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Lowering the Barrier to Entry for Domain-Expert FPGA Acceleration

How Manhattan Reasoning Plans to Accelerate Domain-Specific Architecture Research with FPGAs in the Cloud
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Domain-specific architectures are increasingly built to accelerate individual workloads on FPGAs such as deep learning, genomics,
and boolean satisfiability. Yet the researchers who hold the domain problems are largely absent from the hardware work: across three
decades of SAT solving, hardware publications roughly doubled while the share co-authored with the software SAT community fell
from 37% to 10%. We argue this reflects not only the difficulty of implementing solvers in hardware, but the cost of access to boards,
licenses, and hardware expertise. We present a serverless cloud platform that removes those costs, letting users program remote FPGAs
from Python on an open toolchain with no license seats to constrain agentic iteration. It runs today on seven Lattice ECP5 boards and
opens to public beta in December 2026. In a pilot, frontier coding agents optimized a SAT solver on real silicon: each improved on the
baseline, none reached algorithmic techniques beyond its DPLL core. We propose a SAT competition with an Al-generated track for

hardware-accelerated solvers, so that domain-experts can prototype accelerators without first becoming hardware engineers.

CCS Concepts: « Hardware — Hardware accelerators; « Networks — Cloud computing; - Software and its engineering
— Development frameworks and environments; « Computing methodologies — Intelligent agents; « Theory of computation —

Automated reasoning.

Additional Key Words and Phrases: domain-specific architectures, FPGAs, high-level synthesis, hardware/software co-design, large

language models

1 Introduction

In their Turing lecture in 2018, John Hennessy and David Patterson talked of a new Golden Age of computer architec-
ture [12]. An age marked by the end of Dennard scaling and Moore’s law, and the rise of domain-specific architectures
(DSAs). They named four criteria for this new age: (1) hardware/software co-design for high-level and domain-specific
languages, (2) enhanced security, (3) free and open architectures, and (4) agile chip development where hardware
design becomes more like software design.

DSAs are specialized computer architectures designed to accelerate workloads in a given application domain,
contrasting general-purpose architectures such as CPUs [11, p. 540]. DSAs have found use in a variety of domains,
including deep learning (TPUs) [16], datacenter acceleration (Catapult) [26], and molecular dynamics (Anton 3) [30], to
name a few.

A common method for prototyping and exploring novel DSAs is the use of field-programmable gate arrays (FPGAs),
which allow candidate designs to be evaluated on real hardware before committing to silicon [3, 17]. Beyond prototyping,
FPGAs have shown promise in accelerating a variety of domain-specific workloads, including molecular dynamics [36],
high-frequency trading [18], genomics [27], boolean satisfiability [21], astronomy [22], economics [8], and even

music [35].

Authors’ Contact Information: Christian Scaff, christian.scaff@columbia.edu, Columbia University, Formal Methods and Reasoning Group, New York, NY,
USA; Zenas Boamah, Haverford College, Haverford, PA, USA; Andrew Bonilla, Columbia University, New York, NY, USA; Mark Santolucito, Barnard
College, Columbia University, New York, NY, USA.
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Fig. 1. Research attention on SAT solving, 2000-2025: publications that accelerate SAT solving in hardware against publications that
advance SAT solving algorithms in software. Dashed lines mark each series’ mean. Both series come from a single OpenAlex query,
classified by whether SAT is the workload being accelerated or the algorithm being improved; papers that merely use a solver are
excluded from both.

Despite the promise of FPGAs in accelerating DSA research, there are significant barriers to entry for the greater
research community. FPGAs are difficult to program, requiring expertise in hardware description languages (HDLs)
such as Verilog or VHDL, creating a steep learning curve for software programmers. While high-level synthesis (HLS)
tools have been developed to allow programming FPGAs in higher-level languages such as C/C++, it is still often
difficult for general software designers with limited hardware experience: a naive HLS C implementation of a CNN
yields an accelerator 80x slower than a single-threaded CPU, while an expert-tuned version of the same kernel achieves
a roughly 7,041x speedup [32].

