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Abstract

The purpose of this project is to implement obstacle avoidance algo-
rithms to drive the articulated vehicle autonomously in an unknown
environment, which is simulated by AgX Dynamics™ simulation soft-
ware and controlled by Matlab® programming software. Three driving
modes are developed for driving the vehicle (Manual, Semi-autonomous
and Autonomous) in this project. Path tracking algorithms and obstacle
avoidance algorithms are implemented to navigate the vehicle. A GUI
was built and used for the manual driving mode in this project. The
semi-autonomous mode checked different cases: change lanes, U-turn,
following a line, following a path and figure 8 course. The autonomous
mode is implemented to drive the articulated vehicle in an unknown en-
vironment with moving to a pose path tracking algorithm and VFH+
obstacle avoidance algorithm. Thus, the simulation model and VFH+
obstacle avoidance algorithm seems to be working fine and still can be
improved for the autonomous vehicle. The result of this project showed
a good performance of the simulation model. Moreover, this simulation
software helps to minimize the cost of the articulated vehicle since all
tests are in the simulation rather than in the reality .

Keywords: AgX Dynamics™ , Matlab® , Autonomous, Articu-
lated vehicle, Path tracking, Obstacle Avoidance, VFH+, GUI
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1 Introduction

This chapter is the introduction of this project. All the background information related to
this project will be presented in Section 1.1. Section 1.2 describes the goal of this project.
Section 1.3 discusses the advantages and disadvantages of different simulators. Section 1.4
describes the deliverable of this project. We build some scenarios for testing the perfor-
mance of vehicle and algorithms in this project in Section 1.5. Then we analyze risks may
happen in this project in Section 1.6, with good and bad aspects introduced. The human and
material resources and the details of requirements will be presented in Section 1.7 and 1.8
respectively. Section 1.9 describes what people have discovered and studied in the past. At
last, the outline for each chapter will be described in Section 1.10.

1.1 Background

In modern life, autonomous vehicles, such as Unmanned Aerial Vehicles (UAV), Unmanned
Ground Vehicles (UGV), are helpful in improving the quality of life. Autonomous vehicles
also can be used in many fields. For example, we can arrange an UAV or UGV to go to
somewhere dangerous or dirty places instead of sending people there. What we did in this
project was to investigate how AgX Dynamics software can be used in combination with
Matlab to the autonomous control algorithm for an articulated vehicle in the forest. The
autonomous algorithm for forest vehicles can save lots of human resources, energy, money,
and increase the productivity since autonomous vehicles don’t require drivers and they have
less rest time [2].

Algoryx AB simulation company simulates a new generation articulated vehicles model by
using AgX Dynamics™ simulation software. AgX Dynamics™ is a simulator with a physics
engine, which means it can simulate. Good simulation software can save many troubles in
some aspects. For these reasons, we decide to use simulation in this project rather than
testing in the real world.

Matlab® (with student license) is a high-level programming language provided by the Math-
Works company, and it has lots of advantages, such as numerical computation, visualization,
graphical user interface and interface with other programs. It also contains lots of toolboxes
that can be used in many fields, such as image processing, robotics, communication, con-
trol system, mechanics and electronics. Both AgX Dynamics™ and Matlab® are top rank
software in their field and that is why we use them in this project.

1
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1.2 Goal

The goal of this project is to run an articulated vehicle in an unknown environment, mean-
while, dynamically re-planning the vehicle’s path. We mount several sensors on the vehicle,
whose data are used to navigate and construct a map of the environment. There are two types
of sensors used in this project: Laser Range Finder and Inertial Navigation System. We use
these two sensors for obstacle avoidance algorithms, navigation, localization and map con-
struction. The overview for the final goal is to specify a goal point for the vehicle and make
the vehicle find the path to the goal point automatically while recording the path data, based
on path tracking and obstacle avoidance algorithms.

1.3 Simulators

There are several simulators that can be used in different robotic fields, such as AgX Dy-
namics, Microsoft Robotics Studio, Gazebo, Webots, Robotics Toolbox Matlab® and US-
ARsim. A good simulator can be quite helpful in teaching, researching and developing.
[3]

Microsoft Robotics Studio uses PhysX physics engines to simulate realistic models[4]. And
this software has many supported robots. Unfortunately, Microsoft has suspended its sup-
port for this software.

Gazebo uses ODE physics engines to simulate realistic models[5]. It can simulate lots of
complex robots and sensors. It is an open source software platform so that anyone can
develop a plug-in with models.

Webots uses ODE physics engines and supports lots of programming languages or interface
with third party software through TCP/IP[6]. Unfortunately, it is a closed source software
and requires license to run.

Robotics Toolbox Matlab® is a toolbox developed by Peter Corke, it is highly compatible
with Matlab®[7]. It can simulate some simple kinematic models of robots and is easy to
implement. Unfortunately, it did not use a physics engine so that the model might not be
close to the reality.

USARsim uses Unreal game engine to simulate the model, it is suitable for search and
rescue mobile robots[8]. The simulator engine is not as good as physics engine to simulate
models.

AgX Dynamics uses its own AgX multiphysics physics engine to simulate models[9]. It
is suitable for academic research and education. We can add AgX Dynamics plugin to
Matlab® so that we can control the simulation with Matlab®.

1.4 Deliverable

We will have some simulation environments to test control algorithms. This project was
done in simulation instead of in the real world. We will record a video for the demonstration
and had an oral presentation for this project.

2
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1.5 Scenario

In order to achieve the dynamic path re-planning for the articulated vehicle, we achieve
our final goal step by step, which will not only make this project system more clear but
also check that the system works well for individual functions. Therefore, we introduce
some testing scenarios. For checking basic control, we can make the vehicle move forward,
backward, turning manually in an open environment. For a little more advance, we can
make the vehicle change lanes, U-turn and figure 8 course on the road. For more advance,
we can drive the vehicle to a goal point or a pose autonomously, and then the vehicle can
follow a path autonomously. At last, we use obstacle avoidance algorithm to avoid obstacles
and find the goal point, then the vehicle will drive to goal point based on the knowledge of
the environment.

1.6 Risk Analysis

The risk analysis uses Strengths, Weaknesses, Opportunities and Threats (SWOT) model,
which contains strengths, weaknesses, opportunities and threats four parts to discuss the
advantages and disadvantages of this project.

1.6.1 Strengths

The investigation of autonomous control algorithms for the articulated vehicle can save lots
of human resources, energy and money. In addition, it can increase the productivity and
reduce pollution in the forest. It has the potential for providing a safer driving environment
and people can focus on things that are more important.

1.6.2 Weaknesses

The autonomous system might ignore small objects in the environment, which will cause
damage to the environment or the vehicle. We use a static environment in this project,
which is sensitive to dynamic or unexpected things in the environment. Static environment
means that everything inside the environment stay still and they are barely move, like forest
or underground. Dynamic environment means that many objects inside the environment is
moving, like highway.

1.6.3 Opportunities

The autonomous system is an advanced technique and it is good for improving the quality
of our life. It brings us to a better future and also has lots of job opportunities for technical
staff. This technique can be used in many aspects, such as urban, academic research, forest,
underground and industry.

1.6.4 Threats

The autonomous system is not good for drivers in the future, because they might lose their
jobs. It might increase the cost of the vehicle since several sensors and a computer are

3
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mounted on the vehicle. Moreover, The vehicle might hurt people if the hardware or soft-
ware is out of control.

1.7 Resources

Resource Role

Yutong Yan
Responsible for the entire project, develops and implements
obstacle avoidance algorithms by using AgX Dynamics™ and
Matlab®

Kalle Prorok
Supervisor from Umeå University, supervises project researches
during thesis process, gives feedback for the project plan and the-
sis report and evaluates the thesis work

Anders Backman
Supervisor and Supporter from Algoryx company, gives tech-
nique support for AgX Dynamics™ software and evaluates the
thesis work

Michael Brandl Supporter from Algoryx company, evaluates the thesis work

Sven Rönnbäck Thesis Examiner, examines the thesis work

AgX Dynamics™
The simulation software developed by Algoryx company, which
is used to simulate the articulated vehicle and environments in
this thesis

Matlab®
The programming software developed by MathWorks Company,
which is used to drive the articulated vehicle manually and auto-
matically in this thesis
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1.8 Requirements

Activity Description

Project Plan
Write a project plan to have an overview of this project.
Use timetable for tracking the process of this project

Pre-Study
Search literature and books related to this project and ex-
tract useful methods from them

Simulation Software
Know how to run the simulation software and create the
environment for different scenarios

Manual Driving Implement manual driving in Matlab®

Semi-Autonomous
Develop and implement semi-autonomous algorithms in
Matlab®

Autonomous
Develop and implement dynamic path re-planning algo-
rithms for the articulated vehicle

GUI Make a graphic user interface for controlling the vehicle

Result Analysis Analyze and discuss the obtained results

1.9 Literature Review

In past few decades, people are interested in unmanned driving vehicle to free human from
hard works so they developed lots of unmanned driving algorithms to achieve autonomous
vehicles[10]. An autonomous articulated vehicle can help people from hard works in the
forest and other environments. Before testing on the real vehicle, people would prefer to
test their algorithms on the kinematic model of the articulated vehicle in the simulation
to see what would happen for the easier case, and then, they would like to make some
improvements so that the kinematic model of the articulated vehicle is closer to the reality.
Later, people take dynamic effect into account, so they began to model dynamic effects and
add them into their kinematic model or they switch to develop the dynamic model of the
articulated vehicle [11][12][13][14][15].

Sensors are the eye of autonomous vehicles, autonomous vehicles need to equip some sen-
sors on it to locate itself, avoid obstacles and build maps, usually, the laser range finder
is a typical sensor that most people choose to equip vehicles with to scan the environ-
ment and the inertial measurement unit or similar sensor is used to determine the pose of
the vehicle. There are lots of combinations for sensors to be used for different purposes.
But all sensors contain certain error and it might be fatal for autonomous vehicles, people
start to develop sensor fusion algorithms to improve the performance of the autonomous
vehicle[16][17][18][19][20].

There are lots of path tracking algorithms developed for autonomous vehicles, which drives
the vehicle to their goal point with smooth trajectory. There are two classic path track-
ing algorithms: follow a carrot and pure pursuit, they introduce basic techniques to drive
the vehicle to next goal point autonomously. But there are some drawbacks for these two

5
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techniques, so people improved path tracking algorithms to overcome these drawbacks and
make the trajectory more smooth.[21][22][23][24][25][26]

Autonomous vehicles need to avoid obstacles in the environment, that is why lots of ob-
stacle avoidance algorithms are developed for autonomous vehicles, some classic obstacle
avoidance algorithms are stated as following: edge-detection, uncertainty grids and poten-
tial fields. And there are lots of obstacle avoidance algorithms are inspired and adaptive
from these algorithms.[27][28][29][30][31][32][33]

Autonomous vehicles also need to plan their path to their final goal, there are lots of ap-
proaches to achieve this, some of them focus on how to run the vehicle fast enough. Some
of them focus on minimizing the power for computation. Some of them focus on find-
ing a shortest path to the goal point, and some of them focus on minimizing the storage
memory.[34][35][36][37][38][39][40][11][41]

1.10 Thesis Outline

In first chapter (this chapter), Background, Goal, Simulators, Deliverable, Scenarios, Risk
Analysis, Resources, Requirements of this project and Literature Review will be described.

