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Abstract

AD-EYE is an ongoing collection of projects at Kungliga Tekniska Högskolan (KTH) in Sweden,
aiming to develop platforms and systems for autonomous driving. The goal of the project presented
in this report is to implement the AD-EYE software on a commercial car intended for driving on
public roads. The proper hardware required for autonomous driving will be integrated to the car,
using appropriate mountings and interfaces. An NVIDIA DRIVE™ PX 2 computer will be used as
the central unit, and serve both as the platform for the software and as the channel between the soft-
ware and hardware. Additionally, communication will be established with a Road Side Unit (RSU),
developed in a previous project in the AD-EYE suite, in order to demonstrate the possibilities of the
integration of smart infrastructure to the AD-EYE platform. Furthermore, the scope includes the
realisation of several driving scenarios, where the performance of the car will be finally tested and
evaluated.

This report covers the State of the Art (SOTA) study of the project. The relevant background
information as well as similar projects and existing solutions of partially autonomous vehicles are
covered, followed by a careful investigation of the relevant facts for the execution of the project. The
related AD-EYE projects are also addressed, with emphasis on the projects that are relevant for the
accomplishment of this project. Finally, based on the knowledge gained in this SOTA study, potential
designs of the autonomous car are presented, including sensor placement and mounting as well as the
integration and interfacing to the NVIDIA DRIVE™ PX 2 and RSU.
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1 Introduction

Since 2017, the AD-EYE testbed for autonomous driving has been developed at KTH in Stockholm,
Sweden [1]. This report covers the implementation of the AD-EYE system on a real car intended for
driving on public roads at KTH Campus. The goal for this car is to serve as a realistic testbed for
research in autonomous vehicles.

1.1 Scope

The scope of this project covers the integration and implementation of external sensors and the existing
AD-EYE software on a commercial vehicle. The aim is to successfully accomplish autonomous driving
scenarios, e.g., attaining the vehicle to autonomously follow a predefined trajectory and simulating an
non-existing object to the vehicles perception. Integration of the external sensors includes mounting
of two to three cameras, a LiDAR and an Inertial Measurement Unit (IMU) on optimal places on the
vehicle. The goal is to gather sensor data and provide it to an existing perception system that perceives
its surroundings, in order to allow the vehicle to navigate through the roads at KTH Campus.

An intelligent infrastructure will be implemented by establishing communication between the vehicle
and a RSU1. The RSU will act as a Vehicle-To-Everything (V2X)2 server by receiving and transmitting
information from and to the vehicle. An on board computer, i.e., the NVIDIA DRIVE™ PX 2, will be
used in order to control the vehicle through the Controller Area Network (CAN) protocol. The on board
computer will be an essential component for interfacing the communication between the sensors, the
AD-EYE software, the CAN system and the RSU.

The specifications of the desired driving scenarios and other stakeholder requirements are specified in
detail in section 1.4.

1.2 Background

The first concept of self-driving cars was introduced in the 1920s with Houdina Radio Control, demon-
strating the radio-controlled ”American Wonder” on New York City streets [2]. The first self-sufficient
autonomous cars appeared in the 1980s, through projects such as the Autonomous Land Vehicle (ALV)
funded by Defense Advanced Research Projects Agency (DARPA) and Navlab by Carnegie Mellon Uni-
versity [3]. At present, the topic of automated vehicles is still one of the most promising research areas
in the automotive industry [4].

Despite claims that self-driving cars will arrive in the near future, fully automated self-driving cars
are still not market-ready [5]. Instead, most manufacturers offer systems that feature capabilities to
support driving activities, such as parking assistance, lane keeping assistance and collision avoidance.
Such capabilities require a human driver at the wheel, thus falling within the first three of the six
levels3 of autonomy as defined by the Society of Automotive Engineers (SAE). This might be due to
the technological hurdles that needs to be improved, i.e., development of the hardware or optimization
of the decision making algorithms, in order to improve the performance of the vehicle. The aim should
be to reach an autonomous driving experience that surpasses the performance of human drivers in any
scenario, in order to ensure reliable autonomous driving. Furthermore, self-driving car algorithms require
rigorous and comprehensive testing which is achieved by either physical testing or simulation testing [6].

Integrated Transport Research Lab (ITRL) and Wallenberg AI, Autonomous Systems and Software Pro-
gram (WASP) are establishments and programmes within KTH actively focusing on the field of self-
driving cars research. In particular, the AD-EYE Open Modular Testbed is one of three projects launched
by WASP as part of it’s new Industry Bridge Instrument. The goal of AD-EYE is to aid researchers to

1See section 3.4
2See section 2.3
3See section 2.1
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overcome hurdles in making the transition from lower to mid/high Technology Readiness Level (TRL),
especially challenging for research in safety critical fields such as Automated Driving (AD) and Intelligent
Transportation Systems (ITS).

The AD-EYE platform is built upon Robot Operating System (ROS) (middleware), PreScan (World-
s/Environment), Autoware (Nominal Channel) and KTH Safety Channel. Within the Nominal Channel
exists the core decision making algorithm that relies upon the perception node to plan actions. Perception
within the AD-EYE is enabled through automotive sensors such as cameras, LiDAR, radars, IMU and
Global Navigation Satellite Systems (GNSS). Beyond scene perception, V2X technology is used to achieve
safer driving standards by enabling cars to communicate with their surroundings [7]. The RSU acts as
V2X server which is also a Dedicated Short-Range Communications (DSRC) receiver that is placed where
decision-making in traffic is difficult and crucial, for example at a pedestrian passageway or intersection.

1.3 Ethics and Sustainability

In the 11th goal of the 2030 agenda for sustainable development by the United Nations (UN), it is stated
that cities and human settlements should be inclusive, safe, resilient and sustainable. For instance, by
2030 access to safe and sustainable transport systems should be available for all humans. Furthermore, the
13th goal describes the urgency of combating the climate change and its impacts [8]. The development
of autonomous vehicles is a promising step in the direction of fulfilling these goals. A higher level of
automation on public roads can lead to greater road safety by reducing road accidents and deaths.
In addition, autonomous vehicles provide the possibility of greater inclusion, since it gives people of
different abilities and disabilities equal possibility of travelling by car. Finally, the development of smart
infrastructure has the potential of reducing emissions as a result of fewer traffic congestions and smarter
planning [9].

