N
N

N

HAL

open science

Exploring Cache Policies on FPGA-Accelerated Simulations:
Tradeoffs Between Usability and Simulation Speed

Soraya Mobaraki, Thierry Gil, Lionel Torres, David Novo

» To cite this version:

Soraya Mobaraki, Thierry Gil, Lionel Torres, David Novo. Exploring Cache Policies on FPGA-Accelerated
Simulations: Tradeoffs Between Usability and Simulation Speed. RSP 2025 - 36th International Workshop
on Rapid System Prototyping, Sep 2025, Taipei, Taiwan.

05406182v2)

HAL Id: lirmm-05406182
https://hal-lirmm.ccsd.cnrs.fr/lirmm-05406182v2

Submitted on 23 Dec 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

In press, (10.1145/3768617.3770732). <lirmm-


https://hal-lirmm.ccsd.cnrs.fr/lirmm-05406182v2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Exploring Cache Policies on FPGA-Accelerated Simulations:
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Abstract

FPGA-accelerated simulation offers a promising path toward achiev-
ing fast and cycle-accurate architectural evaluations. However,
while platforms like FireSim significantly improve simulation speed
compared to traditional software-based simulators, they still pose
usability challenges for rapid microarchitectural prototyping due
to the complexity of register-transfer level (RTL) development. In
this work, we present a modular and latency-insensitive interface
that simplifies the integration of cache replacement policies into
FireSim’s L2 cache. Our approach supports multiple implementa-
tion strategies, including host-based software, RTL, and high-level
synthesis (HLS), thereby enabling multiple tradeoffs between sim-
ulation speed, hardware resource usage, and development effort.
We use the advanced Hawkeye replacement policy as a case study
to demonstrate the versatility of our approach and evaluate trade-
offs among the different implementation strategies. Our results
show that, with the proposed latency-insensitive L2 interface, the
HLS strategy strikes a favorable balance: It incurs only a 1.57X
simulation slowdown compared to baseline FireSim, while avoid-
ing the need for RTL expertise and significantly reducing design
effort. Latency-insensitive interfaces therefore make it practical
and efficient for non-hardware experts to evaluate advanced cache
replacement policies on FPGA-accelerated simulators.
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1 Introduction

Simulation is an essential tool for computer architecture research,
allowing evaluation of design alternatives before committing to
costly hardware fabrication. Traditional software-based simulators
like gem5 [6] and ChampSim [7] offer flexibility and ease of use,
but often rely on sampling techniques to manage the prohibitive
runtime of full-system evaluations. FPGA-accelerated simulators,
such as FireSim [13], address this challenge by providing fast and
cycle-accurate simulation of realistic hardware systems, making
them particularly attractive for studying system-level behavior and
running full workloads.

Despite these advantages, FPGA-accelerated simulators present
usability barriers. Integrating custom microarchitectural compo-
nents, such as new cache replacement policies, typically requires
deep RTL expertise and time-consuming development effort. In
contrast, software simulators provide high-level abstractions that
simplify rapid architectural experimentation. This accessibility gap
limits the broader adoption of FPGA-accelerated simulation.

To address this challenge, we propose a modular and latency-
insensitive interface that enables plug-and-play integration of se-
lected key functions. We demonstrate this approach by integrating
custom cache replacement policies into FireSim’s L2 cache. Our de-
sign decouples the cache control logic from the replacement policy
and supports a range of implementation strategies, including RTL,
HLS, and host-based software execution. This interface provides a
uniform integration point that abstracts away timing details while
preserving cycle-accurate simulation.

To validate our approach, we implement an advanced cache
replacement policy, Hawkeye [11], using each supported integra-
tion strategy. We evaluate simulation speed, hardware resource
usage, and development effort. The results show clear tradeoffs be-
tween integration strategies. The HLS integration strategy stands
out by offering most of the simulation speedup while preserving a
software-like development flow.

