all
code remains equally available to everyone, and RFC-based decision-making remains open to the
full community. The primary benefit of membership is helping sustain an ecosystem that provides
value to the companies that use it.

4 Broader Impacts

A flourishing open-source ecosystem around Calyx will lower the barrier to entry for hardware ac-
celeration. The broader impacts on society are potentially profound: any application of computing
and any small technology enterprise has the potential to gain access to the hundred-fold efficiency
gains that accelerators can offer over CPUs [25]. This magnitude of efficiency gain can amount
to the difference between practicality and impracticality. Improved approaches to widespread
problems like machine learning, physical simulation, or genomic assembly may become competi-
tive with entrenched methods where, on CPUs, they would be too costly to be practical. Efficient
accelerators will also mitigate the growing energy costs and emissions from the technology sector,
which has already surpassed 1% of worldwide electricity use [37].

A key feature of the proposed Calyx OSE is in its planned contributions to diversity, equity
and inclusion (DEI) and educational activities. We plan to partner with multiple on-campus
groups at Cornell, such as Women in Computing at Cornell (WICC) and the Underrepresented
Minorities in Computing Club (URMC), to expose a broader and more diverse set of computing
students to open-source development. In collaboration with these clubs, the Calyx technical staff
will create a new yearly workshop where WICC and URMC members learn the basics of open-
source contributions: learning about projects on forges like GitHub, finding places to contribute,
and following the project’s guidance about how to help. These skills are part of the “hidden
curriculum” in an undergraduate CS degree: while they are never taught in any standard course,
they are an integral part of many computing careers. A history of open-source contributions can
even help enhance applications to software engineering roles. This new workshop will use a
hands-on style to guide students through their first open-source contribution. After the two-year
period of this proposed project, we plan to scale up this effort by disseminating the materials to
other universities as a “recipe” to run similar workshops.
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PISampson also co-founded Cornell’s Bowers CIS Undergraduate Experience (BURE) program,
which involves undergraduates in paid research projects over the summer and helps prepare them
for PhD applications. He will create a new lecture about open-source research software as part
of BURE’s Research Skills Seminar Series. The new content will expose these new researchers
to open-source forms of impact and emphasize that—beyond just publishing papers—computer
scientists have a responsibility to disseminate the software systems behind their work.

Finally, the Cornell team will launch a new educational initiative to disseminate the fundamen-
tal concepts and skills behind accelerator generation. Hardware design and compiler implemen-
tation are both notoriously difficult topics to learn from scratch, and both are rapidly becoming
more important parts of the technology landscape. This component of the proposed work will
take the form of a series of blog posts, written by the entire team at Cornell (the PhD student,
the postdoctoral researcher, the staff programmer, and the PI), that teach the basics of hardware
acceleration, synthesis toolchains, and ADL design. The main goal of these blog posts is to help
people build the skills and background necessary to become Calyx contributors—but they will also
serve as more general educational vehicles on the topic of accelerator generation. This educational
blog will become a part of the official Calyx website, and it will persist as an ongoing project
throughout the proposed term of work and beyond.

5 Execution Plan

This two-year project will fund three interlocking streams of work comprising governance, technical,
and collaboration activities. The common goal is to bootstrap a virtuous cycle that sustains the
Calyx OSE in the long term. We will establish a formalized development process, which supports
technical development, which in turn drives adoption, which leads to industrial funding and
engineering contributions, which powers the ecosystem as a whole. Two years of effort in each
of these categories will build the momentum that Calyx needs to become self-sustaining. We will
quantify progress in each of these categories to evaluate the health of the Calyx OSE.

Establishing governance. We plan to work with an external consultant on open-source gov-
ernance to implement our proposed organization for the Calyx OSE (see Section 3.I). Shauna
Gordon-McKeon (see letter included in supplementary materials) is an experienced advisor to
open-source projects and runs the Governing Open collection of best practices for running self-
sustaining open-source projects. Gordon-McKeon will be instrumental in helping launch a Calyx
OSE that productively combines efforts from industry and academia.