The 11th goal can further be discussed from an ethical perspective. A fully autonomous vehicle would
have to replace the human driver in a decision making process. In some situations, abiding by the laws
of traffic might not be the safest decision, and in some situations there might be no decision that ensures
safety for all people. How does one create an algorithm for ethical decisions, and how does one make
these algorithms treat all people equally? Who decides which human has the right to be safe, without
discriminating on the basis of e.g., age or disabilities [10]? The moral questions are many. However, the
steps to solve any ethical dilemma related to self-driving cars is beyond the scope of this project.

1.4 Requirements

This section covers all the stakeholder requirements as provided by the stakeholder of this project. The
provided requirements were divided into three levels of completion based upon the testing environment
listed as follows:

1. Initial scenarios including performance evaluation (metrics and measurements): in lab

2. Intermediate scenarios (sensing, feed forward controls): the real world

3. End scenarios: autonomous driving scenarios.

Additionally, the technical requirements to accomplish the stakeholder requirements have been stated.

1.4.1 Stakeholder Requirements

1. Initial scenarios

1.1. CAN shall be interfaced to the vehicle and verify vehicle controls.
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1.2. All provided sensors shall be integrated optimally on-vehicle, that is, mounting, power and
electrical interface.

1.3. All provided sensors shall be logically interfaced to AD-EYE.

1.4. V2X communication shall be enabled between the RSU and the vehicle using 5G and a selected
wireless communication protocol.

1.5. AD-EYE shall be interfaced towards the simulated vehicle, that is, AD-EYE on NVIDIA
DRIVE™ PX 2 within a simulator environment.

1.6. AD-EYE shall be interfaced towards vehicle in a Hardware-In-The-Loop (HIL) mode, that is,
AD-EYE on NVIDIA DRIVE™ PX 2 with CAN interfaced to the vehicle.

2. Intermediate scenarios

2.1. The AD-EYE Graphical User Interface (GUI) shall be developed to visualize the vehicle state,
environment through external sensors and communications.

2.2. The vehicle shall be controlled via ”open loop controls” through the AD-EYE GUI by a cabled
connection.

2.3. Localization shall be tested by mapping the driving area and integrating it so that both the
localization map and road network map are available.

2.4. The vehicle must be able to drive autonomously along a short predefined trajectory.

2.5. The vehicle must be able to drive autonomously to a given goal.

3. End scenarios

3.1. The vehicle must safely stop when an emergency signal is received from the RSU over V2X.

3.2. The vehicle must be able to react and navigate around a non-existent object introduced into
the vehicle’s perception by the RSU.

3.3. The vehicle must be able to enter follow mode and match its speed to a non-existent leading
vehicle introduced into the vehicle’s perception by the RSU.

1.4.2 Technical requirements

The given stakeholder requirements are divided into technical requirements as listed below. The goal
of this list below is to simplify stakeholder requirements into potential milestones and understand inter
dependencies between tasks.

1. CAN

1.1. Only wires designated for CAN operation by the sensor manufacturer shall be used for inter-
facing to the CAN bus.

1.2. CAN shall only be setup as per instructions from NVIDIA DRIVE™ PX 2 documentation and
sensor manufacturer’s documentation.

1.3. Any errors and bugs caused by CAN shall be logged appropriately for debugging, optimization
and maintenance purposes.

2. Sensor Integration - Mounting

2.1. The mounted sensors shall not cause any damage to the car.

2.2. The sensor mount shall protect the sensors from any external forces and vibrations that might
harm them.

2.3. The wires leading from the sensors to the NVIDIA DRIVE™ PX 2 shall not be overly restricted
such that they might be subject to excessive wear and tear.

2.4. The sensors shall be mounted in their optimal location on board the vehicle such that they
have:
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i. zero to minimal signal or noise interference from other sensors and

ii. unrestricted field of view within the sensor’s capabilities.

3. Sensor Integration - Power

3.1. The power supplied to the sensors shall abide by the sensor specifications of input voltage and
current.

3.2. Any custom wires installed for power delivery shall be rated to carry the load and include a
safety margin.

4. Sensor Integration - Electrical Interfacing

4.1. All power wires shall be tagged and colour coded as per SAE automotive wiring standards.

4.2. All wires shall be connected securely without any loose contact at the terminals.

4.3. All wires shall not expose the bare conductor throughout the wire.

4.4. All wires shall be routed efficiently such that they:

i. do not obstruct any passengers or driver’s field of view and

ii. ensure voltage drop is within permissible levels.

4.5. All power wires and signal wires shall be separately bundled within the wire harness.

5. Sensor Integration - Logical Interfacing

5.1. All codes related to sensor data interfacing shall follow internationally recognized coding con-
ventions.

5.2. All codes related to sensor data interfacing shall be committed and pushed to the designated
GitHub along with the coding process documentation.

5.3. All sensor data shall be tested against sensor manufacturer’s specifications to ensure data
quality and performance of sensor.

5.4. Any errors and bugs experienced by the sensor shall be logged appropriately for debugging,
optimization and maintenance purposes.

6. AD-EYE

6.1. The core AD-EYE algorithms shall not be directly modified.

6.2. All codes and progress related to AD-EYE GUI development shall be documented, committed
and pushed to the designated GitHub.

6.3. Any errors and bugs experienced by the AD-EYE during the interfacing shall be logged ap-
propriately for debugging, optimization and maintenance purposes.

7. RSU

7.1. The RSU shall communicate with the vehicle using 5G and a selected wireless communication
protocol.

7.2. The core logic of the RSU shall not be modified directly and be only treated as a point of
communication between the cloud and the vehicle.

7.3. Any code written for the RSU shall follow internationally recognized coding conventions.

7.4. Any code written for the RSU shall be committed and pushed to the designated GitHub along
with the coding process documentation.

7.5. Any errors and bugs experienced by the RSU that affects the AD-EYE or the vehicle shall be
logged appropriately for debugging, optimization and maintenance purposes.
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2 State of the Art

The following section presents the conducted SOTA for this project, which covers the existing solutions
of partially autonomous vehicles and testbeds. Additionally, the required hardware and communication
technologies for executing this project are included.

2.1 Existing Solutions

The existing solutions of autonomous vehicles will be generalised into two different segments:

1. Partially Autonomous Vehicles, which refers to the commercial availability of partially autonomous
vehicles that exist on the market today.

2. Testbeds, which refers to vehicles developed for testing, verifying and validating technologies used
for autonomous driving.

