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Summary

A video pipeline design has been proposed in this project to look at a basic part of numerous
machine vision applications involving drones. Most research in that field focuses on a complete
application and does not look at the influence of implementation choices on video streaming.
This project tries to fill in that gap.

Several options are explored to design a video pipeline that fits on a drone. A developer board
is used that combines hardware and software to have enough performance and is suitable for
use on a drone. The communication block of the design is tested and reached an average band-
width of 461 MB/s with a latency of 76.6e us.

The results indicate that the proposed design is feasible. Additionally, it can be used as a start-
ing point for visual odometry or machine vision applications. Unfortunately, as yet nothing can
be said about the influence of combining hardware and software on performance.
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1 Introduction

1.1 Context

Machine vision is a well established discipline that investigates how to extract information from
digital images and how to interpret these images. Examples are an algorithm processing a cam-
era feed to find a red ball or a system that can count traffic on a crossroads. These tasks seem
easy to perform for a human. Intuitively, one can recognize known objects and give meaning
to visual information. However, it is hard to express these tasks in a way a machine can un-
derstand. Therefore, it is not surprising that there is a lot of existing research on automatically
processing images and related tasks.

An interesting branch of machine vision deals with smaller systems like drones. Drones are fast
and can provide sight on hard-to-reach places. That makes them ideal for automated inspec-
tion tasks. However, drones also provide an additional challenge. Often, machine vision com-
putations are performed on computer platforms that offer a lot of computational resources. On
a drone, that is not possible because these platforms are usually too big and heavy. Therefore,
machine vision implementations need to deal with limited resources that smaller computer
platforms offer.

One example of such an implementation was done by Schmid et al. (2014). A commercial
quadrotor drone was used as a basis for their design which was adapted to make autonomous
navigation possible. For that, a combination of hardware and software processed the drone’s
camera feeds to track it’s own motion. In experiments, the drone could safely navigate through
abuilding and a coal mine. As this study focussed on designing a drone capable of autonomous
navigation, it is beyond its scope to optimize the amount of image data processed or compare
different ways of video streaming. A similar quadrotor drone was used by Meier et al. (2012) that
uses image data to avoid obstacles and for flight control. Measurements showed that fusing in-
ertial and visual data improved accuracy of the planned flight path. Additionally, the project
resulted in a basic platform for autonomous flight for future research. As these objectives were
reached, it was neglected to explain the choice of hardware for the image processing unit or its
influence on measurements. In summary, two studies about autonomous drones have been
shown that do not investigate the influence of choices concerning video streaming hardware.

1.2 Problem statement

Despite the fact that research on the just mentioned applications always needs video stream-
ing, it does not get the necessary attention. It is essential for any machine vision application
and influences its performance. This is also true for autonomous drone applications. There-
fore, the focus of this thesis is video streaming in a drone context.

One of the challenges of video streaming is the amount of data that needs to be processed on
time. Cameras have high data output, especially when resolution and frame rate of the video
are high. In the chosen context, this is even more difficult because of limited resources on a
system like a drone. Nonetheless, it is important for this thesis to keep bandwidth high.

1.3 Project goals

h J

h J

Image Acquisition Image Processing Output Results

Figure 1.1: block diagram of top-level design

Robotics and Mechatronics Wolfgang Baumgartner



90

91

92

93

94

95

96

97

98

99

100

101

102

108

104

105

107

108

109

110

11

112

113

114

115

116

117

2 Efficient Video Pipeline for Drone Applications

The goal of this project is to investigate the problem mentioned before, namely video streaming
for drone applications. For this purpose, a video pipeline is designed. This design must observe
relevant limitations for use on a drone and achieve sufficient performance for an actual appli-
cation. Figure 1.1 shows what the most important design blocks are. The result of this design
process fills the gap of earlier mentioned research and serves as groundwork for autonomous
drones.

As already mentioned, resources for this design are limited. A drone can only carry a light,
small platform that does not use too much power. This means that there is much less process-
ing power available than on for example a big desktop PC. To compensate for this decrease
in processing power, hardware and software are combined to make high performance video
streaming possible. This project investigates how to integrate hardware and software in a ben-
eficial way.

1.4 Plan of approach

As this project has the objective to design a video pipeline, different options for the design have
been explored. Requirements have been defined to have a measure of what a good solution
is. The design has been split in several parts and for each part, various solutions have been
compared. The best option from each part has been picked to get a feasible design for a video
pipeline.

In order to show the feasibility in practice, as much as possible of this design has been im-
plemented and tested. For this, a significant part has been chosen and expanded with a test
bed. Performance of this implementation has been measured to evaluate the proposed video
pipeline and check if the earlier defined requirements have been fulfilled.

1.5 Outline report

In Chapter 2, two different hardware accelerators are explained and compared. The following
chapter illustrates the video pipeline and what led to the proposed design. Subsequently, parts
of the pipeline are implemented and tested which is shown in Chapter 4. The test results are
interpreted and discussed in Chapter 5. Finally, Chapter 6 describes what can be concluded
and what is recommended for future projects.
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2 Background

Typically, machine vision algorithms like visual odometry are implemented in software and run
on high-performance desktop computers (Warren et al., 2016; Song et al., 2013; Nistér et al.,
2006). These systems are often rather big and consume a lot of power to deliver the necessary
performance. On a drone however, these resources are quite limited. The embedded hardware
platform needs to offer sufficient performance within these limits (Jeon et al., 2016). Therefore,
GPUs and FPGAs are a viable option as hardware accelerators for this project that can outper-
form a pure CPU solution. A solution based on an ASIC can also be powerful enough. However,
development time is much bigger than the available time for this project.