While there are consumer-grade FPGA development boards under $200, the steep learning curve and a comparatively
small tooling and library ecosystem often position GPUs as the preferred platform for researchers [34]. AWS F2 instances
provide access to high-end FPGAs in the cloud, but are subject to a gap in domain-expert knowledge and cloud-systems
expertise, which can make it difficult to get started [8, 19].

We propose a serverless programming model for FPGAs that allows domain-experts to access FPGAs in the cloud,
with a focus on tighter integration of coding agents and large language models (LLMs) into the development process.

Our approach aims to allow domain-experts with limited hardware background to explore novel DSAs on FPGAs.

2 Motivation

Manhattan Reasoning is motivated from our own experience as domain-experts in formal methods and automated
reasoning. Boolean satisfiability (SAT) was the first problem shown to be NP-complete [10], and modern solvers now
underpin work across formal verification [5], artificial intelligence [7, Ch. 19], circuit design [7, Ch. 27], and automated
theorem proving [7, Ch. 33].

The varying range of practical applications of SAT has led to research in accelerating SAT solving via DSAs as to
parallelize the workload and improve performance relative to general-purpose CPUs, dating back to 1998 [31, 37].
However, there has been limited progress in adopting SAT hardware accelerators due to the difficulty of implementing
the dynamic data structures needed to support modern SAT solving algorithms [21]. Despite this difficulty, recent
publications have shown promise in stand-alone hardware accelerators with SAT-Accel achieving 2.8x speedup over

previous state of the art CPU-based solver Kissat and VeriSAT achieving up to a 17.94x speedup over SAT-Accel [21, 33].
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Fig. 2. The hardware SAT literature grew; the SAT software community’s participation in it did not. Each bar is all hardware-
acceleration publications in an era (148 papers, 2000-2025); the filled segment is those with at least one author who has 3 or more
publications in the software SAT-algorithms class. Participation falls from 37% to 10% while the literature itself roughly doubles, the
sharpest break coming after 2012.

With recent advancements in hardware acceleration for SAT solving, we hypothesize that the gap between research
exploration in software SAT algorithms and hardware acceleration shown in Figure 1 is not solely due to the difficulty of
implementing SAT solvers in hardware, but also the lack of accessible tools and platforms for domain-experts to explore
hardware acceleration. Figure 2 groups these hardware publications into four eras and marks those co-authored by an
established software SAT researcher. The hardware literature roughly doubled over this period, while the share written
with the software community fell from 37% to 10%. Hardware SAT research is growing without the software community.
This lack of collaboration can be further seen in the lack of a hardware track in the SAT competition, despite the fact

that the SAT competition has been running since 2002 and has a dedicated track for parallel SAT solvers [28].

3 Research Vision

We aim to lower the barrier to entry to DSA research for domain-experts by providing a cloud programming platform
for FPGAs. Our platform is denoted by:

o A serverless programming model for FPGAs: We provide a serverless programming model in Python for
FPGAs that allows domain-experts to access FPGAs in the cloud without needing to manage the underlying
cloud infrastructure.

e Coding Agent Integration: We build our platform on FPGAs supported by open-source toolchains such as
nextpnr [29], which impose no licence-seat limit on the parallel, high-volume compilation that agentic iteration

requires.

We plan to illustrate the utility of our platform through a case study on SAT solving, which is within our own domain.

In particular, we will explore the following:

e SAT FPGA Competition: We will organize a competition inspired by the SAT Competition [28], focusing
solely on an Al-generated track to capitalize on the benefits of coding agents for assisting domain-experts
unfamiliar with RTL.

o Fine-tuning an Open Source Model: We will fine-tune an open-source model on RLVR SAT tasks as our own

entry into the competition.
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Fig. 3. The research roadmap for Manhattan Reasoning, showing the two threads of work that fork at the present. The left-to-right
flow indicates ordering. The two threads are (1) platform development and (2) platform-application research on SAT solving. The
latter thread emits two children, one up into the SAT FPGA Competition and one down into reinforcement learning with SAT as the
foundation, which in turn feeds the competition. We will also explore the transferability of our model on RTL benchmarks.

e Transferability Research: We will investigate the transferability of our model on RTL benchmarks such as
CVDP [25].
We will also explore the potential for physical FPGA feedback in the loop for training on real clock speeds.
Figure 3 conveys our research vision, which is organized into two core threads: (1) continued development of our

platform and (2) exploration of the utility of our platform through applications in SAT solving.