In summary, this work makes the following contributions:

e We introduce modular and latency-insensitive interfaces for key
architectural functions as a practical way to improve usability in
FPGA-accelerated simulations.

e We design and implement a modular and latency-insensitive
interface to integrate cache replacement policies into FireSim.

e We propose and implement three distinct integration strategies:
RTL, HLS, and CPU-based software, enabling flexible cache re-
placement evaluation. We open-source our interface and policy
implementations [1] to inspire future work.

e We conduct a detailed experimental study using the Hawkeye pol-
icy, highlighting tradeoffs between simulation speed, hardware
resource utilization, and development effort.
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2 Background and motivation

FPGAs are widely used in architecture research for pre-silicon
evaluation [8, 13, 18], supporting two main approaches: prototyping
and simulation. Both rely on FPGA execution but differ in purpose,
abstraction level, and flexibility.

FPGA prototyping involves synthesizing the full RTL design and
deploying it directly on an FPGA. It has long been used to prototype
ASICs, allowing hardware validation and software development
to begin months before silicon is available [8, 15, 17]. However,
FPGA prototyping is not well-suited for predicting system-level
performance due to timing mismatches between slow FPGA RTL
(on the order of 100MHz) and real-speed components like DRAM.

Instead, FPGA-accelerated simulation adds infrastructure to en-
able runtime control, instrumentation, and components at higher-
than-RTL abstraction levels [2, 13]. This enables faster iteration and
accurate performance estimation, making it better suited for mi-
croarchitectural research. Nevertheless, modifying internal logic—
such as cache replacement policies—still demands substantial hard-
ware expertise, a limitation this work aims to overcome.

A core concept in FPGA-accelerated simulation is the host-target
separation [13, 18]. The target refers to the hardware design under
simulation—processor cores, caches, memory—written in a combi-
nation of RTL and higher abstraction simulation models. The host
refers to the physical FPGA and CPU running the simulation, often
augmented with tools for instrumentation, control, and memory
emulation. This separation enables cycle-accurate yet extensible
simulations, combining precision with flexibility.

Motivation example. In set-associative caches, the replacement
policy selects a cache line (i.e., victim way) to evict when a cache set
is full. For example, the Least-Recently-Used (LRU) policy evicts the
line accessed furthest in the past. Many policies have been proposed
to improve cache efficiency. ChampSim, a trace-based software
simulator commonly used to evaluate new policies, exposes two
hooks for custom policies:

e GetVictimInSet(set, current_set, PC, paddr, type),
where set denotes the cache set being accessed, current_set is
a pointer to the cache lines in that set (enabling access to their
metadata), PC is the program counter of the instruction causing
the cache access, paddr is the physical address accessed, and type
indicates the memory access type (e.g., load, store, prefetch).

e UpdateReplacementState(set, way, paddr, PC, type, hit,
victim_addr), where way refers to the selected cache line, hit
indicates whether the access resulted in a hit, and victim_addr
corresponds to the address of an evicted line (if any).

This clean abstraction significantly simplifies the development
and evaluation of new cache replacement policies. In this work, we
investigate the feasibility and implications of supporting a similarly
flexible replacement policy interface within an FPGA-accelerated
architecture simulation framework. To this end, Figure 1 highlights
the two main challenges we address: (1) Identifying and isolating
the relevant functionality in the original RTL architecture to enable
targeted exploration of cache replacement policies (Section 3); and
(2) designing a generic interface that allows flexible integration of
new cache replacement implementations while preserving accurate
timing behavior (Section 4).
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Figure 1: The original RTL (a) and modified RTL (b), which
improves usability for non-hardware experts.

3 Modularizing cache replacement logic in RTL

In this section, we examine the inclusive L2 cache generated by
Chipyard [2], an open-source hardware design framework for RISC-V
SoCs. After outlining its functionality, we propose a modular parti-
tioning to isolate components relevant to the replacement policy.