The second chapter introduces basic knowledge about the vehicle model, the usage of sen-
sors and obstacles avoidance algorithms.

The third chapter discusses the result from this project. Firstly, manual control for the
articulated vehicle, secondly, some semi-autonomous control algorithms for the vehicle,
and then the autonomous vehicle will be presented.

The fourth chapter is the discussion about the project. Discuss the work of this project.
Analyze the result of the project work. Figure out the advantages and disadvantages of
methods and see how this can be improved.

The fifth chapter is the summary of the project, including the status of the project, conclu-
sions, implications, ethical aspects and future work.

The sixth chapter is the reference of techniques and algorithms used in this thesis.

Appendix contains the Matlab® code, AgX code, AgX Dynamics Environment and Graphic
User Interface for the project.
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2 Methods

This chapter mainly describes the theory used for this project. First, some clarification need
to be stated in the beginning so people won’t be confused by some concepts in simulation
which that are different from reality in Section 2.1. All the information about the vehicle
and some definitions will be presented from Section 2.2 to 2.7. Section 2.8 describes sen-
sors used in this project for navigation and obstacle avoidance. Section 2.9 describes the
controller used in this project for stabilizing and optimizing the performance of the vehicle
motion. Section 2.11 describes the path tracking algorithm and there are two approaches
to implement it. In addition, the look-ahead distance is also important for a better per-
formance. Section 2.12 describes several semi-autonomous approaches, which might be
important under certain circumstances. At last, the most important part, obstacle avoidance
algorithms will be presented at Section 2.13.

2.1 Clarification

This section will distinguish some comparison between the reality and the simulation in this
thesis. Outcomes from this thesis are to investigate how to integrate AgX Dynamic software
with Matlab and implement the autonomous control algorithm for an articulated vehicle in
the forest. So we start from the ideal case and it is easier for us to understand how things
work. The environment used in this project is a flat surface (no hills or hollows), so that
we do not need to face the off-road case. All trees are treated as cylinders as obstacles for
simplifications. All sensors used in this project contain no noise, which means the LRF and
INS are perfectly accurate. All data from the LRF do not lost and contain no noise. The INS
will analyze the pose information of the vehicle and express in the world coordinate system,
since all data contain no noise, the cumulative error won’t be a problem for us, which are
different when we use the inertial navigation system in reality.

On the other hand, the vehicle model given by Algoryx Company are close to the reality, so
it will follow physic laws. And all things we mentioned above can be changed to close to
reality, for instance, the environment can be change to uneven surface. We can introduce the
real tree model so that we need to consider the volume and shape of trees. We can introduce
sensors’ noise and change their outcomes based on their manual. so that they will be close
to reality.

2.2 Vehicle Model

Algoryx AB simulates a new generation articulated vehicle model as shown in Figure 2.1.
It is a four-wheel articulated vehicle, which is similar to a Load Haul Dump (LHD), that
can be used for underground mining or forest exploitation. There is a electrical motor in
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the central joint that can be used to control the steering of the vehicle. More realistic, we
will replace the ’cross bracket’ with a hydraulic device. The maximum rotation angle of the
joint is 35° and the maximum linear speed of this joint is 0.2rad/s. When we try to turn
the vehicle, the steering joint will be bent equally with respect to the front and rear body.
AgX Dynamics™ software simulates a real vehicle in the world, which means we will have
real control components, such as engine, clutch, throttle, gear, and steering. We also have
equipped two types of sensors on it, Laser Range Finder and Inertial Navigation System.
One laser range finder is mounted on the front body and two inertial navigation systems are
mounted on front and rear axles.

Figure 2.1: Articulated vehicle in simulation software

As shown in Table 2.1, some important parameters are used in this project.

2.3 Degrees Of Freedom

Degrees Of Freedom (DOF) is used to represent the number of independent parameters of
the rigid body[42][43][44]. When there is a rigid body in a free space, we use DOF to
describe its configuration.

In Three Dimensional (3D) cases, we use 6 DOF [43] to describe the pose of a rigid body in
a Cartesian coordinate system. There are 3 DOF for translation in three orthogonal (x,y,z)
axes and 3 DOF for rotation about these three orthogonal (x,y,z) axes which we usually call
(roll, pitch,yaw). Figure 2.2 shows the diagram of six degrees of freedom.

For a mobile vehicle, we usually use 3 DOF to express the pose of the vehicle in Two
Dimensional (2D) space since the vehicle will reach a position (x,y) with a certain heading
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Table 2.1: Important parameters of the vehicle model and sensors

Name Value Unit

Idle Speed 1000 RPM

Max Speed 6100 RPM

Max Waist Angle ± 35 degree(°)

Laser Distance Range 0 – 40 Meter

Laser Field of View 270 degree(°)

Laser Angle Increment 0.5 degree(°)

Clutch Range 0 – 1 (none)

Throttle Range 0 – 1 (none)

Steering Range -35 – 35 degree(°)

Gear 0, 1, 2 (none)

x

y

z

yaw

roll
pitch

Figure 2.2: Diagram of six degrees of freedom
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(yaw). If we are dealing with the vehicle in 3D terrain, then we need 6 DOF to express the
pose of the vehicle. There will be lots of hills and hollows on the ground in a real world
terrain and that may cause the vehicle to tilt in different directions. Therefore, we need one
extra DOF to describe its translation in z axis and two extra DOF to describe its rotation
around x and y-axes which are also called roll and pitch.

However, there will be two controllable DOF for the vehicle in the 2D case: the translation
in the forward/backward direction (x− axis) and the rotation for the steering around yaw
(z−axis).

In this project simulation, we converted data from the vehicle frame and the sensor frame
into the world frame. We know the world frame coordinate in the simulation, which is
different from the world frame in the real world because we express pose information in the
Cartesian Coordinate System instead of Geographic Coordinate System (GCS). It will be
easier for us to understand the data if they are all expressed in the same coordinate system.
Otherwise, it might be confused and we might misplace data into the wrong frame.

2.4 Angle Definition

There are three angle terms used in this report to express the configuration and pose in-
formation about the articulated vehicle[29]: steering Angle φ, heading η and orientation
θ.

The steering angle φ is to represent the angle around the articulated joint of the vehicle,
which is the angle difference between the front/rear body and the baseline. There are two
approaches to describe the angle between baseline and front/rear body. One approach shown
in Figure 2.3a uses steering angle (φ) on the front body to identify the steering command.
Another shown in Figure 2.3b uses half of the steering angle (φ/2) on the front and rear
body to identify the steering command.

(a) Configuration of the steering angle A (b) Configuration of the steering angle B

Figure 2.3: Configurations of the steering angle

The heading angle η is used to represent the angle of the front body expressed in the world
coordinate.

The orientation θ is used to represent the traveling direction of the articulated vehicle if it
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moves along a straight line. In addition, Equation 2.1 calculates the orientation θ.

θ = η− φ

2
(2.1)

All these three angles steering φ, heading η and orientation θ are shown in Figure 2.4.

Figure 2.4: Definition of steering angle φ, heading η and orientation θ

2.5 Turning Radius and Slip Effect

Due to the configuration and maximum turning angle of the articulated vehicle, the mini-
mum turning radius[45] is limited. Usually, the minimum turning radius is also related to
the velocity of the vehicle, but the minimum turning radius will be constant if the maximum
velocity of the vehicle is not too high under some circumstances. We need information
about the vehicle, including the maximum turning angle φt , the length between the articu-
lated joint and the front/rear axles (L f /Lr).

Under the slip free motion, there is an intersection point of wheel virtual axles called the
Instantaneous Center of Curvature (ICC)[46], as the articulated vehicle is in motion. The
vehicle will move around this ICC point and its trajectory looks like a circle with radius rt .
The turning radius can be derived from the geometry relation of the articulated vehicle.

For the front axle, the radius rt f ront can be derived from Equation 2.2.

rt f ront =
(L f +Lr/cos(φ))

tan(φ)
(2.2)
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For the rear axle, the radius rtrear can be derived from Equation 2.3.

rtrear =
L f +Lr/cos(φ)

sin(φ)
−Lr · tan(φ) (2.3)

In reality, we take slip effect[47][48] into account. Slip effect means there is a relative
motion between tires and paths, which will cause a larger/smaller turning radius than an-
ticipated. The main reason causing this effect is the elastic lateral deflection of the contact
patch[49]. The larger turning radius is called under-steer, which means the car does not turn
enough as we wanted. The smaller turning radius is called over-steer, which means the car
turns more than we wanted.

The schematic diagram of the turning radius and slip effect is shown in Figure 2.5.

Φ

rtfront

rtrear

Φ

Lf

Lr

FrontBody

RearBody
Lr / cos(Φ)

Lr  tan(Φ)

Path

ICC

vx

vy

Slip AnglePath Under Slip Effect

Figure 2.5: Turning radius and slip angle

2.6 Homogeneous Transformation in Two Dimensions

We defined two coordinate systems in order to distinguish objects in the different point of
views. The robot has its own coordinate system called Robot Coordinate System (RCS)
and the world has its own coordinate system called World Coordinate System (WCS). The
diagram of the conversion between two coordinate systems is shown in Figure 2.6.

Where o1x1y1 represents the world coordinate system.

o2x2y2 is an intermediate transfer frame.

o3x3y3 represents the robot coordinate system.
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Figure 2.6: Diagram of the conversion between two coordinate systems

θ is the rotation angle of the robot coordinate system with respect to the world coordinate
system.

P1,P2,P3 represent points are expressed in frame o1x1y1,o2x2y2,o3x3y3 respectively.

x0 and y0 represent the origin of the frame o3x3y3 with respect to the frameo1x1y1.

A rigid body motion can be interpreted as a pure translation along with a pure rotation. As
shown in Figure 2.6, the frame o1x1y1 converts to the frame o2x2y2 by applying a rotation by
the angle θ, and then the frame o2x2y2 converts to the frame o3x3y3 by applying a translation
by the vector −→v2 .

We can use the homogeneous transformation matrix in two dimensions to express the con-
version between two coordinate systems and as shown in Equation 2.4.

H =


cos(θ) −sin(θ) x0

sin(θ) cos(θ) y0

0 0 1

=

 R2×2 d2×1

01×2 1

=

 Rotation Translation

Perspective Scale Factor


(2.4)

We use Equation 2.5 to express point P3 from expressed in the frame o3x3y3 to the frame
o1x1y1.

P1
3 = R1

3 ∗P3
3 +d1

3 (2.5)

Where P1
3 ,P

3
3 represent point P3 expressed in frame o1x1y1 and o3x3y3 respectively.

R1
3 represent rotation matrix from frame o3x3y3 with respect to frame o1x1y1.
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d1
3 represent translation from origin o3 to o1.

