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Abstract

In recent years car manufacturers are have be&mfpat manufacturing
fully autonomous private cars. This would not omigike travelling easier but also
help reduce car crashes and accidents. All thisdaakto growing academic as well
as industrial research in this field. However, thances of human error always exist
and can be very expensive to deal with in suchiegpdns. Hence, it is always a
good idea to use simulators to test the softwagpers¢ely before loading it on the
corresponding hardware. Simulation provides thityabo experiment with test
procedures that are dangerous and difficult torobnar to compute performance
variables that are hard to measure experimentaiiynables engineers to perform
planned tests in minimum time and cost.

The Automotive Simulator project has a server ragrihe physics and a
client modeling the graphics. The robots in thewation are controlled by separate
user programs which allow the user to interact withsimulation. The project aims
at providing an open source simulator with an emnnent that can allow the user to
simulate multiple vehicles in real time. This is@mgoing project involving a
number of developers and | have contributed to avipg the physics simulation,
developing user programs for driving the robots geerating some test
environments. Physics improvement majorly focusethe addition of gears to the
existing physics, with an aim of increasing realisihthe vehicle behavior. User
programs include providing a steering wheel inteféor users driving the robot cars
and developing an autonomous car control algorithitin the objective of generating
traffic in the simulation environment.
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1. Introduction

This section gives a brief overview of the devebepts in the field of robot
cars over the years, and points out the importahasing simulators for testing
autonomous vehicles.

1.1 Background

The history of autonomous vehicles dates back @@ 1ghen they were
driven on clearly marked roads free from obstagtedapan. Over the years, more
and more enhancements have been made to thesedayddutonomous vehicles
are becoming cheaper as high speed computing bagygminimised the need for
complex and expensive hardware. In 2002, the G&irallenge competitions were
announced, sponsored by the Defense Advanced iRed@@jects Agency
(DARPA), the central research organization of thmetéd States Department of
Defense. This was the first long distance cometitor robot cars in the world.
When the competitions first started, a numbentdrnational teams competed to
drive fully autonomous vehicles through rough urgghterrain, in a fairly obstacle
free suburban setting. Later on, the complexitthefpath and terrain was increased
and in 2007 an urban environment was set up arstheat to navigate through
traffic, on a 60-mile urban course within a six htme limit while obeying traffic
laws and avoiding accidents. [1]

Adee

) e S

Figure 1. The DARPA Grand Challenge. Photographs teen from [1]

For long, the motive for development of autonomeeisicles has been
defense applications or space research purposesg\udo, this approach is changing
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and car manufacturers are now looking at manufegjdully autonomous private
cars. This would help reduce car crashes and adsidall this has lead to growing
academic as well as industrial research in thld.fldowever, the chances of human
error always exist and these can be very expemnsigeal with in such applications.
Hence, it is always a good idea to use simulatotedt the software seperately
before loading it on the corresponding hardware.

Simulation provides us with the ability to expermhe&vith test procedures
that are dangerous to perform and difficult to colnor to compute performance
variables that are difficult to measure experimiytén case of vehicles, this
problem is particularly relevant to rollover beh@viTest engineers can use driving
simulation software to reduce test time and cosndwlevelopment. Different test
procedures can be designed to represent diffepadttopologies and driving
conditions. Well planned tests can be performeal simulated environment prior to
more expensive experimentation on the actual enmemt. [2] With simulation, the
insight into the detailed features of the actualigieis increased and the time
between model changes is reduced as compared tionéhéor real tests. Hence, the
need for automotive simulators.

The numbers of cars on roads all over the worldrameasing daily and so
are the accidents caused. Simulators are beindywided for driver training. Also,
the amount of electronics in cars is increasingfy@inumber of driver assistance
functions being provided. This increases compleX8iynulators can help test and
improve these features. AutoSim can be used fooaihese.

1.2 Automotive Simulator Project Objectives

The aim is to provide an open source simulator aftfenvironment that can
allow the user to simulate multiple vehicles inltaae.

The main objectives of the project include:
Providing different environments for the simulasotike residential areas,
forest lands, urban settings etc. along with ddiféweather and lighting
conditions.
Providing an environment with intelligent traffia@traffic lights.
Simulating different types of vehicles.

Allowing users to drive the vehicles in real tim@ng an accelerator and
brake pedal, gears and steering wheel controls.
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Allowing a number of clients to run simultaneoustys controlling different
vehicles.

Making efficient use of data from the various seago make decisions
about vehicle behavior.

Making possible adaptive cruise control (ACC) aeatension to the
conventional cruise control, where ACC keeps ti@icke allowed speed and
ensures a given distance to the vehicles aheadalynly. The ACC could be
seen as a step towards autonomous driving.

1.3 Thesis Structure

Chapter 2 discusses the literature survey thadl Idoaducted at the
beginning of the project. The topics covered ineledaisting simulators, both open
source and commercial ones, and information alimupast developments of some
important aspects related to automotive simulatach as navigation systems, map
databases, vehicle dynamics and obstacle avoid@hegter 3 gives an overview of
the AutoSim project; a brief description of theréibes used; an introduction to the
main components of the project and includes scre#gado give a better idea of the
project.

One of the main parts of the thesis, the physitsiition, is discussed in
chapter 4. It includes an overview of the physitgiee used; and a detailed
description of the forces acting on a vehicle, dgnamic effects and the gear
functionality. Chapter 5 talks about the user ifstee available for interacting with
the simulation and the control programs runningriekhe interface. Chapter 6
discusses autonomous driving, another importarntgsdhe thesis. It describes the
control mechanisms and the driving algorithm usedfitonomous control of robots
in the simulation.

Chapter 7 discusses the tests and experimentedaut to verify the
implementations, along with the results obtainedl @nclusions drawn from the
results.

Finally, a conclusion is made in chapter 8 andriitmork necessary for
improvements to the simulator is discussed in areft

10
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2. Literature Review

Before actually starting work on the project, Irstd with a literarure review
so as to have an understanding of work that wasdjrdone in this area.

A number of driving simulators already exist. Tlaeg being used widely for
entertainment and for training of drivers. They als® used for research purposes by
both universities and vehicle manufacturers. Ursikiess carry out research on
human factors, to monitor driver behavior, perfonece and attention; and the
vehicle industry research is aimed at designingemadiuating new vehicles or
advanced driver assistance systems.

2.1 Existing Open Source Simulators

A number of open source simulators exist. Soméeaftare discussed
below:

TORCS - The Open Race Car Simulator

TORCS is a multi platform car racing simulationtsys. It is used as Al
racing game as well as a research platform. A idysinouse or a steering wheel
can be used to control the cars. It provides ar@httacks and graphic features like
lighting, smoke, skid marks and glowing brake digkswever, as it is intended for
racing, it does not provide an urban setting. FBgushows screenshots of the
TORCS simulatar

Figure 2: TORCS. Photographs taken from [56]

11
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GRacer

It is a 3D simulator for motor sports, with fiversalts physical simulation
engine creates realistic drift, wheel spin, ancebarator turn. However, it has been
designed from gaming point of view and has verytéohtracks. Figure 3 shows a
screenshot of the GRacer

Figure 3. GRacer. Photograph taken from [57]

RARS - Robot Auto Racing Simulator

RARS is a competition for programmers and an anggohallenge for
researchers in the field of Artificial Intelligenead real-time control. It consists of
the physics simulation of cars racing on a traalg,aghic simulation of the race, and
a separate control program for each car. RARS @pan source initiative and all
software and documentation is freely available.ufnber of cars and tracks are
present. However, this is again a racing simulatar does not provide an urban
environment. Figure 4 shows a screenshot of the RaiRulator.

Damage: 0

Fuel: 160.00 K1998

5027 fps 15.51 mek
Figure 4. RARS. Photograph taken from [58]

12
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VDrift

It is a cross-platform, open source driving simodatt was basically
designed for drift racing with the aim of use imgag applications, and provides
support for mouse, joystick, game pad, steeringelvaed keyboard controls. Its
physics engine is based on the Vamos physics eriog

o &
Figure 5: VDrift Simulator. Photograph taken from [ 60]

Vamos

Vamos is an automotive simulation framework witheanphasis on
thorough physical modeling. It models most majatems of a car and includes a
simulation of the engine, clutch, transmission adighited-slip differential. Tires
and suspension are also modeled. Figure 6 shoareenshot of the Vamos based
simulator

Figure 6: Vamos. Photograph taken from [59]

EyeSim:
The EyeSim simulator was developed at E&Pthe University of Western

Australia. It is a “multiple mobile robot simulatdhat allows experimenting with
the programs that run on the real robots. EyeSatudes simulation of the robot's

13
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driving actuators and all the robot sensors; ssabraboard vision, infra-red sensors,
bumpers, odometers, PSD etc. [51]

Figure 7. EyeSim. Photograph taken from [51]
SubSim

The SubSim is a simulation system for autonomoueater vehicles, also
developed at CIIPS at the University of Westerntfals. It too provides a full
physics simulation along with sensor and actuatoulation. SubSim uses the
physics engine called Newton to model the motionlgécts under the influence of
forces and collisions. [50] AutoSim has benefitexihf the work done in SubSim; as
there are a number of similarities in areas likesse and API implementation.

Figure 8: SubSim. Photograph taken from [50]

14
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2.2 Driving Simulators used in the Manufacting
Industry

A number of car manufacturers have come up withr thven simulators for
functionality testing, driver training and reseaptirposes. Two of the famous ones
are disscussed here.