3.1 L2 overview

Figure 2 shows the inclusive L2 cache in our target SoC, connected
to L1 caches via the TileLink SystemBus. The L2 performs several
functions: (1) arbitrating L1 requests, (2) serving hits from its mem-
ory banks, (3) forwarding misses and handling refills, (4) selecting
eviction victims, (5) invalidating L1 lines to maintain inclusiveness,
(6) tracking sharers/coherence via a directory, and (7) handling
coherence traffic in multi-core systems. To support these functions,
it includes five key structures: a requests buffer, a scheduler for
arbitration, MSHRs to track outstanding misses, a directory for
metadata and coherence, and a banked memory for data storage.

A typical L2 access proceeds as follows. The scheduler (1) per-
forms a tag lookup in the directory. On a hit, it (2) retrieves the
data from the banks, (3) updates sharers, and (4) returns the data to
L1. On a miss, the L2 (2) checks or allocates an MSHR, (3) selects
a victim and gets its metadata, (4) sends invalidations, (5) fetches
the line from memory, (6) updates memory and directory, and (7)
returns data to L1. Thus, the directory plays a central role: it detects
hits/misses, enforces inclusion, tracks sharers, and manages meta-
data for coherence and replacement. As such, in the next subsection
we target the directory for modularizing eviction logic in L2.
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Figure 2: Key internal components of the Chipyard L2 cache.
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Figure 3: Block diagram of the original directory (black) and
proposed extension (blue), which externalizes victim selec-
tion logic to enable modular replacement policy integration.

3.2 Isolating cache replacement functionality

To support modular integration of custom cache replacement poli-
cies, we isolate the portion of the L2 directory logic responsible
for victim selection. The baseline design (black logic in Figure 3)
provides a simplified view of the original directory logic, focus-
ing on the tag comparison and replacement logic. It uses a Linear
Feedback Shift Register (LFSR) to implement random victim selec-
tion. The directory logic is tightly coupled to the directoryArray,
which stores internal metadata key to victim selection (step 3 of
the cache-miss process described in the previous subsection).

To decouple the victim-selection logic from the rest of the di-
rectory and enable plug-and-play flexibility, we modify the RTL
as in Figure 3. The replacement decision mechanism moves to an
external replacement policy unit (RPU). This unit receives the same
inputs as the directory and produces the victim way. To do so, the
RPU replicates the necessary directory functions—e.g., hit detection
and metadata access—to drive the victim selection logic block.

Through a ChampSim-inspired interface (Section 2), the RPU
supports various replacement policies. It takes the inputs set,
current_set, way, paddr, type, PC, and hit. The set and tag are
already Directory inputs, and the paddr can be reconstructed from
them. However, to include the PC of the cache-access instructions,
we modified several Chipyard modules [3] to propagate the PC
from the CPU to the L2. We also encode the type implicitly in the
PC (i.e., setting the PC to an out-of-range sentinel value to indicate a
write-back access). Finally, to provide current_set and hit inputs,
we replicate part of the directory logic within the RPU.

The proposed RPU shows that key functions like cache replace-
ment can be modularized in FPGA-accelerated simulators: users
implement new policies by changing only the victim-selection logic.
This boosts usability by hiding the L2 and system-level complexity.
Beyond supplying the right inputs, correctness depends on tim-
ing. Next, we show how targetFire enables variable-latency RPU
responses while preserving system behavior.
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Figure 4: Latency-insensitive design in FireSim: (a) Host-
target decoupling architecture, and (b) timing diagram show-
ing architectural time advancement.

4 Latency-insensitive interface

To support variable-latency policies in cycle-accurate simulation,
the RPU must preserve architectural timing (e.g., the L2 expects
the victim way to be provided two cycles after the request arrives)
regardless of internal delays. We leverage FireSim’s host-target
decoupling to make the L2-RPU interface latency-insensitive.

