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Design of a modular centralized E/E and software architecture for a small-scale
automotive platform

Erik Magnusson
Fredrik Juthe

Department of Electrical Engineering
Chalmers University of Technology

Abstract
Autonomous vehicles of tomorrow will require computing units with a high com-
putational capacity to be able to process larger amounts of data. Centralized E/E
architecture can fulfill this demand, but it can also lead to cheaper development
costs, shorter lead times, and improved modularity of software. Furthermore, it
can simplify the development of advanced autonomous driving (AD)- and advanced
driver assistance system (ADAS) algorithms that require high computational ca-
pacity in real time. This thesis investigates the possibility of using a centralized
electrical/electronic (E/E) and software architecture on a small-scale automotive
platform.

A centralized E/E architecture with a central master computer has successfully
been implemented on an autonomous platform. The autonomous platform is built
on an electric go-kart and is augmented with hardware and software to enable self-
driving algorithms to control it. The designed system is modular, scalable, and
suitable to be used in future research and development. Furthermore, a primitive
digital twin to the autonomous platform was developed using Gazebo and ROS2.
The software and the digital twin enable rapid model-based development that can
be easily transferred to the physical platform twin. The end result is a small-scale
automotive platform currently controlled by a drive-by-wire system. Future research
would be to implement ADAS and AD algorithms.

Keywords: Centralized E/E Architecture, Autonomous Vehicle, Platform, Go-kart,
System Design, Implementation, Modularity, Robot Operating System, Docker
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1
Introduction

1.1 Background

Many large automotive companies such as Tesla, Volvo, Google and General Motors
has during recent years focused a lot of their research on developing autonomous
driving system (ADS) and autonomous driving (AD)[1]. According to the U.S Na-
tional Highway Tra�c Safety Administration, there are six di�erent levels of auton-
omy (0-5), and as of 2022 car manufacturers have reached level 4 [1]. This level of
autonomy denotes that a human driver does not need to pay much attention to AD's
tasks of monitoring the environment and taking action. However, this level 4 is not
available for public use. There are still many issues to be solved before reaching level
5, where the human is entirely a passenger. Another perspective on the lower level
of autonomy within vehicles involves a lot of di�erent safety systems. Advanced
driver assistance system (ADAS) that covers levels 1 to 2, where the system aids
the driver with lane keeping, braking, and cruise control.

AD cannot be described as just one technology or system, it consists of several
subsystems that make up the complete system [2]. An AD system can be divided into
three major components systems: algorithms, client systems, and cloud platforms.
Algorithms include techniques to make sense of sensor data, also called sensing,
perception, and decision, client systems consist of the physical hardware platform
and the operating system to integrate the aforementioned algorithms, and cloud
platforms provide heavy computing and storage capabilities for autonomous vehicles.

A major component of the client system is the hardware platform that will ei-
ther enable the possibility for AD or not, through physical limitations in hardware
capability. The hardware platform can be designed through numerous system ar-
chitectures, the conventional approach is the so-calleddecentralized architecture[3].
A decentralized E/E architecture is where numerous electronic control units (ECU)
are placed out with domain-speci�c functionalities. Each ECU conducts data pro-
cessing and computations whilst communicating with other domains and ECUs. An
E/E architecture that is fairly new to the automotive industry is the centralized ar-
chitecture, where instead the heavy computations are conducted by a single central
master computer or a small number of computers [4]. The central master computer
has far more computational power than ordinary ECUs that are used in the decen-
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tralized case. Also, a centralized architecture has local ECUs, but they act more
like a gateway for input/output (I/O) for sensors and actuators[4], thus requiring
less computation capability.

At Infotiv, a project called � Autonomous Platform� [5] has been active for several
years and has gone through 3 generations (AP3). The current generation has un-
dergone several iterations with many di�erent de�nite solutions, making it hard to
integrate or modify existing components and algorithms. Thus it is the purpose of
this thesis to construct and design autonomous platform generation 4 (AP4).

1.2 Purpose

The purpose of an autonomous platform is to have the option to develop and test
AD and ADAS software functions on a simpli�ed hardware platform. As modern
vehicles of today include many interacting subsystems, it is di�cult to verify and
validate new functions, therefore creating a minimum viable autonomous platform to
develop and test features related to autonomous driving and active safety is needed.
Furthermore, the platform can act as an education platform to introduce automotive
technologies or as a research platform.

1.3 Objective

The objective of the thesis is to develop a new generation autonomous platform
with a centralized hardware and software architecture. The proposed system shall
be modular so that future research projects can easily modify functionalities and
hardware components, to enable a better working process and standard for software
and hardware when working with the platform.

1.4 Research questions

These are the research questions that will be addressed throughout this master's
thesis report:

ˆ What are the strengths and weaknesses of having a centralized E/E architec-
ture for an autonomous drive on a small-scale vehicle compared to a decen-
tralized one?