Finally, we use the homogeneous transformation matrix in two dimensions to express the
relationship between different coordinate systems, these homogeneous transformation ex-
pressions are shown in Equation 2.6 and 2.7.


P1

3 (x)

P1
3 (y)

1

=


cos(θ) −sin(θ) x0

sin(θ) cos(θ) y0

0 0 1

∗


P3
3 (x)

P3
3 (y)

1

 (2.6)


P3

3 (x)

P3
3 (y)

1

=


cos(θ) −sin(θ) 0

sin(θ) cos(θ) 0

0 0 1

∗


P1
3 (x)− x0

P1
3 (y)− y0

1

 (2.7)

2.7 Vehicle Basic Control

This simulation software simulates a real vehicle, so we will have real components for the
vehicle, such as Engine, Clutch, Gear, Throttle and Steering[50].

2.7.1 Engine

Engine is a mechanism used to convert energy into mechanic motion to drive the vehicle.
In modern life, we often use fuel or electricity to create motions. Typically, the idle speed
of the vehicle is around 700 to 900 Revolutions Per Minute (RPM), which is the minimum
RPM when we just want to warm up the engine and start the vehicle to run. In addtion,
those vehicles will run around 2000 to 3000 RPM when it is in motion and the max speed
is normally around 4500 to 10000 RPM. In this project simulation, the idle speed and the
max speed of the vehicle are 1000 RPM and 6100 RPM respectively.

2.7.2 Clutch

Clutch is a mechanism used to connect the engine power with the gear. If the clutch is
completely engaged, the engine power can fully apply to gear. If the clutch is completely
disengaged, the engine power will not be applied to the gear at all. Normally, the clutch is
used for switching gears so that the vehicle can accelerate, keep speed, stop or reverse, and
that depends on which gear you select. However, you must disengage the clutch before you
switch gears, which helps to protect gears from damage. Usually, we engaged/disengaged
the clutch completely. But in this simulation, unusually, we can control the clutch level to
change the power transmitted from the engine to the gear. In this project simulation, the
range of the clutch is from 0 to 1. Moreover, 0 means completely disengaged and 1 means
completely engaged.
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2.7.3 Gear

Gear is a mechanism used to change the speed of the vehicle and increase the engine effi-
ciency by matching a suitable RPM. It cooperates with the clutch and the throttle to adjust
the speed of the vehicle. Mainly it is used to accelerate, keep speed, stop and reverse.
However, we must disengage the clutch before we switch gears and always stop the vehicle
in neutral. In this project simulation, we have three different levels and they are forward,
neutral and reverse. And we use 2, 1, and 0 to express them respectively.

2.7.4 Throttle

Throttle is a mechanism used to control the amount of airflow and fuel flowing to the engine
and provide energy for driving. If we did not press the throttle pedal, the vehicle will travel
at its minimum speed. In this project simulation, the range of the throttle is from 0 to 1.
Moreover, 0 means there is no airflow flowing to the engine and 1 means the maximum
amount of airflow flowing to the engine.

2.7.5 Steering

Steering is a mechanism used to control the direction of the vehicle, turning right or left and
how much degree it should turn. In this project simulation, the maximum steering angle is
35°. The range of the steering is from −1 to 1. −1 means maximum turning left with 35°
and 1 means maximum turning right with 35°. The change rate is 0.2 rad/s

2.8 Sensors

We equip the articulated vehicle with two types of sensors, which can be used for navigation,
localization and map construction[51][52]. They are Laser Range Finder (LRF) and Inertial
Navigation System (INS). The LRF is used for obstacle avoidance, navigation, localization
and map construction and the INS combined with other sensors can be used for navigation
and localization.

2.8.1 Laser Range Finder

LRF is one type of sensors to get the distance information by using Time Of Flight (TOF)
method or triangulation method, but in this project, we choose to use TOF method instead of
triangulation method because it is easier to understand and achieve. The working principle
for the LRF is emitting laser beams, which will hit on the objects, then the LRF detects its
reflected laser beams. We can know the time difference between when laser beams emitting
and receiving so that we know the distance from the LRF to the object. Usually, the field
of view of the LRF is 270° and the angle increment is 0.5° or 1°. Therefore, it has 271 or
541 data returned at each scanning[53]. Typically, the laser beam is an infrared light with
wavelength 850nm and its operating range is from 0.05m to 40m with a certain statistic
error. The diagram of the LRF working area is shown in Figure 2.7.

In this project simulation, we simulate an ideal laser range finder, which is mounted on the
front body of the articulated vehicle. The field of view of this LRF is 270° and its angle
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Figure 2.7: Diagram of the Laser Range Finder

increment is 0.5°, which means it has a distance vector with 541 rays’ data returned at each
scanning. In addition, its operating range is from 0m to 40m with no statistic error. In order
to plot the data in the RCS as shown in Figure 2.7, we use following Equation 2.8 and 2.9
to plot data.

xl = dl · cosαl (2.8)

yl = dl · sinαl (2.9)

Where dl is the distance information from the LRF and αl is the angle information for the
distance information.

2.8.2 Inertial Navigation System

INS is a navigation system that consisted of computer, accelerometers and gyroscopes and
uses them to continuously calculate the position and angle related information by using
dead-reckoning method. Usually we think that INS is consisted of a computer and an IMU,
the most important component of the INS is the IMU.

Inertial Measurement Unit (IMU) is one type of sensors used to record the motion informa-
tion about an object, we usually considering objects as a rigid body. The IMU consists of
three accelerometers used for recording the acceleration for the translation in three orthog-
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onal (x,y,z) axes in Cartesian coordinate system and three gyroscopes used for recording
the angular velocity for the rotation around those three orthogonal (x,y,z) axes[54]. Since
those three orthogonal axes are independent of each other, we will say the IMU has 6 DOF.
The diagram of the IMU is shown in Figure 2.8.

x

y

z

yaw

roll

pitch

Gyroscope

Accelerometer

Accelerometer

Accelerometer

Gyroscope

Gyroscope

Figure 2.8: Diagram of the Inertial Measurement Unit

Assuming there are no noise in the IMU, all data from the IMU are accurate and perfect, then
we can use those data to track the vehicle’s position information by using a method called
dead-reckoning. Since this is an ideal case, the main disadvantage of the dead-reckoning
method, cumulative error can be ignored.

The accelerometer is used to measure the acceleration of a moving object. Since there are
physical relationships (derivation or integration) among position, velocity and acceleration,
it is very easy to derive them by dead-reckoning. After getting the acceleration, we can
integrate it to get the velocity and then integrate the velocity to get the position.

The rate gyro is used to measure the angular velocity of a rotating object based on the
momentum conservation law. Since there are physical relationships (derivation or integra-
tion) among orientation, angular velocity and angular acceleration, it is easy to calculate
them. After getting the angular velocity, we can derive it to get the angular acceleration and
integrate the angular velocity to get the orientation.

But in reality, there are lots of noise in the IMU which will give rise to the cumulative error.
All those six data (position, velocity, acceleration, orientation, angular velocity and angular
acceleration) are inaccurate after the INS is running a while, because the cumulative error
will be enhanced by the dead-reckoning. That is why an INS usually can not work alone
in the reality. A common solution is to use sensor fusion such as Kalman Filter or Particle
Filter with different sensors combination to improve the accuracy of localization. Common
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sensors can be used for sensor fusion are Global Positioning System (GPS), INS, LRF,
IMU, Camera, Attitude Heading Reference System (AHRS), Kinetic Sensor etc.

In summary, there are six outputs coming from the INS and they are position, velocity,
acceleration, orientation, angular velocity and angular acceleration. Each one has three data
for three independent axes (x,y,z) in Cartesian coordinate system. We can use parts of it if
we are dealing with the 2D case, or using all of them if we are dealing with the 3D case.
The INS has some disadvantages, and the main one is the accumulated error enhanced by
dead-reckoning.

2.9 PID Controller

A Proportional Integral Derivative (PID) controller is one of the most common controllers
used in feedback loop control design[55][56][57]. It consists of three terms, and they are
proportion, integral and derivative. In addition, they all have their individual gain param-
eters. For the proportional term, it depends on the present error. For the integral term, it
depends on the accumulation of the past errors. For the derivative term, it predicts the future
error because it depends on the rate of change of the error.[55] The PID controller is used to
minimize the error e(t) which is the difference between the actual output with the desired
set point. The output of the controller is called control signal u(t). We can tune these three
parameters (proportional gain Kp, integral gain Ki and derivative gain Kd) to get a better
performance for the control design. The working principle diagram of the PID controller is
shown in Figure 2.9.

e(t) 

Set Point 

�� ∙ � �(�)��
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Output u(t) 

Controller 

Actuator 

Sensor 

Figure 2.9: Diagram of the PID controller

The algorithm of the PID controller is expressed in Algorithm 2.1.

Algorithm 2.1 is expressed in discrete time with sampling time dt. We can assume that
the controller output can be written in a continuous form if the sampling time dt is small
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Algorithm 2.1 PID Controller algorithm

procedure PID(Kp,Ki,Kd ,SetPoint,Out put,dt) . The input for PID controller
Global Variables: Integral, previous error
error = SetPoint−Out put
Integral = Integral + error ∗dt
Derivative = (error− previous error)/dt
previous error = error
u(t) = Kp · error+Ki · Integral +Kd ·Derivative
return u(t)

enough. The output of the controller can be expressed as Equation 2.10.

u(t) = Kp · e(t)+Ki ·
∫ t

0
e(τ)dτ+Kd ·

d
dt

e(t) (2.10)

We can easily change the PID controller to P, PI and PD controller by setting the corre-
sponding gains to zero.

2.10 Histogrammic In Motion Mapping

The Histogrammic In Motion Mapping (HIMM) method[58][59] is a real-time map building
method for a mobile robot, which is developed and implemented by Borenstein and Koren
in 1991.

The HIMM uses a 2D grid to represent the world model and keep updating by using the
data collected from sensors. It represents obstacles with probability and can be used for
improving the performance of obstacle avoidance algorithms. The result of the world model
is called certainty grid and each cell inside this certainty grid contains a certainty value Cv

that shows how certain an obstacle is existed within the cell. A higher value in the cell
means that an obstacle is existing nearby. A low value in the cell means that there is a free
space.

The update rule of the HIMM method is represented as follows: the minimum certainty
value for a cell is 0 and the maximum certainty value of a cell is 15. Usually, the start value
for a cell is the mean value of its certainty value range. The increment I+ is +3 if a cell is
occupied and the decrement I− is −1 if a cell is empty. These parameters are examples for
how this HIMM model is achieved, we can customize them as we wish.