Both partially autonomous vehicles and testbeds may be equipped with different levels of automated
driving. In order to distinguish these different levels, the grading scale Levels of Driving Automation
may be used, as shown in Figure 1. The figure shows a range of increasing levels of driving automation,
ranging between level 0 (L0) and level 5 (L5). The figure also clearly states the meaning of each level
[11].

Figure 1: The various Levels of Driving Automation, ranging between level 0 (L0) and level 5 (L5) [11],
edited with [12].

2.1.1 Partially Autonomous Vehicles

Different driver assistance systems are becoming increasingly ubiquitous in modern vehicles. These
systems are used to increase performance and safety in various car related activities, such as parking, lane
keeping, traffic sign identification and collision avoidance. By combining Autonomous Driving Assistance
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Systems (ADAS) with some form of Artificial Intelligence (AI), the automotive industry is developing
automated technologies that are evolving towards becoming more autonomous and requiring less user
interaction [13].

Currently, many well-known car manufacturers are involved in development of vehicles equipped with
some level of driving automation. Several manufacturers are already supplying vehicles equipped with L1
and L2 capability for automated driving, such as Volvo with the Pilot Assist [14], BMW with the Driver
Assistance Package [15] and Ford with the Co-Pilot360™ [16]. Features such as lane keeping assistance,
collision avoidance, evasive steering assist, hill descent control and cruise control are categorised as L1
and L2 capabilities. These features make use of sensors, microcontrollers and algorithms to produce the
desired output [16].

The Tesla line of vehicles is yet another example of vehicles with L2 capability for automated driving.
The Tesla AutoPilot™ technology takes input from surrounding environments using eight cameras, one
radar and twelve sonars [17]. The vehicle is also equipped with Tesla’s self developed computer, the Full
Self-Driving (FSD) chip. The chip has been developed with the aim of eventually equipping their line of
vehicles with higher levels of capability for automated driving [18]. According to Tesla, their line of cars
provide a fully self-driving experience. However, the technology in Tesla cars still requires overseeing by
a driver and erratic behaviour during driving has been reported by their own users [19].

Figure 2: Ford’s research autonomous vehicle [20].

Currently, there exists manufacturers that offer ve-
hicles with L3 capability, such as Audi and Honda
[5]. However, reaching higher levels of driving au-
tomation is still limited by safety regulations, per-
formance issues in adverse conditions and a mul-
titude of technical difficulties that inhibit the re-
search and commercialization of fully L4 or L5 ca-
pability [21]. Figure 2 shows an example of how a
research vehicle may be designed.

A few companies provide a robotaxi experience
[22], such as Waymo and Autox [23]. The Waymo
line of vehicle is equipped with a LiDAR, about 19
to 29 cameras (depending on the vehicle model),
a radar and an on board computer responsible for
decision making, trajectory planning and process-
ing sensor data [24]. Waymo has been granted permit in the US to offer a robotaxi service in a few states
to a limited amount of users [25].

2.1.2 Testbeds

Testbeds are used during development of autonomous vehicles for implementing rigorous and compre-
hensive testing. Simulation and physical testing in specific conditions are crucial for ensuring proper
behaviour and quality of both hardware and software. The vehicle must go through extensive testing in
order to assure that it complies with the existing demands, laws and regulations related to autonomous
driving. Although testbeds for autonomous driving are rare in general, there are a few establishments
that are developing testbeds for autonomous driving. Development of testbeds is being driven forward
in order to satisfy the need of a safe environment where testing can be executed with accuracy and close
similarities to real world situations [26].

AstaZero is a testbed located near Göteborg in Sweden. It has been stated to provide a rural road
lane, a high speed area and an indoors dry zone for testing in optimal conditions. The testbed provides
bi-directional, right-hand traffic and a road width of 7 metres. The infrastructure has been developed
to support a myriad of modules for the test vehicles, such as communication resources, Differential GPS
(DGPS), dummies and wireless coverage [27].

Another testbed of note is Millbrook, located in Culham in the UK. Development of Connected and
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Autonomous Vehicles (CAV) technologies and its implementation using 5G is emphasized at Millbrook
to test and validate ADAS. The testbed also contains a facility called the Autonomous Driving Village,
where the development of the aforementioned CAV takes place [28].

There are many more upcoming testbeds, like Tesla’s Gigaberlin [29], TiHaN-IIT in India [30] and
Hyundai in Namyang R&D Centre in South Korea [31]. Universities are expanding their research into
autonomous vehicles as well, with Oxford creating the Selenium software system with the goal of uploading
it into any vehicle with the right type of sensors. The University of Michigan is creating a large model of
a city that will serve as a testbed to evaulate how autonomous driving will affect urban planning [32]. As
the future of autonomous vehicles approaches, there is a growing demand to create environments where
vehicles can be safely tested in simulations that are close to reality.

2.2 On Board Resources

This section covers the resources available on board the car, along with their integration strategy.

2.2.1 CAN

The CAN protocol is the internationally dominating serial network protocol for embedded control systems
in passenger cars [33]. The protocol covers the lower layers of the Open Systems Interconnection (OSI)
seven-layer model for data communication, including the data link layer and the physical layer. However,
the medium of data transportation and the interfaces depends on the application [34]. In a vehicle, the
various electrical systems are controlled by the Electronic Control Unit (ECU)s. These devices receives
information from e.g., sensors and commands the various actuating systems to perform the proper action
[35]. The CAN bus connects these ECUs in a physical network, resulting in all ECUs being able to
broadcast and receive information on a single bus [36]. For the data communication, the CAN protocol
uses a non-destructive arbitration scheme, where higher priority messages can be transmitted on the bus
without interruption or notion of collisions [37]. All together, this makes the CAN system extremely
robust and efficient and hence the defacto standard for communication in the majority of the vehicles
today [36].

CAN provides the base of the communication in a vehicle, but higher-layer protocols are necessary in
order to further specify how the data is transmitted over the network and how to interpret and use the
data. Several standard higher-level protocols exists, of which On-Board Diagnostics (OBD) is the most
commonly used in cars [38].