2.2.1 The Honda Driving Simulator

In 2001, Honda introduced a driving simulator wath axis motion base that
could closely simulate vehicle dynamics in real @ituations. Their aim was to
provide new drivers with training on safe drivirgghniques.

This was the first time a 6-axis motion base asdat with vibration were
adopted for the education of general drivers. A&giascopic projection device was
used to provide a wide field of vision with highatjty images. Image processing
was applied to make buildings and other backgrappmear more realistic. It was
designed to enable training for both automatic el & manual gear driven
vehicles. [54]

Figure 9: Honda Driving Simulator. Photograph takenfrom [54]

2.2.2 The Toyota Driving Simulator

In December 2007, Toyota revealed a huge drivimykitor that was
designed to provide realistic driving environmemtsstudy driving habits and for
verifying the effectiveness of safety technologytwthe long term goal of designing
cars that would never crash.

15
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The simulator consists of a real car positione@ amechanical platform
inside a 7.1 meter dome. A tilt mechanism, vilomatpparatus and other devices
have been used to manipulate the dome as the dpesates the vehicle. The dome
itself, acts as a giant 360-degree video screenhwtan be moved by means of
computer control. With the aim of simulating a rdaling experience, it includes
sound effects, and the moving screen gives a sdrsgeed, acceleration and riding
comfort.

Figure 10: Toyota driving Simulator. Photograph taken from [55]

Figure 11: Toyota Simulator 360 degree video screeRhotograph taken from [55]

In their paper, ‘Development of Universal Drivingrsilator with Interactive
Traffic Environment’, the authors have reportedrtbencept and progress in
developing driver model of the motion based drivéngulator with interactive
traffic environment. It gives a good idea of theieas considerations that need to be
taken into account while designing such a simulgfd]

16
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2.3 Navigation Systems

The first prototype of a full functional car nasigon system, called EVA,
was presented by Bosch in 1985. There after, af brk has been concentrated on
car navigation systems.

The main role of a car navigation system is to fimelcar position as
precisely as possible. Initially, most car navigatsystems estimated the car position
from dead reckoning and the Global Positioning &ys{GPS). However, because of
the unknown GPS noise, the estimated position hasrar. To solve this problem, a
map matching method was introduced, which usegitatifoad map to correct the
position error. Sinn Kim and Jong-Hwan Khmve proposed an adaptive fuzzy
network based map matching algorithm which can fir@exact road on which a car
moves. [8]

In January 2007, Dragan Obradovic, Henning Lend,Markus Schupfner,
in their paper, presented two novel sensors amurrdtion source fusion methods
implemented in the Siemens car navigation systé@ims.navigation system which
implements a Kalman Filter based approach andrpatteognition for updating the
drive trajectory, is a standard commercial prosiicdiemens AG and has been
implemented in Opel, Porsche, Alfa Romeo, and Lanubdels since 2000. [9]

2.4 Map Databases

In 1984, members of the Ministry of Constructionyate companies, and
academic institutions in Japan agreed that digiadl map database using
standardized specifications must be constructedinajor companies in the
automobile, electrical machinery and instrumentgtioapping and surveying
industries and the financial services sector fordegghn Digital Road Map
Association (JDRMA) in August 1988. A large numbéprivate companies
continue to edit the database information for umsiaéir car navigation. [5]

In the following few years, mapping of major gaof Europe was also
achieved. We now have readily available map datsbllse google map, open street
map etc. We need to choose a database that pravides service. We need to be
aware that most maps we think of as free actualyehegal or technical restrictions
on their use, which can holding back people fromgithem in their own creative
applications. An open source simulator requiresraptetely free map database.

17
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Open Street Map

Open Street Map (OSM) [15] provides free maps efvitnole world.
Anybody can upload a map to the OSM database, dadrd map from the database
or edit an already existing map. Open Street Migala user to view, edit as well
as redistribute geographical data from anywhertherkarth. The Java OSM editor
(JOSM) can be used for viewing and editing the ntigegnloaded from the open
street map database. The details of using OSMdile®xplained in a tutorial in
[38].

Google Maps

Google Maps provides high resolution satellite isggf streets in most
urban areas of the world. These maps have been avadable for personal, non-
commercial use only. The copyright clearly spesitigat for commercial users,
Google Maps should be restricted to internal udg amd that redistribution would
be considered illegal. [62]

2.5 Environment Construction

In 2003, researchers in Paris came up with a mlethdevelop a system,
which is capable of acquiring data in three dimemnsifor building an accurate 3D
model of an urban outdoor environment. It was dctelborne laser scanner with a
GPS plus INS plus odometer based navigation systemsystem could operate in
real time and build high resolution maps of statiwironments around the vehicle.

[4]

In 2006, researchers in Japan proposed a simplasafdl method of making
a 3D geographical map by mapping onto a given 2P, wéh the data measured on
the streets using video cameras and several semsarsar. They confirmed that it
was possible to allocate in a 2D map, the roadasartiata that are difficult to collect
using aerial or satellite photograph resources.[6]

Also in 2006, researchers at the Guangdong Uniyes§iTechnology,
China, proposed a virtual traffic environment moddiey used the 3dsMAX
software to construct 3D entity, then transform3s format and import to Eon
Studio for simulation. The finished virtual trafmvironment model includes
different kinds of road, such as city road, mountaiad, village road. It also can
reflect the time changes during a day and weatheatons. Far scene and close by

18
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scene could be differentiated and the vehicles sldantelligent behavior, such as
avoiding collision and overtaking other cars. [14]

Figure 12: Typical simulator environment. Photogragh taken from [14]

2.6 Vehicle Dynamics

In June 2001, Andy R. W. Huang and Chihsiuh Clerstucted a five axis
driving simulator based on vehicle dynamics analgsid system integration.
MATLAB was used to provide files for mathematicalaulations and was chosen to
ease the burden of writing numerical analysis cad€t++. However, since C++
Builder makes available many GUI design functiamgesior to MATLAB,

MIDEVA was used to transfer the m-files into C+4tes. The constructed five axis
motion platform could perform lateral and vertideplacements and roll, pitch, and
yaw motions similar to the 5 DOF motions of a readlicle. [12]

Later in 2005, at the Center for Collaborative é&sh, the University of
Tokyo, an experiment platform was developed fodwitug drivers’ characteristics
on the motion based driving simulator which wasiged with a body cabin, a 360
degrees field of view display system, a steeringeViwith an AC servo motor,
surround audio system and®F motion system with turning table. [11]

19
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2.7 Obstacle Avoidance

In 2002, researchers at the University of Techngl&gtronas came up with
a fuzzy logic approach of reactive navigation fbstacle avoidance. The fuzzy logic
controllers used a set of 50 rules to decide therstg angle and velocity depending
on the reactive inputs of distance of obstacleangle of obstacle.[3]

In [10], automotive crash simulation has been atered in a stochastic
context. Since crash is a non repeatable phenomeeoision regarding crash
effects cannot be based on a single test, andéheuleplaced by stochastic
simulation. In parallel crash simulation, variasoof the calculated results can be
observed; and in many cases, even for the samedapa set, we can get different
results. Data mining algorithms can be appliedascdbe this kind of behavior.

20
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3. Overview of AutoSim: The
Automotive Simulation System

Basically AutoSim is an open source simulator. @ime is to provide an
open source simulator with an urban environmenth&un environment is cluttered
with moving obstacles. Motion safety becomes acatliissue in this case. A
complete simulator should be able to provide anrenment consisting of different
lighting conditions, weather conditions, vehiclpeg and even pedestrians and
cyclists.

An open source simulator requires a completely finep database; that is,
one that not only allows you to use the map bu gedistribute it. Geographic
data from the Open Street Map project [15] thapsiap information about streets,
buildings and land use has been used to build trelwsed for simulation. All
details of the objects in the simulated world, ithpeisitions and the maps themselves
are stored as XML files and can be easily editedhianging the necessary
parameters in the corresponding files as they asedon a standard format. [36]

3.1 Libraries Used

A number of freely available libraries have beeedus the project. This
helps to introduce modularity along with saving #firt and time required for
developing and testing. Some of the important @medPAL, RakNet, SDL, Bullet,
Qt and Irrlicht.

The Physics Abstraction Layer (PAL) [20] providesiaterface to a number
of different physics engines thus enabling theafsaultiple physics engines within
one application. Amongst all the physics enginggpstued by PAL, bullet has been
chosen for this project. Bullet is‘arofessional open source multithreaded 3D
Collision Detection and Rigid Body Dynamics Library16] Both PAL and Bullet
are further described in section 4.

Raknet is a cross-platform C++ networking engihbas been designed to
be a high performance, easy to integrate, and compleltisn” for games and
other applications. [18] Although it could be usedany networked application, it
was developed specifically for rapid developmenmine games and the addition

21
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of multiple players to single player games. Rakalktws any application to
communicate with other applications on the samepeaer, over a LAN, or over the
internet.

