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Abstract

The thesis focuses on the design of a Field
Programmable Gate Array (FPGA) im-
plementation of image processing algo-
rithms used in the UltraViolet Direction
And Ranging (UVDAR) system, devel-
oped for mutual relative localisation of
Unmanned Aerial Vehicles (UAVs). In
general terms, the UVDAR system con-
sists of ultraviolet LED markers produc-
ing narrow-band signals, a UV-sensitive
camera and image processing algorithms
implemented in the C++ language. At
first, the original software implementa-
tions of the algorithms were analysed in
order to assess their computational com-
plexity and memory allocation require-
ments. The main focus was on the spe-
cialised variation of the Features from
Accelerated Segment Test (FAST) algo-
rithm used for detection of active LED
markers in camera images and on the 4D
Hough Transform used for retrieval of
linearly approximated image trajectories
of the detected markers. Based on the
analysis results, a FPGA architecture im-
plementing the FAST-like algorithm was
designed, producing identical outputs as
the original C++ implementation. A se-
lection of a suitable FPGA development
board followed, together with a hard-
ware design of a compatible circuit board
with integrated CMOS sensor. The devel-
opment platform Terasic DE10-Nano con-
taining Cyclone V System-on-Chip (SoC)
was selected for conducting real FPGA
experiments. The VHSIC Hardware De-
scription Language (VHDL) was used for
implementation of the proposed FPGA
architecture. Additional circuitry for vi-
sualisation of output data was designed
using VHDL as well, allowing an output
through HDMI interface in the form of
an annotated video stream. Lastly, the
current results, as well as an optional im-
plementation of the UVDAR system into

an embedded device are discussed, with
further proposals for future development
on the SoC.

Keywords: UVDAR, UAVs, mutual
relative localization, imaging sensor,
bright spot detection, Hough Transform,
3D line fitting, FPGA

Supervisor: Ing. Viktor Walter
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Abstrakt

Tato diplomová práce se zabývá ná-
vrhem implementace obrazových algo-
ritmů, které využívá systém UVDAR
(UltraViolet Direction And Ranging) vy-
vinutý pro vzájemnou relativní lokali-
zaci dron v rojích, na programovatel-
ných hradlových polích (FPGA). Systém
UVDAR je ve svém základu složen z ul-
trafialových (UV) LED diod produkují-
cích signály v úzkém pásmu spektra, ka-
merového senzoru citlivého v UV spek-
tru a obrazových algoritmů implemento-
vaných v jazyce C++. Nejprve byly ana-
lyzovány původní softwarové implemen-
tace těchto algoritmů a byla vyhodno-
cena jejich výpočetní a pamět’ová nároč-
nost, konkrétně u speciální variace algo-
ritmu FAST (Features from Accelerated
Segment Test) používané pro detekci ak-
tivních jasových značek ve snímcích z
kamery a u 4D Houghovy transformace
používané pro nalezení lineární aproxi-
mace trajektorií detekovaných značek v
obraze. Na základě výsledků analýzy
byla navržena FPGA architektura pro
implementaci variace FAST algoritmu,
která produkovala shodné výstupy jako
původní softwarová implementace. Ná-
sledoval výběr vhodné vývojové desky
s FPGA společně s návrhem hardwaru
pro kompatibilní desku plošných spojů
s CMOS kamerovým senzorem. Pro ex-
perimentální část práce byla vybrána vý-
vojová deska Terasic DE10-Nano obsahu-
jící čip Cyclone V SoC (System-on-Chip).
Poté byla implementována předložená
FPGA architektura v jazyce VHDL (VH-
SIC Hardware Description Language).
Ve VHDL byla implementována i doda-
tečná logika pro vizualizaci výstupních
dat v reálném čase ve formě anotova-
ného videa skrze rozhraní HDMI. V zá-
věru práce jsou diskutovány dosažené vý-
sledky, možnosti implementace systému
UVDAR do samostatného zařízení a au-

torovy náměty pro další vývoj.

Klíčová slova: UVDAR, drony,
vzájemná relativní lokalizace, obrazový
senzor, detekce jasových značek,
Houghova transformace, prokládání 3D
přímkami, programovatelná hradlová
pole

Překlad názvu: Implementace
zpracování obrazu v systému UVDAR
na FPGA
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Introduction

Localisation algorithms are used extensively in modern robotics, particularly for
multi-robot systems. The localisation task can be approached via multiple different
ways, traditionally using absolute localisation systems that cooperate with an exter-
nal source of localisation signals (e.g., a navigation satellite), requiring appropriate
receivers to be mounted on the robots. However, these systems are limited to
outdoor or well de�ned indoor environments because of their working principle
(e.g., due to a signal perception requirement) and with growing numbers of robots
in the multi-robot system, they usually introduce new challenging problems that
need to be solved for a proper functionality. In order to overcome the practical
limitations of the absolute localisation approaches, relative localisation systems are
being researched as they require only computational and sensory resources carried
by the robots themselves.