This proposal will also support a new, half-time administrative coordinator who will manage
the Calyx OSE. The administrator will be responsible for coordinating and running bi-weekly
meetings for all Calyx staff, organizing workshops and tutorials with our community partners,
liaising with non-academic collaborators, and helping moderate the technical communication
channels for the open-source project.

Technical integrations. This project will construct the technical foundations necessary for widespread
Calyx adoption. Our goals do not include general development of the Calyx infrastructure; in-
stead, we are narrowly focused on implementing integrations that connect Calyx to the broader
landscape of hardware development tooling (see Section [3.2| for details). These externally-facing
integrations will make it straightforward for industrial and academic teams to start using Calyx for
accelerator development, which is a critical ingredient in establishing a self-sustaining ecosystem.

A small software engineering team, consisting of one full-time and one half-time engineer, will
focus on implementing these system integrations. The full-time staff member will focus on deep
integration with open-source ASIC toolchains (Section and accompanying optimizations
that will make Calyx a competitive option for ASIC development (Section [3.2.3). The second,
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part-time engineer will focus on the critical near-term task of integrating with FPGA toolchains
(Section 3.2.1), which can make Calyx useful even for acceleration projects with a limited budget
that precludes ASIC deployment. This team will also be responsible for overhauling Calyx’s
approach continuous integration and performance measurement, writing new documentation,
and responding to requests from external collaborators.

Collaborations with academia and industry. This proposal will support the creation of a suite
of collaborations between the core Calyx team and external users in both industry and academia.
These collaborations are the key to expanding the audience of users who are invested in the
Calyx OSE, which in turn is required for a self-sustaining project after the two-year period of this
award. Our strategy is to view these open-source collaborations as tightly integrated with research
efforts: we will seek collaborations that yield both open-source contributions and publishable
scientific results. Our lab has an established track record of pursuing research with this dual form
of impact, including multiple collaborations with industry teams oriented around open-source
artifacts [54, 55]. We see open-source impact as a coequal form of research dissemination to
peer-reviewed papers and aim to pursue both together.

To lead this effort, this proposal includes half support for one postdoctoral research and half
support for each of two PhD students. All three of these personnel will also be supported by other
awards with a pure research focus. They will dedicate half their time to building open-source
collaborations with research teams either at other universities or in industry or government labs
(see Section 3.3.3). These collaborations will also entail traditional research projects that occupy
the other half of their time, not supported by this award. They will also necessarily involve
coordination with the Calyx software engineers to build new capabilities to drive adoption of the
ecosystem.

Evaluation. To evaluate the success of the Calyx OSE, we will track a collection of technical
and adoption metrics on a quarterly basis. The quantitative metrics include activity statistics
from Calyx’s monorepo: the number of unique contributors, commit counts, lines of code added
or deleted, and the word count among new discussions and issue comments. We also plan to
manually track the number of external projects we are aware of that build on the Calyx ecosystem,
categorizing each into “exploring” or “implementing” stages. Finally, we will track the number of
participants in the tutorials we run to train new researchers on the Calyx ecosystem (Section3.3.2).
In general, we aim to increase these various activity metrics by roughly 2x by the end of the first
year and 5x by the end of the second (measured relative to the start date of the award). Depending
on quarterly progress reports on these metrics, we plan to adapt our plan and address problems
that are limiting the ecosystem’s growth.

6 Results from Prior NSF Support

PI Sampson is PI on NSF Award “CAREER: Type-Driven Heterogeneous Programming” (#1845952;
$549,997; March 2019-June 2024). Intellectual Merit. This project focused on designing program-
ming languages for heterogeneous systems: GPUs, FPGAs, and DSPs [18, 40, [53]. This award
supported the creation of the original Calyx IL design and its compiler [41]. This POSE proposal
is to build on that fundamental research contribution to deliver a robust, reusable ecosystem that
serves both as a platform for future research and as a tool for industrial applications. Broader
Impacts. PI Sampson designed and disseminated a self-guided online course on compilers that
has been viewed over 6,000 times. He initiated a new set of programs in Cornell’s Bowers CIS
College to broaden access to research for undergraduates, including a funded summer mentorship
program and a new academic-year matching mechanism.
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