However, the original CAN protocol has limitations in terms of performance and communication band-
width. The serial network protocol CAN with Flexible Data Rate (CAN-FD) was hence developed to
meet the demands of complex electrical systems in the automotive industry. CAN-FD has, compared to
the original CAN protocol, increased size of data field and higher communication bandwidth. CAN-FD
supports a data field up to 64 bytes and a bandwidth up to 8 Mbps [39]. The protocol is internation-
ally standardised, as well as the original CAN protocol. The CAN-FD protocol enables higher speeds
compared to CAN, and is thus more suitable for meeting the increasing complexity of requirements on
bandwidth and higher data transmission rates. In order to obtain the faster performance, the CAN-FD
protocol will increase the bitrate when only one node is transmitting. The nodes are then re-synchronized
before the transmission is resumed [40].

2.2.2 On Board Computer

To handle the additional sensor inputs and calculations required for an autonomous vehicle, a dedicated
computer is required. The NVIDIA DRIVE™ PX 2 is a computer from NVIDIA Corporation designed
with this in mind. The NVIDIA DRIVE™ PX 2 is the second generation of hardware for NVIDIA
DRIVE™, a computing platform for autonomous driving. NVIDIA DRIVE™ leverages artificial intelli-
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gence and deep learning for the heavy computational tasks required for autonomous driving [42]. For the
rest of the report, NVIDIA DRIVE™ PX 2 will be referred to as ’PX2’ only.

Figure 3: The software layers of NVIDIA DRIVE™ [41].

The PX2 is based on the Pascal mi-
croarchitecture and is available in two
configurations:

• AutoCruise with one Tegra X2
System on a Chip (SoC)

• AutoChauffeur with two Tegra X2
SoCs

Each Tegra X2 SoC contains a Den-
ver 2 dual-core Central Processing Unit
(CPU), an ARM Cortex-A57 quad-core
CPU, and a Pascal Graphics Process-
ing Unit (GPU) [43]. The PX2 includes
several relevant hardware interfaces in-
cluding CAN, Universal Asynchronous
Receiver-Transmitter (UART), Gigabit
Multimedia Serial Link (GMSL) cam-
era inputs and HSAutoLink II. Inter-
faces found on personal computers are also available on the PX2s, such as display outputs, Ethernet,
and Universal Serial Bus (USB) [44]. The less powerful of the two, AutoCruise, is mainly designed to aid
in driving by handling automated driving on highways and mapping. The more powerful, AutoChauf-
feur, can handle point-to-point driving. If more computational power is required, multiple systems can
be interconnected [45].

NVIDIA DRIVE™ does not only offer hardware solutions, but also software, ranging from a simulation
environment [46] to a virtual assistant and fully autonomous point-to-point driving [47]. The software
is built of layers on top of each other, as can be seen in Figure 3. At the core is DRIVE OS, an
embedded Real-Time Operating System (RTOS) that is designed to be safe to use in-vehicle. DRIVE
OS includes libraries to interface with the NVIDIA DRIVE™ hardware, as well as different deep learning
libraries. The middleware DriveWorks is implemented on top of DRIVE OS in order to interface with
sensors using different tools and libraries. DriveWorks also provides a Deep Neural Network (DNN)
framework. The next layer in the NVIDIA DRIVE™ software is DRIVE AV. DRIVE AV can handle the
rest of the tasks required for point-to-point autonomous driving. This includes pre-trained DNNs for
mapping, including perception, and planning. DRIVE AV also includes NVIDIA Safety Force Field™, a
computational framework for safety on the road. The NVIDIA DRIVE™ software also provides DRIVE
IX, an interior AI for occupant monitoring, and DRIVE Concierge, a virtual assistant [41].

2.3 V2X Communication

V2X communications refers mainly to the group of technologies and standards that can be used to
establish a communication between a vehicle and the surrounding environment including other vehicles,
pedestrians, networks and infrastructures such as RSUs1. Using V2X enables different vehicles to share
various sensor data in order to avoid collisions or traffic congestion, which creates a safer and a more
efficient transport environment. Depending on the chosen set of standards of V2X, different wireless
communication technologies can be implemented. Latency, coverage, reliability and power consumption
are examples of factors that should be taken into consideration when choosing the proper communication
technology [48]. However, the need of transmitting heavy amount of data narrows down the choices to
either Wireless Local Area Network (WLAN) or cellular technologies.

1See section 3.4
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2.3.1 WLAN

WLAN represents a group of devices and computers that are connected to each other using radio transmis-
sions. One of the most known WLAN technologies is WiFi, which refers to a class of certified wireless net-
working solutions that comply with the Institute of Electrical and Electronics Engineers (IEEE) 802.11b
industry standard [49]. However, due to the fact that the previous WiFi versions are no longer able
to meet the latency and coverage requirements for autonomous vehicles, only latest WiFi technologies,
namely WiFi 5 and WiFi 6, are taken into consideration.

WiFi 5 is a user friendly word for the IEEE 802.11ac standard. WiFi 5 uses a frequency of 5 GHz, and
it offers a maximum throughput of 7 Gbps across different channels. On the other hand, IEEE 802.11ax
standard, known as WiFi 6, uses a frequency of either 2.4 or 5 GHz and is optimised for a better
performance in large outdoor implementations. Furthermore, WiFi 6 offers reduced power consumption
and an up to 9.6 Gbps data rate through multiple channels by using more advanced features such
as Orthogonal Frequency Division Multiple Access (OFDMA) and Multi-User Multiple-Input Multiple-
Output (MU-MIMO) [50].

Put to the test, WiFi 6 provided up to 75% less latency resulting in significant higher speed than WiFi
5 [51]. However, the performance of the used WiFi technology varies strongly depending on the location
of the user, used devices and the local radio environment.

2.3.2 Cellular Telecommunication

Cellular Telecommunication is based on the usage of a large number of radio stations, where each station
is able to communicate with a large number of devices in a certain small area. Furthermore, these stations
have the ability to communicate with each other, which establishes a huge amount of communications
between different devices [52].

The latest cellular telecommunication technology, namely 5G, is expected to be able to address the
problem of reliability, latency and peak throughput per connection. Due to its high use of virtualization
of network infrastructure, 5G provides a reliability of almost 100% and an end to end latency of less
than 1 ms with a data rate up to 100 Mbps. This is done by making a better use of edge computing
technologies compared to previous cellular telecommunication technologies [50].