ˆ How can a centralized E/E architecture be designed and implemented on a
small-scale automotive vehicle such that the system has high modularity and
�exibility?

ˆ How can a digital twin of the small-scale automotive vehicle be created to
simulate and verify, the perception of its environment and decision-making in
its AD algorithms?
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1.5 Delimitations

This project will not address:

ˆ Development of high-level algorithms such as Simultaneous Location and Map-
ping or other autonomous drive features.Instead, the focus will be on the
low-level algorithms to enable the possibility of high-level functionality. By
building the fundamental parts of the Autonomous Platform for communica-
tion, driving, steering and sensor readings.

ˆ The platform on which to implement the functionality.There already exists a
go-kart platform, NineBot Gokart S which consists of an electric drive unit,
steering and go-kart chassis. This project will start from scratch on a fresh
go-kart.

ˆ Development of product-ready Printed Circuit Board (PCB) circuits. In an
early stage of development it will not be necessary to develop dedicated elec-
trical boards to satisfy functionality. Since the platform is supposed to be an
ongoing modular research project, locking into a speci�c hardware solution
early on may hinder later modi�cations to the platform. Creating dedicated
PCBs will also create unnecessary hardware dependencies.

1.6 Outline of the thesis

The outline and structure of the chapters in the thesis and the content of each are
described below. The theory in chapter 2 introduces background theory about the
technologies and applications used in this thesis. Speci�cally, relevant background
theory about di�erent E/E architectures, AD, data communication, software, and
digital twins. In chapter 3 an analysis of the previous generations of platforms is
presented. The chapter summarizes the previous designs and their limitations that
laid the foundation for the work done in this thesis. Furthermore, there is also an
analysis of the Ninebot Segway S and Ninebot Gokart conversion kit, which is the
base system on which the new platform is implemented. Chapter 4.1 contains the
requirements for the next-generation AP. Furthermore, measurable speci�cations
and methods to verify that the �nal result meets the requirements. The hardware
of the next generation AP is described in detail in chapter 5. The selected cir-
cuit boards, the power supply, and how modular design is achieved are explained
in detail. Chapter 6, gives information about the software structure, digital twin,
pipelines, and software functionalities, including the set-up of communication, con-
nectivity, and control algorithms of the AP4. The results in chapter 7 contain the
veri�cation result, where the method is derived from the veri�cation chapter. Fur-
thermore, there is a summary of the AP4 capabilities regarding control algorithms,
di�erences in E/E architectures, technical speci�cations, and inclusion of the digital
twin. Chapter 8 contains discussions on the methods used, source of faults, vali-
dation of the requirements, future research, and chapter 9 presents the conclusions
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made.
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2
Theory

The theory chapter aims to present the essential theory behind the concepts used in
the autonomous platform generation 4. Firstly E/E architecture will be described
as a concept in section 2.1, focusing on centralized and decentralized architectures.
An introduction to autonomous drive and how it is currently used is described in
section 2.2, presenting theory regarding functionality and what sensors can be used.
Theory and information about relevant software and frameworks are described in
section 2.3, more speci�cally containerization and a software framework on which to
develop functionality. Communication protocols and methods are presented in sec-
tion 2.4. Lastly, the theory behind the concept of having a digital twin is presented
in section 2.5.

2.1 E/E architecture

E/E architectures are how the system of ECUs interact with each other. The ECUs
are small programmable embedded systems often having a microcontroller to exe-
cute desired functions [6]. The microcontroller interfaces with both sensor readings
and actuators through general-purpose input-output (GPIO) pins. Furthermore,
an ECU also includes one or several peripherals to communicate with other ECUs.
Often a speci�c function is directly implemented on a single ECU. Some examples
of ECU modules are the powertrain control module (PCM) and electronic brake
control module (EBCM). Modern vehicles are constructed with a large number of
ECUs, often exceeding 100 [6]. Thus it is vital to design an E/E architecture that
optimizes the ECU functionalities and the communication among them.

There are two major architectures, decentralized E/E architecture, and centralized
E/E architecture. There are several di�erent subcategories as well and there is no
strict de�nition for each architecture, but this thesis will categorize domain-oriented
E/E architecture as decentralized and zone-oriented E/E architecture as more cen-
tralized. Di�erences, strengths, and weaknesses will be touched upon during the
next sections as well as the trends in the industry.
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2.1.1 Centralized E/E architecture

In a centralized E/E architecture several functions and features are located on a
single powerful central master computer [6]. The central master computer is a high-
performance computing (HPC) unit, capable of very complex and heavy calculations
[6]. Instead of traditional ECUs, in a centralized E/E architecture, the ECUs are
so-called zone controllers or edge nodes, that act as coordination units [7], see Fig-
ure 2.1. The coordination units have limited computing power, are programmed with
only relaying functions, and mainly interface with sensors and actuators. Whereas
the actual control algorithms are performed in the central master computer [7].