SDL or the Simple Direct Media Layer is a crosstplan multimedia library
used for providing low level access to the usegriace devices like keyboard,
mouse, joystick and the steering wheel. SDL istemiin C, but works with C++ and
has bindings to several other languages. It isibiged under a license that allows
you to use SDL freely in commercial programs. [13]

TinyXml is an open source xml parser for the C+iglaage. It parses the
XML into a DOM like tree. It is a available for feeis a well documented software
and is easy to integrate into programs. It can bedld and write XML files.
However, TinyXml does not process DTDs and hasaeditly for handling XML
namespaces. [17]

The Irrlicht Engine is andpen source, cross-platform, high performance,
real-time 3D engine written in C++ It is a high level API suitable for creating
complete 2D and 3D gaming applications and visatbns. It is well documented
and is easy to use. It includes features for visgpaesentations of dynamic shadows,
particle systems, character animation, and collisietection. [19]

Qt is a cross-platform application development feamrk, widely used for
the development of GUI based applications, and sams also used for developing
non GUI programs such as console tools and sefveifows you to develop
applications and user interfaces once, and deplay tacross many desktop and
embedded operating systems without having to rewii source code. Qt includes a
rich C++ class library and an API, integrated tdolsGUI development, and
support for Java and C++ development. [39]

3.2 Project Components

The project basically consists of a server, a tlieser programs, an osm
manipulator program and an installer.

The project has a server running the physics aligtiat modeling the
graphics. This makes it possible to have a numbeliemts. The user interface on
the client and server provides a number of seleajtions to the users. These
include selection of the world file, selection bétrobot, selection of the user
program, variable wind speed and different viewpogitions. Apart from that,
separate batch files are available to run the sitta for different combinations of
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worlds, robots and user programs. Wind speed anglitwing position can be
changed while the simulation is running. A speedemis available for the user to
check speed. The reset button can be used toguttticle being driven in to start
position. This is useful specially while testingyen the vehicle may turn over or
reach out of the bounds of the defined world. Fegl® shows the client side user
interface and figure 14 shows the server side inserface.

Figure 13: AutoSim Client interface

The robots in the simulation are controlled by safgsuser programs which
allow the user to interact with the simulation gsuarious input devices like the
steering wheel, a joystick or the mouse. Theserprog use the robot’s virtual
sensors to get data from the environment, makesides depending on user inputs
and some predefined criteria, and send approsighals to the actuators. The robot
specifications and configurations are also stonedNIL files, making it simple to
add devices to it; e.g. gears or lights to the sisasf a car. Note that, vehicles are
not the only robots. Other objects that can chatage are also specified as robots.
Currently these include only traffic lights; howeyim the future other robots may be
added such as pedestrians, cyclists etc.
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The OSM manipulator is a program which enablesragiibuses to an osm
world file in an easy manner. Basically, it is u$edcreating a new world or
modifying an existing one. It has been explainedatail in [37]

Figure 14: AutoSim Server Interface

Figures 15 and 16 show the actual driving enviramrfr®m the driver’s
view and the third persons view respectively. Thagethe two views of the actual
driving window.

Figure 15: Driver’s view of the AutoSim environment
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Figure 16: Third Person view of the AutoSim enviroment
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4. AutoSim Physics Simulations

4.1 Physics Engines

Wikipedea has defined a physics engine asoanputer program (software
component) that uses variables such as mass, teléaction and wind resistance
to simulate and predict effects under differentdibans that would approximate
what happens to a vehicle in either real life daatasy world.[61] A number of
physics engines are available today. Some of tka spurce ones are Ageia, Bullet,
Chrono Engine, DynaMechs, DynoMo, FastCar, New@DE and many more.

4.1.1 PAL (Physics Abstraction Layer):

The physics abstraction layer was developed atUthigersity of Western
Australia to provide a common interface to a numidedifferent physics engines,
thus enabling an easy use of multiple physics esgimithin the same application.
Basically, upgrading to a new physics engine iy @ssPAL does not restrict you to
one particular engine. PAL provides an extensive adefeatures which include
simulating different devices or loading physics fagurations from common file
formats like XML or COLLADA, and hence is easy tseu It provides an interface
for a number of sensors and actuators. The semssusle Contact sensor, Compass
sensor for angular position, GPS (Global Positigrisaystem) sensor, Gyroscope for
angular velocity, Inclinometer for angular positi®#5D (Position Sensitive Device)
sensors, Velocity meter for linear velocity, andafigponder to get the distance
between two objects. The actuators available ircl&drce actuator, DC Motor,
Servo Motor, Hydrofoil, Propeller and Spring. [20]

Some of the physics engines supported by PAL areiaAghysX, Box2D,

Bullet, IBDS, JigLib, Newton, ODE, OpenTissue, Slenphysics Engine, Tokamak,
and TrueAxis. Of these, AutoSim currently uses &ull
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4.1.2 Bullet Physics

Bullet [16] is an open source software multi-threh@D Collision Detection
and Rigid Body Dynamics Library and is free for coercial use. Its main features
include continuous Collision Detection and a madalpproach. It implements a fast
collision detection algorithm and the collision pba include sphere, box, cylinder,
cone, convex hull, and triangle mesh. Bullet pregidgid body dynamics for the
Blender 3-D modeling, rendering, and animation pagek It provides support for
convex and concave meshes and provides 6 degréesedbm for hinge, etc.

4.2 Venhicle Physics
4.2.1 Forces

The forces acting on a vehicle can be divided iwtm types, namely,
longitudinal and latitudinal. Longitudinal forcestan or against the direction of
motion of the vehicle body. These include engored, braking force, rolling
resistance and drag or air resistance. Togetkeetforces control the acceleration
or deceleration of the car and therefore the spé#uk car. Lateral forces allow the
car to turn and arise as a result of tire deforomatiThese forces are caused by
sideways friction on the wheels.

The total longitudinal force is the vector sum giaes [40]:
I:long = FRirive t I:drag + Ry
FariveiS the engine force given as:

Farive = U * Engine force,
where u is a unit vector in the direction of tlae's heading,

The engine force calculation has been discusssédation 4.4.4.

In the case when brakes are applies, the drive figreeplaced by a braking force
which is oriented in the opposite direction, thpplging a resultant negative force.

The other two forces, which are the resistancesfract in the opposite

direction. At low speeds the rolling resistancthis main resistance force and at high
speeds the drag takes over.
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The force of air resistance is given as [40]:

I:drag: - Cdrag* A%
Where Giqgis a constant and
v is the velocity vector and the notation |v| refierthe magnitude
of vector v.
It is discussed in further detail in the next sawti

Rolling resistance is caused by friction betweenrtibber and road surface
as the wheels roll along and friction in the axks, It is given as [40]:

Fr=-G*v

where G is a constant and
v is the velocity vector.

The following chart from [40] gives a good idea abthese forces.
In this diagram the X-axis denotes car velocityneters per second and the Y-axis
denotes force values. The engine force has béda ar arbitrary value.

Figure 17: Longitudinal forces on a vehicle. Figurdrom [40]

Weight transfer

Balancing a car is nothing but controlling its wdigransfer. Inertia and
adhesive forces give rise to weight transfer thtogwton's laws. Figure 18 from
[41] shows the balancing forces.
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Figure 18: Balancing Forces on a vehicle. Figure &im [41]

G is the force of gravity that pulls the car towsatde centre of the Earth. This is due
to the weight of the car.

L; is the lift force exerted by the ground on thenfrore, and L.is the lift force on

the rear tire.

BrandB; are the braking forces on the front and rear tiespectively. These will be
replaced by the corresponding drive forces in chseceleration.

The imbalances between the front and rear liftderaccount for understeer or
oversteer conditions. An under steering situatsowhere a car is not turning as
much as desired, and oversteer means the caermngt¢oo much.

4.2.2 Physics of Turning Vehicles

Physics of turning at low speed is different frdre physics of turning at
high speed. At low speeds, the wheels roll in tinection they're pointed at.

At higher speeds, the inertia effect comes intbupecand the wheels can be
heading in one direction while their movement i ist another direction. Pushing a
wheel sideways is very difficult and causes a fdtiotion force. In high speed
turns, wheels are being pushed sideways and wetodakle these lateral forces,
known as the cornering force, into account. Thiséalepends on the slip angle
(alpha), which is the angle between the tire's imgpand its direction of travel. As
the slip angle grows, the cornering force also groft low slip angles, the
relationship between slip angle and cornering fasdmear, in other words;

Flaera= Ga * alpha
where the constant,Gs known as the cornering stiffness

For better approximation of the relationship betwskp angle and lateral force, the
Pacejka Magic Formula [44] is used.
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It is important to remember that in case of frohieel driven vehicles, the
steering angle is the angle that the front wheakawith respect to the orientation
of the car. There is no steering angle for the wdeeels; which are always in line
with the car body orientation.

4.2.3 Physics of Rollover Accidents

When a vehicle turns, it still wants to go straidbe to inertia, so the tires
must create a lateral force as discussed above fditte is the centripetal force.
When a vehicle is traveling at speed, and a sudddrextreme side turn is made, the
centripetal force can be enough to cause a rollover

We know that all the weight of the vehicle actshamigh it is at a point at the
height of the center of gravity. The centripetat®being applied by the tires and
the road is at the height of the road surface. fbrszontal force does not act
directly at the center of gravity because it ithetwrong height. Therefore, it not
only acts to push the weight (center of gravitgdesvays but it also acts in a way that
tends to twist the vehicle around the center ofitya

Turning the front wheels tends to create a laterak (f) by the ground on
the tires. This causes an acceleration = f/m wHegends on the speed and radius of
the turn. This force f for a circular motion is givas: [40]

f=Ww*v*Vv)/(g*r).
Where,
w = vehicle weight;
v = vehicle velocity;
r = circle radius;
g = acceleration due to gravity.

That's the sideways force that has to be exertetdeuehicle, by the tires’
grip on the road, in order for it to go around tkiied circle at that speed.