While the 5G technologies provide a solution to a faster communication, it requires access to large
amounts of frequency spectrum meaning that both coverage and speed can vary strongly depending on
the available frequency spectrum. A frequency spectrum between 1 GHz to 6 GHz allows for transmitting
a good amount of data through a significant distance. On the other hand, a frequency spectrum from 24
GHz, called the millimeter wave spectrum, is able to transmit huge amounts of data, being more suitable
for vehicle communication. However, millimeter waves can easily be absorbed by gases and rain, and it
can be impeded by buildings and trees which makes the coverage distance for this spectrum short [53].

2.3.3 ITS-G5 and C-V2X

There are two existing solutions for implementing wireless communication technologies to establish a
reliable communication for vehicles. The first solution is DSRC, also known as ITS-G5 and based on
the IEEEs 802.11p technologies. This solution introduces the standards to exchange wireless short-range
information messages between the vehicle and the RSU at a certain location. The other solution is based
on cellular communication technologies and is known as the Cellular V2X (C-V2X). Using this standard,
a vehicle is able to communicate with a base station to connect to the surrounding environment as well as
to information bases. Both of these technologies use a radio spectrum band of 5.9 GHz which is allocated
by the European Union (EU) commission to be exclusively used for V2X based applications [54].

ITS-G5 uses the radio spectrum in a simple and efficient way to obtain a robust V2X short-range com-
munication. However, it suffers from a great deal of challenges including limited mobility support, poor
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coverage range, latency and reliability. This has raised the need to develop C-V2X to address these
problems by leveraging existing cellular network infrastructures. C-V2X provides a reliable, high-speed
communication by combining short-range direct communication and long-range network communication
[54].

2.4 Sensors

In the following subsections relevant sensors for the project will be presented.

2.4.1 LiDAR

Figure 4: LiDAR components and operation [55].

A LiDAR, see Figure 4, is a device that determines
the distance to an object or a surface by using a
laser emitter and a pulsing laser beam. The dis-
tance to the object is determined by measuring
the time delay between the emission of the beam
from the laser emitter to the detection through the
reflected signal.

With the information of the pulsing laser beam
and the use of a differential GNSS system and
an Inertial Navigation System (INS), tens of thou-
sands of points per second are obtained, forming
point clouds 2, which are useful for navigating in
surrounding environments [56].

2.4.2 Camera

Cameras are widely used on autonomous vehicles to detect surrounding objects. 3D cameras are capable
of capturing data at high resolution. Two types of cameras are commonly used in autonomous vehicles:
mono-cameras and stereo-cameras. A camera with only one sensor capturing video that has to be pro-
cessed is called monocular system. If the system has two separated cameras it is a stereo-vision system
[57].

The distance to an object can be obtained by determining the projection difference of the object of two
stereo cameras. The maximum distance range and depth that a camera is capable to detect depends on
different parameters, such as the focal length of the cameras, the baseline and the density of pixels of
the camera. In addition to defining the distance to the objects, the images of the cameras have to be
processed to interpret the detected object, and these computations are typically very heavy. Moreover,
the processing has to occur in real time which adds difficulty to the implementation of cameras in a
system [58].

2.4.3 Radar and Ultrasonic Sensors

Radars are sensors that send and receive electromagnetic waves to detect and locate objects in the
environment. As vehicles are good reflectors, radars can be used to obtain the position and distance of
the other surrounding vehicles.

The International Telecommunications Union (ITU) defines two categories of radar systems for vehicles.
The first one enables an Adaptive Cruise Control (ACC) and collision avoidance in ranges up to 250m.

2See section 3.2
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The second category adds functionalities for passive and active safety like pedestrian detection in a range
between 50 and 100m. It is possible to find three types of radars depending on the maximum distance
range and the field of view. In order to obtain 360° coverage, radars should be placed on several sides of
the car [59].

Ultrasonic sensors uses echolocation by transmitting high-frequency sound waves to obtain the distance
to nearby objects. They can combine information with multiple sensors such as LiDARs or cameras of
the vehicle to obtain full data information of the objects around the car. Ultrasonic sensors are useful for
detecting objects at close distances that are moving at low velocities. They are important for increasing
visibility in the close surroundings of the car. [60].

2.4.4 Inertial Measurement Unit

An IMU is a device that tracks the orientation, position and acceleration of an object. This is done with
accelerometers, gyroscopes and sometimes also magnetometers, which tracks the change of the Earth
magnetic field in order to perceive its movement. IMUs are often used in inertial positioning systems
where the sensor data from the IMU is used to determine its position relative a global coordinate system.
One specific use case could be to aid the GNSS system of a car when it enters a tunnel and the GNSS
signal is blocked, with an IMU the car can still track its position with dead reckoning [61]. A disadvantage
of the IMU compared to other positioning techniques is that the positional error is accumulated over time.
This is why it is best used together with another positioning technology which can correct the sensor
when it is drifting out of position [62]. The IMU should be placed as close to the center of gravity as
possible [63].

2.4.5 Global Navigation Satellite Systems

GNSS is a collective name for satellite based navigation and positioning systems [64]. There are several
different GNSS systems such as Global Positioning System (GPS), Global Navigation Satellite System
(GLONASS) and Galileo [65]. In order to use GNSS systems, free line of sight to the satellites and a
GNSS receiver is required [66]. A GNSS system may be used to position a vehicle in a global coordinate
system along with a IMU mentioned above. The GNSS antennas should be placed at the top of a vehicle,
so it always is in line of sight with the satellites.

2.5 Sensor Placement

Figure 5: Sensors configuration in a Waymo vehicle [67], edited with
[12].

Deciding what type of sensors to
be used in an autonomous driv-
ing project is crucial for gathering
the right type of data. However,
choosing the right spot to place
these sensors is of equal impor-
tance as it determines the amount
of information that can be used to
perceive the surrounding environ-
ment. This section presents differ-
ent placement strategies that are
used by autonomous vehicle man-
ufacturers.
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2.5.1 LiDAR Placement

Most manufacturers, including Waymo, choose to equip their autonomous research vehicles with a main
LiDAR at the top of the vehicle in order to create a full 360° map of its surroundings, see Figure 5, where
the blue dots represent the placement of the LiDAR. However, LiDARs can also be placed on the sides
of the vehicle in order to cover the blind spots that the main LiDAR is unable to see.