Figure 2.1: Centralized E/E architecture schematic overview including a central
master computer, control units, and interfaces. As can be seen, the central master

computer is the center for all communication.

2.1.2 Decentralized E/E architecture

The decentralized E/E architecture is the traditional way of designing and con-
structing a vehicle and its components, [3]. In a decentralized E/E architecture,
there is a one-to-one mapping of features/functions and ECU, resulting in many
ECUs. The ECUs in a decentralized E/E can process data from sensor readings
and make calculations for controlling actuators. Each ECU also communicates with
others to achieve higher advanced-level functionalities.
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Figure 2.2: Schematic overview of decentralized E/E architecture. Where each
domain is controlled through a domain controller, the domains communicate over
the backbone. Clearly illustrating the detachment of functions to decentralized

domains.

In Figure 2.2 a domain-oriented E/E architecture is illustrated, but in the context
of this thesis, it will be considered and categorized as a decentralized E/E architec-
ture. It is also called federated architecture [7],[4], as ECUs with tightly connected
features are grouped into domains, like infotainment, active safety, and powertrain.
Each domain communicates through intra-domain communication channels and is
controlled by the domain controller. Communication between each domain takes
place in the central gateway, central electronic module (CEM), also called backbone
[4].

2.1.3 Trends in the automotive industry

Due to increasing software complexity and the development of the next generation
of vehicles, driven by new technologies such as AD, functional safety, connectivity,
and infotainment, there is a need for new architectures, see e.g., [3] and [4]. A key
enabler for being able to handle these new technologies seems to be the centralized
E/E architecture, [3], and there are numerous already commercialized products with
centralized E/E architecture, BMW, Volkswagen, and Jaguar [3]. Furthermore, sup-
pliers of E/E architectures have also shifted towards providing centralized solutions,
such as Delphi and Bosch.

The aerospace industry has already faced the same issues regarding decentralized
and centralized E/E architectures [3]. The result was a successful transition to
centralized E/E architectures. The centralized E/E architecture named Integrated
Modular Avionics (IMA), is known for enabling cost-e�ectiveness in avionics. Ad-
vantages are a reduction of computing units, communication channels, and I/O
modules. Moreover, IMA helped increase modularity and e�ciency in power elec-
tronics and hardware use. Since the aerospace industry faced a more complex and
strict environment to develop a centralized E/E architecture, it is a testimony that
the transition is doable in the automotive industry as well.
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2.2 Autonomous drive

This section aims to describe the background of AD, what purpose it serves, and
what capabilities exist today. Secondly, the set of sensors and how they can be
utilized within an ADS will be presented.

2.2.1 Background of autonomous drive

As mentioned earlier, there are six levels of autonomous drive functionality de�ned
by the Society of Automotive Engineers (SAE) [8]. Level zero has the capability of a
traditional fully manual car. As the levels increase the functionality and capability
increase readily and a vehicle with level 5 is de�ned as fully autonomous. Up to level
2 a human driver is still required and responsible for being ready to take control of
the vehicle. When reaching level 3, the driver can sit back during nominal operations
and take control only if the autonomous system fails. As of 2022, there are no level 3
or higher commercial autonomous vehicles for sale to the public. Even though Audi
presented the technology for level 3 autonomy, regulations did not make it possible
to sell the vehicle. Most traditional carmakers are still working towards bringing
level 2 autonomy to the vehicles sold today. A level 4 autonomous drive can drive
itself fully within a prede�ned area with known conditions. The �nal level, level 5,
is when a vehicle can drive itself under any conditions without the need for a driver.

Vehicle automated driving functionality can be split into �ve separate components;
perception, localization and mapping, path planning, decision-making, and vehicle
control, [9]:

ˆ Perception is the component that takes in sensor information, processes and
transforms it into useful information that subsequent areas can use, [10]. The
set of sensors used on the vehicle decides what aspects the vehicle can observe
from its environment. Commonly cameras and LiDARs are used.

ˆ Localization and mapping plays the role of identifying where the au-
tonomous vehicle is located in relation to its environment, [10]. Information
from the perception layer or raw sensory data can be used. Localization is
the part that determines the vehicle's position in the environment and map-
ping is the part of constructing a view of its surroundings. If there exists no
map of the environment, these two processes can be done simultaneously using
algorithms such as SLAM.

ˆ Path planning has the role of creating a path from where the vehicle currently
is, to where it should be in the future, [11]. It takes in information about its
surroundings from the localization and mapping to plan a suitable path.

ˆ Decision-making relies on the information gathered from the perception
component to decide on how the autonomous vehicle should act, [12]. There
are many things on which to act, some examples are when to change lanes,
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when to accelerate, or when to brake.