Figure 19 shows the force diagram for a turningaieh
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Figure 19: Forces during a turn. Figure from [45]

This force would have to lift up the weight of thehicle to roll it over. On a
flat road, the vehicle will tend to roll towardstbutside. In other words, turning
causes the load of the car to shift toward thettves on the outside of the turn.
The condition for the inner wheels to lift off tgeound is given as: [45]

alg=t/2h

Where,

t is the distance between the tires or the trackiwi
h is the height of the center of gravity,

g is the acceleration due to gravity.

t / 2h is called the vehicles’ static stability tacand is used to determine the
rollover resistance ratings of vehicles. In [48f &uthor has given a detailed
explanation of the development of the static sitgifévctor.

Thus, it can be noted that, the higher a vehiclerger of gravity and the
narrower its track width the less stable it willdagring turnings. Following this, one
can say that it is not surprising that SUVs areenmone to rollover than other
vehicle types. They have a higher ground clearandea narrow width which results
in a higher Static Stability Factor than passernges, indicating a greater tendency
to roll over.
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4.3 Aerodynamic effects

Aerodynamics is the study of the relative motioraaolid body with respect
to the surrounding air. Aerodynamic actions in e¢kds are due to the relative
motion of the vehicle and the air. Wind velocitydatirection, vehicle speed and
direction and shape of the vehicle are the impofftastors in determining
aerodynamic effects. The force of a high speed wardblow a vehicle over or
cause it to slide sideways, depending on the dmectf the wind and the friction
coefficient. In [22], the author has explained watjuations the cases of turning over
and sliding sideways with conditions that causéned¢hese phenomenon

In the presence of wind, a car is subjected ta&fg namely, drag, drift and
lift. The drag force exists along the axis of tledicle motion and acts as a resistance
to the vehicle's motion. It needs to be taken auesideration when energy saving is
important. In vehicle design, the aim is to redit@s much as possible. The other
two components determine the vehicle's stability i sensitiveness to gusty side
winds. [25] Drift is the force acting sideways & tvehicle and lift is the vertical
component.

The figure 20 below, shows the coordinate systedtlaa forces and
moments along the different axes, with origin lecaat centre of gravity

Figure 20: Forces and moments with respect to thexes of the coordinate system.
Figure from [21]

Forces and moments depend on the square of theswigldcity. They are
given by the following formulae [21]:
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Fx= % * *Cg*A*V 2 ---- drift force;

Fy= % * *Cr*A*V 2 —m lift force;

Fz= % * *Cg*A*V 2 —m- drag force;

Mx= %2* * Cy* A*V,? *h--- pitching moment;
My= % * *Cy*A*V 2 *h - yawing moment;
Mz= %* *Cu*A*V ,2 *h - rolling moment;

Where,
is the density of air;
A'is the frontal area of the car;
V = [Vy Vy, V,]is the wind velocity;
h is the height of the centre of gravity abovesudace of the road;
Ck is the coefficient
( Cex is the coefficient of drag, «is the coefficient of lift, & is the coefficient of
drift, Cuxis the coefficient of roll, &y is the coefficient of yaw and\gis the
coefficient of pitch. )

For practical purposes it can be assumed that e i& acting in the
horizontal xz-plane and the lift force is negligibl

In principle, all of these forces influence a véd#ie dynamics. Traditionally,
test engineers distinguish between a vehicle’s\waehan still air as handling, and its
behavior in the presence of a crosswind as crosksénsitivity. [24]

4.3.1 Handling

For a vehicle moving through still air, the airilas almost symmetric about
the vehicle’s plane of symmetry. Lift, pitching ment and drag are therefore the
only aerodynamic components that come into pidiere. The vertical force tends
to lift the vehicle. The pitching moment changes ltted distribution between the
front and rear axles, which alters the steeringerties of a vehicle. With increasing
speed, a negative pitching moment introduces aet@ydto over steer. But, these
effects are hardly noticeable at normal wind speAtisormal driving speeds, these
effects are negligible for most vehicles, but tbegome important in case of race
cars.
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4.3.2 Crosswinds

In a crosswind, the air flow around a vehicle beesmsymmetric and so a
side force, a yawing moment, and a rolling momeatpoduced. At the same time,
drag, lift, and pitching moment are altered, anchradly they are increased. Of
these, yawing moment and side force are the stgmticomponents when studying
crosswind behavior of a vehicle. The yawing montentls to twist the vehicle away
from the wind and is the most important factor etfifeg directional stability of the
vehicle. The increased angle of yaw, the yawing eratirand the side force cause
instability. Simulators can be made to change drilgese parameters independently
of each other to study the driver’s reaction ine¢kient of sudden crosswind gusts,
and of course to estimate the stability of the efehi

Note that effects similar to crosswinds are obsgwhkile passing another
vehicle in still air. Similarly, vehicles passingtind a bridge tower in strong cross
winds are affected by sudden change of wind foaotisg on them, which may
cause accidents due to miss-steering by the drij@&fk

In [21], parameters such as wind velocity and dioec frictional coefficient;
forces of inertia; gravitational pull; camber oéttoad; vehicle speed and damping
and elastic forces are studied to estimate vebtelaility, safety, turnover
characteristics and wind-related traffic accidents.

It is important to remember that, the effects aidiang and especially
crosswinds need to be studied differently and imenatetail for race cars. In fact,
study of aerodynamics is greatly responsible ferdhiccess of race cars. In [26], the
author has discussed the details of race car aeaodygs.

4.3.3 Wind Effect Simulation in AutoSim

As an attempt to enable the use of AutoSim foirgstehicle behavior under
exceptional weather conditions, AutoSim simulateseffect of strong gusts of
wind. Sliders are provided for users to vary thadwspeed and the wind direction;
and accordingly the drag and drift forces actingtevehicle in the simulation are
calculated. It is assumed that the lift force igliggble. At very high wind speeds,
the vehicle can be seen moving backwards, forwardshaking sideways towards
either side; depending on the direction of wineksteld. The wind direction has been
set in terms of angle with respect to the axislpr® the length of the vehicle and
passing through the center of mass of the velaeld;it can be varied to a precision
of one degree.
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The maximum wind speed available is 300 km/h. Eérence, the speed in
a typical strong storm is above 200 km/h. [53]

4.3.4 Dust Behavior

Another rare, but interesting area related tottbjsc is the study of the
impact of dust generated by a traveling vehiclestisicaused by different factors
such as natural wind, a fast traveling vehicle amdinpaved road. In [28], the
authors have described a method for simulatingltts¢ behavior caused by a fast
traveling vehicle in real time. Though dust haslmen considered in AutoSim, it
can be simulated in the future.

4.4 Gear Function

A gear is basically a wheel with teeth along its &nd is used to transmit
power from one shaft to another. In vehicles, alwoation of two or more gears is
used to change the rate of wheel rotation andri@uat of torque at the wheel.
Torque is a force that tends to rotate or turnctiés axle. The more the torque, the
faster the car will initially accelerate. But, thas a trade off between torque, the
amount of rotational force, and the speed at wthehwheels of the car will turn. In
other words, torque and top speed have an invelggonship.

4.4.1 Gear Theory

Automobile drive trains generally have two typegeéring; namely the
transmission gears and the differential gear. Tdr@smission gear contains a number
of different sets of gearing that can be changealltov a wide range of vehicle
speeds, and the differential gear contains onefggtaring that provides a force
magnification at the wheels. [29]

Transmission uses gears to make more effectivefube engine's torque,
and to keep the engine operating at an approspeed. The function of any
transmission is to transfer engine power to theestaft and rear wheels in a rear
wheel driven vehicle or axle shafts and front wheela front wheel driven vehicle.
Gears inside the transmission change the vehaii®'s wheel speed and torque in
relation to engine speed and torque. Lower gea&s;ahat is, numerically higher
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gears act as torque multipliers and help the engigevelop enough power to
accelerate from a state of rest. [33]

Gear Ratios

Wikipedea has defined gear ratio #s<relationship between the numbers of
teeth on two gears that are meshd@3] It can be given as:

Gear ratio = No. of teeth in input gear / No. adttein output gear

Automatic and manual gears

There are two types of transmissions in road vekidhe manual gear
transmission and the automatic transmission. [31]

The important difference between a manual anduéonaatic transmission is
that in manual transmission different sets of gaaedocked and unlocked to the
output shaft to achieve the different gear ratrdsje in an automatic transmission;
the same set of gears are used to achieve alédfitterent gear ratios. The
mechanism used to achieve this in an automatisinéssion is based on the use of
planetary gearsets. [32]

4.4.2 Manual Transmission

Traditionally, vehicles have been designed witlearghaft and a clutch
pedal to enable the drivers to change gears atdfsairetion. The manual
transmissions where a driver must shift from geagdar preceded the automatics by
several decades. A manual gear transmission sysiemprises of a gearbox, a
clutch, a propeller shaft and a drive axle withféedential.

The main aim is to be able to achieve a maximurnedpéth the available

engine. Proper gear selection also ensures thahtracteristics of the engine are
properly exploited to achieve maximum fuel effiaggn

Seqguential Manual Transmission

A sequential manual transmission or a sequentiauaagearbox is a type
of manual transmission where gears have to betedl@ta fixed order, rather than
providing direct access to specific gears. Segakbmtanual transmissions will allow
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the driver to select only the gear directly beforafter the currently engaged one.
This allows shifting between gears without the ofsa clutch.

