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Abstract

Modern autonomous vehicles require efficient and predictable hard-
ware and software to guarantee a high level of safety. Meeting
response time deadlines while processing large amounts of sensor
data and maintaining a reasonable power consumption is a complex
task on embedded devices. Hardware acceleration on FPGA fabric
proposes itself as a predictable and certifiable solution to this prob-
lem. Research on embedded heterogeneous platforms, however, has
a more complex development lifecycle. This paper presents a com-
plete hardware/software platform for autonomous driving research
on a commercial off-the-shelf Industrial-Grade FPGA-based MPSoC
(an AMD KR260), with a particular focus on autonomous racing
use-cases. On the software side, we release the first iteration of our
open-source autonomous racing stack based on ROS2. Finally, we
present a case-study on a hardware-accelerated 2D LiDAR localiza-
tion pipeline, which is developed and integrated on the platform.
The FPGA implementation provides a 2.64x speed-up over its host
counterpart and is released as well as open hardware.
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1 Introduction

Over the past few decades, autonomous driving has been an active
research topic both in the industrial and academic world. Be it urban
vehicles, racing prototypes or autonomous delivery robots, research
on full-scale vehicles like [7] adds a lot of costs and complexity,
while also requiring dedicated testing environments. To avoid in-
curring these hidden costs and depending on the requirements, the
solutions to this problem include the use of simulators or scaled
prototypes. The latter is usually a cost-effective alternative that
can accurately mimic the hardware architecture and sensor set of a
full-scale vehicle, but without most of their issues.
Industrial-grade autonomous driving software stacks like Au-
toware [8] are very complex systems composed of many different
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modules, requiring a high amount of expertise to master all of the
topics faced. The availability of a research-oriented and easy to use
open-source software stack is crucial to provide a solid knowledge
base to develop and test new approaches.

Automotive software usually requires predictable platforms to
provide safety and reliability guarantees. Although FPGA-based
platforms offer a higher energy-efficiency and a much more in-
spectable environment, hardware design has a long and complex
development cycle when compared with traditional software life-
cycles. While High-Level Synthesis (HLS) is usually an acceptable
solution to this problem and some industrial [11] and academic [6]
works address these issues, the integration between hardware ac-
celerators and traditional CPUs is a challenge yet to be completely
solved in matters of performance, flexibility and ease of use.

In this work, we first present a completely open-source hard-
ware/software autonomous vehicles research platform based on
industrial-grade commercial off-the-shelf components. We base our
prototype on an AMD Kria KR260.

Secondly, we release as the first iteration of our autonomous rac-
ing stack as open-source software!. This implementation is devel-
oped and tested specifically for the proposed platform and contains
the basic nodes to localize and navigate the vehicle across a path.

Finally, we present a case study on the design and implementa-
tion of a hardware accelerator for vehicle localization. The design is
validated on the an AMD KR260 and integrated with the software
stack. The hardware accelerator and the system design are released

as open hardware?.

2 Related works and target platform

An important project in the context of small-scale vehicles is Rob-
oracer [12], previously known as Fitenth. This project was born
to research autonomous driving in racing contexts and is backed
by a large community that frequently organizes races at academic
conferences. The cars used in the Roboracer competitions use a 2D
LIDAR, a camera, and an IMU as their main data sources. Roboracer
vehicles are based on embedded Nvidia Jetson computers. While
these platforms can be used to conduct research on embedded sys-
tems and GPU-related topics, there is no official version based on a
FPGA System on Chip (SoC).

There are also some examples of platforms that already use a
SoC FPGA as the main computing board. Kojima [9] proposes a
small-scale FPGA-based prototype for urban scenarios. While this
work demonstrates the advantages that the integration of FPGA
accelerators can bring to the field of autonomous driving, it is
important to note that the software stack for the project is not
open-source, thus it is difficult to replicate and extend.

In addition to being open-source, another important aspect for
a platform to have a significant impact is its compatibility with
existing solutions in the field. In autonomous driving, as well as in
robotics in general, the typical development process involves the use
of a publish/subscribe framework to split the software into different
components. The most used framework in this field is ROS2[10].
This approach offers multiple advantages, including modularity,
increased efficiency in development, and interoperability of the

Uhttps://github.com/HiPeRT/unimore_roboracer/
Zhttps://github.com/HiPeRT/particle_filter_hw/
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software components. Especially the latter can be a key aspect for
research purposes, as it facilitates the integration of the case study
with the chosen platform.

The authors of HydraMini [14] implemented an extensible FPGA-
based platform, but implemented their own message-passing solu-
tion for node communication. For this reason, integrating existing
software modules is not as easy as it is in a system based on ROS2.