4.1 Host-target decoupling in FireSim

We base our simulation approach on FireSim [13], which employs
a host-target decoupling paradigm [16] as discussed in Section 2.
To implement decoupled execution, FireSim automatically trans-
forms the target RTL code (i.e., system under simulation). The state
updates of the target RTL are gated by a global targetFire signal,
and inputs and outputs are connected via FIFOs. This formulation
decouples target time from host time: unlike in FPGA prototypes,
simulation advances only when all conditions for the target RTL to
fire are satisfied. This allows the simulator to remain deterministic
and independent of host-side latency (e.g., DRAM).

Figure 4 illustrates how the automatically transformed target
RTL experiences a 1-cycle memory latency, despite accessing data
that reside in the host DRAM memory. Figure 4b shows the cor-
responding time diagram for some key signals. The hostCounter
increments on every host clock cycle, capturing the continuous
advancement of host-side FPGA logic outside the target RTL. In
contrast, targetCounter, which represents time from the target
system’s perspective, advances only when targetFire is high, in-
dicating that the conditions to advance target execution are met.

These conditions are encoded by the signals tokensPresent
and outputReady. The FireSim runtime automatically inserts FIFO-
based interfaces that monitor input/output readiness. When both
signals are asserted, the composite signal targetFire goes high,
indicating that the target RTL is safe to advance. As shown in the
illustrative waveform, although the host FPGA runs through 104
clock cycles, the target RTL part experiences only 5 cycles.
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4.2 The L2-cache interface

To support variable-latency implementations of L2 cache replace-
ment policies, we implement the RPU in the host part of the FPGA,
similar to the DRAM interface block shown in Figure 4. We con-
trol the targetFire signal to pause the target simulation when
necessary.

FireSim automatically inserts I/O FIFOs (shown as gray registers
in Figure 3) to decouple the target and host sides of the FPGA. These
FIFOs introduce a one-cycle delay on both input and output paths
of the RPU: directory inputs take one cycle to reach the RPU, and
RPU outputs take an additional cycle to return to the directory. To
avoid observable side effects when the RPU generates the victim
way, the original directory must exhibit a minimum latency of two
cycles between input and output. This requirement can be satisfied
by enabling an optional pipeline register within the directory—an
existing configuration parameter in the Chipyard L2.

The resulting timing behavior is illustrated in Figure 5. When a
directory read request occurs, the target RTL receives a one-cycle
ren pulse. This pulse reaches the RPU one cycle later, which in turn
immediately deasserts the targetFire signal to stall the target
RTL. However, the gating takes effect one cycle later. The RPU can
then take an arbitrary number of cycles to compute the victim way.
Once the computation is complete, the fire signal is reasserted and
the selected victim way is sent back to the target RTL. As expected
by the original directory design, the target RTL receives the victim
way from the RPU exactly two cycles after the initial ren pulse.

Additionally, integrating the RPU required restricting the orig-
inal directory functionality. In the baseline implementation, the
directory supports back-to-back read requests. However, to sim-
plify the new latency-insensitive interface, we chose to enforce a
one-cycle gap between consecutive read requests. This setup al-
lows the RPU to handle only one request at a time by stalling the
target RTL upon receiving a read enable signal (ren), resolving the
victim, and returning the victim way before resuming the target
RTL simulation, ensuring that the directory can output the victim
way within the required two-cycle latency. In our experiments,
the added overhead is negligible, with a maximum of 0.5% cycle
overhead.

Target RTL

clock

dirOut i

dirOutReg
result.way
result.valid y = »_:
targetFire T

ren

Variable-latency

wetfie  — Viimseleoion —9 |
victimWay

clock

Replacement Policy Unit

Figure 5: Timing diagram of our latency-insensitive policy.
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4.3 Replacement policy unit implementations

Figure 4 illustrates the target-host partitioning of the FPGA and the
accompanying CPU. The RPU is implemented on the host side, with
most of its functionality residing in the FPGA. Notably, our RPU
supports two distinct design variants for implementing the victim
selection logic: (1) a hardRPU variant, where the victim selection
logic is fully specified in RTL using a hardware description language
or HLS, and (2) a softRPU variant, which implements the victim
selection logic as a CPU-side driver written in C++. Communication
between the FPGA and CPU takes place over a 32-bit AXI4-Lite
bus, with the CPU accessing memory-mapped FPGA registers via
standard read/write operations.