2.1 GPU

A modern GPU consists of several computation units. Each of these units contains a number
of simple processing cores, control logic, a small memory cache and some dedicated cores for
special functions. The Fermi architecture described in Gao (2017) for example has 16 stream-
ing multiprocessors with 32 CUDA cores each. All of these computation units have their own
registers available as well as some shared memory and L1 cache. Additionally, there is a shared
L2 cache and a large RAM which is similar to main memory for a CPU. Another example is visi-
ble in Figure 2.1 which shows two of the 16 streaming multiprocessors inside a NVIDIA Geforce
8800GTX. This graphics card is not actually a candidate for this project as it is too heavy and
needs too much power. However, the architecture is similar to GPUs on modern embedded
platforms like the Nvidia Jetson series.

Shared Memory Shared Memory
Instruction Fetch/Dispatch Instruction Fetch/Dispatch
Instruction L1 Data L1 Instruction L1 Data L1

| Texture Fetch

Figure 2.1: A pair of streaming multiprocessors of a NVIDIA Geforce 8800GTX; each multiprocessor
contains eight stream processors, two special function units, shared cache, control logic and shared
memory (Owens et al., 2008)

Older GPUs were mainly built to compute 3D graphics and for that they contained a graphics
pipeline with more dedicated stages as opposed to general purpose computation units nowa-
days. However, the main idea holds that high performance is accomplished by processing the
whole data set in parallel. This means a single processing step is computed in parallel for a lot
of data in contrast to a CPU pipeline that tries to compute several steps in parallel on a single
data point.

Robotics and Mechatronics Wolfgang Baumgartner
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4 Efficient Video Pipeline for Drone Applications

Traditionally, using a GPU for anything else but graphics was a difficult task because for a long
time there were no high-level languages for GPUs available. This meant that any task to be
run on a GPU had to be mapped on the graphics pipeline and expressed in terms of vertices
or fragments. Nowadays though there are several languages that are relatively easy to use for a
software programmer. Nvidia's CUDA for example is an API that can be used together with C
code (Owens et al., 2008; Gao, 2017).

2.2 FPGA

FPGA structure

OO
N }/ Channel
F
= L=
| |
VO Pad
= 1 -
H H
EE BN BN Logic Block

Figure 2.2: Structure of an island-style FPGA (Betz, 2005)

Most Field Programmable Gate Arrays (FPGA) consist of three building blocks. One of these
blocks is called a logic element. It is made of a lookup table with four inputs, a full adder and a
flip-flop and can be configured to behave like any logic gate. Therefore, it is a suitable building
block for a digital circuit. A logic element can be connected directly to another logic element or
via a routing channel when it is on another part of the chip. The last building block is the I/O
pad which allows an FPGA to communicate with the environment. These three elements are
enough to form a digital circuit with input and output (Altera, 2011). An illustration of a typical
FPGA structure appears in Figure 2.2.

Modern devices additionally feature dedicated hardware like memory blocks or multipliers.
These can reduce the area of a circuit because such functionality requires a lot of logic elements
to implement. More complex examples of such dedicated blocks are DSP blocks or embedded
processors. They can also feature logic elements that are structured a bit differently but with
the same function (Intel, 2019b; Cullinan et al., 2013). Although FPGAs still fulfil the same role,
they have evolved a lot over the years.

There are several ways to describe the desired behaviour of an FPGA. First, a hardware descrip-
tion language (HDL) can be used which is comparable to a programming language. The most
common HDLs are Verilog and VHDL. More recently, some vendors like Xilinx and Intel try to
raise the abstraction level by releasing compilers that can synthesize a circuit from a behaviour
description in C/C++. At last, not all behaviour descriptions have to be written by hand as de-
sign suites like Intel’s Quartus Prime comes with prebuilt blocks that can be combined in the
Platform Designer.

After a digital circuit is described in the mentioned ways, the circuit needs to be synthesized.
Nevertheless, it is considered good practice to simulate a circuit first. This has the advantage
that all signals are visible for testing. On a synthesized circuit, this depends on the design but
it is usually not the case which makes debugging more difficult. Software like Quartus Prime

Wolfgang Baumgartner, 12-07-2021 University of Twente
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176 places all necessary gates including routing and I/0 pins on the target device. The behaviour
177 description is mapped onto the hardware (Chu, 2006; Farooq et al., 2012).
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6 Efficient Video Pipeline for Drone Applications

3 Design

¥
¥

Image Sequence Communication Qutput

Figure 3.1: block diagram of top-level design

3.1 Introduction

As context for the design objective, a use case has been picked that describes the application
that was envisioned as long term goal. This use case is a drone that can inspect modern wind
turbines. It has to fly up and down the tower on which the generator is mounted and look
for signs of damage. This means it needs to autonomously navigate the wind turbine in its
environment. Additionally, some kind of sensor is necessary to inspect the turbine structure.

The objective for this design space exploration is a video pipeline that serves as a basis for visual
odometry on for example a drone. This means there needs to be a video source that streams
image data. The data needs to be available for hardware and software to enable advanced im-
age processing in the future. Additionally, communication between hardware and software on
the targeted platform is necessary. Finally, a way of outputting information is required. Figure
3.1is arepresentation of this video pipeline without implementation details.

In order to reach the design objective, requirements have been set up in the following sec-
tion. These form a basis for the design criteria in the subsequent section. In Section 3.4, the
platform choice is explained. The section after that describes how the design was divided in
parts which were separately explored and evaluated according to the established design crite-
ria. Each chosen part solution was combined for the design which is subject of the last section
in this chapter.

3.2 Requirements

As a first step towards a design, requirements need to be deduced from the use case mentioned
earlier. As this use case is about an inspection drone, the design has to be implemented on a
small, lightweight platform that fits on a drone. As this project is about a video pipeline, the
sensor is a camera. Consequently, the design must be able to process the data coming from the
camera. That means a certain bandwidth must be available while the latency must be low as
well. Given that this project aims for video streaming as basis for more complex designs, there
should still be resources available after implementation.