Some examples of a complete and extendable software stack can
be found in the Roboracer project cited previously. In addition to
the official stack that the organizers have made available, some par-
ticipants also released their autonomous driving stack or a portion
of it, making the whole community progress. An example of this is
the ForzaETH Race Stack [2], an autonomous racing stack released
by one of the most active teams in the competition. Still, none of the
Roboracer prototypes provides any FPGA acceleration capabilities.

Our system took inspiration from the previous works, trying to
combine their advantages into a single open and modular solution.
Our work not only supports FPGA acceleration, but is also easily
extendable thanks to the integration with the ROS2 ecosystem.

3 Open-source platform and racing stack

The proposed prototype is inspired by the Roboracer research plat-
form. Its main sensor is a 2D LiDAR rangefinder, namely a Hokuyo
UST-10LX. Other available sensors on the vehicle include a BMI160
inertial sensor and a Realsense D435i stereo camera. A wheel odom-
etry can also be derived by the feedback data of the on-board VESC
(Vedder Electric Speed Controller), which is also used to control
both the main motor and the steering servomotor. While this is the
basic provided configuration, the platform is easily extensible to
other sensors (e.g. multi-line 3D LiDARs, Radars, etc.).

The main difference with the Roboracer platform is the central
computing board. The proposed prototype is developed over an
AMD KR260, a low-cost commercial off-the-shelf device targeting
the embedded computer vision and robotics market. It hosts a Zynq
Ultrascale+ MPSoC with a Quad-core ARM Cortex A53 @1.3 GHz
on the processing system side coupled with an FPGA accelerator
as general-purpose programmable logic.

Since the use-case for the vehicle is autonomous racing, the
software aims to steer the vehicle over a provided reference path

in the fastest way possible.
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Figure 1: The proposed autonomous racing stack.

pure pursuit
controller

The proposed embedded racing stack is built on top of ROS2 and
is mainly composed of two components: a particle filter for vehicle
localization and a pure pursuit controller. Additional tools like race
trajectory optimization tools and mapping solutions are omitted as
they are usually run on dedicated hardware outside of the vehicle,
thus they’re out of the focus of this paper. The racing stack mainly
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leverages LiDAR scans and the vehicle’s odometry to localize itself
into a pre-mapped racetrack. The localization is subsequently used
by a pure-pursuit controller to steer the vehicle over a racing line,
which is generated and optimized off-board. The computation flow
of the racing stack is summarized graphically in Figure 1.

Particle Filter: In order to provide an accurate localization,
we use a particle filter [4]: a robust and widely used solution in
robotics state estimation. In our implementation the pipeline is
mainly composed of three steps: first, in the motion model step, the
filter updates the particle poses using the wheel odometry data with
added Gaussian noise to model inaccuracies. Secondly, a sensor
model step is tasked with integrating the LIDAR measurement. This
step generates a virtual scan for each particle based on its position
and orientation on the map with the ray marching algorithm. This
virtual scan is compared against the actual sensor measurement in
order to assign a weight value to each particle. The final output state
of the filter (and thus, of the vehicle) is computed as the weighted
average of the position and orientation of the particle set. The ray
marching is the most computational heavy section of the whole
pipeline.

Pure Pursuit Controller: The pure pursuit algorithm [13] is a
geometric control algorithm widely used in autonomous driving
scenarios, allowing vehicles to follow a predetermined reference tra-
jectory. This algorithm operates by determining a look-ahead point
projected ahead on the path on the path. The vehicle then calculates
the steering angle required to direct itself towards the look-ahead
point, effectively steering along a circular arc that intersects both
its current position and the look-ahead point.

The racing stack, along with support libraries and utilities, is
released open-source on GitHub.

4 Accelerated particle filter for vehicle
localization

Since vehicle localization is the most computational-heavy compo-
nent of the racing stack, improving its execution latency is crucial
for a smooth and responsive vehicle control. By profiling the par-
ticle filter implementation, we identified the ray marching as the
most time-consuming section, around 70% of the full pipeline. This
makes it the ideal target for hardware acceleration. In this section
we design and implement a Ray Marching hardware accelerator
and its integration into the previously detailed localization pipeline.

Accelerator design: The accelerator is designed using Vitis HLS
based on the design of Bernardi et al. [3]. It implements the ray
marching step of the particle filter. The Ray Marching (RM) engine
is configured via an AXI4-Lite port with pointers to the DRAM
input-output shared memory buffers, which are used to exchange
data with the host processors. Each RM engine is made up of three
main components: first, a data collector accesses the shared buffers
and pulls the necessary data (the distance map and point cloud
metadata) into a shared block RAM memory for faster access. This
memory is array-partitioned in order to provide high-performance
parallel access. Secondly, a high-performance engine computes the
virtual ray distance for each of the supplied particles. This result is
finally written back to the DRAM.