In traditional manual transmissions, the drivar og@ove from any gear to
any other gear, by moving the gear shift shatheappropriate position. This type
of transmission is also referred to as an H-pati@msmission because the path that
the shaft takes as it selects the various geans ¥ manner. In this case,
the clutch must be disengaged each time the nenigsalected; in order to
disengage the running engine from the transmissmhstop all torque transfer. [52]

4.4.3 Automatic Transmission

An automatic transmission is an automobile geathakcan change gear
ratios automatically as the vehicle moves, thusifigthe driver from having to shift
gears manually. However, most automatic transrmssidfer the driver a certain
amount of manual control over the transmissionfssapart from the selection of
forward, reverse, or neutral gears.

Automatic transmission usually consists of a torgomverter and an
automatic gear box. Automatic transmissions aredbas planetary gear sets. They
use some arrangement of one or two central surs,g@ad a ring gear, with differing
arrangements of planet gears that surround tharsdimesh with the ring.
Automatic transmissions may be either hydraulicadigtrolled (using pressure
sensors) or electronically controlled (using elecic sensors).

In most road vehicles, the transmission will stpl shift automatically into
the next higher gear ratio if the engine reactemaximum permissible speed in the
given range and downshift when the throttle isyfolben, provided the current revs
of the engine can accommodate a higher rpm asult s downshift. The more
advanced electronically controlled transmissiormjole additional features like
downshift automatically when going downhill to canitspeed and reduce wear on
the brakes; upshift when braking on a slipperya&fto reduce the braking torque
applied by the engine; and prevent upshift dururgings. [32]

In [34], the authors have discussed a fuzzy logsell approach for
implementing automatic gear transmission.
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4.4.4 Gear Physics Equations

We basically need to come up with a means to kethe acceleration that
will be applied, based on the torque generated.

By Newton’s law, force is givenas F=m a
Hence, accelerationa =F / m

Where,
m is the mass of the vehicle
F is the force on the car

Here, we consider only the drive force, amongstreiforce components
discussed in section 4.2.1, since all other fohease been taken care of by the
physics engine.

The drive force is given as: [38]

Farive = U * Tarive /Rwheel

Where,

u is the unit vector in direction of vehicle,
Ruwheelis the radius of the wheel and
TarivelS the drive torque.

The drive torque is given as [38]

Tdrive:Tengine* I’g* rq* n,

Where,

TenginelS the actual torque produced by the engine atendRPM
ryis the gear ratio

rq is the differential ratio

n is transmission efficiency

In the above equation, the gear ratio, differemaéib and transmission efficiency are
fixed for a given vehicle, and we need to calcuthgeengine torque.

For calculating the engine torque, we first neefirtd the rpm generated.
RPM can be calculated as: [35]

rpm = (mph x final gear ratio x 336) / tire dianrete
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mph is the speed in miles per hour.

An automobile uses gear ratios in both the transiorisand the drive axle to
multiply power. The two ratios multiplied togethegual the final drive ratio. Tire
diameter also has an effect on a vehicle's fingkedatio. As tire diameter changes,
so will engine rpm at a given speed.

Hence,
rpm =(velocity in miles per hour)* gearRatio* diféilto * 336 / (2 * wheelRadius)

The plot below shows the typical relationship betwepm of a vehicle and the
engine torque.

Torque RPM Plot

450

400 - m
350
—7

300 . \‘\\’
250 1 = -2E-05x2 + 0.1994
oo y = -2E-05x~ + 0. X —e— Torque RPM plot

Poly. (Torque RPM plot)
150

100 +

Torque

50

O T T T
0 2000 4000 6000 8000

RPM

Figure 21: A typical torque RPM curve

Thus, the engine torque can be obtained from threvgdue calculated.
The rpm of a vehicle for different gear ratios bagn obtained, and hence the drive
force required.

4.4.5 Gear Implementation in AutoSim

The gear functionality has been implemented in Autobased on the above
set of equations.

From the above analysis, it can be seen that, Hrera number of constants,
specific to a particular vehicle. They have besteti below:
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Vehicle Mass

Wheel radius

Total number of available gears

Gear ratio corresponding to each gear number
Differential ratio

Transmission efficiency

Gear mode: auto, manual

All these parameters have been added to the xnelaicn of the robot cars
under a new tag <gearDevice>. The procedure fongdtkvices to a robot has been
explained in the appendix.

The rest of the parameters have been calculated lmasthe driver’s inputs
to the vehicle/robot.

Currently, it has been assumed that all vehiclee lfie gears in addition to
a neutral. However, the number of gears and thegponding ratios can easily be
changed by manipulating the xml files.

In the implementation of manual gears, AutoSim enpénts the sequential
manual transmission, which is best suited for trelable hardware. One shift lever;
namely the one on left hand side, is pulled toctelee adjacent higher gear and
another shift lever on the right hand side is usesktlect the adjacent lower gear. It
is shown in figure 22.

Also, maximum and minimum limits have been setrfon values that can
be attained.

In case of manual gears, when either limit is redclthe rpm value remains
at that value irrespective of the accelerationil acteleration is applied in the
opposite direction to change the rpm value. Fdiaimse, once the maximum value of
rpm is reached, it will remain constant at thatreatven though the acceleration
applied is increased. This rpm value will then belgi decrease when acceleration is
applied in the opposite direction, that is, wheakles are applied.

In case of automatic gear based driving, the rpmitdidecide the gear shift
occurrences. The rpm value can be consideredegwa@sentative of the speed of the
vehicle. Whenever rpm corresponding to the maxinaghievable torque value is
reached, the gear is up shifted. This continuegoaolsly, as long as the highest gear
is not reached. Thereafter, the vehicle continaelive in the highest available gear
until speed is reduced. Similarly, when the rpnuedills to the set minimum limit,
the gear is down shifted. Here again, this dowmns¥ilf occur only so long as the
first gear is not reached.
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The starting gear ratio has been set to that quoresing to gear number 1 in
case of automatic gear driven vehicles and has $&tetio neutral in case of manual
gear driven vehicles. For the case of reverse ¢j@aigears ratio has been set to the
ratio similar to gear number 1.
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5. User Interface

User Programs allow the user to interact with theufation using input devices
like the steering wheel, a joystick or the mousethke AutoSim simulator, the
‘Demo User Program’ and the ‘joystick User Progrgmgvide a means for the user
to interact with the simulation.

This section discusses one of my contributiorthiégproject, the user program
that provides an interface to both the joystick #relsteering wheel, the steering
wheel being the preferred interface as it is closeseality.

5.1 Control Using Steering Wheel or Joystick

The user program ‘joystick’ can be used to corttnelvehicle with the
steering wheel or the joystick.

The user is provided with a hardware interface pavides controls like the
steering wheel to steer in the desired directioakd® and accelerator pedals to
control acceleration and deceleration; forward @averse gears to set the direction
of motion of the vehicle; and various gears to émbbtter speed control. In addition
to these, a gear mode control button is availabtedgle between the automatic gear
mode and the manual gear mode. Buttons are availabthe users to turn on the
various lights on the vehicle. These include hégtits and the turning indicators.

Figure 22 shows the hardware available; along thhvarious controls
assigned.

Figure 23 shows the joystick controls, which carubed as an alternative to

the steering wheel. A joystick is good for testmgposes as it can be easily moved
around as opposed to the steering wheel which renfizied to a support.
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Figure 22 : Steering Wheel Controls
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The user program sends the appropriate acceleratiake and steering
values to the drive actuator. When brakes are eghpiihe user program turns on the
brake lights for the vehicle. Similarly, in caseirdicator lights, when the turn is
completed, the user program turns the corresponddigator off. Also, it makes
sure that the user or driver does not turn on beglright and the left indicators
simultaneously.

This user program uses the velocity sensor. ltleas used in the
implementation of brakes. The braking force is mgtbut a negative accelerating
force or a decelerating force. The equation fogitudinal force, from section 4.2.1
clearly shows this. It is important that we stoplgmg the braking force as soon as
the speed is reduced to zero otherwise the caendlup going in reverse. Similarly,
in case the car is already traveling in the revgese, an excessive braking force will
cause it to start moving forward.

Note that one of the buttons on the steering wiseslailable for use in the
future. An important point to remember while impkamting it is the concept of ‘key
de-bounce’ time. Since we are continuously poltimg buttons to check for inputs
from the user, it is important that the button priee considered valid only if it
occurs after certain minimum time duration from ginevious one (say 250 ms);
otherwise a single button press will often be detdas multiple inputs resulting in
unexpected and erroneous results
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6. Autonomous Driving

As specified previously, user programs controlrtgots in the simulation.
Note that, the driven vehicle is not the only robomtrolled by user programs. Other
objects such as traffic lights or vehicles conttiibg to traffic on streets; that can
change state are also specified as robots andotledtby user programs.

There are a few user programs that run in the sitioul without requiring
inputs from the driver. There is one that conttbks changing of the traffic lights
present at the intersections of streets. Then tBerother that simply introduces a
stationary vehicle with brakes on, into the simolaienvironment. Thef6llow road
user program uses image processing routines tdesaatehicle to drive
autonomously along a given road. It is discussetktail in [38].

The user program for autonomous driving, that wgantribution is
discussed in detail in this section. Its aim igémerate moving traffic on the roads,
S0 as to make the driving experience more realiStics means creating a car with
artificial intelligence (Al) that can drive on itsvn. Currently, it is written to drive a
robot car around a block in a given world.