5 Case study: Advanced cache replacement with
Hawkeye

In this section, we use Hawkeye [11] as a representative modern
cache replacement policy. We first describe its core algorithm, then
explore various strategies for integrating it into FireSim.

5.1 The Hawkeye cache replacement policy

Hawkeye is a practical cache replacement policy that leverages
Belady’s optimal algorithm to make near-optimal eviction decisions.
Belady’s MIN policy [4] minimizes misses by evicting the block
reused farthest in the future, but it is impractical because it requires
perfect future knowledge. Hawkeye addresses this limitation by
using past behavior to predict future reuse, assuming that past
eviction decisions under Belady’s algorithm can guide future ones.

Figure 6 shows the two main components of Hawkeye: OPTgen
and PC-based predictor. OPTgen is a hardware component that re-
constructs Belady’s optimal decisions for a subset of cache sets
via simulation. OPTgen maintains two key structures: occupancy
vectors and the Cache history sampler. The occupancy vector tracks
whether a given cache line would be present under Belady’s re-
placement at each point in time, while the Cache history sampler
saves past memory accesses. These reconstructions are used to
train a PC-based predictor, which classifies load instructions as ei-
ther cache-friendly (likely to benefit from caching) or cache-averse
(better to bypass or evict). When a line must be evicted, Hawkeye
prioritizes cache-averse lines for replacement. If no such line is
present, it falls back on the LRU cache-friendly line.

This predictive approach allows Hawkeye to approach Belady-
like behavior using only backward-looking information and with-
out explicitly predicting reuse distances or access patterns. The use
of set sampling, which involves monitoring only a small, represen-
tative subset of cache sets, significantly reduces hardware overhead.
According to the original paper, Hawkeye requires approximately
28KB of metadata and achieves a 17% reduction in LLC miss rate
over LRU on memory-intensive workloads from SPEC CPU2006.

Addr PC

! \  LastPC [ 1 v

\ OPTgen PC—be_\sed Cache/ || LastLevel
! Predictor [ Don't cache | Cache

I OPT hit/miss I

Figure 6: Block diagram of the Hawkeye algorithm.



Exploring Cache Policies on FPGA-Accelerated Simulations: Tradeoffs Between Usability and Simulation Speed

5.2 SoftRPU: A software implementation

The SoftRPU variant implements the Hawkeye victim selection
logic as a host-based software module, running on the CPU (see
Figure 4). This approach offers high usability by enabling the direct
reuse of the original C++ implementation of Hawkeye from the 2nd
Cache Replacement Championship [9], with minimal modification.

On the FPGA side, the victim selection logic remains simplified:
it communicates with the host CPU process through a memory-
mapped AXI4-Lite register interface over PCI Express Gen3. For
each L2 cache access, the inputs—including the address, program
counter, hit or miss status, and set index—are written to registers.
A polling driver running on the host CPU reads these registers, in-
vokes the appropriate Hawkeye functions (i.e., the GetVictimInSet
and UpdateReplacementState functions described in Section 2),
and writes the resulting victim way back to an FPGA register. We
use polling rather than interrupts for simplicity and faster synchro-
nization.

This variant is highly user-friendly and even allows direct reuse
of the original Hawkeye implementation from ChampSim. However,
as we will show in Section 6, it introduces substantial simulation
overhead, primarily due to the communication latency between
the CPU and the FPGA: each L2 access triggering a cache replace-
ment causes the simulation to pause until the CPU responds (see
Section 4.2).