2.5.2 Camera Placement

According to Wang et al., a perception system needs to be equipped with at least six cameras in order to
fulfill the basic requirements for autonomous driving and create a 360° coverage for the car’s surrounding
[58]. For that purpose, three main types of cameras are being widely used by autonomous vehicles
manufacturers. These cameras are front-view, rear-view and side-view cameras. The camera distribution
for the Apollo vehicle, shown in Figure 6b, is an example of how these three types of cameras can be placed
in an autonomous vehicle. In this vehicle, the minimal number of required cameras is being used, one
front-view camera, one rear-view camera and four side-view cameras. On the other hand, Tesla’s Model 3
vehicle, seen in Figure 6a, has a different placement of these cameras, where four side-cameras are being
used. Two of them are pointed forward and the other two are pointed backwards. In addition, the vehicle
is equipped with triple front-view cameras to ensure a full coverage of the surrounding environment [58].

(a) Tesla’s Model 3 vehicle. (b) Apollo vehicle.

Figure 6: Cameras configurations in autonomous vehicles [58]

2.5.3 Radar Placement

Figure 7: Radars’ coverage in a Waymo vehicle [68].

A vehicle equipped with a LiDAR and a set of
cameras would be able to detect objects and un-
derstand the surrounding environment. However,
radars are still required to complement these prop-
erties by providing instant object detection and ac-
curate velocity measurements. It is therefore im-
portant to install radars in positions where their
electromagnetic waves does not get interrupted.
Furthermore, radars should be placed in positions
that allows them to detect obstacles and cover the
blind spots that the LiDAR and cameras might
miss [68]. In Figure 5, the green dots represent
the radars’ placement in a Waymo vehicle. By
distributing the radars around the vehicle in this
fashion, the detection can cover the complete sur-
rounding area, see Figure 7. This is important in
order to minimize the presence of blind spots.

12



3 Related AD-EYE Projects

Under this section other related AD-EYE projects are presented along with a short summary of the
AD-EYE software stack.

3.1 Software Stack

A schematic view of the AD-EYE software stack can be seen in Figure 8 along with the PX21 in the
bottom right corner and the Research Concept Vehicle (RCV)2 to the bottom left. The software stack
can roughly be divided into two parts, the Autonomous Driving Intelligence (ADI) and the simulation
environment. The ADI system is based on Autoware [69] together with a safety channel developed by
KTH, see the right part of Figure 8. Both Autoware and the safety channel run in a middleware called
ROS. The simulation is done in Prescan which is a simulation tool from Siemens [70]. Simulink [71] is
used as a interface between ROS [72] and the Prescan environment which is not natively compatible. The
simulation environment makes it safer and easier to test new sensor models, vehicle models and driving
scenarios.

Figure 8: Schematic view of AD-EYE software stack [73]

3.2 Point Cloud Maps Implementation

In order to test the AD-EYE platform in real life applications, highly detailed point cloud maps need to
be generated and integrated into the system. This would introduce a real world reference to the platform,
which with the use of real time data from sensors, will enable trajectory planning and autonomous driving
[74].

During a previous research work held by students at KTH, several point cloud maps were established. This
was done by using a LiDAR and an IMU to generate and record the point cloud map into several ROS-bag
files which were then processed by the Autoware channel into a point cloud data file. Furthermore, the
VectorMapBuilder tool was used to generate vector maps that could be transformed to the PX2 to be
used during autonomous driving [74].

1See section 2.2.2
2See section 3.3
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3.3 AD-EYE On Research Concept Vehicle

The RCV and RCV-E are research platforms developed by the ITRL lab at KTH. The purpose of these
research platforms is to provide vehicles where research results can be tested and verified in the real
world. The RCVs are developed in collaboration with students and multiple departments at KTH [75].
The RCVs are equipped with technology which enables them to be controlled via an API or manually
[76].

In 2020, students from the the mechatronics capstone project used the RCV-E to test the AD-EYE
software in a real environment. The AD-EYE software stack was installed on a PX2 and integrated into
the car. The on board hardware and software from the RCVs was interfaced to the AD-EYE software to
actuate the vehicle. The sensor setup consisted of a LiDAR, odometers and an IMU. The team achieved
autonomous driving for a short distance on campus. However, the AD-EYE software would lose track
of the RCV’s position after a short while. The authors discussed contributing factors to this particular
performance issue. The used solution did not implement GNSS, and consequently, the software struggled
to navigate when moving objects, such as trees moving with the wind, were present [74].

3.4 Road Side Unit

A road-side unit is a communication relay, designed to be an access point for a vehicle. The RSU connects
with the on board unit of a vehicle, over a DSRC protocol [77]. By doing so, the vehicle and the RSU
can share information wirelessly, such as GNSS, automatic toll collection, or help schedule traffic light
timing. By incorporating multiple RSUs, the vehicles on the road can effectively communicate with each
other, sharing important data, such as location and speed. The RSU is intended to act as a remote agent
supplying vehicles with V2X-data, in order to improve traffic management.

The design of the RSUs differs depending on the type of functions they need to fulfill. Regardless of the
functions, some key components are to be expected to have mandatory features, such as wireless capabil-
ities, message caching, an antenna to receive GNSS signals and communicate wirelessly, an Application
Processing Unit (APU) to run applications, a Controller Unit (CU) to direct the operations and a modem
to communicate with a data center [78]. Moreover, the placement of a RSU in the roadside infrastructure
is important for establishing effective coverage for the vehicular network.

A RSU was designed to be used with the AD-EYE software by the students at KTH during 2021. This
RSU houses a WiFi router, a WiFi antenna, an ITS-G5 router and an antenna, GNSS, a car battery, a
motherboard, a GPU and a thermostat. The aim was to relieve the On Board Unit (OBU) computing
by using Edge Computing, as the project made use of Raspberry Pi’s and Turtlebots. The RSU would
then process data from the aforementioned units.Furthermore, two algorithms of note were developed,
an object detection algorithm and a platooning algorithm [79].

The project described in this report would employ the RSU developed by the AD-EYE group of 2021, in
order to fulfill the stakeholder requirements 1.4, 1.5, 3.1, 3.2, 3.3.

4 Concept Design

In the following section a concept design is proposed, based on the information presented in the SOTA,
and the Current Design section.

4.1 Sensors

For the autonomous car to be able to perceive obstacles on the road and to locate itself, different sensors
are necessary. To fully define the concept design for the sensors, it is necessary to explore the possible
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placement of the sensors and the required mounting of them. One LiDAR, two to three cameras, one
radar and a GNSS are expected to be used.