6.1 Sensors Used

The user programs for autonomous driving use theti® virtual sensors to
get data from the environment, make decisions déipgron user inputs and some
predefined criteria, and send appropriate contgnias to the robot actuators. The
autonomous robot has been instructed to preveligiook by detecting obstacles,
turn at the four intersections of the block, angelstraight on the road connecting
the intersections. The various sensors used foewaly this functionality are the
PSD sensors, the GPS sensor, the inclinometerrsanddhe velocity sensor.

6.1.1 The PSD Sensor

The PSD sensors connected to the robot are uskstdot and avoid potential
collisions. Currently, the user program continugusbnitors the reading from the
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PSDs and applies brakes to the robot car if itadeteny obstacle within a distance
of 10 meters.

ThepalPSDSensor({unction from PAL attaches a PSD sensor to a given
body, at a specified position, and pointed in a&gidirection, with a specified
maximum range. The parameters of position, directiod maximum range are
specified in the xml file defining the robot. In magse, the PSD on the front side of
the vehicle is being used.

The PSD sensor returns the distance between asidocand direction and
the nearest object. As per the PAL documentattmptocess of doing so is
assumed to involve casting a ray and determiniagdrtersection point to calculate
the distance between the objects. The PSD sensdhegefore be referred to as
raycasting or raytracing. Figure 24 shows the dodyhich the sensor is attached
(the cube in this case), the position at whichRB® sensor is located (the bottom of
the arrow), and the direction which the PSD isrgdihe tip of the arrow)

Figure 24: Ray casting in the PSD sensor. Figuredm PAL Documentation [20]

This figure shows the operation of the PSD, showlegPSD ray intersecting
a neighbouring object. The length of the arrovhis distance returned when the PSD
is queried.

6.1.2 The GPS Sensor

The GPS sensor connected to the robot is useccided@hen the robot has
to turn at an intersection. Also, while driving arstraight road, the GPS sensor has
been used to check for deviations from the strdightpath. Both of these are
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achieved by comparing the latitudes and longitwdestheir corresponding
differences from the desired values.

The GPS sensor returns the location of the ceffittvedody as a GPS string.
ThepalGPSSensorfunction initializes the GPS sensor and attach&sa given
body. The string retuned by the GPS contains fistds as utc, latitude, longitude,
velocity, date, magnetic variation etc. Currentthe only fields of interest are the
latitude and the longitude values.

6.1.3 The Inclinometer Sensor

The Inclinometer sensor connected to the robosesl tio decide when the
robot has to stop turning at an intersection. Tioéinometer sensor returns the angle
between its initial orientation and its currenteortation.

ThepalinclinometerSensorfunction initializes the Inclinometer sensor and
attaches an inclinometer to a given body, withvegiinitial orientation. It returns
the angle in radians, between the initial and tiveent orientation of the body, when
measured in the plane normal to sensor axis. éncdse, the initial orientation is
along the Z axis, which is the axis along which\kgicle moves when travelling
along a straight line. This can be set in the Xlaldefining the robot.

6.1.4 The Velocity Sensor

The velocity meter sensor connected to the roboesésl to control the robot
speed. It gives the velocity in a given direction.

ThepalVelocimeterSensor{linction initializes the velocity sensor and
attaches an it to a given body, with a given hegdirreturns the linear velocity of
the body. The heading is along the Z axis, whidihésaxis along which the vehicle
moves when travelling along a straight line. This tan be set in the xml file
defining the robot.

6.2 Autonomous Driving Control Mechanisms

As discussed in the previous section, the GPS odgtermines the point of
turning and the inclinometer sensor helps to kesgktof the turning angle. Between
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the turns, the robot has to drive along a strdigbtpath. Hence, the need for some
sort of steering control arises. This section abss the various types of control
mechanisms possible.

6.2.1 On Off Control

An on off controller is a two state controller.rrany applications, the
controller will be either on or off. However, tolaeve optimal control, the controller
is designed to have two extreme values. If thetinplue is above a given threshold,
the controller will select one of the extremeshasdutput and if the input is below
the threshold, the other extreme will be selectetha output. Since, this controller
restricts every control signal to take on one eftilio limiting values; it is also
referred to as a bang-bang control.

In case of autonomous steering wheel control,ripatito the controller is
the deviation of the robot from the desired positibepending on the direction of
deviation, the vehicle steering value can be seteast either positive or negative.
That is, if the robot has moved to the left of tlesired path, a positive steering value
will turn it towards the right and similarly, a regye steering value can be used to
turn a robot left when it deviates to the righteTgroblem with this type of controller
is that the steering control value will always batshing between the two bounds
irrespective of the amount of deviation; and hetheevehicle will never travel along
a straight line path.

On Off - » Output 1 if Input >0

Input > Controller

———» Output 2 if Input <=0

Figure 25: On Off Controller

6.2.2 Proportional Control

A proportional controller is a feedback controlileat takes into account the
amount of output deviation from the desired valugenerates an output
proportional to the error signal, where the erignal is the difference between the
actual signal and the available signal. It canxpressed in terms of the equation
from [64]:
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Where,

Pout= Output of the proportional controller
Kp = Proportional gain

e(t) = error signal at time t

In case of steering wheel control, the error sigmal measure of the
deviation of the robot from the desired straigheélposition. The gain needs to be
selected carefully as a small gain causes a slsporese and a very high gain can
cause instability or oscillations. The Proportio@aintroller will always have a
residual error which is a function of the gain stde.

Actual
Value

Multiply By

! . — Output
Gain Kp

Desired
Value

Figure 26: Proportional Controller

6.2.3 PID Control

The PID controller [65] can be seen as a combinaiidhree separate
controllers; namely the Proportional, the Integuadl the Derivative controller.
The Proportional controller, as described in thevfmus section, has an output
proportional to the existing error and it works #ds reducing the overall error. The
output of the Integral controller is dependentto® $um of errors, and it works
towards accelerating the error reduction processiriing the error over time
produces a signal large enough to eliminate thidwakerror that occurs with the
proportional controller. The Derivative controligoes not play any role in reducing
the final error. Its output is dependent on the adterror change. It works towards
improving the overall stability of the system bylueing the error change rate. It
minimizes overshoot and ringing effects, which rbaycaused by the integral
controller when responding to accumulated errors.

49



MEICT Project Thesis UNIVERSITOF
Physics Simulation for an Automotive Simulator WESTERN AUSTRALIA.

The output of the PID controller is a weighted swirthe outputs of these
three controllers. It can be given as [65]:

Output =Byt + lout + Dout

Where,

Pout = output of the Proportional Controller
lout= output of the Integral Controller
Dout= output of the Derivative Controller

The equation for the output of the Proportional @alter is explained in the
previous section and the other two terms can beesgpd as follows (from [65]):

The Output of the derivative controller is given by

Where,

Kq= Derivative gain
e = error signal

t = current time.

The Output of the Integral controllgy is given as:

Where,
K;= Derivative gain
e = error signal

= past time.

The figure 27 below shows the block diagram of @ &dntroller.

Figure 27: PID Controller. Figure from [65]
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Proper selection of the gain parameters for theetioontrollers determines
the stability and effectiveness of the control pisx: This selection is referred to as
tuning the controller. My implementation of the R¢bntroller in the autonomous
driving user program makes use of similar work dionine past, as part of the
AutoSim project, for the implementation of autonarsalriving routines using
image processing. The thesis [38] explains theildaihthe tuning procedures
followed.

6.3 Driving Algorithm

The driving algorithm is designed to turn the agtoous robot at the four
intersections of a block and drive straight betwi#enintersections. While doing so,
it is instructed to apply brakes if any obstacldesected. Also, brake and indicator
lights should be turned on and off at the propees.

The flowchart below shows the steps followed byatgorithm.
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7. Test Scenarios

This section discusses the various experimentseed to test the
implemented functionality. The experiments invalgsting the gear functionality,
the wind gust simulations and the autonomous dyiviior conducting all tests,
simple world files, with appropriate markings wereated.

7.1 Gear Functionality Testing

Tests were performed to check the change in vehathavior due to
implementation of gears. The tests conducted amdetbults obtained are
summarized below.

7.1.1 Tests Performed

The following tests were performed to test the geglementation:

1. Velocity at which the gear shifts occur in autoro@tear based cars was
noted. The gear shifts occur when the RPM valuegsgponding to the
maximum torque produced by the engine are readftéd.maximum value
can be seen from the torque - rpm curve in figdr&lgte that this curve and
the corresponding equation can be different fdedsint cars.

2. Time to travel 1000m for automatic and manual @aas noted in identical
environments and compared. The same car was usadhrtases, with a
changed mode of gear control.

3. In case of a manual gear based car, the time th 1@ km/hr in different
gears was recorded.

Separate test conditions were simulated for cagrgint the above
experiments. A simple world was constructed coimgjsif a clear, straight road
without any gradient. No houses, trees or traffjbts were included. However,
markings were placed at every 100m so as to emidiEnce measurement. The road
was free from any other traffic so as to ensurel@stacle free environment. Also in
all the cases, the accelerator pedal fully pressedts to ensure uniformity of input.
Figure 28 shows a screen shot of the test envirahme
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Figure 28: Obstacle free test environment with sigboard markings

An alternative test environment is one consistihg mad only. In this case
white lines are marked on the road at every 100gurgé 29 shows a screen shot of
this test environment.

Figure 29: Alternative test environment with line markings on the road

54



MEICT Project Thesis

Physics Simulation for an Automotive Simulator

UNIVERSITOF

WESTERN AUSTRALIA.