3.1 Platform Development

3.1.1  Current State of the Platform. The current platform is in the early stages of development, and is characterized by
a serverless programming model in Python, which allows domain-experts to access FPGAs in the cloud without needing
to manage the underlying cloud infrastructure, including the provisioning, flashing, and clean-up of an FPGA [15, p. 6].
We utilize memory-mapped I/O [4, p. 664] in a remote setting: users read and write to the FPGA’s memory from their
Python programs as if it were local memory. Extending a peripheral interface across machines in this way is established
practice seen in USB and PCle, allowing devices to be used “as if they were locally attached” [13, 23]. We attribute high
emphasis to the concept of transparency defined by Nelson in his 1981 dissertation. Nelson defines transparency over

programming language mechanisms in general, naming remote procedure call (RPC) as one instance of it:

Two programming language mechanisms are transparent if they have identical syntax and semantics.
In particular, a transparent language-level RPC mechanism is one in which local procedures and remote

procedures are (effectively) indistinguishable to the programmer. [24, p. 6]

We employ transparency in our goal to make FPGA programming accessible to domain-experts.
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import manhattan_reasoning_gym as mrg

class Regs(mrg.cloud.RegisterMap):
ECHO = 0x0000

app = mrg.cloud.App(
"hello_world",
design="examples/hello_world_rtl.py",
registers=Regs,

@app.local_entrypoint()
def main():
with app:
pattern = [@xDEADBEEF, OxCAFEBABE, ©x12345678, OxABCDEFQ1]

print("writing pattern ...")
for i, word in enumerate(pattern)
app.write(Regs.ECHO + i x 4, word)

print("reading back ...")

for i, expected in enumerate(pattern):
res = app.read(Regs.ECHO + i x 4)
print(f" [{i}] {res:#010x3}")

Fig. 4. The complete host program for hello_world, which writes four words to an echo RAM on the FPGA and reads them back.

Figure 4 shows a simple example of a user instantiating an Amaranth HDL module described in Figure 8 on an FPGA
and interacting with it through a python program. The user does not need to physically manage the FPGA, nor do they
need to write any device drivers or firmware to interact with the FPGA. Figure 5 illustrates how the program seen in
Figure 4 abstracts the complexity of interacting with the FPGA over the network. The platform currently consists of 7

Lattice ECP5 FPGAs hosted on a local subnet and currently only supports single tenet usage.

3.1.2  Platform Beta and Public Release. We plan to release a private beta of our platform in the coming weeks, with a
public beta release planned for December. The private beta will be limited to a small, but incrementally increasing,
group of users who will be able to access the platform and provide feedback on usability and performance. In order to
facilitate the private beta, we will examine payment platforms and a user database to manage access to the platform
prior to the private beta release. We plan to supply usage credits free of charge to beta testers. Through the beta, we
will conduct user studies on the accessibility of the platform for domain-experts with limited hardware experience in
comparison to F2 instances, HLS, and other traditional development approaches. We expect to continually maintain the
platform and add new features as betas are conducted and feedback is received from the community.

As we conduct our user studies, the following research questions will be explored:

o Accessibility Does the platform provide a more accessible development experience for domain-experts com-
pared to traditional FPGA development approaches (Existing Cloud Compute Options (F2), HLS vs RTL w/
Agentic Approaches)?

e Performance Does the platform provide a comparable time from a design change to results on real hardware

for domain-experts compared to traditional FPGA development approaches?
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Fig. 5. One session of the program in Figure 4, seen from behind the SDK. The Client column is that program in order. () Entering
the context deploys the design: the pipeline claims one of seven build slots, synthesises and places-and-routes it on a single Fargate
task, and flashes the result onto whichever FPGA is idle. ) Each write and read then crosses the control plane as one Wishbone
transaction — an address and a data word out, an acknowledgement or a data word back — reaching the user’s 2 KB region and
nothing else on the SoC. (3 Leaving the context flashes a clear image, which is what wipes the design before the board is handed to
the next session. Two elisions for legibility: the figure shows one write and one read where the program loops four times, and the
design is built and flashed on first use rather than at __enter__ itself.

o Al Integration Does the platform provide sufficient tooling to support efficient agentic development for
FPGAs?