One of the most important requirements for this project is the bandwidth, i.e. the amount of
data that can be processed in a certain time span. It has a significant influence on performance
of machine vision algorithms. Looking at our drone, higher bandwidth means a higher resolu-
tion and more pictures per second can be processed. As there is more information available for
an algorithm to work on, accuracy improves. An example with a working application is Schmid
et al. (2014) that successfully tests an autonomous drone in a coal mine while making use of a
camera stream with 18.75 MB/s. In the mentioned case, it means two cameras taking 15 pic-
tures per second with a resolution of 750x480 pixels. This design aims at 18.75 MB/s which is
equivalent to 30 pictures per second with a resolution of 750*480 pixels from a single camera.
There are camera modules available with this amount of data output. Therefore, these num-
bers were chosen as a requirement for this project.

Another important characteristic for video streaming is latency which is the time from a picture
being taken to the processed result. This latency is relevant for an autonomous drone because
it influences the time between recognizing for example an obstacle and appropriate course

Wolfgang Baumgartner University of Twente
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CHAPTER 3. DESIGN 7

correction to avoid the obstacle. This makes the latency also a critical characteristic because
a low latency can help avoid accidents. Logically, low latency is desirable. The precise rela-
tion between latency and performance of an autonomously navigating drone is hard to derive
analytically. Therefore, a latency of 0.3s was considered sufficiently low for this design.

This design is meant as a basic starting point for machine vision applications. Therefore, there
still has to be the possibility to add algorithms to the implemented design. This means that the
chosen platform has to offer resources which can be used for later additions to the design.

As the end product is for drones and other robotics projects, this design has to be implemented
on a platform that is small and light enough to fit on a drone. Nikolic et al. (2014) presents
a module performing a SLAM algorithm fused with inertial data. It was tested in Omari et al.
(2014) and is light and small enough for a drone. The mentioned module weighs 130 g and its
dimensions are 144 x 40 x 57 mm. This size is used as a requirement for this project to make
sure that the result fits on a drone. An overview of all requirements can be found in Table 3.1.

requirement number
bandwidth 18.75 MB/s
latency 0.3s
weight 130 g

size 144 x40 x 57 mm

Table 3.1: requirements

3.3 Design criteria

In order to evaluate the considered solutions in the following sections, criteria are chosen that
are relevant for the design. Each possible solution gets a certain number of points for each
criterion. Additionally, each criterion gets a weighting factor corresponding to the importance
for the design. Points get multiplied with the related weighting factor, the sum of all points for
a solution gives its score. All design criteria are in Table 3.2.

For the design process, the time it takes to build and implement the design is quite important
because time is limited and it is hard to accurately plan a schedule.

Bandwidth counts just as much as this is the criterion where the hardware acceleration should
be noted the most. Therefore, the objective is as well to make bandwidth a strong point for this
design.

Latency has been chosen as it is also part of the requirements. However, it is less important for
the video pipeline because the result is not yet used for a critical process like in an autonomous
drone.

The amount of resources available for this design are determined by the platform choice de-
scribed in the following chapter, which is in itself a limiting factor. However, it is not supposed
to be optimized for efficiency which is why the resources criterion has a low weighting factor.
It is much more important for possible applications that might be designed in future research.

3.4 Platform choice

From the requirements described earlier, there are some that are especially relevant for the
choice of a suitable platform. This platform needs to offer enough performance for this project
as well as some extra resources for future algorithms. Additionally, the platform has to meet
the weight and size limit in order to fit on a drone. And lastly, the platform must allow the
combination of hardware and software as this is crucial for the approach mentioned in the

Robotics and Mechatronics Wolfgang Baumgartner, 12-07-2021
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8 Efficient Video Pipeline for Drone Applications

design criterion | weighting factor

build time 3
bandwidth 3
latency 2
resource use 1

Table 3.2: weighting factors of the design criteria

Introduction. With the relevant requirements in mind, we can now discuss which hardware
accelerator is suitable.

One option introduced in Chapter 2 is to use an FPGA. It works like a reconfigurable digital cir-
cuit which has several implications. First, it allows to perform different tasks at the same time or
process several data points simultaneously which is important for the established bandwidth
requirement. Second, FPGA implementations can be optimized to keep latency low. There-
fore, choosing an FPGA for this design would help to satisfy the latency criterium. Additionally,
latency in an FPGA is deterministic which makes real-time applications possible.

The second option mentioned earlier was a GPU. GPU architecture makes it possible to pro-
cess a lot of data in parallel because it is optimized for bandwidth. This has the downside that
latency can be quite big and variable. Also, GPUs are rather easy to program. NVIDIA for ex-
ample offers an API called CUDA which allows to use C-like code for programming (NVIDIA,
2019).

advantage FPGA GPU
parallelism digital circuit | streaming cores
latency deterministic | -

configuration | HDL CUDA

Table 3.3: Advantages of using an FPGA or a GPU

The just mentioned advantages of FPGA and GPU were weighed to see which one is more suit-
able for this project. It was decided to go for a platform which incorporates an FPGA because
that makes latency more manageable. Furthermore, potential GPUs usually are quite big and
the few suitable platforms with a GPU are expensive. Therefore, a platform that uses an FPGA
as a hardware accelerator seems like the best option. A summary of the advantages is shown
in Table 3.3 and Table 3.4 shows the score of both options according to the established design
criteria.

solution/criterion ‘ build time ‘ bandwidth ‘ latency ‘ resources ‘ score
FPGA 1 3 3 3 21
GPU 2 2 1 2 16

Table 3.4: Possible platforms and their design criteria score

This said, a well-suited option turns out to be the DE10-nano SOC kit. It features an Intel Cy-
clone V SE SoC combining an FPGA with 110k logic elements and a dual ARM core. The amount
oflogic elements is sufficient because Nikolic et al. (2014) used a Xilinx Zedboard with 85k logic
elements to implement SLAM which is more demanding than visual odometry. However, an
Intel-based device was chosen over other vendors because of previous experiences with the
software tools that Intel provides for development. Also, the platform falls within the size and

Wolfgang Baumgartner, 12-07-2021 University of Twente
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CHAPTER 3. DESIGN 9

weight requirements established in Section 3.2. Communication between hardware and soft-
ware is expected to be fast enough because FPGA and CPU reside on a single chip.