ˆ Vehicle control is the component that is responsible for tracking the trajec-
tory provided from the path planning and decision-making components, [13].
A desired change of vehicle state to reach the desired goal has to be converted
into commands that can be executed by the platform. Vehicle dynamics and
kinematics have to be taken into account to provide good driving behavior.
Often longitudinal and lateral movement of the vehicle is controlled separately.
These control commands can then be sent to the accelerator, brake, or steering
actuators to change the state of the platform.

2.2.2 Sensors used in autonomous drive

Sensors are vital components of an autonomous system [14]. Sensors allow the
algorithms used in self-driving to perceive the environment around the vehicle to
feed the decision-making algorithms with information, as mentioned earlier. Using
sensory data the environment can be understood, where the road is, where obstacles
are, and how the environment is changing. Sensor fusion is a tool where data from
multiple sensor sources can be combined to get a better perception of the surrounding
environment or to �lter out noise and disturbances. Furthermore, using sensor data
from several di�erent types of sensors, the set of sensors will cover up each sensor's
shortcomings and complement each other with individual advantages to increase the
overall perception.

The most common sensors used in AD are cameras, LiDARs and radars [14]. Each
sensor has its advantages and disadvantages, the most common ones are described
below:

ˆ Camera video streams are often used. Images can be fed to algorithms that
are very good at recognizing and classifying perceived objects [14]. One po-
tential problem with camera sensor information is that the information in the
image may not be useful in every scenario, as objects in the image have to
stand out from the background.

ˆ LiDAR emits laser beams at extremely high speeds that bounce back from
objects and are then detected by a camera detector [14]. The registered beam
detection will then compose a three-dimensional point cloud of the surround-
ings, with information regarding the depth of objects. Thus making the LiDAR
sensor a perfect tool to give vehicles a three-dimensional perception of their
surroundings. However, the accuracy will drop in bad weather such as rain or
snow.

ˆ Radar transmits radio waves in pulses, when the waves hit objects they bounce
back [14]. Thus giving information regarding the speed and position of the
object. Radars work best for highly re�ective materials such as metal objects.
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Radars work great in bad weather but lack the performance of LiDARs to 3D
map the surroundings.

ˆ Ultrasonic Sensor transmit and receive an ultrasound, sound waves that are
beyond human hearing of 20kHz [14]. The sensor can measure a distance of
up to a few meters, making the application of the sensors perfect for low-speed
and tight quarters.

2.3 Relevant software and frameworks

There are several relevant software and frameworks related to AD and how they
can be developed. The following section describes the software that was utilized to
create a coherent and clear software structure for AP4.

2.3.1 Containerized software

Software often requires speci�c prerequisites, in terms of libraries and con�gurations
speci�c to the host computer on which the code runs. Containerized software enables
simpli�ed packing of several software components, from code to libraries and the un-
derlying operating system into one bundle, called a container [15]. Containerization
allows one to de�ne all of this information into one single �le and then execute
programs using that con�guration. Using containerization software this process can
be very lightweight in terms of computing power overhead, meaning it will not take
up much more resources compared to running the code on a standard computer as
usually done. This also makes the created software very portable, meaning it can be
run on new host computers easily without having to download additional libraries to
make the code run. Containerization of software also makes the applications created
very scalable, several instances of the software can be run simultaneously without
much performance overhead.

Containerization within the automotive industry has lately started to gain attrac-
tion. As an example, Volkswagen, [16], has started to use containerization to test
its in-house developed software. When software has been changed, it automatically
gets run inside containerization software that lets the software interact with other
simulated components in the software stack. This has led to decreased lead times.
Volkswagen is currently working on implementing digital twins for its software com-
ponents using containerization.

2.3.1.1 Docker

A commonly used, free, and open-source containerization software is Docker. It
provides a simple software interface that can be used to create highly specialized
container software environments [17]. It is a framework to manage, create, and
deploy containers with software. In the docker framework, there are three di�erent
terms, docker �le, docker image, and docker container. The docker �le is a blueprint
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of how the software environment should be set up, i.e. what underlying software
and libraries it requires. A docker �le can then be built and compiled into a docker
image that consists of all the software libraries speci�ed in the docker �le. The docker
image can then be started as a docker container and the software will run inside
of it. There is an open repository of existing docker �les, called Dockerhub, which
developers can use as is or modify to meet a project's requirements. It is possible
to deploy docker containers on small computing units with limited computational
capacity that operate on the ARM architecture, as an example Raspberry Pi 4.
Docker containers have the possibility to be real-time capable as presented in [18]
as long as the hardware is real-time capable.

Docker Networking is a useful built-in functionality, that makes it is possible to
communicate and send information to, from, and between containers [19]. The
container's networking can be con�gured in di�erent modes, such as hosts or bridges
to enable di�erent functionalities.