We plan to release the platform publicly in December, with the goal of being in a stable state such that a group
of users can concurrently access the infrastructure without slowdowns or failures while having sufficient tooling to

support their development needs.

3.1.3  Future Platform Development. While Lattice ECP5 FPGAs remain the primary target for our platform for the
coming months due to its support for open-source toolchains that benefit agentic development, we recognize that
real acceleration-workloads require larger industry-grade FPGAs with more resources. We plan to explore AWS F2
instances as an optional backend for our platform which would allow users to switch between ECP5s for exploratory

development and F2 instances for production workloads while maintaining the same level of accessibility.

3.2 Application Exploration

3.2.1 SAT FPGA Competition. The International SAT Competition [14] has been accelerating research in SAT solving
for over 20 years with solvers increasingly becoming more powerful and efficient. Figure 6 shows this upward progress
across three decades of historical solvers preserved and re-run by the SAT Museum [6]. More recent solvers are able to

solve more problems within the same time limit compared to older ones.
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Fig. 6. Reproduced from the SAT Museum [6].

In the recent years, there is growing interest in promoting agentic development through competitions. The 2026
SAT Competition included sub-tracks for Al-generated and/or Al-tuned solvers within each of its Main, Experimental,
Parallel, and Cloud tracks [28]. The 36th International Conference on Field-Programmable Logic and Applications (FPL)
will feature an FPGA Optimization Contest sponsored by AMD where agents will optimize maximum clock frequency
(Fmax) for existing placed-and-routed designs [2].

Despite these advancements, the SAT Competition has yet to include a hardware track. We will explore the potential
for a SAT competition focused on hardware accelerated solvers, with a particular focus on an Al-generated track to
capitalize on the benefits of coding agents for assisting domain-experts unfamiliar with RTL.

As a proof of concept, we evaluated current LLM capabilities in optimizing SAT solvers for FPGAs. We prompted
frontier LLMs under a bare-bones agentic harness to optimize a baseline DPLL solver for latency and resource utilization,
allowing some of the models to experiment with different clock speeds on physical hardware during the agentic loop.
Figure 7 conveys the results. We found that while frontier models were able to conduct basic optimizations, neither
moved beyond the seed’s DPLL to established algorithmic advances such as clause learning or watched literals. We plan
to go beyond Al-optimization, and explore the potential for an Al-generated track where agents can explore entirely
new algorithmic approaches for SAT solvers on FPGAs.

In the following months, we plan to create a competition benchmark and proposal paper for a SAT FPGA competition.

We will enter our own entry as a proof of concept for the competition. We will explore the following research questions:
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e Benchmarks What are the appropriate benchmarks for a SAT FPGA competition? Existing SAT Competition

Benchmarks yield a wide range of meaningful problems, however, FPGAs are bounded by their on-chip memory,

limiting the size of problems that can be solved.

e Scoring What is the appropriate scoring metric for a SAT FPGA competition? Should token-spend be considered

in the scoring metric to incentivize efficient agentic development?

¢ Entry Constraints What kind of entries are allowed? Must they be Al-generated, Al-tuned, or both? May

they use physical FPGA feedback in the loop? Are hand-written elements permitted? And may they start from

an existing SAT solver, or must they be entirely new designs? How do we govern agentic harnesses versus

post-training methods? Is the solver the entry or the agent/model?