3.5 Video Pipeline Design

Having discussed the requirements and platform choice for the design, the following section
covers the video pipeline design itself. In this section, the design is split up in the blocks input,
communication and output (see Figure 3.1). For each block, possible solutions are compared
and evaluated according to the criteria in Section 3.3. In the last Section of this Chapter, all part
solutions will be put together for the complete, chosen solution.

3.5.1 Datainput

The first block is about acquiring data. A camera records a video and it needs to connect to
an interface. This can happen either by connecting the camera to several hardware pins or by
using the USB interface.

FPGA
amera > Interface
A
CPU
Driver

Figure 3.2: block diagram of data input with hardware interface

In order for the data to enter the system via hardware pins, a hardware interface has to be
written in a hardware description language. It also requires a driver for software control of the
data input (see Figure 3.2). Consequently, connecting the camera with hardware pins requires a
lot of development work and build time. The upside is that performance is expected to be high.
Taking the MT9V034 CMOS image sensor in a camera module as an example, our platform
offers enough power for a hardware interface. The 50 MHz FPGA clock is sufficient to switch
the input pins fast enough as the image sensor has a clock rate of 27 MHz. This ensures a
high bandwidth while latency in this block is kept low because it is a digital circuit. As it is
only necessary to switch pins and route the data to the next block, it does not require a lot of
resources either.

Moving on to the second option which is a USB camera with a software interface. A Logitech
C920 for example works out of the box with Linux and offers 62.3 MB/s of data. Using USB
adds latency compared to the hardware interface because the operating system is responsible
for that. It is not possible to use a real-time operating system within the available time for
this project which means that latency is not deterministic and hard to control. However, it
is impossible to measure the latency in this specific block only. Therefore, the latency gets a
slightly lower score. Bandwidth is more than sufficient and gives a high score. This solution
does not require a lot of resources as the driver is part of the existing kernel and expected to be
quite efficient.

In the end, both solutions are quite similar. The USB camera is easier to implement. Manually
writing a hardware interface that matches the timing of the camera module can be challenging.
Nonetheless, if done correctly, latency is expected to be lower than with a USB camera. The
score with applied weight factors is shown in Table 3.5.

Robotics and Mechatronics Wolfgang Baumgartner, 12-07-2021
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10 Efficient Video Pipeline for Drone Applications

solution/criterion ‘ build time ‘ bandwidth ‘ latency ‘ resources ‘ score
camera + HW interface | 1 3 3 3 21
USB camera 2 2 2 3 19

Table 3.5: Possible solutions for data input, weight factors applied accordingly

3.5.2 Communication HW/SW

Moving on now to consider communication between FPGA and CPU. There is a complex bus
architecture on the DE10-nano SoC connecting all the different parts on the chip. Several
bridges allow devices on the FPGA or the ARM core to function as master and initiate data
transfers on the chip. They mainly differ in width and in which side is master and slave. For a
simplified block diagram of the connections between FPGA and CPU see Figure B.2. For more
information see Intel (2019b). Additionally, different parts on the chip can move data around.
The CPU or the dedicated ARM DMA are options on the ARM core while it is also possible to
implement DMA blocks on the FPGA fabric. In more complex designs the placement of this
block is also important. However, in this design communication is by default after data input.
The possible options are:

* Hardware DMA with the FPGA-to-HPS (Hard Processor System) bridge
* Hardware DMA with SDRAM bridge

e ARM DMA with HPS-to-FPGA bridge

For this part of the design, the bandwidth is very important. It is a part that does add overhead
to the design but it is necessary to make use of the hardware accelerator. Therefore, it is a
potential bottleneck when the implementation is not performing well. This is also restricted by
platform choice.

There are several possible ways to move data from one place to another on this platform. The
simplest method is to use the CPU for that. However, the CPU usually has a lot of tasks to do
and using a DMA controller improves overall performance. Therefore, only DMA options were
considered for this design. The ARM core has an integrated DMA controller which is "primarily
used to move data to and from other slow-speed HPS modules" (Intel, 2019a). Another chip
from the same device family was tested here (Land et al., 2019) where a bandwidth of 28 MB/s
was mentioned. That is much lower than the 100 Gb/s peak bandwidth advertised on the Intel
website (Intel, 2018). A DMA controller implemented on the FPGA can be a way to improve
communication bandwidth between FPGA and CPU. Quartus Prime comes with a normal DMA
controller and a scatter/gather controller as IP cores. The Intel Cyclone V design guidelines
(Intel, 2019a) recommend to use the scatter/gather controller.