Equation 2.11 shows how to update the certainty grid.

grid[i][ j] = grid[i][ j]+ I where 0≤ grid[i][ j]≤ 15 (2.11)

With

I =

 I+ if occupied

I− if empty

And Figure 2.10 shows the diagram of the HIMM model, which is achieved in the simula-
tion.
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Figure 2.10: Diagram of the HIMM

2.11 Path Tracking Algorithms

When we would like to drive the vehicle to a specific goal point automatically, we need a
path tracking algorithm to drive this vehicle. The general idea for path tracking is to make
the vehicle move closer to the planned path. A common path tracking algorithm is called
Following the Carrot[24]. Think about that a master put a carrot in front of a donkey, so that
the donkey will drive the cart to the direction where master wanted. It will always drive the
vehicle towards the goal point along the path. Figure 2.11 shows the schematic diagram of
a path tracking algorithm.

There are two approaches used in this project to achieve the following the carrot method.
One is called moving to a point, which means driving the vehicle close to the goal point
regardless of the heading of the vehicle by setting the steering and clutch value properly.
The error signal as shown in Figure 2.11 will be the position information (x,y). Another
one is called moving to a pose, which moves the vehicle close to the goal point concerning
the goal heading of the vehicle. The error signal will be both the position (x,y) and the
orientation information θ. The main advantage of the moving to a pose method is that it
considers the orientation so that the vehicle moves to the next goal point more smoothly.

These two path tracking algorithms also can be included in semi-autonomous algorithms.
We put them here because they are also key components to achieve certain semi-autonomous
algorithms.
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Figure 2.11: Schematic diagram of a path tracking algorithm

2.11.1 Moving to a Point

One approach to drive the vehicle is called moving to a point method[26], which is presented
as follows. Considering the vehicle is moving in the 2D Cartesian coordinate system, the
vehicle only calculates how to move closer to the goal point (x∗,y∗) in a fast way. It will
minimize the angle difference between the current position (x0,y0) and the goal point and
this angle is calculated by Equation 2.12

θ
∗ = atan2((y∗− y0),(x∗− x0)) (2.12)

Moreover, the controller is a proportional controller related to the difference angle expressed
in Equation 2.13. This controller is used to control the steering and turn the vehicle closer
to the goal point.

γ = Kh · (θ∗−θ), Kh > 0 (2.13)

Where Kh is a proportional gain and theta is the orientation of the vehicle.

The schematic diagram of the moving to a point algorithm is shown in Figure 2.12.

2.11.2 Moving to a Pose

There is another approach to drive the vehicle called moving to a pose[26]. It drives the
vehicle to a specific pose(x∗,y∗,θ∗) instead of a position (x∗,y∗). It takes the orientation
information into consideration so that the vehicle will move to the desired position with a
specific orientation. The final orientation depends on the starting orientation. Based on the
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Figure 2.12: Diagram of the moving to a point algorithm

geometry relationship shown in Figure 2.13, we can get the following Equation 2.14 and
2.15.

αmp = tan−1(
∆y
∆x

)−θ (2.14)

βmp =−θ−αmp (2.15)

Where αmp is the angle of a goal vector expressed in the robot frame and βmp is the angle
of a goal vector expressed in the world frame.

∆y and ∆x are used to describe the distance between the vehicle current position and a goal
point.

The controller designed by Equation 2.16 for moving to a pose mainly focuses on turning
the vehicle so that βmp→ 0.

γ = Kαmp ·αmp +Kβmp ·βmp (2.16)

The vehicle will move towards the goal point and minimize the orientation difference be-
tween the current orientation and the desired orientation, so the vehicle will arrive at the
desired position with the desired orientation. The main advantage of this approach com-
pared with moving to a point is that the trajectory will be smoother and easier to understand
when the orientation is determined.

2.11.3 Look-ahead Distance

In following the carrot method, the vehicle should follow points along the path. These points
are also called carrot points, which is defined as a point on the path with one look-ahead
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Figure 2.13: Diagram of the moving to a pose algorithm

distance L[60][25] away from the vehicle. The performance of path tracking algorithms
also depends on the look-ahead distance. If the look-ahead distance is chosen too large, the
settling time will be quite long. Likewise, if the look-ahead distance chosen too small, the
vehicle will oscillate or even become unstable before arriving at the goal point. Choosing a
suitable look-ahead distance will make the system stable and fast responsive. The different
performances of three different look-ahead distances are shown in Figure 2.14.

2.12 Semi-Autonomous Algorithms

2.12.1 Change Lanes

When you drive a vehicle on the road, you need to change lanes in order to avoid vehicles
or obstacles and keep moving. It is also a good idea and easy way to see the performance of
the vehicle. The control algorithm for change lanes[61] is quite simple. You will make the
vehicle turning left or right by using steering at one time-stamp and then turning the vehicle
in the other direction at another time-stamp. As shown in Figure 2.15, these two steps will
make the vehicle change lanes.

2.12.2 U-turn

Sometimes, we need to turn around the vehicle to go backward on the road instead of re-
versing the vehicle. The trajectory looks like ”U” when the vehicle turns back to another
lanes and that is why we call it U-turn[41][62]. It happens on the road when we try to turn
around the vehicle. The control algorithm steers the vehicle to the left or right until the
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Figure 2.14: Illustration of the performance of three different look-ahead distances
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Figure 2.15: Trajectory of the vehicle for change lanes
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vehicle meets the opposite direction. The trajectory of the vehicle for U-turn is shown in
Figure 2.16.

front

front

Figure 2.16: Trajectory of the vehicle for U-turn

2.12.3 Following a Line

Under some circumstances, we would like to drive a vehicle along a specific line. We
introduce following a line algorithm[26] so that the vehicle will follow any straight lines
in the WCS. A general line equation in the 2D Cartesian coordinate system is expressed in
Equation 2.17.

a∗ x+b∗ y+ c = 0 (2.17)

Where a and b are not equal to zero at the same time. −a/b represents the slope of the line
and −c/b represents the offset of the line.

The distance from a point (x0,y0) to a line a ·x+b ·y+c = 0 can be calculated according to
Equation 2.18.

d =
a · x0 +b · y0 + c√

a2 +b2
(2.18)

Moreover, two controllers are used for following a line. One is used to minimize the distance
from a point to the specific line. This controller is expressed in Equation 2.19.

αd =−Kdis ·d, Kdis > 0 (2.19)
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Another one is used to minimize the angle between the orientation of the vehicle and the
slope of the line. Equation 2.20 shows the slope of the specific line.

θ
∗ = tan−1(−a/b) (2.20)

In addition, the controller for minimizing the angle is expressed as Equation 2.21.

αh = Kh · (θ∗−θ), Kh > 0 (2.21)

The combined controller is expressed in Equation 2.22

γ = αd +αh =−Kdis ·d +Kh · (θ∗−θ) (2.22)

The trajectory of the vehicle for the following a line algorithm should look like the diagram
shown in Figure 2.17. The vehicle will move to a specific line no matter where the start
point is. This algorithm will find a suitable trajectory to make the vehicle follow the line
eventually.

Predefined
Line

fron
t

fro
nt

front

front

front

Figure 2.17: Diagram of the following a line algorithm

2.12.4 Following a Path

Under certain circumstances, we define the path and hope the vehicle follows it automati-
cally. Instead of a line, this path might be a circle, a curve or an unpredictable path. The
pre-defined path is a sequence of coordinates (x,y) in the world frame. This following a
path algorithm[26] is similar to Moving to a Point, but it takes a sequence of coordinates
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instead of one coordinate as input. The controller used in this algorithm is the same as
Equation 2.13 that minimizes the difference angle between the current orientation and the
relative angle. In this case, the pre-defined path is a circle and the vehicle will start from
the center of the circle and move along this circle. The diagram of the following a path
algorithm is shown in Figure 2.18.

Predefined
Path

Trajectory

front

Figure 2.18: Diagram of the following a path algorithm

2.12.5 Figure 8

Figure 8[61] is one of common courses for the vehicle movement and the name is after
its trajectory’s shape as ”8”. It can be used to test the stability of the articulated vehicle.
There are two approaches used in this project for achieving the figure 8 course. One is to
pre-define these coordinates in the world frame, and the other is to use trees as landmarks.
The schematic diagram of the figure 8 course is shown in Figure 2.19.

When using pre-defined path, we can assign seven or fifteen goal points for navigating the
vehicle. Seven and fifteen goal points is enough to achieve the figure 8 course and also
can be used for testing the stability of the vehicle. Seven goal points means that there are
four points for each circle but with one shared intersection point and fifteen means there are
eight points for each circle but with one shared intersection point. The advantage of seven
goal points approach is that the responding time for finishing one loop is shorter than fifteen
points, but the curvature of the circle might not be as good as fifteen points, and vice versa.

When using landmarks, firstly, we determine the locations of two trees. Then we calculate
and arrange those goal points. At last, we make the vehicle follow those goal points.
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Predefined
Goal Point

Trajectory

tree tree

Figure 2.19: Diagram of the figure 8 course

Under some circumstances, using landmarks is more reliable than using the pre-defined
path, especially when the GPS is not working or the transmitting signal is not good enough
(in a tunnel). We can determine those landmarks by using camera or LRF, both of which are
not influenced by signal lost while GPS are[63]. In this project, we use the LRF to detect
trees as landmarks.

2.13 Obstacle Avoidance Algorithms

Navigation is a crucial part for a mobile robot, which means the vehicle can determine
its current position and find a path to go to the goal point[42][29][38]. Usually, navigation
consists of two key components, and they are path planning and obstacle avoidance. The ob-
stacle avoidance part is quite crucial for mobile robot navigation, especially when it comes
to unmanned vehicles. The key idea is to use sensors (LRF, GPS or camera) to get the envi-
ronment information and then use these data to change trajectory to avoid obstacles. There
are three major methods for obstacle avoidance algorithms, and they are edge-detection,
certainty grids and potential field methods.[28] In this project, we choose to use potential
field methods to avoid obstacles. The basic working principle of the potential field is that
an obstacle will create a repulsive force to push the vehicle away from the obstacle and the
goal point will create an attractive force to pull the vehicle toward the goal point. There
are two approaches of potential field methods used in this project called the Vector Field
Histogram (VFH) and the VFH+. For the VFH[28], it was developed based on the Virtual
Force Field (VFF) by Borenstein and Koren in 1991. Then Borenstein and Ulrich enhanced
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the VFH to the VFH+ in 1998. Although these two approaches are almost 20 years old,
they are fundamental and efficient for obstacle avoidance for mobile robots.

2.13.1 Vector Field Histogram

The VFH method[27] is a real-time obstacle avoidance method for a mobile robot, which
is developed and implemented by Borenstein and Koren in 1991. The VFH uses a 2D his-
togram grid C∗ to represent the world model and keep updating by using the data collected
from sensors. Moreover, it uses two-stage data reduction process to select the best output
to steer the vehicle towards the goal point. The first stage is to reduce the 2D histogram
to a 1D polar histogram H, which contains several sectors, and each sector represents the
Polar Obstacle Density (POD) in their direction range. The second stage is to select the best
sector from those sectors and steer the vehicle towards this sector’s direction.