2.3.2 Scalable and modular software middleware

Software for automotive applications needs to meet requirements and have a speci�c
set of functionalities before it can be safely used [20]. These design requirements are
modularity and extensibility, performance, simulation and debugging, and usability
and support. There exists several frameworks that meet these criteras, such as
Automotive Data and Time-Triggered Framework and ROS

ROS was developed to create modular and complex software for robotics that could
support distributed computing [20]. The ROS framework implements the underlying
communication between distributed software components on a standardized transfer
of information system and a way for developers to split up software components into
smaller parts but still be able to perform high-level tasks.

2.3.2.1 Robot operating system 2

Since ROS was �rst developed in 2007, it has gained a lot of attraction within the
robot research area and many of its limitations and faults have been made clear [21].
In 2017 its successor, ROS2, was released. This version aimed to �x the shortcomings
of the �rst version and added new functionality such as real-time capabilities and
enhanced software security. The core structure of how to use the framework and
its application programming interface (API) is very similar to ROS1. It is possible
to run the ROS2 software framework inside docker containers, as has been shown
in [22]. Utilizing the inherent portability from using containers and the modularity,
scalability and �exibility of the ROS2 framework.

Automotive software of tomorrow has a strict set of requirements to ful�ll in order to
be robust [23]. The software in self-driving vehicles of tomorrow needs to be �exible,
real-time capable but most importantly, safe. ROS2 has the capability to match
many of the requirements set for the future automotive software by theAUTomotive
Open System ARchitecture(AUTOSAR) if con�gured properly. Natively, ROS2 does
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not ful�ll all these requirements for commercialized vehicles.

2.3.2.2 ROS2 components and API interfaces

Utilizing the ROS framework one can use several distinct components to construct
complex software with advanced capabilities. The building blocks are part of the
ROS framework API, which means that a developer or system designer does not
need to build the infrastructure behind everything, but simply use the API calls.
This means a system can quickly be redesigned or augmented in a modular way, the
building blocks can simply be rearranged to produce new complex behavior. [20]

Communication in ROS2

Topic is a simple building block [20]. It gives nodes the functionality to com-
municate important information between di�erent parts of the software network of
computational nodes. One part is thepublisher , which continuously outputs in-
formation onto the ROS2 network. The other part is thesubscriber which listens
for information available on the network. To separate di�erent types of information
into separate communication channels, topics are used. A Topic contains a topic
name and a data �eld. A computational node only needs to listen to topics that
are relevant to the computations. Any other information on other topics will not be
received. There is a set of standard data type �elds available to send over a topic,
such as Integers or strings. A topic can be con�gured to relay multiple data types
creating modular messages sent over the network. This allows for e�cient commu-
nication between di�erent computational nodes in a software network. Information
on ROS2 topics will be pushed to the network even if there is no one listening to
that information currently, there is, therefore, no guarantee that the information
will be used.

Figure 2.3: Publisher and subscriber in a node, illustrating how communication
and data�ow for topics.

Service is another useful building block, it allows one node to request information
from a di�erent node in the network and it must respond. A di�erence from using
topics to relay important information is that a service request is always guaranteed
to be received and a response must be sent back. In ROS2 this can be done both
synchronously and asynchronously by con�guration, meaning the program can be
con�gured in such a way that it must receive a response before continuing to do
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other tasks. This is a useful feature to guarantee that data or commands have been
received at a target node.

Figure 2.4: Service request and response between two di�erent ROS nodes.

ROS node

A ROS node can be seen as the smallest computational component in a ROS net-
work, commonly called application [20]. It can be a program of any size executing
logic or doing computations, as seen in Figure 2.5. Using topics, the node can take in
external information or send information out from the node. There are often many
nodes in a ROS network doing di�erent tasks, which is illustrated in Figure 2.6.
Some can be pure computational, or simply converting data from one topic to an-
other whilst other nodes can interface with hardware, i.e. reading sensory data or
sending actuator commands. Nodes can be written in either C++ or Python.

Figure 2.5: ROS2 Node algorithm and program structure. The image illustrates
how many algorithms inside a node build a program. And how di�erent nodes can

split up software capabilities.

Figure 2.6: Schematic overview of how a ROS network, can communicate and
distribute functions among a set of nodes.
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2.3.3 Embedded software and systems

Embedded software applications are programs that control speci�c functions of the
embedded system [24]. Unlike PC applications, embedded software applications are
developed with �xed requirements in order to execute on a speci�c device. In the
automotive industry embedded systems are referred to as the previously mentioned
ECUs.

2.3.3.1 Integrated development environment

Integrated Development Environment (IDE) is an application for the development
of source code [25]. The IDE contains many features to make development easier.
In the same application, it is possible to compile the source code into executable
machine code, as well as debug the code before compilation to detect errors.