4.1.1 Placement

A single 3D-LiDAR could be placed in the middle of the vehicle roof, as is shown in Figure 9. This
setup obtains only one point cloud, that does not require alignment with other point clouds of other
LiDARs. Moreover, with this placement a 360°coverage would be obtained. The main disadvantage of
this placement would be that the roof of the vehicle would create blind areas around it, as can be seen in
Figure 9. One way to reduce these blind spots could be to elevate the LiDAR to give it a greater range of
view. However, this would increase the need of a more robust mounting system, since the sensor would
be more exposed.

Figure 9: LiDAR placement [80]

If two cameras are provided, the optimal choice would be to place one in the front and one in the rear
of the car as can be seen in Figure 10. By placing one camera in the front, detection of traffic lights,
lanes in the road and obstacles would be enabled. The main purpose of the placement of the rear camera
would be to perform auxiliary reversing for safe parking while detecting static and dynamic obstacles.
The drawback of this sensor placement however, would be limited detection of objects that are located
on the sides of the vehicle.

Figure 10: Two cameras placement [80], edited with [12]

If three cameras are provided, one placement possibility would be to have two cameras in the front and
one in the back, as is illustrated in Figure 11. This setup would allow the complete view of the front and
increment the view of both sides around the vehicle. This placement would result in an increased field of
view, that could help detect vehicles and other object around the car and evidently improve the features
for parking safely.
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Figure 11: Three cameras placement [80], edited with [12]

If the vertical field of view of the front camera turns out to not be wide enough to correctly detect traffic
lights, one of the front cameras could be placed on the side tilted upwards. This placement would help to
correctly detect the traffic lights and road signs. In Table 1 a comparison between the different camera
placement options can be seen.

2 cameras 3 cameras

One on each side One in the center, one tilted

Pros Simple mounting, sim-
ple sensor fusion

More visible parts on the
sides

Ability to detect high traffic
lights and signals

Cons Shorter field of view,
blind spots in the side,
difficulty detecting signs
and traffic lights

Complexity in data fu-
sion, difficulty detecting
signs and traffic lights

Complexity in data fusion,
shorter field of view hori-
zontally

Table 1: Camera placement options comparison

In case that one radar or one ultrasonic sensor would be provided, it could then be placed in the front
of the vehicle. As commented in section 2.4.3, radars can be helpful in detecting the surroundings while
ultrasonic sensors can be important in poor visibility conditions.

Referring to the localization sensors, if the GNSS has a receiver and its own antennas, the receiver
would preferably be placed near the center of gravity of the car and the antennas should be placed in
an uncovered place. The IMU can be installed in a shielded container, deep into the vehicle’s chassis.
By choosing this placement, the IMU is completely protected from weather and other environmental
conditions [81].

4.1.2 Mounting

As mentioned in section 4.1.1, the position of the LiDAR could be on the roof of the vehicle. This
placement would cause some blind spots as illustrated in Figure 9. In order to reduce the blind spots,
the sensor could be elevated by using the mounting gadget shown in Figure 12. That mount consists of
three magnetic plates that could be used on slightly curved surfaces.
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(a) Without shroud (b) With shroud

Figure 12: Magnetic LiDAR mount [82]

Another option that could be used to mount both LiDAR and cameras is the roof rack of the car with
load bars. If the vehicle has a naked roof, a load carrier feet could be used to replace the roof rack. These
could be installed to the side of the car, in the front and in the back, connected by load bars that could
be used to mount LiDAR and cameras.

A third option for the perception sensors mounting is to use suction cups. Suction cups use negative
pressure to adhere to the nonporous surface. It is a cheap solution and easy to install. However, vibrations
would produce a lot of noise on the data. For that reason, additional vibration dampers could be used
[83].

4.2 Communication

The vehicle has several components that need to communicate with the PX2, which in turn has to
communicate with the RSU, see Figure 13. The design should encompass these components so that the
line of communication is fast, efficient and constructed with regards to minimizing risks such as delay,
package loss or a faulty connection, which in turn could impair time-critical functions.

The sensors could be connected through a combination of the CAN, Ethernet, and USB hardware to the
PX2, which is the main CPU. The PX2 could in turn be connected to the RSU through the use of a
wireless protocol, e.g., the ITS-G5 or any other wireless protocol that fulfills the performance needs.

The PX2 contains two Tegra cores, which are already connected to each other but do not share operations
like other multi-core processors do. Instead, to allow the burden of operations to be relieved, the two
cores connection should be harnessed to improve the performance or add redundancy in order to increase
safety.
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Figure 13: Schematic of the communication interface, created with [84].

4.3 Interfacing

As stated in 2.2.2 On Board Computer, the PX2 includes several relevant interfaces for an autonomous
vehicle. The easiest approach would be to choose sensors with these interfaces. However, as per the
stakeholder requirements, the choice of sensors will be decided and provided by the stakeholder. If the
group is provided sensors that are not equipped with these interfaces, additional adapters and software
might be required for the connection.

As stated in the stakeholder requirement 1.1, and further in 1.6, the PX2 shall be connected to the
existing CAN bus of the vehicle. This could be done either by connecting to the OBD port of the vehicle,
or directly to the wires for the CAN bus. The easiest approach would be to connect to the OBD port
since it is accessible from inside the vehicle without any modifications. However, there is no guarantee
that the OBD port includes a connection to the CAN bus, and if the connection is there, the information
and control available might be limited. This means that to ensure access to the full CAN bus, the PX2
has to be connected directly through wiring to the vehicle’s CAN bus. The wires are not easily accessible
and hidden behind interior panels, hence an interior panel has to be removed or modified to give access
to the vehicle’s internal wires. Since the PX2’s CAN interfaces use DB9 connectors [44], an adapter is
required to connect directly to the wires.

Another required connection is the power connection to the PX2 and the sensors. The PX2 has a 12
V connector for power which could be connected directly to the vehicle’s 12 V power system. The
installation guide for the PX2 recommends an 80 A fuse in series and a diode in parallel to suppress
transient voltages [85]. If the sensors are compatible with 12 V input then they could also be connected
to the 12 V system. Otherwise, power regulators are required to step down or up the voltage to a level
the sensors can handle. The sensors also requires appropriate fuses in series to ensure safe operations.
The PX2 also requires a connection to an antenna or network card to handle the wireless communication
with the RSU, since the PX2 only includes wired networking.