There are not only several relevant DMA options but more data bridges as well to choose from.
The first option is the FPGA-to-HPS bridge which allows communication between FPGA and
CPU. In this case, it can enable a DMA controller in the FPGA fabric to move data to and from
memory connected to the ARM core. It has a width of up 128 bit and a special port for cache-
coherent memory access. It is expected to be fast enough for this design because the design
guidelines recommend this bridge for data transfers (Intel, 2019a). However, documentation
does not mention expected bandwidth because it always depends on the particular design as
well. Another interesting bridge is the lightweight HPS-to-FPGA bridge which is suitable for
control signals. Most devices implemented on an FPGA have control registers which can be
accessed by software. Using the lightweight bridge only for control signals helps keep latency
down because data traffic is routed through a different bridge. There is also a counterpart to
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CHAPTER 3. DESIGN 11

that bridge that allows the ARM core to initiate data transfers. The HPS-to-FPGA bridge is simi-
lar to the just mentioned bridge except that master and slave are different. The last option is the
FPGA-to-SDRAM bridge which allows an FPGA master direct access to the memory controller
without involving the L3 interconnect. According to the design guidelines, this bridge offers
the most bandwidth while keeping latency low. It does not offer cache-coherent access and it
is harder to set up.

After having discussed the available bridges and DMAs that are relevant for this design, the
solution for this design block is discussed. As data moving device, the scatter/gather DMA was
selected because it is recommended by (Intel, 2019a) and it is expected to be much faster than
the ARM core. Additionally, the ARM DMA might be more useful when there are peripherals
used that are directly connected to the ARM core. Together with this DMA, the FPGA-to-HPS
bridge is most suitable as it is not hard to implement and should offer enough bandwidth.
In this case, the solution with the SDRAM bridge has the same amount of points but still the
solution with a higher build time score was chosen because of lack of time.

solution/criterion build time | bandwidth | latency | resources | score
HW DMA + FPGA-to-HPS bridge | 2 2 2 3 19
HW DMA + SDRAM bridge 1 3 2 3 19
ARM DMA + HPS-to-FPGA bridge | 2 1 1 3 14

Table 3.6: Possible solutions for HW/SW communication, weight factors applied accordingly

3.5.3 Output

This part of the design is about showing the results of earlier executed image processing. There
are two options on the DE10-nano. The board comes with an HDMI output that can be used
to show the current image. Alternatively, relevant data like measured bandwidth or latency can
be displayed in a text interface. The possible options are:

* images and diagrams via HDMI

¢ text interface

The HDMI output is more versatile as it can present information in different ways. Written text
and numbers can be displayed as well as processed images or diagrams. However, it is harder to
set up on the DE10-nano because one has to manually connect all pins on the board and write a
hardware interface for it. There is an HDMI controller on the board but there is no ready-made
interface available that allows the use of this controller. On the other hand, a text interface is
really simple to make and can display all the relevant data. See Table 3.7 for the score.

solution/criterion ‘ build time ‘ bandwidth ‘ latency ‘ resources ‘ score
SW console text 3 2 2 3 22
HW HDMI 1 3 3 2 20

Table 3.7: Possible solutions for output, weight factors applied accordingly

3.6 Comparing solutions

Thus far, each part of the design has been discussed and they can be put together. For the data
input, the HW interface scores more points than the USB camera because it offers more per-
formance. The data is then sent to RAM by a scatter/gather DMA via the FPGA-to-HPS bridge.
The results can be seen on a text interface. Figure 3.3 displays the solution in a block diagram.
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a9 According to the established design criteria, this is the best design among the considered op-
30 tions.

Images

FPGA CFPU

h 4

Hardware Interface

h J

Communication

h J

Text Interface

Figure 3.3: block diagram of the solution

a1 As can be seen in this Chapter, the design is complex and its implementation time-consuming.
s2 This makes implementation challenging because available time is limited. Therefore, it was
a3 decided to only implement the communication block. It is a vital part of the video pipeline and
s« its performance is a good indicator for the overall pipeline performance.
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4 Testing

4.1 Introduction

This chapter describes the tests. As mentioned in the previous Chapter, the communication
block was implemented and its performance measured. As it is a big part of the proposed de-
sign, this gives an indication of the overall design performance. Additionally, the results show
if the platform is a suitable choice. In this case, bandwidth and latency are measured as per-
formance indicators while area on the FPGA and CPU usage show the resources used. These
results show if the proposed design is relevant for future research.

4.2 Setup
FPGA
pattern generator f-------- DMA fe-e---- -
— control signals
--------- [> video data
Vi
LW HPS-to-FFGA FEGAtO-HPS
bridge Drldge
. ARM
hardware :
control :
B aths It > on-chip RAM
performance
measurement

Figure 4.1: block diagram of the test setup

The design block described in Section 3.5.2, which was implemented for testing, moves data
between the FPGA and the CPU part of the board. A scatter/gather DMA was selected to do the
actual copying of data. It is controlled by software which sends commands via the lightweight
HPS-to-FPGA bridge. The FPGA-to-HPS bridge is used for transferring data from the FPGA to
the on-chip RAM on the CPU.

This design block was expanded with a data source to simulate a camera taking pictures. This
data source realized on the FPGA side is an IP core included in the Quartus software which
generates certain data patterns and streams them to the DMA. Data can then be sent from the
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14 Efficient Video Pipeline for Drone Applications

FPGA to the CPU’s on-chip RAM. Then, all necessary measurements are done in software as
well as a text interface which shows the results. An overview of the setup is shown in Figure 4.1.

4.3 Execution

Software has been written that controls all the mentioned peripherals and gets all necessary
measurements. First, the data generator and the DMA are prepared. Then, a descriptor is con-
structed which contains information about the following data transfer. A clock is started and
right after that, the data transfer starts. As soon as the DMA is not busy any more, the clock
stops. The measured time is used to calculate bandwidth. After that, several small data trans-
fers are executed and measured in the same way. The average of the measured times is the
latency for a data transfer.