One example of IDE is the so-calledPlatformIO , an extension tool for visual
studio code [26]. PlatformIO is a professional tool for embedded systems and soft-
ware developers in order to develop cross-platforms, cross-architecture, and multiple
frameworks. Thus a developer avoids the problematic setup procedures of including
correct toolchains, and libraries and having proper IDE for a speci�c board. Plat-
formIO supports many frameworks, such as the popular Arduino IDE, furthermore,
it supports many thousands of di�erent development boards. PlatformIO automat-
ically downloads and installs all required dependencies that are stated during the
con�guration of the project.

2.3.3.2 Micro controllers

A microcontroller is an integrated circuit containing a processor, GPIO, and memory
to control a speci�c task in an embedded system [27]. Microcontrollers can also be
referred to as embedded controllers or microcontroller units (MCU). The processor
in a microcontroller is where arithmetic and logic operations take place and other
data processing. The processor follows a set of instructions, that is programmed in
the program memory. The program memory is non-volatile meaning that the pro-
gram instructions are stored over time without a power source. Correspondingly the
data memory is a temporary data storage for when the processor is executing the in-
structions. However, the data memory is volatile meaning that the information will
be lost once the microcontroller reboots. The processor interface with other compo-
nents through its GPIO pins, enabling the microcontroller to receive data and send
instruction in binary. The GPIO peripherals can be connected to sensors, actuators,
and other circuit modules to enable for example a communication protocol.

2.4 Data communication

A parable to explain data communication between di�erent units is how we humans
communicate. Both parties must speak the same language to be understood and
carry on the conversation.
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Similarly, computers communicate with each other through protocols instead of
languages. Protocols are predetermined procedures and sets of rules to transmit
data between electronic units or devices [28]. The sets of rules are needed for the
devices to structure the data information, for either sending or receiving it. There
is a considerable amount of well-established protocol standards for di�erent areas of
use, the relevant ones are presented below in the forthcoming chapters.

2.4.1 Serial communication

This type of communication protocol builds on the principle of sending one bit at a
time[29]. The serial protocol can be classi�ed according to 3 di�erent transmission
modes; Simplex, Half Duplex, and Full Duplex.Simplex communication is one-way
meaning that if the transmitter transmits the receiver can only read where only one
client is being active. However inhalf Duplex , both clients are active at not at the
same time. For example, one client can send a request to another, which processes
the request and then responds.Full duplex is simply when both clients of sender
and receiver can transmit and receive at the same time.

As previously mentioned, serial communication is de�ned as sending one bit at a
time while parallel communication sends batches of data, 8, 16 or 32 bits at a
time[29]. One key di�erence is of course the speed to send data, where parallel is
far quicker than serial. However, the overall e�ciency in serial communication often
outbalances the speed aspect. It requires far fewer wires and GPIO pins, making
it cheaper and easier to implement. The Figure 2.7 and Figure 2.8, illustrate the
di�erence between serial communication and parallel when sending a dataset of 4
bits.

Figure 2.7: Serial Communication
using 4 data bits and little Endian is

illustrated. There is a transmitter (blue)
and receiver (red) which sends data bits
and a clock signal from the transmitter

to the receiver.

Figure 2.8: Parallell Communication
using 4 data bits. In the image, a

transmitter (blue) and receiver (red) are
illustrated. From the transmitter, there
are 4 data bits and a clock signal sent to

the receiver in parallel.

I 2C

Inter-Intergrated Circuit (I 2C) is a very common communication protocol within
embedded systems and is categorized as a half-duplex. More speci�cally I2C can
contain several or a single master node, communicating with several or single Slave
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nodes [30]. The protocol builds on using two wires, Serial Data (SDA) and Serial
Clock (SLC). SDA is the wire that sends the data bit by bit and SCL is the wire
that sends the clock signal, synchronizing the communication between all units.
The data is sent through messages, where each message contains an address frame
for a speci�c slave that the master wants to communicate with. The I2C message
protocol also includes acknowledge/no-acknowledge bits, e.g. slave acknowledges
that the address frame or date frame was successfully received and thereby returns
an acknowledge bit to the master.

Figure 2.9: Illustration of the relationship between Master and Slave units in I2C
communication protocol. SDA and SCL are sent from the master unit to the slave

units.

SPI

Serial Peripheral Interface (SPI) is another common protocol for communication
between microcontrollers and sensors [31]. One major di�erence between SPI and
the previously mentioned I2C is that SPI master and slave can transfer data in full
duplex. SPI also has the master-slave relationship, where the master node controls
one or several slaves, as shown in Figure 2.10. Master Output/Slave Input (MOSI)
is the wire that sends data to the slave and the corresponding Master Input/Slave
Output (MISO) instead sends data to the master from the slave. Like most protocols,
the SCL is used to synchronize the bit sending and reading. Chip Select (CS) wire
selects which slave should receive the data from the master. However, if the number
of GPIO pins is limited one CS wire can be used for all slaves, called daisy-chained.
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Figure 2.10: Illustration of the relationship between Master, Slaves in SPI
communication protocol. MOSI, MISO and SCL are connected to every slave

device. CS 1 and 2 determine which slave device is currently being communicated
with.

