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Abstract

The AI accelerator world faces a reproducibility crisis, as many
works do not publish their RTL as open source, making it impracti-
cal to replicate the claimed results. Even more, the lack of a unified
benchmarking solution for custom accelerators makes it impossible
to ensure that two accelerators are compared by executing the exact
same model compiled with the exact same compiler toolchain. Mo-
tivated by this problem, we envision OPERA, a platform composed
of a hardware generator framework and extensions to existing
open-source tools, enabling easy sharing and reuse of accelerator
components, tapeout configurations, integration tests, benchmarks,
and compiler artifacts.

1 Introduction

Comparing Al accelerators requires careful considerations which
aren’t always taken into account, as several parameters can mod-
ify their performance: number of processing elements (PEs), the
dataflow of the processing unit (e.g., weight or output stationary),
the size and amount of on-chip and off-chip memories, frequency,
technology (in the case of an actual physical layout), etc.

Benchmarking is another source of inaccuracy during compar-
isons. It is common for authors to report “We used ResNet to evaluate
our accelerator” but fail to mention the model version or the input
size. This information significantly changes the number of oper-
ations the accelerator must execute and the amount of memory
actually in use. Another missing aspect is normally information
about the compiler used to map the tensor operations onto the
accelerator. This can significantly affect data reuse and cache access
patterns and is important to consider when executing Al models
on custom accelerators.

Finally, most Al accelerator papers don’t open-source their RTL,
making it impossible to replicate their results, so many works tend
to compare against the numbers reported in previous papers. A
workaround is to replicate previous work using simulators such
as Scale-SIM [9] or Timeloop [7], which are good for obtaining
approximate metrics but are limited in the configurations they
support.

This issue is best illustrated with an example (Table 1). As noted

n [11], efficiency by itself is insufficient for a fair comparison
between accelerators. None of the design parameters are matched
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Table 1: Data as reported in [6]

| Eyeriss [5] | MPNA [6]

Technology [nm] 65 28
Precision 16-bit 8-bit

PEs 168 128

On-chip memory [kB] 181.5 288
Frequency [MHz] 100-250 280

Area [mm?] 12.25 2.34
Efficiency [GOP/s/W] 83.1 149.7

between the two systems. As a result, it is impossible to assert
whether the proposed architecture is better than the prior design.
A rigorous comparison would instead require all design parameters
to be identical (or as closely matched as possible) before drawing
architectural conclusions.

2 Proposal

This reproducibility crisis motivates us to propose OPERA, which
will facilitate replicable end-to-end results and easy reuse of previ-
ously developed accelerator components. Figure 1 shows our vision
of OPERA’s components, and how they interface with open-source
tools.

Composable HW generator!: Written in Chisel [2], it will
enable us to incorporate advanced language features such as in-
heritance and traits into the accelerator’s design. It will provide a
generic architecture that the researcher can configure using a con-
figuration file. OPERA will also implement mechanisms to create
entirely new accelerator components by inheriting from predefined
abstract classes that enforce the correct HW interfaces.

The core of the design will be the Execute Modules, which can
implement any matrix-matrix operation (not limited to GEMM).
Through the MMIO interface, the Controller will receive execute
instructions for each one of them. Inputs, weights, and outputs
will be stored in a set of banked SRAMs. These will be configured
by size, datatype, and kind of data to be stored (for example, only
inputs, or any). The SRAM Controller will then serve as the bridge
between the Execute Modules, the SRAMs, and the Load and Store
DMAs, connecting the corresponding buses correctly and inserting
arbiters where necessary.

It is our vision that future researchers will develop their acceler-
ators using OPERA, ensuring replicability by design: researchers
would only need to provide their configuration files for others to
replicate their exact RTL.

CHIPS verification framework: Formal verification must play
a crucial role without burdening developers. We would go so far as
to say that formal equivalence checking, where an IMP is checked

! An initial implementation can be found at https://github.com/fzi-forschungszentrum-
informatik/opera-hw
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Figure 1: An overview of the features provided/extended by OPERA (orange) and how they interface with open-source tools for

EDA (red).

against a SPEC, should be a first-class citizen within the generator
itself, enabling continuous, agile feature development. Therefore,
OPERA will use a novel approach to integrate formal equivalence
checking into the generator, which we will demonstrate with a
small example.

class ExecuteModule(config: Config) extends Module
{ /* I/@ and Logic ... %/ }

class ExecuteModuleICG(config: Config) extends Module with HasICG {
val en = Input(Bool()) // I/0
withICGAndReset(clock, reset, en)
{ /* Clock-gated logic ... */ }

}

Listing 1: Implementation example.

Listing 1 sketches the implementation of an execution module
(class ExecuteModule), parametrized by a global configuration.
Let’s assume the developer wants to implement the same execution
module, but this time with an internal clock gating (ICG) mech-
anism in place. By using the trait HasICG, we gain the capabil-
ity withICGAndReset to implement an ICG block. Even though
the implementation details are outsourced to the trait itself, the
added functionality is not immediately apparent to the developer,
especially if code is reused or imported from other projects. New
functionalities and features should not break the original imple-
mentation.