3.2.2  Fine-tuning an Open Source Model. To further motivate our competition, we plan to fine-tune an open-source

model as our own entry. Past work such as ChipSeek has shown promise in reinforcement learning for power, area, and

performance (PPA) in RTL tasks [9]. SAT has specifically demonstrated the potential for reinforcement learning with
verifiable rewards (RLVR). SATURN illustrates the use of 3-SAT for improving reasoning in LLMs due to its scalability,

verifiability, and controllable difficulty [20]. However, the shift from textual reasoning to generalizable RTL opens

questions for whether or not SAT is a suitable task for RLVR in RTL-focused LLMs.

Through the following months, we plan to evaluate the following research questions:

o SAT Instances Does SATURN’s 3-SAT provide a suitable task for RLVR in RTL-focused LLMs? Or do we

necessitate a more generalizable SAT task?

o Physical Feedback Does physical FPGA feedback in the loop improve the performance of RLVR in RTL-focused

LLMs? We plan to only explore clock-speed as a physical feedback metric for our reinforcement learning.

o Transferability Does fine-tuning on SAT tasks transfer beyond our competition to other PPA RTL benchmarks

such as CVDP [25] or Pluto [1]?
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4 Conclusion

Despite the promise of DSAs, domain-experts remain shut out of FPGA acceleration by the steep learning curve of
hardware design. We built a platform that aims to remove those barriers through serverless Python access and open
toolchains that support agentic iteration, letting domain-experts explore DSA applications without acquiring an FPGA,
software licenses, or hardware expertise. We found that frontier models could design working RTL on our platform
but stopped short of algorithmic advances in SAT solving, leaving a gap that a competition is well suited to close. We
propose such a competition, centered on an Al-generated track for hardware accelerated solvers, and will demonstrate
its feasibility with our own entry: an open-source model post-trained on SAT instances, which we hypothesize will
transfer to broader RTL benchmarks. The competition is bounded by the SAT instances that fit within FPGA on-chip
memory. We will open public beta access in December 2026, with the competition benchmark and proposal to follow.
Our aim is the agile hardware development Hennessy and Patterson name as a condition of their new Golden Age:

hardware design that works like software design [12].
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Lowering the Barrier to Entry for Domain-Expert FPGA Acceleration

A The EchoPeripheral User Design

from amaranth.hdl import Elaboratable, Module, Signal

from amaranth.lib.memory import Memory

# 512 words x 4 bytes = 2048 bytes: exactly the user design region
DEPTH = 512

class EchoPeripheral(Elaboratable):

de

de

f

-+

__init__(self, depth=DEPTH):
self.depth = depth

# (depth - 1).bit_length() = 9 for depth=512.
addr_bits = (depth - 1).bit_length()

# Wishbone inputs (driven by the bus master / firmware).
self.wb_cyc = Signal()

self.wb_stb = Signal()

self.wb_we = Signal()

self.wb_adr = Signal(addr_bits)

self.wb_dat_w = Signal(32)

self.wb_sel = Signal(4)

# Wishbone outputs (driven by this peripheral)
self.wb_dat_r = Signal(32)

self.wb_ack = Signal()

elaborate(self, platform):
m = Module()

# Memory without init so synthesis infers block RAM on ECP5.

m.submodules.mem = mem = Memory(shape=32, depth=self.depth, init=[1])

rd = mem.read_port(domain="sync", transparent_for=[])

wr = mem.write_port(domain="sync")

m.d.comb += [
rd.addr.eq(self.wb_adr),
wr.addr.eq(self.wb_adr),
wr.data.eq(self.wb_dat_w),
self.wb_dat_r.eq(rd.data),

# Write enable fires the cycle stb arrives; the write completes
# on the next clock edge, the same edge ack fires.
m.d.comb += wr.en.eq(

self.wb_cyc & self.wb_stb & self.wb_we & ~self.wbh_ack

# Ack: assert one cycle after cyc+stb, then clear
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with m.If(self.wb_cyc & self.wb_stb & ~self.wb_ack):
m.d.sync += self.wb_ack.eq(1)

with m.Else():
m.d.sync += self.wb_ack.eq(0)

return m

Fig. 8. The echo peripheral implementation in Amaranth HDL. It is a wishbone peripheral that echoes back any data written to it.
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