7.1.2 Test Results

1. Velocity at which the gear shifts occur in automafear based cars

In automatic gear based cars, gear shifts occunwieRPM values

corresponding to the maximum torque produced byetiggne are reached. This

maximum value depends on the torque - rpm cunspesified before. To
illustrate the importance of the torque - rpm cutiés test was performed for
two curves. Below are the curves and the correspgnésults.

Curve 1:

Torque RPM curve

1000

RPM

2000 3000 4000 5000 6000 7000 8000

—e— Seriesl
—Poly. (Seriesl)

Figure 30: Torqgue RPM curve 1

Up shifts:
From Gear To Gear Vehicle Speed
(km/h)
1 2 28
2 3 45
3 4 62
4 5 105

Table 1: Gear Upshift Speeds in an automatic gearehicle
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Down shifts:
From Gear To Gear Vehicle Speed
(km/h)
5 4 64
4 3 48
3 2 27
2 1 20

Table 2: Gear down shift Speeds in an automatic geaehicle

The Figure 30 shows the curve and the tables Rajide the gear shift speeds
for the curve selected for use in AutoSim.

Curve 2:

The Figure 31 shows another curve used for teséind;the tables 3 and 4 give
the gear shift speeds for this curve
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Figure 31: Torque RPM curve 2
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Up shifts:
From Gear To Gear Vehicle Speed
(km/h)
1 2 40
2 3 60
3 4 82
4 5 150

Table 3: Gear Upshift Speeds in an automatic gearehicle

Down shifts:
From Gear To Gear Vehicle Speed
(km/h)
5 4 78
4 3 63
3 2 39
2 1 20

Table 4: Gear down shift Speeds in an automatic geaehicle

2. Time to travel 1000m for automatic and manusagd ca

Under identical test conditions, the time to tral200m for both automatic
and manual gear based cars was noted. Note thidisdest, only the curve 1 is
used, since that was selected for implementatidkuboSim.

In the first case, the gear control mode of thewas set to automatic and the
time required for it to travel a span of 1000m wased.

In the second case, gear control mode of the carsetto manual and the
time required for it to travel a span of 1000m waged, allowing the driver to shift
gears as per his or her own free will. Howevethia case, the time value will vary
from driver to driver since this time is relatedhvihe time or the speed at which the
driver decides to shift gears. Hence, the valueiipd below was taken as an
average of 3 timings. Lastly, the time taken toéiahe distance completely in first
gear was noted.
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Time to travel 1000m

For an automatic gear driven car: 78 sec
For a manual gear driven car using 5 gears: 91 sec

For a manual gear driven car using 1st gear odl§:skc

3. Time to get a car to 30 km/hr using differerdirge

Ideally, a driver should start moving a manual garen car in the first
gear, to be able to reach the desired rpm soore, itteg car is started in the first
gear and as soon as it reaches a speed of 1 kambidered as set into motion),
the gear is switched. Then the times taken to gar & a speed of 30 km/h are
noted in cases of using different gears. Thisagatn was implemented for the
selected curve 1 alone.

Table 5 below shows the values observed.

Gear Number Time (seconds)

6

11

23
Does not reach 30 km/hr
Does not reach 30 km/hr

QA IWIN|F

Table 5: Time to get a car to a speed of 30 km/hrsing different gears

Study of Effect of gear change on velocity and RPM

In order to study the engine behavior in the presei gears, a graph was
plotted showing change in velocity with time anduehe in RPM with time; along
with the impact of a gear shift. Figure 32 showsthange in velocity and the
change in rpm with time and the effect of a geandfe.
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Velocity Variation
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Figure 32: Effect of gear shift on velocity and RPMvariations
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7.1.3 Conclusions and Discussions from the Results

From the first test it can be seen that the velaitwhich gear shifts occur
will vary in different vehicles, depending upon #wgine and it is possible to
simulate this variation by replacing a single etratAlso, the results obtained for
gear shifts are reasonably good, that is, as eegadpecially with the first curve.

The second test shows that for a given distanegjrie required by an
automatic gear controlled vehicle is less than thqtiired by a manual gear
controlled vehicle. This will be true in most casssthe drivers are not likely to
change gear at the exact moment when the engigegoeaches its maximum value.
Also, the case of driving the entire distance mfirst gear shows the importance of
gears and represents the consequence of amateensdibt changing gears in time.
Overall, the value provided by automatic gearsloaonbserved and the performance
verified as matching with the expected.

Test three basically serves to prove that the implgation behaves in a
realistic manner. When a higher gear is selected@w speed, it takes higher
amount of acceleration and a longer time for th@ale to reach a given speed.

From the velocity variation curve, it can be sdwat the velocity increases at
a faster rate initially, and then it increases slioav pace. The corresponding RPM
variation graph shows that the peak rpm that tlyggnencan produce has reached and
it is necessary to change the gear to the nextehighe. The vertical line shows the
point of gear change. It is clear that the velonibyv again begins to rise at a fast
rate. The RPM curve drops down momentarily showlgsimulation of the neutral
gear. It then rises to an RPM value correspondirthe velocity before the gear
change, but with the new gear ratio. The two lalges show the RPM values just
before and after the gear shift.

7.2 Testing Wind Gust Simulations

For testing the wind gust simulation, the sliderskare moved to the extreme
positions to make it easy to notice the effeatalt be observed that when a wind of
a speed of about 250 km/hr blows along the diraatiomotion of the vehicle, a
stationary vehicle will slowly begin to move forwdar Similarly, a wind of a speed
of about 250 km/hr against the direction of motidrthe vehicle will cause the
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vehicle to slowly move backwards. When the strompvis blowing in a sideways
direction, the vehicle can be seen shaking.

The effect on a moving vehicle has been observatbligg the amount of
acceleration required to attain a certain spe¢hkdrpresence of a strong wind in the
opposing direction, a strong wind in the directadmmotion and in the absence of
abnormal wind conditions. Similarly, the amounbadiking force required in these
three conditions is noted. The results of thess ta® summarized below:

Time required to attain a speed of 30 km/ hr avargacceleration:

The time required to attain a speed of 30 km/h wheraccelerator pedal is
fully pressed, is noted for different wind condits

Wind Condition Time
(sec)
Normal 7.5
Forward wind of 250 km/h 6.1
Opposing wind of 250 km/h 11.0

Table 6: Effect of wind force on acceleration

Time required for braking from a speed of 30 kmaha given braking force:

The time required to reach a to a stop (that {ged of O km/hr) from a
speed of 30 km/h when the brake pedal is fully gdsis noted for different wind
conditions.

Wind Condition Time

(sec)

Normal 2.7

Forward wind of 250km/h 4
Opposing wind of 250 km/h 2

Table 7: Effect of wind force on braking

It can be easily seen from the values that windgan the direction of
motion helps motion and wind force against theddiom of motion retards it; thus
affecting the time required to attain the same gpéth the same amount of
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acceleration. The reverse is true in case of bgadwind force in the direction of
motion opposes the braking force while a wind faagainst the direction of motion
helps the braking.

7.3 Testing Autonomous Driving

A test scenario was set up to test the driving adbe block. The
environment created was free from obstacles andatichclude any unnecessary
objects like houses or trees. The objective wangure that the autonomous vehicle
will turn at the specified four intersections aravel along a straight line between
them.

The angle of turning at each intersection needdxteet by experiment as
the roads did not intersect at an exact angle of 90

The important test was the one for steering cbihdrensure driving along a
straight line path. As discussed in section 6 )mber of control mechanisms are
possible. Each of these was implemented with thmecdiicomparing their
performances.

Figure 33 shows the path taken by the robot whergudfferent controllers
while traveling along a straight road. The x arakegs relate to the variation in
latitude and longitude along the robot’s path. Nb& the complete path will be
rectangular in nature. The figure considers only section of straight road between
two turns. It is assumed that driving along allrfeactions will yield similar results.
For driving along a straight line through the sacttonsidered here, the latitude will
vary and the longitude must remain constant. Argnge in longitude indicates a
deviation from the ideal path.
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Steering Control on a Straight Road
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Figure 33: Controller Performance Comparison plot

By comparing the path traveled using each of hineet implemented
controllers with the ideal path; the following obsgtions can be made:

As expected, the on off controller shows oscillgtoehavior and hence it is
not suitable for use in steering control.

The Proportional (P) controller has reduced odeilies as compared to the
on off controller, however the oscillations stiigt. Note that the magnitude
of path variation introduced by use of the P cdi@ra@an be reduced by
further tuning the proportional gain.

It is clear that the PID controller is the closesapproximating the straight
line path.

Hence, the PID controller has been selected fat fmplementation of
autonomous driving.

Another test scenario was set up to confirm obstdetection. Here a vehicle
on brakes, acting as an obstacle; was placed a dastance in front of the
autonomous vehicle. The objective was to ensutethlesautonomous vehicle will
not collide with it. When the simulation startelde trobot car drove straight until it
reached close to the obstacle and when it waswithin from the obstacle, it
applied brakes and came to a halt.
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8. Conclusions

The most important aspect of an automotive simulatoealism. The physics
of a driving simulator plays an important role cheeving the resemblance to reality.
The use of an already existing physics engine @ullong with the Physics
Abstraction Layer (PAL) greatly simplified this tasHowever, the implementation
of gears, which has not been included in PAL, weegsary to simulate real world
behavior. The velocity graph of figure 32 cleathypw/s the effect of introducing gear
physics. In absence of gears, this graph would sbhbmear increase in velocity.