UART

Universal Asynchronous Receiver/Transmitter (UART) is actually a physical circuit.
The circuit's purpose is to transmit - and receive serial data [32]. UART can only
communicate between two �xed units, with a set baud rate since the communication
is asynchronous and without a clock signal. The data�ow is that the transmitter
Tx of unit 1 is sending data to the receiver Rx of unit 2 to decode, and vice versa
in the other direction. UART transmits its data into packets, where each packet
can contain up to 9 data bits. Advantages of UART include features such as it
only needs two wires and is a well-documented and established method. However,
it is not possible to add multiple slave-master systems like other protocols. See
Figure 2.11 for an illustration of how UART works.

Figure 2.11: Schematic illustration of UART communication. Each device has an
RX and TX pin. RX on device 1 is connected to TX on device 2. TX on device 1

is connected to RX on device 2

2.4.2 Control area network

Control Area Network (CAN) is a serial communication bus protocol and is described
by the standard: ISO-11898 [6]. CAN was developed by BOSCH in the 80s, to
replace the complex wiring systems used in the automotive industry. Since the
reason behind the development of CAN was the automotive industry, the technical
characteristics include robustness and high reliability. CAN enable e�ective and
high-performance communication between di�erent ECUs without the need for a
host computer.
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CAN is a multi-master protocol consisting of several nodes, where the data is sent
through only two wires CAN_H and CAN_L. The voltage di�erential between these
two corresponds to the logic levels of bits being transmitted. To avoid collisions
when several nodes want to send data, CAN uses two logical levels: dominant (logic
0) and recessive (logic 1) which is illustrated in Figure 2.12. The dominant will
have priority over the recessive, as the dominant corresponds to a voltage di�erence
whilst the recessive bit has the same voltage. Thereby the dominant will overwrite
the recessive bit.

Figure 2.12: Illustration of the voltage di�erentiation in a CAN bus. Where a
voltage di�erential between CAN high and CAN low corresponds to a dominant

bit and no voltage di�erential corresponds to a recessive bit.

The data that is transmitted is packed into frames, that are built up by several
�elds. These frames describe for example the identi�er of the frame, other mutual
bit settings for the protocol, and the data frame. The data frame is where the
information is stored, the frame supports up to 8 bytes of data. The baud rate is
supported up to 1Mbit/s with a maximum length of 40 meters in the CAN_H and
CAN_L wires.
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Figure 2.13: Example illustration of ECUs CAN communication between nodes.
The nodes are connected together with a CAN high and CAN low cable. Each

node has a CAN- controller and transceiver. The two lines are terminated by two
120 
 resistors

In Figure 2.13 a typical automotive system consisting of several ECUs is illus-
trated. Each ECU's CAN node consists of two components, CAN controller and
CAN transceiver [6]. The CAN transceiver transmits data from the CAN controller
onto the CAN bus. Similarly, the transceiver also acts as a receiver and reads data
from the CAN bus and converts it for the CAN controller. The CAN controller
processes data both ways between the transceiver and microcontroller. The micro-
controller is where the computing of the data being received or data that should be
sent.

2.5 Digital twins

The concept of digital twins has been around for a long time. The term has come
to mean di�erent things within separate industries [33]. A proposed de�nition of
digital is presented as follows; It exchanges data in both directions between the
digital model and physical system. Closely related to digital twins, there are two
important alternatives. Digital shadow and digital model. A digital shadow can
only transfer information from the physical object to the digital object and a digital
model can only mimic the behavior of a physical model.

The �delity of the simulations with respect to real-life performance plays an impor-
tant role in how well the digital twin can test and verify functionality [34]. Regardless
if the digital twin is a good representation of the physical system, if the simulation
environment cannot represent the physical environment where the product is to be
used it will not produce any useful results, [35]. Therefore, a well-constructed digital
twin, tested in a simulation environment that represents the environment where the
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physical product is used is necessary if the simulation results can be used to test
and verify functionality in a trustworthy and repeatable way.

There are several software available in which a developer can insert the digital
twin into a simulated environment [36]. The most common ones are Gazebo, Cop-
peliaSim, MORSE, and Webots.

2.5.1 Beni�ts of digital twins

There are many applications within the automotive industry and the development
of software where digital twins are used. An example where a digital twin is uti-
lized within the automotive industry is to have a digital twin of vehicle-to-vehicle
communications [37]. Vehicle-to-vehicle communication could have big potential in
the vehicles of the future. The digital twin is a software replica of the physical 5G
network that would be used to simulate sending information between vehicles. Dig-
ital twins can be used for many systems or subsystems in an autonomous vehicle,
an example of a sub-system is a digital twin for the electric drive and propulsion.
[38].