First Stage Reduction

The first stage reduction is used to convert a 2D histogram grid of the world model as shown
in Fig 2.20 into a 1D polar histogram as shown in Fig 2.21, which contains n sectors with
the angular resolution α. The 2D histogram grid is constructed according to LRF data and
its shape is a three-fourths circle since the range of angle is from 0 to 270.

dmax

Obstacles

Active Cell (i,j)

x

y VCP sector 

Figure 2.20: 2D histogram grid

Each active cell (i, j) inside the 2D histogram grid can be used to create an obstacle vector,
the direction of an obstacle vector β from the active cell to the Vehicle Center Point (VCP)
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Figure 2.21: 1D polar histogram

is expressed in Equation 2.23.

βi, j = tan−1(
y j− y0

xi− x0
) (2.23)

In addition, the magnitude of the obstacle vector m is expressed in Equation 2.24.

mi, j = (c∗i, j)
2 · (a−b ·di, j) (2.24)

Where a,b are positive constants,

c∗i, j is the certainty value of the active cell (i, j),

di, j is the distance between the active cell (i, j) and the VCP,

x0,y0 are the current position coordinates of the vehicle,

xi,y j are the coordinates of the active cell (i, j).

The 1D polar histogram H has an integer sector n and each sector k can be calculated by
Equation 2.25, where k = 0,1,2, . . . ,n−1.

k = INT (
βi, j

α
) (2.25)

For each sector k, the POD is calculated according to Equation 2.26.

hk = ∑
i, j

mi, j (2.26)
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After all this, the 1D polar histogram is constructed and then we can use it to select a
possible direction to steer the vehicle.

Second Stage Reduction

The second stage reduction uses the 1D polar histogram to select the steering direction. This
1D polar histogram contains valleys and peaks, which represent the magnitude of POD in
the 1D polar histogram. Sectors with high POD means peaks in the 1D polar histogram
and sectors with low POD means valleys in the 1D polar histogram. A higher POD means
there is more likely existing obstacles and a lower POD means there is more likely having
a collision-free path. Any sectors in the 1D polar histogram with POD below the threshold
value τ are called candidate valleys.

When we assume that there is a way for the vehicle to go, so there is at least one val-
ley(means there is collision-free) in the 1D polar histogram. We can choose one reasonable
candidate valley, which is the closest one matches the direction to the target sector kt . Once
the candidate valley is selected, we will choose a reasonable sector from this candidate
valley.

The algorithm for selecting the steering sector as follows: Firstly, measuring the number
of continuous sectors with POD below the threshold and there will be two types of dis-
tinguished valleys: narrow valley and wide valley. Secondly, if the number of continuous
sectors are larger than the threshold Smax, the candidate valley is called wide valley, and if
the number of continuous sectors are smaller than the threshold Smax , the candidate valley
is called narrow valley. There are two sectors used to select the steering direction. One
is the near border of a candidate valley kn, which is the sector close to the target sector kt

and below the threshold τ. Another one is the far border of a candidate valley k f , which
is depended on the candidate valley type. The far border is k f = kn +Smax if the candidate
valley is the wide valley. The far border will be the other side of the border of the candidate
valley (compared to kn) if the candidate valley is a narrow valley. In the end, according to
Equation 2.27 the steering direction sector can be chosen as follows.

γ =
kn + k f

2
(2.27)

The algorithm for choosing the steering direction is shown in Algorithm 2.2.

Algorithm 2.2 VFH algorithm
1: procedure VFH(1D polar histogram) . The input of histogram: 1D polar histogram
2: selected valley . Extract the number of continuous sectors with POD below

threshold τ

3: kn is the near border of the selected valley
4: if selected valley > Smax then . Wide Valley
5: k f = kn +Smax

6: else if selected valley < Smax then . Narrow Valley
7: k f is the far border of the selected valley

8: γ = (kn + k f )/2
9: return γ . The steering direction should be γ
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The wide valley happened when there are one obstacle and large space near it. The desired
steering direction sector points away from obstacles if the vehicle moves too near obstacles.
If the vehicle is far away from obstacles, the desired steering direction sector points towards
obstacles when the goal point is behind obstacles. The desired steering direction will make
the vehicle move along the wall if the distance from the vehicle to obstacles is suitable. The
diagram of these three cases is shown in Figure 2.22.

There are two thresholds τ and Smax both are quite important used to make the vehicle avoid
obstacles and get a better performance. The first threshold τ is used to select out the POD,
if this threshold is too large, small obstacles might be ignored in selection and the vehicle
might collide with it, if this threshold is too small, the VFH algorithm will be sensitive to
obstacles even though there is a possible solution for avoiding these obstacles. The second
threshold Smax is used to determine the type of valleys and then decide the steering direction.
The VFH algorithm might drive the vehicle far away from obstacles and far away from the
goal under certain circumstances if this threshold is too large, and it might ignore a possible
path from a narrow gap.

2.13.2 Vector Field Histogram +

The enhanced obstacle avoidance method based on the VFH algorithm is called VFH+,
which is developed and implemented by Borenstein and Ulrich in 1998[45][1]. This method
has more improvements and is used to smooth the trajectory of the vehicle and get a better
performance of the obstacle avoidance algorithm. This algorithm will use a four-stage data
reduction process to select a newer and better steering direction towards the goal point than
the VFH algorithm. The first three stages are used to construct a 1D polar histogram based
on the 2D histogram grid. The last stage is used to select the steering direction based on the
polar histogram and a cost function.

First Stage Reduction

The first stage reduction is used to convert a 2D histogram grid C∗ of the world model
into a primary polar histogram H p. The 2D histogram grid for the VFH+ algorithm is the
same as the one for the VFH algorithm as shown in Figure 2.20, which contains n sectors
with the angular resolution α. This stage is similar to the first stage in the VFH algorithm,
Equation 2.23 can calculate the direction β from an active cell to the VCP, but the magnitude
is different and expressed by Equation 2.28.

mi, j = (c∗i, j)
2 · (a−b ·d2

i, j) (2.28)

One of drawbacks for the VFH algorithm is that it does not consider the size of the ve-
hicle rr. The VFH+ algorithm enlarges obstacle cells with the size of the vehicle so that
Equation 2.29 expresses the enlarged obstacle cell radius as follows.

rr+s = rr +ds (2.29)

Where ds is the minimum distance between the obstacle and the vehicle.
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(a) Steering direction points away from obstacle
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(b) Steering direction points towards obstacle
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kt

(c) Steering direction points along the wall

Figure 2.22: Three different cases for a wide valley case
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Equation 2.30 calculates the enlarged angle γi, j for each enlarged obstacle cell.

γi, j = arcsin(
rr+s

di, j
) (2.30)

The diagram of an enlarged obstacle cell is shown in Figure 2.23.

rr+s

di,j

γi,j

rr+s

Obstacle cell

Enlarged obstacle cell

rr

Figure 2.23: Diagram of an enlarged obstacle cell

After getting these enlarged obstacle cells, the primary polar histogram H p
k for each sector

k is calculated by Equation 2.31

H p
k = (max(mi, j)) ·h

′
i, j i, j ∈ k (2.31)

With
h
′
i, j = 1 if k ·α ∈ [βi, j− γi, j,βi, j + γi, j]

h
′
i, j = 0 otherwise

Second Stage Reduction

For the second stage reduction, a binary polar histogram Hb can be created based on the
primary polar histogram H p and two thresholds (τlow and τhigh). This binary polar histogram
used in the VFH+ algorithm can reduce bad behavior when the vehicle encountered several
narrow openings in the environment. The sectors in the binary polar histogram will have
the output value either blocked (1) or free (0), and this binary polar histogram is used to
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show which direction is free for the vehicle to move towards. The binary polar histogram is
constructed based on Equation 2.32.

Hb
k = 1 if H p

k > τhigh

Hb
k = 0 if H p

k < τlow

Hb
k = Hb

k−1 otherwise

(2.32)

Third Stage Reduction

Another drawback of the VFH algorithm is that it neglects the kinematic limitation of the
vehicle, it assumes that the vehicle is able to go to any direction from its current position as
shown in Figure 2.24a.

However, the VFH+ algorithm considers the kinematic limitation (the minimum turning
radius rt) of the vehicle, so there are some places the vehicle can not go. Figure 2.24b shows
the trajectory of the vehicle with the kinematic limitation. In this project, we consider this
limitation will cause two blocked circles at the left/right side of the vehicle.

Based on the information about vehicle and environment, we can know which sectors obsta-
cles block. If enlarged obstacle cells and blocked circles are overlapped, means the direction
of motion behind this overlap area will be blocked. The diagram of blocked directions is
shown in Figure 2.25. The enlarged obstacle cell A overlaps with the blocked circle at the
right side of the vehicle, so from the left side of the obstacle A to the backward of the vehicle
will be blocked and the vehicle won’t be able to go to this area. But the right side of the
obstacle A is still available for the vehicle to go. And the enlarged obstacle cell B didn’t
intersect with the blocked circle, which means that the vehicle can still travel to the right
and the left side of the obstacle B except the enlarged obstacle area and the blocked circle
area.

In order to know those two blocked circle areas at each side of the vehicle, we need to
know the center of these circles and the position of them and they can be calculated by
Equation 2.33.

∆xtr = rtr · sinθ ∆ytr =−rtr · cosθ

∆xtl =−rtl · sinθ ∆ytl = rtl · cosθ

(2.33)

Where rtr and rtl are the distance between the VCP and the right/left blocked circle center,

θ is the current orientation of the vehicle.

After getting centers of these two circles, we can know distances between an active cell
(i, j) and these two centers. They can be calculated by Equation 2.34.

dr =
√

(∆xtr−∆x( j))2 +(∆ytr−∆y(i))2

dl =
√

(∆xtl−∆x( j))2 +(∆ytl−∆y(i))2
(2.34)

Where ∆x( j) and ∆y(i) are the distance between the active cell and the VCP.
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(a) Without kinematic limitation

(b) With kinematic limitation

Figure 2.24: Trajectories without/with the limitation of the vehicle
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Figure 2.25: Diagram of blocked directions [1]

37



Yutong Yan September 16, 2016

Two conditions can be used to determine whether an obstacle blocks the direction to the
left or right. If the obstacle blocks the direction to its right, the condition is shown in
Equation 2.35. If the obstacle blocks the direction to its left, the condition is shown in
Equation 2.36.

dr < rtr + rr+s (2.35)

dl < rtl + rr+s (2.36)

Where rr+s is the radius of the enlarged obstacle cell.

Then we check every active cell with these two conditions and we can get two limited
left/right angles. φr represents the right limited angle, φl represents the left limited angle,
and φb is the backward direction angle with respect to the current orientation of the vehicle.
Algorithm 2.3 shows how to calculate these two limited angles.

Algorithm 2.3 Two Limited Angles algorithm

1: procedure TWO LIMITED ANGLES(C∗i, j, θ) . The input argument
2: φb = θ+π . Determine φb
3: φr = φb and φl = φb . Initial φr and φl
4: for Every obstacle cell C∗i, j do
5: Calculating βi, j . Using Equation 2.23
6: if βi, j is to the right of θ and to the left of φr then
7: if Condition in Equation 2.35 is satisfied then
8: set φr = βi, j . Update the new value φr

9: if βi, j is to the left of θ and to the right of φl then
10: if Condition in Equation 2.36 is satisfied then
11: set φl = βi, j . Update the new value φl

12: return φr,φl . Two limited angles φr,φl

After having these two limited angles along with the binary polar histogram, we can use
them to create the masked polar histogram based on Equation 2.37.