5.3 HardRPU-RTL: An RTL implementation

For the hardRPU-RTL variant, we manually design a fully synthe-
sizable RTL version of Hawkeye’s victim selection logic using the
Chisel hardware description language (HDL). Figure 7 shows a
block diagram illustrating the main internal components of the
GetVictimInSet and UpdateReplacementState modules.

The GetVictimInSet module handles eviction decisions by con-
sulting RRIP (Re-Reference Interval Prediction) counters [12], then
checks if the set is sampled. If so, it retrieves the PC of the last
evicted line from the PC history table. This PC is forwarded to
the predictor for negative training, enabling the system to adap-
tively learn cache-averse patterns. As in the original Hawkeye
policy, only 32 out of 1024 L2 sets are monitored.

The UpdateReplacementState module includes three submod-
ules: the Cache history sampler, the Occupancy vector store,
and the PC-based predictor. The Cache history sampler is used
to reconstruct the history of past events, and it is accessed using the
sample set and sample tag derived from the physical address.
Each sample set comprises 8 ways, each storing a valid bit, tag,
LRU metadata, the program counter corresponding to the last ac-
cess to that line (Last PC), and a timestamp of the previous access
(Prev time). On a hit, the previous PC and associated timestamp
are retrieved. On a miss, the least recently used entry is evicted, and
the new metadata is inserted accordingly. The Occupancy vector
store uses Prev time and Cur time (i.e., current time) to compute
liveness intervals, which indicate how long a cache line remains
"alive’ or present in the cache. OPTgen determines whether the ac-
cess would have been a hit under Belady’s MIN policy by checking
if the liveness interval exceeds the L2 cache capacity. This result
trains the PC-based predictor, which maintains a table of satu-
rating counters indexed by hashed PCs. If the access is classified as
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Figure 7: RTL-level block diagram of the Hawkeye cache
replacement policy implemented in Chisel.

cache-friendly, the predictor is trained positively by incrementing
the corresponding counter. If the access is classified as cache-averse,
the predictor is trained negatively by decrementing the counter.
These updates guide the future classification of the predictor and
influence the RRIP adjustments for subsequent eviction decisions.

Manually translating Hawkeye into RTL hardware is a tedious
task that requires the careful design of a microarchitecture to bal-
ance latency and resource utilization. Several submodules, such as
the Cache history sampler,Occupancy vector store, PC-based
predictor, RRIP counters, and PC history table, benefit from
low-latency memory structures. While Chisel’s Vec abstraction of-
fers ease of use, it synthesizes to flip-flops, which are costly in terms
of area. To address this, we adopt Chisel’s SyncReadMem for scalable
memory mapping. However, this introduces extra access latency
and necessitates explicit control over scheduling and data move-
ment. Accordingly, we implement a finite state machine (FSM) that
orchestrates prediction, sampling, and state updates across multiple
cycles. Particular attention is also paid to efficient initialization and
to minimizing delays along critical paths.

5.4 HardRPU-HLS: An HLS implementation

For the hardRPU-HLS variant, we develop a C-based version tai-
lored for hardware synthesis based on the original C++ implementa-
tion of Hawkeye. To make the code more HLS-friendly, we replace
dynamic containers (e.g., std: :map) with fixed-size arrays, adopt
the ap_uint<N> data type to control bitwidth and reduce resource
usage, and insert HLS pragmas to enable loop unrolling and other
optimizations. Then, using the AMD/Xilinx HLS tool, we automati-
cally generate the corresponding RTL description from this C-code.

The resulting Verilog module operates on the same victim selec-
tion logic interface described in Section 4.2. It receives the address,
program counter, set index, way number, and hit/miss status, and
returns the selected victim way. Two control signals manage ex-
ecution: ap_start triggers computation, while ap_done signals
completion. This control mechanism enables an easy integration of
this HLS module with the rest of the RPU. Finally, to integrate the
Verilog module into FireSim, we define a ChiselBlackBox, exposing
its interface with a matching I0 bundle.