For the bandwidth measurement, 64 kB of data are sent to the on-chip RAM. In the time mea-
sured, several things happen to make the data transfer possible. The software checks if the
DMA can accept another descriptor. If so, the descriptor is sent to the DMA. Subsequently, the
DMA dispatcher is activated and starts the transfer. After that, the software waits until the DMA
stops sending a busy signal (see Figure 4.2). The bandwidth is the amount of transferred data
divided by time. In comparison, the latency measurement works similar as the same things for
a data transfer have to happen. However, only 2 kB of data are sent.

hardware control DMA

check descriptor buffer

J- ===

buffer not full
.:E _________________________
send descriptor
|
< descriptor received
activate dispatcher
not busy
e L

cemmmeee]

Figure 4.2: sequence diagram of the bandwidth and latency measurements

The last measurements that are discussed here, are measurements concerning the amount of
used resources in this implementation. For the FPGA, the amount of used LEs and other blocks
are read from the Quartus Prime synthesis report. For the CPU resources, the Linux command
time is used. It measures the execution time of a command, the CPU time spent on it and
the CPU usage. These measurements give an indication about the possibility of extending the
proposed design.

4.4 Results

The bandwidth has been measured with different burst sizes with each series being measured
20 times. The results are shown in Table 4.1 and Figure 4.3 shows the measured bandwidth with
a burst size of eight. The latency was measured 200 times in total with a burst size of one. Table
4.2 shows the results. In both tables, averages and standard deviation were calculated with all

Wolfgang Baumgartner, 12-07-2021 University of Twente



440

441

442

443

CHAPTER 4. TESTING

15

values and adapted average and adapted standard deviation excluding outlying measurements.
Quartus reports that 6072 adaptive logic modules (modern logic elements) were used which is
14% of the available ALMs. According to the time command, it takes 0.01 s to execute the code
which takes 52% of the CPU. Table 4.3 shows the used resources for the implementation.

bandwidth in MB/s

burst size 2 4 8 16
minimal 328 | 325 | 452 | 383 | 452
maximal 443 | 452 | 461 | 464 | 463
average 428 | 441 | 458 | 457 | 459
standard deviation 24 | 28 3 17 3
adapted average 433 | 448 | 458 | 461 | 459
adapted standard deviation 3 3 1 3

Table 4.1: bandwidth measurements

bandwidth with burst size of eight

MB/s
a70
460
450
440
430
420
410
400
390
380
370
Figure 4.3: bandwidth measurements with a burst size of eight
minimal maximal average | standard deviation
latency in ns 74,110 111,060 76.6 x 10° 2.5%x10°
adapted average | adapted standard deviation
latency in ns 76.5 x 103 0.5x 103

Table 4.2: latency measurements

area

execution time
CPU usage

6072 LEs
14 %
0.01s
52%

Table 4.3: resources used
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16 Efficient Video Pipeline for Drone Applications

5 Discussion

The objective of this project is to design a video pipeline suitable for drone applications. A
combination of hardware and software has been used to achieve high performance that fits on
adrone. In this chapter, the measurements from the previous chapter are discussed to evaluate
if the objective has been reached.

First of all, all measurements satisfy the previously established requirements. It is noteworthy
that the measured bandwidth is about 25 times the required bandwidth (see Section 3.2). Also,
the measured latency is much lower than the latency stated as requirement. Additionally, there
are resources left to complete the video pipeline. As all requirements are met, the measure-
ments suggest that the proposed design is feasible.

Aside from how the measurements relate to the requirements, the bandwidth measurements
show some peculiarities. When looking at the adapted average, choosing a burst size of eight is
the best choice for the proposed design. When the average including all values is the deciding
characteristic, a burst size of 16 should be chosen. However, that is apparently because the
series with a burst size of 16 does not have an outlier. Figure 4.3 shows a series of measurements
with the outlier right at the beginning. Outliers are not exclusively occurring at the beginning
of the measurement. The outliers do increase standard deviation by several factors but there
are so few that the average does not change a lot. It is not clear what the cause of the outliers is.
A possible reason is that the operating system interrupted the user code during the bandwidth
measurement.

The latency measurement has only one outlier and therefore it has almost no influence on the
average while the standard deviation changes by a factor of five. Here, all values were measured
with a burst size of one as it simplified the measurement. A higher burst size might lower the
latency because the DMA can transfer more data without interruptions.

While the measurements satisfy the requirements, it is important to look at how meaningful
they are. Several facts speak against these measurements being meaningful:

* only one part of the video pipeline has been implemented and tested

* bandwidth and delay measurements include overhead like the control sequence for the
DMA

* the bandwidth has been measured by transferring 64 kB at a time to the on-chip RAM be-
cause of technical issues; results might be different transferring more data to the SDRAM

* reading data from the on-chip RAM and transferring it to memory on the FPGA might
lead to a different bandwidth

There are also some reasons that speak for these measurements being meaningful:

 the implemented design part is the biggest part in the design

 even though reading from the on-chip RAM was not tested, it is very similar to writing to
it and bandwidth is expected to be similar

* in case of bandwidth and latency, requirements are exceeded a lot

» overhead from measuring time expected to be small compared to transfer time

After considering these facts, it is still reasonable to believe that the proposed design is feasible.

In the Introduction, it was stated that autonomous drones are a valuable research topic and
this project is a first step towards that application. Therefore, it is interesting to discuss if this
design might also be extended to a visual odometry module. On one hand, the measurements
suggest that the proposed design is feasible and there are resources left to implement a bigger
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design. On the other hand, the difference between the implemented part of the design and a
module performing visual odometry is quite big. This means that it is impossible to conclude
anything about a visual odometry module with the information currently available.

The approach to combine hardware and software was chosen to increase performance. There
is no conclusive evidence that it did or did not work. The measured bandwidth exceeds the
requirements but there is no pure software solution to compare it to. Also, the implemented
block (see Subsection 3.5.2) would probably not be necessary when all calculations are done
by a single CPU because all the acquired data would stay in main memory. However, combin-
ing hardware and software did increase the complexity of the project. There are more options
on how to solve a problem but also more information and experience is needed to make an in-
formed decision. A lot of practical experience was acquired this way. However, implementation
for testing took longer than expected.