Hm
k = 0 if Hb

k = 0 and kα ∈ {[φr,θ], [θ,φl]}

Hm
k = 1 otherwise

(2.37)

The masked polar histogram is the third and final polar histogram, it consists of two values:
free (0) and blocked (1). The next stage will use this information to determine the steering
direction of the vehicle. But the vehicle will face the dead-end if all sectors are blocked, it
might be avoided by choosing a suitable look-ahead distance[60].

Fourth Stage Reduction

The fourth and last stage uses the masked polar histogram to select the steering direction
of the vehicle. It is similar to the last stage in the VFH algorithm except that it uses a cost
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function to select out the best direction from several candidate directions. After getting the
result of the cost function, we choose the lowest cost sector and steer vehicle towards that
direction.

First, we need to find out the right kr and left kl border of all openings from the masked
polar histogram and determine all these opening types as narrow or wide opening based on
the threshold Smax. If the difference between the right and left border is larger than Smax,
the opening is wide. The opening is narrow if the difference is smaller than Smax. For the
narrow opening, the candidate direction will only be the center of the narrow opening as
shown in Equation 2.38

Csel =
kr + kl

2
(2.38)

For the wide opening, the candidate direction will have three candidate directions. These
three candidate directions are shown in Equation 2.39.

cr = kr +
Smax

2 towards the right side

cl = kl− Smax
2 towards the left side

ct = kt if kt in[cr,cl]

(2.39)

Candidate directions cr and cl make the vehicle move away from obstacles at a safe distance,
while ct makes the vehicle move towards the goal direction. In order to select the best
steering direction from these three candidate directions, we applied a cost function g to
these candidate directions c∗ and chosen the lowest cost one. The cost function is expressed
in Equation 2.40.

g(c) = µ1 ·∆(c,kt)+µ2 ·∆(c,
θi

α
)+µ3 +∆(c,kn, j−1) (2.40)

Where θ is the current orientation of the vehicle,

kn, j−1 is the previous selected steering direction,

n is the total sector number,

α is the angular resolution.

∆(c1,c2) is used to compute the absolute angle difference between sector c1 and c2, and it
can be expressed in Equation 2.41.

∆(c1,c2) = min{|c1− c2| ,|c1− c2−n| ,|c1− c2 +n|} (2.41)

The first term of Equation 2.40 represents the difference between the candidate direction
and the target direction, the larger difference will cause the vehicle move far away from the
target direction and has larger cost. The second term represents the difference between the
candidate direction and the current orientation of the vehicle, the larger difference will cause
large changes of the direction of motion. The third term represents the difference between
the candidate direction and the previous selected steering direction and a larger difference
will cause a large changing of the steering command.
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After applying this cost function on different candidate directions, we can get the candidate
direction with the lowest cost. Then we use this direction as our selecting direction. The
overview of the fourth stage reduction is shown in Algorithm 2.4.

Algorithm 2.4 VFH+ algorithm
1: procedure VFH+(1D masked polar histogram) . The input argument: 1D masked

polar histogram
2: candidate opening . Extract all the opening in the masked polar histogram
3: kr is the right border of the candidate opening
4: kl is the left border of the candidate opening
5: if kr− kl < Smax then . Narrow Opening
6: cn =

kl+kr
2

7: else if kr− kl > Smax then . Wide Opening
8: cr = kr +

Smax
2 . towards the right side

9: cl = kl− Smax
2 . towards the left side

10: ct = kt . kt in[cr,cl]
11: for All candidate directions c do
12: Applying cost function and find the lowest one . Using Equation 2.40
13: return Csel . The steering direction should be Csel

After all these steps, we can wrap up the whole VFH+ algorithm. Based on this four-
stage data reduction, we get an optimal steering direction when compared it with the VFH
algorithm. The kinematic limitation and the size of the vehicle are important when we
dealing with obstacle avoidance. Moreover, the VFH+ algorithm uses the cost function to
select out the steering direction, which will have a better performance and more reliable.
Nevertheless, the VFH+ algorithm might still need to face the dead-end problem under
some circumstances.
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3 Results

This chapter mainly describes the result part obtained from the theory and implementation
of algorithms to the simulation software. All the theory information about the vehicle, some
definitions and frame problem will be presented in Section 3.1. Section 3.2 describes the
manual mode for the vehicle so that people can control the wheel. Section 3.4 implements
semi-autonomous algorithms on the articulated vehicle and parameters of environments or
paths are ideal and set by people. At last, Section 3.5 describes obstacle avoidance algo-
rithms for navigating the articulated vehicle in the unknown environment with obstacles.

3.1 Vehicle Model and Frame Problem

In this section, we will elaborate the articulated vehicle model, which is provided by the
AgX Dynamics™ simulation software.

Vehicle Model

The articulated vehicle consists of the front and rear body that are connected by an articu-
lated joint. The LRF mounted at the front of the front body and two INS sensors mounted
at the front and rear central axles. This articulated vehicle model is shown in Figure 3.1.

Figure 3.1: Vehicle model with sensors

In the beginning, we need to set some inputs to load the model: the initial position and
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rotation of the vehicle in WCS, the environment and the time step. Then we need some
inputs to control the model: the initial vehicle position, throttle, gear, clutch and steering.
The outputs of the model are Engine RPM, angular velocity of four wheels, six outputs of
each INS, the steering angle and laser distance data. We will set the vehicle into its initial
steady state. It reaches its initial state after running the vehicle for 1s so that everything will
be ready since the clutch is set to 0 and it need 1s to become fully engaged. We will drive
this articulated vehicle at a constant speed 5m/s, which is usually a safe and common speed,
and use throttle, clutch and gear to achieve this constant speed. In addition, there will be
four different states for driving the vehicle: Accelerate, Keep speed, Reverse and Stop. In
order to achieve these states, we need to set value for throttle, clutch, and gear individually.
These parameters are shown in Table 3.1.

Table 3.1: Parameters for different driving states

Name Throttle Clutch1 Gear

Accelerate 0.5 0.5 2

Keep speed 0.0065 0.0052 2

Stop 0 1 1

Reverse 0.5 0.5 0

To steer the vehicle to turn left/right, we input the steering command (the range from −1
to 1) to the vehicle. We will set the steering command as −1 (scale number) if we want to
turn the vehicle maximum left with 35° and set the steering command as 1 (scale number) if
we want to turn the vehicle maximum right with 35°. So there will be a ratio to control the
steering angle of the vehicle. And the time to achieve the maximum turn is approximately
3s.

Frame

We introduce two frames in Section 2.6 and they are WCS and RCS. All the angle informa-
tion can be expressed in the range (−180°,180°] in WCS as shown in Figure 3.2.

And we also assign the frame of the robot itself and expressed 6 DOF in RCS as shown in
Figure 3.3.

The forward/backward direction will be x-axis and the vertical direction will be z-axis. The
y-axis will be determined by using right-hand rule.

Moreover, there is a extra degree of freedom (steering angle φ) that is used to express the
configuration of the articulated vehicle.

Therefore, there are four DOF that can be used to express the 2D configuration of an ar-
ticulated vehicle in this simulation. They are x-axis, y-axis, heading η, and steering angle
φ.

1This setting will be discussed in Section 4.1 and 5.2

42



Yutong Yan September 16, 2016

x

y

θ

0゜

90゜

-90゜

180゜

-180゜

WCS

RCS
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Figure 3.3: 6 DOF for the articulated vehicle
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Turning Radius, Differential Lock and Slip Effect

This articulated vehicle model is a dynamic model, which will consider the force/torque.
We calculated the turning radius under the slip free motion, which is the ideal condition, so
that we can get an approximated turning radius. The length of the front body is 3.38m and
the length of the rear body is 2.7m as shown in Figure 3.4. The maximum turning angle is
35°. Applied these parameters into Equation 2.2 and 2.3, the approximate minimum turning
radius will be

rt f ront =
(1.8+1.5/cos(35°))

tan(35°)
≈ 5.18[m]

rtrear =
1.8+1.5/cos(35°)

sin(35°)
−1.5 · tan(35°)≈ 5.28[m]

x

y

Φ/2

3.38m
2.7m

Figure 3.4: Length of the articulated vehicle

There is another factor for turning radius called differential lock, which is used for control-
ling the turning radius. In order to turn the vehicle more accurate and smoother, the angular
velocity of inner wheels will be different from the angular velocity of outer wheels. Torque
generated by engine will be sent to each wheel, these four wheels will have equal torque
when all four wheel have contact with ground. If one of the wheels is running in a slip
condition likes ice, mud or water, most of the torques will send to this slip wheel and the
rest of the wheels won’t have enough power to drive the vehicle forward, at which point it
might be stuck. The differential lock is an effective way to overcome this problem, which
will send the torque equally to four wheels so that the vehicle can still move forward. This
effect can be significant when we dealing with an off-road cases. In this project, we set the
differential lock is locked all the time, which means all these four wheels keep at the same
angular velocity all the time. Therefore, it will rise problems when there is no slip. But
in this project, we assumed the differential lock is enabled so that the vehicle can driving
under (any) slip conditions.
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However, these radii are ideal parameters when we are not dealing with dynamic effects.
These parameters will not be the same when we consider the slip effect. Therefore, we will
get new parameters based on the experiment result. The turning radius under the slip effect
is shown in Figure 3.5.
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Figure 3.5: Turning radius and slip effect of the articulated vehicle

The vehicle starts at its initial state, and we drive it by setting throttle to 0.5, clutch to
0.5, gear to 2 and steering to −1. After the vehicle reaches its steady state when it keeps
circulating at the constant radius, this radius is the minimum turning radius at the constant
speed (5m/s) and it is also the kinematic limitation of the vehicle. When we take the slip
effect into account, the radius will be enlarged because there is a relative motion between
tires and paths and this phenomenon is called under-steer. The minimum turning radius is
approximately 8m, which is obtained from the experiment result as shown in Figure 3.5.

Sensors

There will be two types of sensors mounted on the articulated vehicle: the LRF and the
INS. Both of them will run simultaneously while the vehicle is running. The LRF scans
the environment and construct a map and then using the environment information to avoid
obstacles . We will get distance information from laser data. The output of the LRF is a
range of distance information, which is from 0m to 40m. There are 541 data coming from
the LRF. In addition, if the output of laser data is −1 means there is no obstacle detected in
that ray.

The frame of the INS is assigned the same as 6 DOF assigned in Figure 3.3 and the outputs
of the INS are position, velocity, acceleration, orientation, angular velocity and angular
acceleration. Each of them has three data for three independent axes (x,y,z) in the Cartesian
coordinate system. When we are dealing with the 2D environment, all we need are four
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data as the position (x,y) with the heading η and the steering angle φ to represent the pose
information, and the information about the velocity v of x and y-axis for keeping the vehicle
travel at the constant speed 5m/s.