5 Organisation And Planning

The entire team consists of eight members in total. In order to establish a clear and efficient structure
for the project, the team identified four different topics that are essential to cover all the main aspects of
the project. These topics are listed below:

• CAN and Control System

• AD-EYE and ROS Software
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• Hardware and Mounting of Sensors

• Communication

On a weekly basis, the group members participated in group meetings and coach meetings where differ-
ent solutions, suggestions and problems were discussed. Meetings with the stakeholder was frequently
scheduled to ensure clear communication and achievement of the project requirements. In the autumn,
when moving forward with the project, the team intends to maintain these good habits.

5.1 Planning the Autumn 2022

The project will continue during the autumn of 2022. To ensure the success of the project, certain
milestones have been set for the autumn. The list of the major milestones is stated as below:

• Sensor placement on commercial vehicle

• Sensor mounting

• Mount design and manufacturing

• Electrical set up and wiring

• Interfacing sensors to the AD-EYE software

• On board CAN interface setup

• Sensor optimization for real world environment

• Testing in real world environment

For more details regarding the planning of the project during the autumn, a detailed Gantt chart is
available in Appendix A.

5.2 Risk Analysis

Analysing the risks that could arise during the project is of high importance since it helps the group
members to identify weaknesses, strengths and possible opportunities. To establish a reliable risk analysis,
risks should be identified and categorised into four main categories; Technical, External, Organisational
and Project management risks. Once the risks are identified, they are examined in order to determine
their probability of occurrence and impact on the project. This can be used to calculate the risk exposure,
which is a representation of how urgent a risk response should be implemented if the risk occurs [86].

For this project, a risk analysis, shown in Appendix B, is implemented to determine the possible risks
and introduce the appropriate strategies that can be followed to minimize the negative impact on the
project.

6 Discussion

6.1 Sensor Placement

During the time devoted for this project, different designs for the sensor placement have been taken into
consideration. However, the design and choice of the sensors, as well as their placement on the car, is
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limited by the directives set by the stakeholder. At present, it is stated that one LiDAR, two or three
cameras, a radar and an IMU will be provided. Nevertheless, the exact quantity of the cameras is yet not
known and this information might change depending on the directives from the stakeholder. It has also
been indicated by the stakeholder that it could be a good idea to mimic the placement of the sensors as
they are represented in the simulation environment Prescan.

6.2 Design Freedom

Due to the fact that the stakeholder is providing both the car and the sensors to be used in this project,
the final design will have to be adapted to the amount and the type of sensors that will be provided.
Furthermore, the lack of information regarding the type of the car and sensor models makes it challenging
to finalise the mounting strategy at present. The challenges in identifying the mounting strategy at this
point of the project is not caused by the availability of the mounting parts, as they are mainly cheap
and easy to construct. The real limiting factor is the possible modifications that can be done on the car.
As the car is the most expensive part of the project, all modifications must be carried out with care,
precision and, of course, with the permission of the stakeholder. Another mounting constraint that should
be considered is the location of the on board computer, which should be located close to the vehicle’s
control system and at the same time accessible to the user.

From a technical perspective, the design will also be constrained by the limited accessibility to the car
communication system. The CAN communication protocol of the car is protected by the manufacturer
and the team will have limited access to some parts of the system. This will limit the amount of
information and data that can be sent to and received from the car, which might affect the implementation
of the AD-EYE system in the car.

6.3 Knowledge Gaps

The group members possess a various set of skills and experiences including hardware design, software
design and system engineering. However, usage of the CAN protocol and wireless communication is not
something that is familiar to the team. This will add some challenges to the project, but help and support
may be sought from the teaching team. Furthermore, a significant part of the devices and technologies
that are associated with the AD-EYE system originates from projects conducted by former students, such
as the RSU and the Point Cloud Map. This might add difficulties when troubleshooting and integrating
these parts into the project. However, this has already been discussed with the teaching team and the
stakeholder. If necessary, the group has access to the contact information of the former students that
have been involved in the development of the RSU.

6.4 Feasibility

The most challenging part of the project is to accomplish the stakeholder and technical requirements on
time. Most of the necessary components are provided by the stakeholder which could pose a problem
when assessing the planning and scheduling of the project for the autumn. Nevertheless, the stakeholder
has stated that the components will be available by the start of the next semester, and based on this
information, a plan for the autumn semester has been set. Moreover, the lack of experience regarding
the CAN interface and wireless communication might affect the feasibility of the project. Therefore, a
large part of the allocated time during the autumn has to be devoted to the interface part and vehicle
controlling.
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[79] M. Akkila, E. Haltorp, N. Määttä, et al., “Ad-eye, Automated driving & its testbed,” Kung-
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Risk Category Risk 
Description  

Probability 
of  

Occurrence 

Risk  
Impact 

Risk  
Exposure  

Risk 
Response 

Technical On board computation 
failure (Including 
NVIDIA PX2, CAN 
system) 

LOW HIGH MODERATE Contact specialists to 
get help with the 
components  

Previous projects 
components not 
working probably (RSU) 

 

MEDIUM MEDIUM MODERATE Contacting the 
responsible team 
group or replacing the 
RSU with a stationary 
PC 

5G Cellular 
telecommunication not 
provided by 
stakeholders 

 

MEDIUM LOW LOW Replacing it with 
other wireless 
communication 
technology 

Not meeting the 
stakeholder’s technical 
requirement 

LOW HIGH MODERATE Make sure to 
accomplish the basic 
requirements and 
inform the 
stakeholders 

External Long delivery time for 
the Commercial car 

MEDIUM HIGH VERY HIGH Contacting 
stakeholders 

Long delivery time for 
the sensors  

MEDIUM HIGH VERY HIGH Contacting 
stakeholders  

Weather changes 
during the validation 
phase affecting input 
data from sensors 

MEDIUM MEDIUM MODERATE Implementing filtering 
algorithms  

Organizational Group members not 
following the plan due 
to an overload in other 
courses  

LOW MEDIUM LOW Making sure that all 
members are working 
towards the same 
goal by implementing 
continuous meetings  

Project 
management 

Wrong estimation of 
the delivery time for 
the needed component 
leading to not following 
the project plan  

MEDIUM MEDIUM MODERATE Prioritize other tasks 
that are not affected 
by the delays  

Wrong estimation for 
the time needed to 
complete different 
tasks 

LOW MEDIUM LOW Create a new plan to 
rectify the situation  

B Risk Analysis

X
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