As the complexity increases because of the chosen approach, so increases the necessary knowl-
edge to develop a good design. Adding hardware to it required hardware design knowledge.
Additionally, drivers were necessary to make software and hardware work together. This also
meant that development and implementation required more time. Furthermore, debugging
was much more complicated as low-level details in an FPGA design are hard to observe but can
be crucial for a design. In conclusion, the original design objective was very ambitious and had
to be limited in order to finish within the available time.
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6 Conclusions and Recommendations

6.1 Conclusions

This project set out to propose a video pipeline design that might be used as a starting point
for machine vision applications. As discussed in the previous chapter, a design has been pro-
posed and tested. The results suggest that the design is feasible, but only a part of it has been
implemented. Therefore, the performance of the implemented video pipeline might be differ-
ent from the part in the conducted experiment. Additionally, the project provides insight into
video pipeline design with limited available resources. It is suitable for further studies and,
eventually, applications.

Another project goal was "to integrate hardware and software in a beneficial way" (see Chap-
ter 1). Both hardware and software are used in the design. Therefore, this goal is also achieved.
However, it is unclear how combining hardware and software influences the performance of
the video pipeline. Nonetheless, the proposed video pipeline is a good starting point for ma-
chine vision applications with a similar design approach.

6.2 Recommendations

A natural progression of this work is to implement the complete video pipeline design and test
the performance. For the experiment, a camera interface can replace the pattern generator and
additional software is needed for data transfers to main memory. Then, the performance can
be measured again to see if the new results confirm or disprove the conclusions in this project.

A further study could extend the proposed video pipeline to assess if it is suitable for visual
odometry. For that, several image processing algorithms like feature detection and matching
can be added to the design and measure the resulting performance. Implementing such a de-
sign would show if the currently chosen hardware and approach is suitable for an application
including visual odometry.
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A How to use the DE10 NANO SOC kit without an OS

A.1 Requirements

A2

Quartus Prime Software 18.1

Intel SoC FPGA Embedded Development Suite 18.1

Process

Compile your hardware project with Quartus Prime
Generate the header file with all memory addresses derived from Platform Designer file

Convert .sof output file to .rbf file with the following command:

[ $ quartus_cpf —c =*.sof =*.rbf j

Download the software example Altera-SoCFPGA-HardwareLib-Unhosted-CV-GNU
from the Intel website

Compile with Eclipse DS-5

Start the preloader generator with

[ $ bsp—editor }

in the embedded command shell

Disable watchdog, enable boot from SD, enable FAT support, disable semihosting
Use make command to build preloader

Use make uboot to build bootloader image

Generate bootloader script file with

$ mkimage -T script —C none —n ’Script,_File’ —d
u-boot.script u-boot.scr

Prepare SD card with an "a2" partition for the preloader and a FAT32 partition for your
hardware project, bootloader and software

Copy preloader in "a2" partition and all other files to the FAT partition

Put SD card in board, turn on and connect to serial console
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20 Efficient Video Pipeline for Drone Applications

B De10-nano SoC-board

The chosen platform for this project is the DE10-nano development kit. It is based on the Cy-
clone 5 SE 5CSEBA6U2317 chip which combines an FPGA and an ARM core. As shown in Figure
B.1, there are a lot of connectors and peripherals connected to the chip which makes this board

versatile and powerful.

9.0V
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USB OTG
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PEMMNY |5 DDR3 (2 chip, x32)
2x20 pin GPIO
2x20 pin GPIO - f
= e U
Digital USB Mini-B
Arduino Header
cammemmn & Accelerometer
FPGA HPS
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1. F Y
HDMI TX l
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Push Button x2  Slide Switch x4 LED x user e RET g Hel

Figure B.1: block diagram of DE10-nano (Terasic, 2017)

The FPGA features 110k logic elements and about 6 kB of dedicated RAM. There is a USB Blaster
port connected to it for programming. 40 GPIO pins are available as well as extra pins similar
to the Arduino header. There are several 50 MHz clock sources that can be combined with PLLs
to increase clock frequency. The HDMI can be used for output directly to a screen.

The processor on the chip is a 800 MHz dual-core ARM Cortex-A9. It has access to 1 GB of
DDR3 RAM. There is an ethernet port, a USB interface and a micro SD card slot for an operating
system.

Figure B.2 shows the interconnect between the microprocessor subsystem(MPU), FPGA and
peripherals on the chip. Of special interest are the bridges connecting the L3-interconnect
with the FPGA portion. The lightweight HPS-to-FPGA bridge offers little bandwidth and low
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All Other All Other
L3 Slaves L3 Masters
FPGA Fabric | ] LWH2F Bridge L3 Slave L3 Master MPU
32 bit Peripheral Switch | |Peripheral Switch
5 3 ]
H2F Bridge
4 32/64/128 bit il |
F2H Bridge L3 Interconnect
™ 32/64/128bit [ ) Main Switch
h 4
DMA —P SRAM
F2S Interface p| Controller

Key:

H2F: HPS-to-FPGA

LWH2F: Lightweight HPS-to-FPGA
F2H: FPGA-to-HPS

F2S: FPGA-to-SDRAM

Figure B.2: simplified block diagram of connection system between HPS and FPGA (Intel, 2019a)

latency. This bridge is suitable for control signals from software to synthesized hardware on
the FPGA portion. The other two bridges offer a wider interface and more bandwidth, i.e. are
more suitable for sending data.