3.2 Manual Driving

There are three modes for controlling the vehicle in this project, manual mode, semi-
autonomous mode and autonomous mode. In order to control the vehicle manually, we
will drive the vehicle as we did in reality. We need throttle, clutch, gear and steering to
control the vehicle.

In this project, there are four driving states that can apply on the vehicle and they are accel-
erate, keep speed, reverse, and stop. We can set these parameters (throttle, clutch and gear)
according to the Table 3.1.

In order to steer the vehicle to turn left/right, we input the steering command γ to the vehicle
while the vehicle is moving so that the vehicle will turn at the same time. In addition, how
sharp it turns depends on the magnitude of the steering command.

There is a Graphical User Interface (GUI) built in this project. The manual mode can be
activated once the model is loaded and ready. There are several buttons on the keyboard that
can be used for controlling the vehicle. Before that, we can set the value for throttle, clutch
and steering command. Then we use a keyboard to control the direction of the vehicle. The
function of each key is shown in Table 3.2.

The GUI built in this project as shown in Figure 3.6.

Figure 3.6: Graphical User Interface
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Table 3.2: Function of key used for manual control

Key Function Gear Steering

w Make the vehicle move forward 2 0

x Make the vehicle move backward 0 0

s Make the vehicle stop 1 0

q Make the vehicle move forward with the maximum
turning left

2 -1

e Make the vehicle move forward with the maximum
turning right

2 1

a Make the vehicle move forward and turn left with a
defined angle

2 Defined

d Make the vehicle move forward and turn right with
a defined angle

2 Defined

z Make the vehicle move backward and turn left with
a defined angle

0 Defined

c Make the vehicle move backward and turn right with
a defined angle

0 Defined
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The left part of the GUI is about initializing the model and the manual mode for the vehicle.
The upper left is used for initializing the model. The middle left is used for selecting
Manual/Semi-autonomous/Autonomous mode and indicating the driving direction for the
manual mode. The lower left is used for loading model after initialization and closing the
model. The upper right is used for setting control parameters of the vehicle. The lower right
is used for setting the goal point and choosing path tracking algorithm.

The middle part of the GUI is about semi-autonomous and autonomous algorithms. The
upper is used for setting parameters for semi-autonomous algorithms, the middle is used
for choosing a semi-autonomous algorithm, and the lower is used for selecting an obstacle
avoidance algorithm and run the autonomous vehicle.

The right part of the GUI is about the outputs of the simulation model. The upper is the
output of the INS which is mounted on the front body, the middle right is the map expressed
in RCS and the middle left is the map expressed in WCS,the lower left is used for exporting
results and the lower right is some outputs from the vehicle model.

3.3 Path Tracking

3.3.1 Moving to a Point

This moving to a point path tracking algorithm will consider how to move closer to the
goal point (x∗,y∗). It minimizes the angle difference between the current position (x0,y0)
and the goal point while the vehicle moves. The steering angle can be calculated by using
Equation 2.12. And we use PID controller with controller gains Kp = 2, Ki = 0.01, Kd = 1
and dt = 0.01 in this project, which are obtained based on experimental data.

We set the goal point as (0,0) in WCS and the vehicle starts from four initial poses that
used for testing: (−40,0,−90°), (40,0,90°), (0,−40,0°) and (0,40,180°). We test these
with the AgX Dynamics™ simulation software, the result of these four cases is shown in
Figure 3.7.

We verify the heading and velocity of the vehicle when the vehicle starts at these four
different start poses (−40,0,−90°), (40,0,90°), (0,−40,0°) and (0,40,180°). The heading
and velocity of the vehicle are shown in Figure 3.8 and 3.9. As we can see from the result,
the heading range is from −180° to 180° as we defined in Section 3.1. The velocity of the
vehicle will keep at the constant speed around 5m/s once the vehicle reaches this speed.
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Figure 3.7: Trajectories for moving to a point algorithm with four start points
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Figure 3.8: Headings of the vehicle for four cases
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The velocity of the vehicle

Time (s)
0 2 4 6 8 10

V
el

oc
ity

 (
m

/s
)

0

2

4

6

8
Start Pose (40,0,90°)

Time (s)
0 2 4 6 8 10

V
el

oc
ity

 (
m

/s
)

0

2

4

6

8
Start Pose (0,-40,0°)

Time (s)
0 2 4 6 8 10

V
el

oc
ity

 (
m

/s
)

0

2

4

6

8
Start Pose (0,40,180°)

Time (s)
0 2 4 6 8 10

V
el

oc
ity

 (
m

/s
)

0

2

4

6

8
Start Pose (-40,0,-90°)

Figure 3.9: Velocities of the vehicle for four cases

3.3.2 Moving to a Pose

This moving to a pose path tracking algorithm will consider not only the goal position
(x∗,y∗) but also the goal heading (θ∗). The proportion controller used in this method as
shown in Equation 2.16 can be explained as two terms: the first term is used to drive the
vehicle along a line towards goal point with the gain Kαmp = 1, and the second term is used
to minimize the orientation between the goal heading and the current vehicle orientation
with the gain Kβmp =−0.5. Therefore, the combined controller will be

γ = αmp−0.5∗βmp

We set the goal point as (0,0) with the goal heading 90° expressed in WCS, and there
are four different start poses used for testing: (−40,0,−90°), (40,0,90°), (0,−40,0°) and
(0,40,180°). We test these with the AgX Dynamics™ simulation software, the result of
these four cases is shown in Figure 3.10.

The heading kept in the range from −180° to 180° as we defined in Section 3.1. And the
velocity of the vehicle kept around 5m/s. The result of the heading and velocity for four
different cases are shown in Figure 3.11 and 3.12.
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Figure 3.10: Trajectories for moving to a pose algorithm with four start poses
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Figure 3.11: Headings of the vehicle for four cases
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The velocity of the vehicle
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Figure 3.12: Velocities of the vehicle for four cases

3.4 Semi-Autonomous

The semi-autonomous vehicle is a partial self-government vehicle, and it requires pre-
defined information about environment or path, which can be ideally set by people. In
this project, we will introduce two ideal environments for testing the semi-autonomous al-
gorithms as shown in Figure 3.13. The first one as Figure 3.13a is an open place without any
obstacles. And the second one as shown in Figure 3.13b is an open place with two obstacles,
which are landmarks that can be used for localization. And the size of the environment is
200m∗200m.

Table 3.3 shows semi-autonomous algorithms have been implemented.

3.4.1 Change Lanes

Change Lanes is one of the most common driving courses used for road driving. We set
the initial pose of the vehicle as (−45,10,0°). We need two opposite pulses at different
time-stamp to achieve change lanes. Firstly, we will accelerate the vehicle and wait till it
reaches the constant speed 5m/s. Secondly, we apply a maximum turning right pulse for
1s. And then, we drive the vehicle straight forward for 4s. At last, we apply a maximum
turning left pulse for 1s and let it keep moving. These two turning pulses used for change
lanes as shown in Figure 3.14.

The result of the vehicle for change lanes is shown in Figure 3.15.
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(a) Environment without obstacles

(b) Environment with two obstacles

Figure 3.13: Environment for testing semi-autonomous algorithms
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Table 3.3: Semi-autonomous algorithms

Semi-autonomous algorithms

Path Tracking
Moving to a Point

Moving to a Pose

Change Lanes

U-turn

Following a Line

Following a Path

Figure 8
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Figure 3.14: Steering command of the vehicle for change lanes

54



Yutong Yan September 16, 2016

x axis in world frame (m)
-50 -40 -30 -20 -10 0 10 20 30 40 50

y 
ax

is
 in

 w
or

ld
 fr

am
e 

(m
)

-30

-20

-10

0

10

20

30
2D plane

Trajectory
Initial pose
Final pose

Figure 3.15: Trajectory of the vehicle for change lanes

The heading and velocity of the vehicle for change lanes algorithm are shown in Figure 3.16
and 3.17.
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Figure 3.16: Heading of the vehicle for change lanes
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Figure 3.17: Velocity of the vehicle for change lanes

3.4.2 U-turn

U-turn is one of the most common driving courses used for road driving. The vehicle starts
from pose (0,0,0°). In order to achieve U-turn, we will accelerate the vehicle and wait till
it reaches the constant speed 5m/s. Then we apply a maximum turning until the vehicle
turns towards its backward direction compared with its initial direction. The input steering
command used for U-turn as shown in Figure 3.18.
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Figure 3.18: Steering command of the vehicle for U-turn
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The result of the vehicle for U-turn is shown in Figure 3.19.
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Figure 3.19: Trajectory of the vehicle for U-turn

The heading and velocity of the vehicle for U-turn are shown in Figure 3.20 and 3.21.
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Figure 3.20: Heading of the vehicle for U-turn
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Figure 3.21: Velocity of the vehicle for U-turn

3.4.3 Following a Line

One of the useful semi-autonomous algorithms is called Following a Line, we drive the
vehicle along a line that expressed in the WCS. We setting the parameters of the line as
a = 1, b = −2 and c = 4, so that the line equation expressed in the WCS according to
Equation 2.17 will be

x−2 · y+4 = 0

.

The distance from the current vehicle position (x0,y0) to the line that can be calculated
according to Equation 2.18 will be

d =
x0−2 · y0 +4√

5
.

The goal heading expressed in the WCS is calculated according to Equation 2.20 will be

θ
∗ = tan−1(−a/b) =−153.43°

.

There are two controllers used for following a line. One is used to minimize the distance
from a point to the specific line. This controller expressed in Equation 2.19 with controller
gain Kdis = 0.05.
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Another one is used to minimize the angle between the orientation of the vehicle and the
slope of the line with controller gain Kh = 1.

Therefore, the combined controller expressed in Equation 2.22 will be

γ =−0.05∗d +(−153.4349°−θ)

.

This following a line algorithm is tested for four different initial poses: (5,40,−90°),
(20,5,0°), (30,10,90°) and (20,30,180°).

The input steering command is shown in Figure 3.22.
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Figure 3.22: Steering command of the vehicle for following a line

The result of the vehicle for following a line from four different poses is shown in Fig-
ure 3.23.
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Figure 3.23: Trajectory of the vehicle for following a line

The heading and velocity of the vehicle for following a line are shown in Figure 3.24 and
3.25.
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Figure 3.24: Heading of the vehicle for following a line
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The velocity of the vehicle
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Figure 3.25: Velocity of the vehicle for following a line

3.4.4 Following a Path

In following a path algorithm, the path is pre-defined by people and given by a sequence of
coordinates in the WCS. The pre-defined path used for testing is a circle and the vehicle will
start from the center of the circle. The radius of the circle is 15m and the center is located at
(0,0). The look-ahead distance chosen for this algorithm is around 2m. And the controller
gain as shown in Equation 2.13 will be Kh = 5.

The input steering command is shown in Figure 3.26.