System design: The accelerator is deployed on the KR260 as a
single engine with 32 processing elements running at 266.66 MHz.
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Figure 2: The proposed particle filter application design.

Since the device is particularly constrained in terms of Block RAM
availability, we split the array-partitioned PL-side memory into
Block RAM and Ultra RAM banks. With this configuration, the
design requires 21.30% of the total LUTs and occupies respectively
the 10.76% and 75.00% of the available BRAM and URAM.

Host-accelerator integration: In order to communicate with
the hardware accelerator, the host code running inside the Linux
user-space needs to access the accelerator registers provided on
its AXI4-Lite configuration port. Then, we need to provide the
accelerator with physical contiguous DRAM memory to fetch par-
ticle inputs and write back ray outputs. For this, we leverage the
Linux CMA (Contiguous Memory Allocator) to allocate continuous
reserved-memory buffers at the operating system level. Both the
accelerator registers and the reserved buffers are exposed as UIO
(Userspace 1/0) devices instantiated on a custom hot-pluggable
device-tree overlay. A simple driver is finally developed as an in-
terface to the hardware accelerators, abstracting all the previously
discussed mechanisms behind simple library calls.

Deployment flow: In order to easily deploy the ray marching
accelerator, the system design bitstream is packaged together with
its device-tree overlay into an xmutil application. The creation
of such a package does not require building any custom kernel
or additional modules and can be instantiated directly using the
readily-available AMD Ubuntu images. Since everything is handled
via user-space primitives, the accelerator driver is distributed as a
C++ library.

The accelerator code and its system design are released as open-
source on GitHub, while the driver is distributed along with the
particle filter host code into the main autonomous stack repository.

5 Experimental results

This section validates the proposed hardware accelerator system
against its original host implementation.

Since we are only profiling the localization pipeline and not the
whole autonomous stack, we can rely on a Hardware-in-the-Loop
(HiL) test infrastructure. First, we record sensor data and ground
truth positions to build a validation dataset using the well-known
Fitenth Gym simulator [1]. This dataset is then used for all the
subsequent tests to validate the proposed system. A desktop PC is
connected via a point-to-point Ethernet link to the KR260, providing
sensor data to the vehicle and collecting the localization results.



CF Companion ’25, May 28-30, 2025, Cagliari, Italy

The test runs are then compared against the simulator ground truth
with evo [5], a popular set of evaluation tools for localization and
mapping applications.
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Figure 3: Average latency for increasing particle set sizes.
Blue boxes represent latency data from the host implemen-
tation, while green boxes represent latency data from the
FPGA-accelerated implementation. Results for 400+ parti-
cles running on the host processors are omitted due to filter
divergence caused by high latency.

Figure 3 shows the average latency data over a single lap. First,
we can notice the accelerated implementation performs signifi-
cantly better than the host counterpart. We measured a speed-up
of 2.64x with respect to the pure CPU implementation. The red line
in the figure represents the maximum acceptable execution time of
25ms, the time period after which a new LiDAR scan is available
to be processed. Considering the case with 300 particles, which is
a commonly acceptable solution for our localization use-case, the
host implementation widely misses the deadline. Deadline misses
lead to packet loss (since not all frames are processed) and a higher
response time, hindering the whole control loop performance. On
the other hand, the accelerated implementation performance lies
fully under the required deadline even on the 400 particles con-
figuration. Moreover, comparing similar execution times (e.g. the
accelerated implementation at 300 particles and the host implemen-
tation at 200 particles), the variability in latency is much narrower
in the FPGA implementation. This highlights and validates once
more the higher predictability of the platform.

We also compare the localization accuracy of the method against
its CPU counterpart. Despite the accelerator working on fixed-point
values for efficiency reasons, it performs comparably to the CPU
implementation, with a Root Mean Square Error (RMSE) of 7.2cm
on a full lap in the highest comparable particle set size. This value
is within the average error of the particle filter implementation,
so we can conclude that no accuracy loss can be perceived in the
accelerated application.

6 Conclusions and future works

This paper presents a complete and open-source platform based on
embedded FPGAs. The proposed prototype is based on commercial
hardware (an AMD Kria KR260) and can mount a wide variety of
sensors. Along with the vehicle we also present the first iteration of
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our open-source software stack built on top of the ROS2 framework.
To validate and demonstrate the usage of our platform, we finally
proposed an hardware-accelerated implementation of our particle
filter-based 2D LiDAR localization, which is fully integrated in
the host-side autonomous driving stack. Our hardware-accelerated
localization achieves an average 2.64x increase in latency without
any perceivable difference on the resulting localization accuracy.
The hardware accelerator is also released as open-source.
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