Another important aspect of a driving simulatopieviding test conditions
which are difficult to generate and dangerous $bitereal life. This includes
extreme weather conditions. The first step tow#nds that is, the simulation of
strong winds enables us to study the effect ohareased wind force on vehicle
physics. Other conditions that may be simulatedigseussed in the next chapter.

In addition to realistic vehicle physics, addingliem to the driving
environment is important; especially in terms ofihg moving traffic and stationary
obstacles on roads. Autonomous driving around ekidjmes a step towards this. In
addition, it demonstrates the use of sensors innmgalkehicle behavior related
decisions, which can be used for incorporating adagruise control features into
user driven vehicles.

Thus with increased realism, AutoSim can be usedtiger training; for
testing complex driver assistance functions bemtigpduced by car manufacturers;
for testing vehicle behavior in dangerous and dliftfi to control situations and for
computing performance variables that are hard tasone experimentally.
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9. Future Work

A lot more work needs to be done to bring the AutoSmulator close to
simulating realistic conditions.

Simulating the effects of weather is an import&attéire of a simulator.
Simulating wind gusts can be considered as thediep in this direction. Further
from this, other weather conditions such as snovaiorcan be simulated. This
includes both the simulation of the change in tfasf drivers’ view in the graphics
and the simulation of the change in the frictioefticient of the wheels with the
road, in the physics. With respect to the changganty of drivers’ view in the
graphics, other environmental conditions suchgtgilg conditions and dust
behavior can also be simulated. Various soundsisanbe added to increase
realism.

The autonomous driving user program is a step tsvareating moving
traffic; however it currently simulates a singléhiee going around a block. In the
future, AutoSim needs to simulate more traffic, aitdbduce new robots like
cyclists and pedestrians. This will make the simoitaworld look more realistic.
Moreover, currently the autonomous robot has neraation with traffic lights. So,
the autonomous robots need to obtain informatimutthe state of the traffic
signals and modify their actions accordingly s@caavoid passing through a red
light. Also, in the present case, if the autonomlsot happens to reach behind a
parked car or any stationary object, the PSD sensitirdetect it as an obstacle and
apply brakes to avoid collision. However, since ¢bgct is stationary, our
autonomous car will permanently remain in that posiwith brakes on. Hence,
routines need to be included to detect such sttnatand enable the autonomous
robot to overtake stationary vehicles or other cisje

The user program using joystick or the steeringeibarrently does not
provide for varying steering ratios for differertrs. This is because; the car xml
does not specify this. In the future, an additidaglcan be added in the robot xml
file to include the steering ratio applicable te fharticular car model and the
corresponding value be considered in the drivingines. This will help understand
the difference between cars. Also, some featuresldeed for autonomous driving
can be implemented in the user controlled drivie@ &tep towards adaptive cruise
control. For example, along the lines of the olstdetection functionality from the
autonomous driving routines, the PSD sensors frars can be used to maintain a
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fixed distance from the vehicle in front. Similathe velocity meter sensor can be
used to set speed limitations on the vehicle.

Another important development necessary is a meapovide graphical
displays of physics parameters. For example, ardgnaeter on the dashboard will
help visualize the effect of change in gears. It facilitate the study of change in
rpm with change in gear; and the relationship betweelocity, gear number and
engine revolutions can be understood more easigp,An the simulation of wind
effects, it will be advantageous if the user hab@ice to display arrows along the
direction of the wind flow. This will make it easi® visualize the effects of strong
gusts of wind and will be helpful specially duritesting.

Other than these, some means to improve AutoSirhyaaelding more
vehicle models, more driving environments and déife traffic scenarios. It is a
good idea to provide an environment with UWA arsdsitirrounding area. Maps of
some major cities can also be used for buildingsteaworlds. Currently, work is
being done on making AutoSim cross platform. Auto®as been implemented
using a client-server architecture. The aim of ihi® enable the running of multiple
clients simultaneously. This will be one of the Igaa the future.
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10. Abbreviations

AC: Alternating current

ACC: Adaptive Cruise Control

Al Artificial Intelligence

API: Application Programmer Interface
CIIPS: Centre for Intelligent Information ProcegsiBystems
COLLADA: COLLAborative Design Activity
DARPA: Defense Advanced Research Projects Agency
DC: Direct current

DOF: Degree of freedom

DOM: Document Object Model

DTD: Document Type Definition

GPS: Global Position Sensor

GUI: Graphical User Interface

IBDS: Impulse Based Dynamics Simulation
INS: Inertial Navigation System

LAN: Local Area Network

ODE: Open Dynamics Engine

OSM: Open Street Map

PAL: Physics Abstraction Layer

PID: Proportional Integral Derivative

PSD: Position Sensitive Device

RARS: Robot Auto Racing Simulator

RPM: Revolutions Per Minute

SDL: Simple Direct Media Layer

TORCS: The Open Race Car Simulator
UTC: Universal Time Coordinates

UWA: University Of Western Australia
XML: eXtensible Markup Language
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Appendix

A.1 Running the AutoSim Simulation: Overview

This tutorial gives a brief overview of ways to ¢je¢ simulator running and
lists some important points to remember when waykinth the simulation. Its
purpose is to provide an easy understanding ofyeem for beginners.

One option is to run the simulation by running biaéch file for a particular
simulation scenario. A scenario specifies the sieleof a particular world, driving
robot and user program.

An alternative method is to start the client anseseparately. For this the
following steps need to be followed.

=

Start the server.

2. If you would like to run the simulation in a parttlar environment, select the
desired world file by going to the ‘File’ menu. Sitation will select the
default world if this step is not followed.

3. Load the server side simulation by clicking on ‘th@ad’ button or using the

‘Load’ option from the ‘Simulation’ menu.

Start the client.

Here again select the desired world file by gom¢he ‘File’ menu.

6. The desired user interface can be selected thringgyiSelect User Program’
option in the ‘File’ menu or by pressing the ‘Chahgutton available on the
client interface. The interface also allows yowitw the default user
program selected.

7. The client user interface (Ul) also allows you peacfy the name of the robot
car you desire to drive in the simulation.

8. Load the client side simulation, again by clickmgthe ‘Load’ button or
using the ‘Load’ option from the ‘Simulation’ menu.

9. Run the server and the client by clicking on thariRoutton on their

respective Ul or using the ‘Load’ option from th&imulation’ menus.

o ks
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Some Points to Remember:

Make sure that the same world file is selectedath the server and the
client.

When specifying the name of the desired robot erctient, check that the
robot is available in the selected world by lookatghe simulation tree on
the servers’ user interface. It shows a list of@ttlots available in the loaded
world.

If a desired robot is not present in the selecteddyit can be added to it by
including it within the<objects>tag of the xml file corresponding to that
world. The following is the format for adding a rib

<Robot name="unique name for every robot">
<Description file="path of the xml file defirg the robot" />
<UserProgram file="user program that conttb&srobot on the server"/>
<Position x="-26.0" y="8.0" z="15.0" roll="0" pitch="0.0"
yaw="0.0"/> (Initial position of the robot in theond)
</Robot>
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A.2 Adding Actuators or Sensors to a Car Model

The steps to be followed for adding actuators osses to a car model are
outlined here. Every car model is described inhfie that contains information
about its parts and devices.

The<Parts> tag contains information of the body parts of thieot and links
connecting them; and theébevices>tag specifies all sensors and actuators
attached to the body parts of the robot. So whelmgda new sensor, it must
go under thesDevices>tag.

The format that needs to be followed is explaingidgithe example of a gear
device:

(Tag name for device name)

<gearDevice name="gear">
(Part to which the device will be attached: frora #arts> tag)
<Part name="chassis" />
(Other tags specifying parameters relevant to ¢éins@/actuator.)
<mode value="1.0" />
<diffRatio value="4.07" />

</gearDevice>

The next step is including the new devices’ tathencode for parsing the

robot xml. This is done by adding the correspondiumgtion in the
‘ServerRobotBuildérclass.
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A.3 Autonomous Driving

This tutorial describes the ways to run the automasrdriving routines
implemented and aims to provide a starting poirthtse interested in taking the
implementation further by adding more featuresumcfionality.

The user program is currently implemented for ahgvaround the world
named block_test_areaThe corresponding batch files that can be used t
run the scenario which includes this world andab®nomous robot are
‘autoDrive_in_block_joystick.baand ‘autoDrive_in_block.bat

In this world, the autonomous robot is positioneduch a way that it is
visible in front of the user driven robot car, witte simulation loads. Note
that the camera is positioned with respect to s driven vehicle and hence
the user needs to drive behind the autonomou®dadp it in sight.

However, if the user decides to drive elsewhere atitonomous car will still
keep going around the block; but now we cannoktitscmotion.

This user program runs on the server and hencesriedst specified in the
world file under the<UserProgram file>tag of the robot that will be
controlled by it. Currently, the impreza car isrigecontrolled.

The latitude and longitude difference values usedietecting intersections at
which the robot will turn are specific to thelock_test_areawvorld and will
need to be changed for running in other worlds. e\ev, the same values
can be used in theesidential_area’'world, as all dimensions of these two
world maps are same, except that‘tesidential_area’'world has additional
details like houses, traffic lights and trees.

77



MEICT Project Thesis
Physics Simulation for an Automotive Simulator

UNIVERSITOF
WESTERN AUSTRALIA.

78