Listing 2 shows how to implement a parametrized DUV using
inheritance. The key novelty lies in the embedded DSL for SEC and
the Chisel Hardware Integration and Verification Services (CHIPS).
The CHIPS framework will be released alongside OPERA and pro-
vide basic SEC constructs for defining equivalence checks. CHIPS
handles the plumbing for configuring formal verification tools, cre-
ating miter circuits, and running verification tasks. The developer
should only define configuration parameters and instantiate spec-
ifications in the derived DUV. Because SEC constructs are now
part of the generator itself, we can create DUVs that depend on
configuration parameters and demonstrate equivalence across the
different specifications simultaneously.

SystemVerilog generation: Will be exported through an IP
generation flow (standalone) or integrated into Chipyard [1] as a
memory-mapped accelerator.

Qe W oN e

class ExecuteModuleICG_DUV(config: Config)
extends ExecuteModuleICG(config) {
val spec = Module(new ExecuteModule(config)) // << SPEC
// == DSL for SEC
SEC. addSpec(spec)
SEC. addMiter (spec)
3

// << IMP

Listing 2: Design under verification example.

Simulation: OPERA will integrate with Verilator and provide
unit tests for the individual HW modules, and integration tests to
evaluate communication with the CPU. This will ensure compat-
ibility of new developed HW modules: if a researcher develops a
new Computation Unit (the core of each Execute module, e.g., a
systolic array), it will not be merged into the main branch of OPERA
until tests are provided for it. In order to evaluate the integration
of the resulting accelerator into a wider context, OPERA will also
provide the possibility to run the verilated model in a co-simulation
manner inside QEMU, which will make system integration test-
ing much easier: an OS could be executed in the resulting QEMU
emulation, and the compiled AI model could be executed on it.

Chipyard integration: OPERA will extend Chipyard to gener-
ate 1) the complete software interface for a programmer to commu-
nicate with the accelerator through a memory-mapped interface,
and 2) the parameters of the resulting accelerator integrated into
the device tree of the SoC.

Al compiler: These two files will be used by OPERA’s Al com-
piler —an extension of e.g., TVM [4], IREE [12], or other — to cor-
rectly compile the suite of benchmarks (e.g., MLPerf Tiny [3] or
MLPerf Inference [8]). The Al compilers will read the device tree
to determine which memories are available in the accelerator, their
sizes, the number of Execute Modules, which mathematical oper-
ations they implement, etc. This will allow the compiler to map
the Al model’s tensor operations to the correct Execute Module. To
ensure consistent benchmarking, all metrics will be obtained by
using the same version of the Al model benchmarks and a specific
compiler version. Researchers focused on HW design will be able
to add new features to the HW and reuse the same compiler, and
researchers focused on SW development will be able to modify the
compiler (e.g., to map tensor operations more efficiently), keeping
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the HW as it is. OPERA will leverage its integrations with open-
source tools to ensure consistent metric reporting. OPERA will also
integrate a verilated model of the resulting accelerator directly into
the compiler, allowing peeking and poking at the HW’s inputs and
outputs without interference from the wider system.

Tapeout: OPERA will use open-source tapeout tools, such as
Librelane [10], and will provide basic configurations for each avail-
able open-source PDK. OPERA’s end objective would also be to
create a library of pre-hardened macros from the community, so
that as much of the physical design as possible can be reused. Li-
brelane also allows integration of proprietary tools at each step
(synthesis, place and route, etc.), so implementing accelerators built
using OPERA on closed PDKs will still be an option.

Design Space Exploration (DSE): Overarching all of this, OPERA
will be the ideal platform for DSE of Al accelerators. The Chisel pro-
gramming language is suitable for this, as it allows easy sweeping
across parameter ranges (including selecting different implementa-
tions for the same HW module) and effectively generates hundreds
or thousands of designs. OPERA’s DSE framework will provide
Model Context Protocol (MCP) interfaces for later integration with
Al Agents.

3 Future directions

The OPERA concept is still in its early stages, and as such will
benefit from the input of the community to identify missing fea-
tures and capabilities. First, the current OPERA proposal only covers
memory-mapped accelerators operating as co-processors. Modeling
other architectures, such as tightly coupled or streaming acceler-
ators, is currently not envisioned, but should be considered for
easier integration later as the project matures. Second, the platform
now envisions using open-source tools like Verilator and QEMU for
simulation, but is not limited to them. Integrating other simulation
tools is still a possibility and a necessity for commercialization.
Finally, the DSE capabilities from OPERA are currently envisioned,
but no tool to achieve this has been selected. Currently available
open-source tools for DSE still need to be reviewed, and the need
for a new OPERA-specific tool needs to be analyzed.

4 Conclusion

We presented OPERA, our vision for a platform that will pro-
mote the open-sourcing of Al accelerators, ensuring replicability
and consistent benchmarking by design. We showed how the CHIPS
framework could be integrated to manage formal verification, how
AT compilers would integrate with the HW generation framework,
and what information they would need. Finally, we include tapeout
tools in the OPERA framework, using open-source PDKs while
allowing the use of proprietary tools to target state-of-the-art tech-
nologies.
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