Compared to fully handwritten RTL, this HLS-based approach
is more accessible to non-RTL experts, requiring only familiarity
with HLS concepts.
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6 Results

This section presents the evaluation of our RPU modular integration
interface using three implementation variants introduced earlier:
SoftRPU, HardRPU using RTL, and HardRPU using HLS. Using
Hawkeye as a representative cache replacement policy, we assess
each variant in terms of L2 cache miss rate, simulation speed, FPGA
resource utilization, and development effort.

Experimental setup. We run experiments on FireSim v1.17.1,
deployed on a server with an Intel Xeon Silver 4112 CPU @ 2.60GHz
and an AMD Alveo U200 FPGA. The target system features a single
in-order Rocket core with private L1 instruction/data caches and a
shared, inclusive 512KB 8-way set-associative L2 cache.

We compare three L2 replacement policies: (1) baseline Random;
(2) LRU implemented as HardRPU-RTL; and (3) Hawkeye imple-
mented as SoftRPU (Hawkeye-CPU), HardRPU-RTL (Hawkeye-
RTL), and HardRPU-HLS (Hawkeye-HLS). Policies are evaluated
on memory-intensive SPEC CPU2017 speed workloads [14], using
both train and test datasets; Linux boot time is excluded.

L2 miss rate and speedup. Figure 8 reports L2 miss rates under
Random, LRU, and Hawkeye. On average, Hawkeye reduces the
miss rate by approximately 7% on the test dataset and 3% on the
train dataset compared to LRU. The corresponding speedups are
shown in Figure 9, averaging 5% for the test dataset and 1% for the
train dataset. For reference, in ChampSim, Hawkeye achieved a 17%
LLC miss rate reduction and an 8.4% speedup over LRU [9]. While
some benchmarks (e.g., mcf) benefit significantly from Hawkeye,
our improvements are more modest than in the original paper—
likely due to differences in core architecture, cache hierarchy, and
workload characteristics. A deeper analysis is left for future work,
as this paper focuses on simulation speed and usability.

Simulation speed. Simulation speed is a key advantage of FPGA-
accelerated simulation. Figure 10 shows the simulation time needed
to run the evaluated workloads end-to-end in the target compute
system using baseline FireSim. While typical software-based simu-
lators such as gem5 or ChampSim often rely on sampling method-
ologies (e.g., SimPoint) to feasibly simulate the train datasets of
SPEC CPU2017, FireSim enables full end-to-end execution of these
workloads within a few hours. In our setup, the baseline FPGA-
accelerated simulation runs the target system at a frequency close
to 60MHz.

Table 1 reports the average slowdown of the evaluated imple-
mentation variants relative to the baseline FireSim simulation. The
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Figure 10: Reference simulation time of baseline FireSim.

HardRPU implementation of LRU results in a 4% slowdown due to a
fixed 3-cycle stall of the target on every L2 access and requires RTL
expertise (i.e., low usability). The Hawkeye-RTL sees a 15% slow-
down, resulting from variable stall cycles depending on the internal
state, up to 12 cycles, also offering low usability. Hawkeye-HLS,
which offers moderate usability, stalls for 46 cycles per L2 access
and results in a 1.57x slowdown. Hawkeye-CPU incurs nearly 20X
slowdown due to FPGA-CPU communication overheads but re-
mains the most user-friendly variant.

FPGA resource utilization. Table 2 compares the resource usage
of the RTL and HLS variants of the Replacement Policy Unit (RPU)
running Hawkeye on the AMD Alveo U200 FPGA (Virtex Ultra-
Scale XCU200). Both implementations use only a small fraction of
available logic resources.