The UVDAR (UltraViolet Direction And Ranging) system [1] developed by the
Multi-Robot Systems Group at the Department of Cybernetics at the CTU is one
of relative localisation systems and is described in detail in the chapter 1. Camera
images are used as the only source of localisation information used by the UVDAR
system as it relies completely on two image processing algorithms, particularly on
FAST-like image feature detection and on a four-dimensional Hough Transform.
Thus, the chapter 1 covers theoretical background of these algorithms and also
describes the current software and hardware implementation of the UVDAR system.

The image processing algorithms are computationally demanding, which is
the primary motivation for �nding a way to separate the UVDAR system from
computational resources which are used by the robots for many other important
tasks, such as odometry calculation, mapping, mutual communication, etc. A
FPGA (Field Programmable Gate Array) is considered for this task as is can be
programmed to ef�ciently process large amounts of data in parallel. In order to
evaluate feasibility of a FPGA implementation of the image processing algorithms,
their computational and memory requirements are analysed in the chapter 2. State-
of-the-art implementations of the FAST algorithm and of the Hough Transform
are found in literature and their aspects are considered for the proposed FPGA
architecture.

The chapter 3 is concerned with a selection of a suitable FPGA development board.
Two different SoC (System-on-Chip) boards are compared based on parameters of

1
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their FPGA and the CPU parts, as well as on their current price and availability on
the market. Also, a custom camera board hardware design with a CMOS imaging
sensor, which is originally utilised by the UVDAR system, is presented and a MCU
board for its initial testing is described.

The actual FPGA experiments are discussed in the chapter 4. Used interfaces and
their VHDL implementations are presented together with the VHDL implementa-
tion of the FAST-like algorithm. A setup of a HPS (Hard Processor System) of the
SoC is described in detail, including a development of a Linux kernel module and a
user space software application. At the end of the chapter, the total FPGA resources
utilised by the proposed architecture are shown.

A discussion of shortcomings of the proposed architecture follows in the chapter
5. Ideas concerning a FPGA implementation of the Hough Transform and future
improvements of the application software are discussed. The chapter 6 concludes
the thesis.
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Chapter 1

The UVDAR System

This chapter focuses on explanation of the main aspects of the UVDAR system.
The system is overall complex and many different objectives must be ful�lled in
order to achieve a robust system and to deploy it to real-world UAV swarms (i.e.,
multi-UAV systems).

The mutual localisation of the robots in cooperative swarms is an important tool
for the performance of their cooperative tasks. All necessary information describing
the swarm nodes (e.g., the current position, orientation and dynamics) must be
always provided to each of them, otherwise no cooperation can be performed.
Usually, the tools used to address the problem are dependent on the surrounding
environment and also on the network architecture, which may be centralised or
distributed.

The centralised architecture uses one central node with a processor which fuses
all available information simultaneously to retrieve the state of all nodes. The
information is then transmitted to the nodes using some conventional communica-
tion infrastructure, such as Wi-Fi, Bluetooth or another radio-based transmission
method. The downsides of this approach are primarily:. All nodes need to communicate with the central node. Whenever a node

disconnects from the network, the state estimation of the swarm is incomplete.. The processing power requirements of the central node grow rapidly with
every node added to the swarm.. The central node also presents a single point of failure, so a back-up central
node should always be available in the swarm.

On the other hand, in the distributed architecture all the nodes process the
available data about the swarm locally. The processing power grows slowly with
the increasing swarm size, which results in better scalability of the whole system.
But not all the important information is always available for each node which often
means worse accuracy of the state estimation.

There are many methods of acquiring the current position and the orientation
of the nodes. The most frequently used methods for absolute localisation (i.e.,
providing exact localisation data in global and/or local reference frames) among
others are:

3




	Introduction
	The UVDAR System
	System Design Overview
	Theoretical Background
	Features from Accelerated Segment Test (FAST)
	Hough Transform (HT)

	Current Implementation Details
	Hardware Overview


	FPGA Use Case
	Initial Pipeline Stage
	The FAST-like Algorithm
	Related FPGA Implementations
	Proposed FPGA Architecture

	The 4D Hough Transform
	Related FPGA Implementations


	Hardware Selection & Design
	FPGA Boards
	Microchip Hello FPGA Board
	Terasic DE10-Nano Board
	Boards Comparison

	The MCU Board
	The Camera Board
	Hardware Design
	Board Validation


	FPGA Experiments
	Clock Configuration
	I2C Master Interface
	DCMI Interface
	VGA-to-HDMI Interface
	FAST-like Algorithm
	Hard Processor System (HPS)
	Initial Setup
	FPGA-HPS Communication using AXI/Avalon Interfaces
	Input/Output IP blocks
	Handling FPGA-to-HPS Interrupts
	Sharing Memory Resources with the FPGA
	Software Description
	Complete Platform Designer Project

	Total Resources Utilisation
	Complete Project Structure

	Discussion & Future Work
	Shortcomings of the FPGA Implementation
	Feasible HT4D FPGA Implementation
	Running ROS Distribution for Comparison of Results
	Embedded Application of the UVDAR System

	Conclusion
	References
	Complete Camera Board Design