There is one last connection between the FPGA portion and the SDRAM controller subsystem.
It allows any synthesized hardware access to main memory and is even wider than the other
bridges. The FPGA-to-SDRAM interface therefore offers the most throughput and lower latency
than the other data bridges. The downside is that it only offers non-cacheable memory access.
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C Software

The ARM core is powerful enough to run an operating system. In this case the embedded Linux
distribution Angstrom was used. Intel provides a meta layer for the DE10-nano together with a
build recipe. Therefore, the yocto project was used to build an image for the board. The recipe
includes a preloader, the bootloader uboot and it generates a device tree for the kernel. The
kernel version 4.9 is built as well as a root filesystem.

For the hardware design, Intel Quartus Prime 18.1 was used. Already implemented blocks in the
platform designer - previously known as Qsys - were used as much as possible. All the hardware
projects were based on the example design provided by the board designer Terasic.

Software development was done on the ARM DS-5 IDE as part of the Intel SoC Embedded De-
velopment Suite. This includes some libraries and drivers for Cyclone 5 chips as well as the
cross compiler arm-linux-gnueabihf-gcc 5.4 provided by Linaro.
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D Visual Odometry

D.1 Introduction

Visual Odometry is a way to track the motion of a drone or a robot. A camera on a drone sees
the environment move when the drone itself moves. These changes can be used to estimate
the drone’s motion. There are different ways to do this. The feature-based method which looks
at certain points in consecutive images is relevant for this project. By tracking these points and
observing their movement, it can be deduced how the drone moved.

What makes Visual Odometry relevant for this project is that it can be used for path planning. A
camera is the only sensor necessary to track a drone’s movement. As cameras can be very small,
they fit easily on a drone. Enabling a drone to track its own position would also allow it to plan
its own path; therefore, developing a video pipeline on a lightweight processing platform is a
step towards autonomous drones (Yousif et al., 2015).

There is a range of research for VO. Weiss et al. (2011) extended VO and used a SLAM algorithm
to let a drone take off, fly to waypoints and land autonomously. Dunbabin et al. (2005) built
an underwater vehicle to inspect for coral reef inspection. To circumvent the lack of GPS signal
underwater, VO was used for navigation. Nistér et al. (2006) proposed a VO system to let ground
vehicles successfully navigate on their own. The most famous example of VO is probably the
Mars Rovers Spirit and Opportunity. In Maimone et al. (2007) and Cheng et al. (2006) the VO
algorithm was used to make navigation more accurate, especially when the terrain made wheel
odometry unreliable.

Image Sequence

\

Feature Detection

A 4

Motion Estimation

y

Local Bundle Adjusment

Figure D.1: Essential components of Visual Odometry

D.2 Process

As shown in Figure D.1 this process starts with a sequence of images. The first step is the de-
tection of points of interest. These features can be simple like corners or more elaborate like
windows. As an example of a feature detector the FAST algorithm shall be explained soon.
Once, all features in two or more consecutive frames are detected, they need to be matched. A
criterion like the Sum of Square Differences or the Sum of Absolute Differences can be used as
a measure of similarity.
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When a sufficient number of corresponding features in consecutive frames is found, a transfor-
mation between frames can be calculated. In the ideal case that 3D coordinates of said features
are known, the following formula can be applied:

T= argminTZ IXi—T)’(iI2 (D.1)

T is the transformation between one frame and the next, X is one 3D point observed in the cur-
rent frame and X is the corresponding 3D point in the previous frame. The necessary amount
of feature pairs depends on the system’s degrees of freedom and the type of camera model
applied. More feature pairs increase the accuracy of the transformation as well as the compu-
tational effort.

In cases where image points are compared with triangulated 3D points from the previous
frame, a re-projection function can be used. When there is no 3D information available yet,
like in the first two frames, epipolar geometry can be exploited to get a transformation from
one frame to the next. These methods are described in more detail in Yousif et al. (2015).

D.3 Advantages

As mentioned earlier, VO is a way to measure egomotion. However, there are also other meth-
ods with each their set of advantages. Compared to methods like LIDAR (light detection and
ranging sensor) or INS (inertial navigation system), a camera is quite cheap and delivers a lot
of information which allows accurate trajectory estimates, with relative position error ranging
from 0.1% to 2% (Scaramuzza and Fraundorfer, 2011).

Unlike GPS, it does not need clear sight of the sky. Therefore, it works inside and outside.
Nonetheless, not all environments are particularly suited for VO as lighting conditions or move-
ments in the environment have a great impact on accuracy.

Furthermore, VO is not affected by slippery or loose terrain like wheel odometry is. It does not
require additional signals or satellites which makes on-board solutions easier. Additionally, it
can be combined with other vision-based algorithms as a camera is already present.

The biggest challenge for VO is the computational effort due to the amount of data that needs to
be processed. Especially when high accuracy is crucial, extra optimisation steps are necessary
that can be computationally expensive. While on a ground station, this might not be a big
problem, small onboard platforms that fit on a drone, might struggle with this (Agel et al., 2016).

D.4 FAST

Figure D.2: Illustration of segment test

The Features From Accelerated Segment Test (FAST) algorithm is a feature detector, more
specifically a corner detector. It places an approximated circle around a pixel in question such
that 16 pixels lie on this circle as shown in Figure D.2. Then pixel intensities are compared. If
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there is a segment on the circle with enough pixels that are either lighter or darker than the
centre pixel plus a threshold, then the centre pixel lies on a corner.

According to Yousif et al. (2015), FAST is computationally efficient which makes it suitable for
embedded applications. Additionally, Kraft et al. (2008) successfully implemented it on an
FPGA and found that it its implementation does not require a lot of resources and allows for
a high frame rate. The main downside of this algorithm is that it is sensitive to noise. An alter-
native algorithm to solve this problem would be the SIFT (Scale Invariant Feature Transform)
algorithm but it is computationally much more expensive (Yousif et al., 2015).
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