While the RTL implementation consumes more LUTs and FFs
due to explicit control logic and distributed structures, the HLS
version significantly increases BRAM usage. This is a result of the
HLS tool’s automatic inference of large memory blocks for array-
based structures, particularly in the Occupancy Vector Store and PC
predictor. Despite this tradeoff, the HLS implementation still uses
less than 1% of the available LUTs and 6% of the BRAM, indicating
that HLS-based integration is viable from a resource standpoint.

Table 1: Average slowdown relative to baseline FireSim

Simulation variant ~ User abstraction  Avg. slowdown

LRU-RTL RTL 1.04x
Hawkeye-RTL RTL 1.15%
Hawkeye-HLS HLS-friendly C 1.57%
Hawkeye-CPU C++ 19.61%
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Table 2: Resource utilization of Hawkeye in AMD Alveo U200

Resource RTL HLS Available

LUT 5,161 1,864 1,182,240
LUTRAM 3,792 90 591,840
FF 2,017 1,049 2,364,480
BRAM 1 131 2,160

Tradeoff analysis. The three implementation variants differed
notably in terms of development complexity and required expertise.
The SoftRPU approach requires minimal development effort, as
it reuses existing software code, but suffers from significant sim-
ulation slowdown due to communication overhead between the
FPGA and the host CPU. The RTL-based HardRPU achieves the best
performance with only minor slowdown, but requires substantial
design expertise and development time. The HLS-based HardRPU
offers a favorable tradeoff, achieving much of the simulation speed
benefit and modest FPGA usage while requiring significantly less
development effort and hardware expertise than handwritten RTL.

Our results suggest that HLS-based designs, when supported
by appropriate interface abstractions, such as the proposed RPU,
enable flexible ttradeoffs between performance and development
effort, thereby making design-space exploration more accessible to
non-RTL experts in FPGA-accelerated simulators.

7 Related work

Several FPGA-accelerated simulation platforms have been devel-
oped to overcome the speed limitations of traditional software-
based simulators. Early systems such as RAMP [18] and ProtoFlex [8]
demonstrated the feasibility of scalable, cycle-accurate simulation
using FPGA hardware. More recently, FireSim [13] has become
a widely adopted platform, achieving near-hardware simulation
speeds while maintaining architectural fidelity. Building on FireSim,
FASED [5] introduced flexible, FPGA-accelerated models for de-
tailed DRAM system simulation, demonstrating how architectural
timing models can be efficiently integrated into a fast FPGA-based
simulation framework.

However, prior work has largely prioritized simulation speed
and functional accuracy over flexibility and usability. As we have
motivated in this paper, integrating or modifying microarchitec-
tural components, such as cache replacement policies, remains
challenging and typically demands deep RTL expertise. In con-
trast to software-based simulators like ChampSim [10], which offer
convenient interfaces for targeted evaluations, FPGA-based simu-
lation platforms have largely lacked similar modularity and ease
of policy integration. To the best of our knowledge, our work is
the first to enable modular integration of cache replacement poli-
cies into an FPGA-accelerated simulation platform, providing a
latency-insensitive interface that supports RTL, HLS, and CPU-
based software implementations.

8 Conclusion

This work explores usability ttradeoffs in FPGA-accelerated simu-
lation through a cache replacement policy case study. We propose
our RPU as a modular, latency-insensitive interface for integrating
replacement policies into FireSim’s L2 cache, supporting RTL, HLS,
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and CPU-based software implementations. Using Hawkeye as an
example of an advanced cache replacement policy, we highlight
ttradeoffs between simulation speed, resource utilization, and de-
sign effort. Our results suggest that FPGA-accelerated simulators
should provide domain-specific latency-insensitive interfaces, such
as our replacement policy unit, to lower the barrier to rapid ar-
chitectural exploration. In particular, HLS appears as a promising
approach by offering much of the simulation acceleration while
maintaining a software-like development flow. We hope that this
work and our open-sourced implementation of it [1] will inspire fu-
ture ideas and research in user-friendly FPGA-accelerated computer
architecture simulations.
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