Digital twins are a useful tool to use when developing software and functionality
for modern automotive applications [33]. They allow functionality to be tested in a
very early stage of development in a development or design phase. In later stages
of development, they can be used to verify functionality. When the functionality
is mature and moved onto a physical device or platform a digital twin can be used
to monitor the system behavior and verify new functionality in an easy way. The
digital twin model needs to advance in capability over the lifecycle of a product to
keep being representative of the physical product and its capabilities.

2.5.2 Uni�ed robot description format

A digital twin, its appearance, kinematic behavior, and more can be de�ned using a
standardized format in ROS [39]. A Uni�ed Robot Description Format �le (URDF)
is used to describe the kinematics and dynamics of robotic systems in a standardized
manner. The �le is written using XML syntax and due to its standardization can
be read and utilized in many existing software packages in ROS.

The URDF �le describes the physical aspects of a robot, such as kinematic and
dynamic behavior, and how it should be visualized using geometrical shapes or
textures. A combination of basic shapes such as boxes, cylinders, and spheres can
be used to visualize any type of right-body robot. The description of a robot is
built using a chain of links and joints. Every robot starts with a base linkand onto
this link once can con�gure how the robot should behave. Common attributes to
con�gure for a link are; position relative to another link, visualization, inertial and
collision behavior [40]. Two links can then be connected to one another by a joint
[41]. The most commonly used joint types are revolute, continuous, prismatic, and
�xed. The joints can then be con�gured with dynamical properties.
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2.5.3 Digital twin simulation environment - Gazebo

Gazebo is an open-source physics simulator �rst created in the mid-2000s [42], yet
it is still relevant and very useful today [36]. Gazebo was released in 2004 as a
3D dynamic open-source physics simulation tool with the purpose of simulating
multi-body and multi-robot environments [42]. The physics simulators of the time
directed towards robotics were either closed source or lacked the functionality gazebo
presented. This new physics simulator was made with the intent to accurately repro-
duce any environment the robot would likely be subjugated to in real-life scenarios.
Every object within the simulation is simulated with mass, velocity, and friction to
capture the dynamics of objects. Gazebo was built with the player device server
compatibility in mind, meaning a robot client connected to the simulator would not
be able to distinguish between the simulated sensory data feedback from real sensory
data. A robot control system can integrate actuator commands and receive sensory
data using external interfaces. At the time of release, Gazebo was not meant to be
used for large multiple robot systems, but at most around ten robots at the same
time [42].

Gazebo is still being developed on today due to its open-source nature, it has a
big community around it developing plugins, creating robot models and adding
functionality [36]. Today Gazebo has native support for ROS making it very ideal
to use when developing robots and digital twins using the ROS framework. The core
functionality of Gazebo in modern times, are plugins. A close concept to interfaces
which was presented in the early 2000s. A plugin is in its most simple form, a piece
of code compiled and inserted into the gazebo simulator to read or write data from
the simulation.This allows developers to interface with Gazebo and control many
aspects of the simulation. From changing the simulated world to controlling robots
within the simulation. Some important groups of plugins are model, sensor, system
and world plugins

2.5.4 Digital sensor twin

As described in subsection 2.5.3, with the use of plugins one can simulate and or
interface with almost anything inside Gazebo, this enables sensor plugins to retrieve
simulation information and turn it into sensory information. There are di�erent
plugins for di�erent types of sensors. For each type of sensor, there is a set of
parameters that can be tuned in order to reach high �delity with the real-life sensor
counterpart. The plugins can also return the sensor data with a data type identical
to what would be seen when interfacing with a hardware sensor. When Gazebo
was �rst released, it had interfaces to retrieve camera output, odometry and ray
proximity sensor information [42]. Due to the open-source nature of the gazebo
project, more sensor interface plugins have since been added [43]. With regard to
the trends within the automotive industry and research into autonomous driving, the
most important sensors are cameras, radars and LIDARs [14]. Gazebo can simulate
these and many more sensors related to the dynamics of a vehicle. There are plugins
for cameras, laser, Inertial Measuring Units and Ackermann vehicle control [44].
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3
Analysis of Previous Generations

Infotiv initiated 2019 a project to develop a platform for autonomous systems in
order to follow the trends within the automotive industry [5], see Figure 3.1, and
thereby increase their knowledge and understanding of the problems that the indus-
try is facing. A platform similar to an actual vehicle enables more R&D possibilities
and proves scalability. The end goal of the project is to have a fully self-driving go-
kart, the platform also allows the development and testing of other functionalities
such as lane assistance, driver interface, and adaptive cruise control.

There have been several iterations and numerous theses working on the project
resulting in three previous generations. This chapter will process the speci�cations
of previous generations and problems with them. Furthermore, an analysis of the
given system on which the AP will be implemented is presented.

Figure 3.1: Image of Autonomous Platform third generation (AP3). It shows the
current hardware, regarding sensors and computing units. Reprinted, with permis-
sion, from Infotiv AB
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