The result of the vehicle for following a path is shown in Figure 3.27.
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Figure 3.26: Steering command of the vehicle for following a path
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Figure 3.27: Trajectory of the vehicle for following a path

The heading and velocity of the vehicle for following a path are shown in Figure 3.28 and
3.29.
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Figure 3.28: Heading of the vehicle for following a path
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Figure 3.29: Velocity of the vehicle for following a path

3.4.5 Figure 8

Two approaches of Figure 8 course are used in this project for testing. One is to pre-define
these coordinates in the world frame and the other uses trees as landmarks. And in this
Section, we can use Figure 8 course for testing the performance of path tracking algorithms
(Moving to a Point and Moving to a Pose) as shown in Section 3.3.

We would like to test the performance of path tracking algorithms: Moving to a Point and
Moving to a Pose. We assign seven goal points for navigating the vehicle. Seven goal
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points means that there are four points for each circle but with one shared intersection point
as shown in Figure 2.19. The trajectories of the vehicle for Figure 8 course with two path
tracking algorithms are shown in Figure 3.30 and 3.31.
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Figure 3.30: Trajectory of the vehicle for figure 8 course with moving to a point
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Figure 3.31: Trajectory of the vehicle for figure 8 course with moving to a pose

The heading and velocity of the vehicle for following a path are shown in Figure 3.32 and
3.33
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Figure 3.32: Headings of the vehicle for two path tracking algorithms
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Figure 3.33: Velocities of the vehicle for two path tracking algorithms

We use fifteen goal points, which means there are eight points for each circle but with one
shared intersection point for testing. More goal points mean the look-ahead distance will be
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shorter.

The trajectory for this case is shown in Figure 3.34.
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Figure 3.34: Trajectory of the vehicle for figure 8 course with 15 goal points

The heading and velocity of the vehicle are shown in Figure 3.35 and 3.36.
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Figure 3.35: Heading of the vehicle for figure 8 course with 15 goal points
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Figure 3.36: Velocity of the vehicle for figure 8 course with 15 goal points

When using landmarks, we will use the environment with two trees as shown in Fig-
ure 3.13b. Firstly, we determine locations of those two landmarks. And then, we calculate
and arrange those goal points. At last, we make the vehicle follow those goal points.

The trajectory for this case is shown in Figure 3.37.
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Figure 3.37: Trajectory of the vehicle for figure 8 course with landmarks

The heading and velocity of the vehicle are shown in Figure 3.38 and 3.39.
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Figure 3.38: Heading of the vehicle for figure 8 course with landmarks
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Figure 3.39: Velocity of the vehicle for figure 8 course with landmarks

3.5 Autonomous

The autonomous vehicle is a full self-government vehicle and it did not require any in-
formation about the environment, so that the environment can be unknown to people. In
this project, we created an environment with 100 obstacles randomly distributed as shown
in Figure 3.40. For testing the autonomous performance, we only have two inputs for the
algorithm and they are the initial pose of the vehicle and the goal point.
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Figure 3.40: Unknown environment for the autonomous vehicle

3.5.1 Vector Field Histogram

For the VFH algorithm, we use some modifications instead of the tradition one. The cer-
tainty value of each active cell is c∗i, j = 1 for all cases and constant values a = 10 and
b = 0.25. The equation of the magnitude of an obstacle vector as shown in Equation 2.24
will be expressed as

mi, j = 10−0.25∗di, j

Therefore, the magnitude will be 0 if there is no obstacle in that direction.

Testing Environment

Before we test the VFH algorithm in the unknown environment as shown in Figure 3.40, we
test the performance of the obstacle avoidance algorithm in a testing environment as shown
in Figure 3.41. And the vehicle starts from pose (0,0,90°).

There are two walls and one pole in the environment and the goal point is behinds the pole.
The VFH algorithm will find a way to avoid obstacles and go to the goal point (20,40). The
output of the LRF has 541 data so that we choose the sector number n = 54 and the angular
resolution α = 10°. We create the 1D Polar Histogram based on LRF data and the testing
environment. The 1D polar histogram is shown in Figure 3.42.

We choose thresholds as τ = 20 and Smax = 7. We can get the information we need from
Figure 3.42, so that those sectors will be kn = 21, k f = 35 and kt = 22.

We also convert the 1D polar histogram to expressed in angle range as shown in Figure 3.43.

After getting the 1D polar histogram with the angle range expression, we can use Equa-

69



Yutong Yan September 16, 2016

Goal 
Point

A

B
C

Threshold

Figure 3.41: Unknown environment for testing VFH algorithm
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Figure 3.42: 1D Polar Histogram for testing environment expressed in sector range
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Figure 3.43: 1D Polar Histogram for testing environment expressed in angle range

tion 2.27 to obtain the steering direction. The steering direction sector is 28 and the cor-
responding angle is 94.99°. For the first carrot point, we choose the look-ahead distance
as L = 16m to avoid some impossible poses due to the kinematic limitation of the vehicle.
And then the look-ahead distance will be 13m. So the first carrot pose in this case should
be (−1.393,17.605,94.99°). The trajectory of vehicle for testing environment is shown in
Figure 3.44.
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Figure 3.44: Trajectory of the vehicle for VFH algorithm with testing environment
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The heading and velocity of the vehicle are shown in Figure 3.45 and 3.46.
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Figure 3.45: Heading of the vehicle for VFH algorithm with testing environment
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Figure 3.46: Velocity of the vehicle for VFH algorithm with testing environment

Unknown Environment

After the testing environment, we try to apply the VFH algorithm to the vehicle for the
unknown environment as shown in Figure 3.40. The vehicle starts from pose (0,0,90°) and
we set four goal points are: (40,70), (−40,−40), (−70,80) and (70,−30). All parameters
used in this case are the same as used in Section 3.5.1. We can get the 1D polar histogram
and use it to navigate the vehicle and avoid obstacles. More comments regard this part will
be discussed in 4.4.
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The trajectory of the vehicle for the unknown environment is shown in Figure 3.47.
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Figure 3.47: Trajectory of the vehicle for VFH algorithm with unknown environment

The heading and velocity of the vehicle are shown in Figure 3.48 and 3.49.
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Figure 3.48: Heading of the vehicle for VFH algorithm with unknown environment
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The velocity of the vehicle
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Figure 3.49: Velocity of the vehicle for VFH algorithm with unknown environment

3.5.2 Vector Field Histogram +

For the VFH+ algorithm, we define parameters as follows, the certainty value of each active
cell is c∗i, j = 1 for all cases and constant values are a = 10 and b = 0.01, which are suitable
for this case. The equation of the magnitude of an obstacle vector as shown in Equation 2.28
will be expressed as

mi, j = 10−0.01 ·d2
i, j

Testing Environment

Before we test the VFH+ algorithm in the unknown environment as shown in Figure 3.40,
we test the performance of the obstacle avoidance algorithm in a testing environment as
shown in Figure 3.50. The vehicle starts from pose (0,0,90°).

There are two trees located at (−9,13) and (5,17) in the environment. The VFH algorithm
will find a way to avoid obstacles and go to the goal point (20,40). The sector number and
the angular resolution are the same as Section 3.5.1.

For the first stage reduction, we set the radius of an enlarged obstacle cell as rr+s = 2m.
Using data from LRF and from Equation 2.28 to 2.31, we can create the primary polar
histogram as shown in Figure 3.51. The left part of Figure 3.51 is expressed in sector range
and the right part is expressed in angle range.

For the second stage reduction, we choose thresholds are τhigh = 40 and τlow = 20 and they
are enough to select out data, and we use Equation 2.32 to select out data from the primary
polar histogram so that the binary polar histogram is created as shown in Figure 3.52.

For the third stage reduction, we set radii of the turning limitation are rtr = 9m and rtl =
9m, and initial limited angles are φl = −135° and φr = 135° expressed in RCS. Then we
use from Equation 2.33 to 2.37 and Algorithm 2.3 to calculate the right and left limited
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Figure 3.50: Unknown environment for testing VFH+ algorithm
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Figure 3.51: Primary Polar Histogram for VFH+ algorithm with testing environment
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Figure 3.52: Binary Polar Histogram for VFH+ algorithm with testing environment

angles are φr =−45° and φl = 130.49°. The masked polar histogram is created as shown in
Figure 3.53.

After getting the masked polar histogram, we can use the fourth stage reduction as shown
in Algorithm 2.4 to select out the steering direction. We set the threshold Smax = 6, and use
from Equation 2.38 to 2.41 to determine the selected sector is Csel = 19 and the correspond-
ing angle is 49.49°. And we choose the look-ahead distance as L = 13m. So the first carrot
pose in this case should be (10.39,13.83,49.49°).

The trajectory of the vehicle for testing environment is shown in Figure 3.54.

76



Yutong Yan September 16, 2016

Sector
0 10 20 30 40 50 60

P
ol

ar
 O

bs
ta

cl
e 

D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Masked Polar Histogram

Angle (degree)
-200 -100 0 100 200

P
ol

ar
 O

bs
ta

cl
e 

D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
B
Lim
.

k
t

Figure 3.53: Masked Polar Histogram for VFH+ algorithm with testing environment
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Figure 3.54: Trajectory of the vehicle for VFH+ algorithm with testing environment

The heading and velocity of the vehicle are shown in Figure 3.55 and 3.56.
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Figure 3.55: Heading of the vehicle for VFH+ algorithm with testing environment
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Figure 3.56: Velocity of the vehicle for VFH+ algorithm with testing environment
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Unknown Environment

We apply the VFH+ algorithm on the unknown environment as shown in Figure 3.40. The
vehicle starts from pose (0,0,90°) and we set four goal points are (40,70), (−40,−40),
(−70,80) and (70,−30). All parameters used in this case are the same as assigned in
Section 3.5.2. We use the output of four-stage reductions to navigate the vehicle and avoid
obstacles.

The trajectory of the vehicle for the unknown environment is shown in Figure 3.57.
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Figure 3.57: Trajectory of the vehicle for VFH+ algorithm with unknown environment

The heading and velocity of the vehicle are shown in Figure 3.58 and 3.59.

Dead-end

The vehicle will face dead-end when there is no possible collision-free path in front of the
vehicle. We present this problem with two examples: the goal points are (0,−29) and
(0,−33). The vehicle starts from pose (0,0,90°). Obstacles will block the direction of the
vehicle motion. The dead-end can be detected by using the polar histogram for the VFH+
algorithm. The primary polar histogram of a dead-end case is shown in Figure 3.60.

The binary polar histogram of a dead-end case is shown in Figure 3.61.

The masked polar histogram of a dead-end case is shown in Figure 3.62.

The first dead-end scenario is the goal point located at (0,−33). The trajectory of the vehicle
for the dead-end case is shown in Figure 3.63.

In addition, the simulation environment for this dead-end case is shown in Figure 3.64.
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Figure 3.58: Heading of the vehicle for VFH+ algorithm with unknown environment
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Figure 3.59: Velocity of the vehicle for VFH+ algorithm with unknown environment
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Figure 3.60: Primary polar histogram of a dead-end case
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Figure 3.61: Binary polar histogram of a dead-end case
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Figure 3.62: Masked polar histogram of a dead-end case
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Figure 3.63: Trajectory of the vehicle for the dead-end case with goal point (0,−33)
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Figure 3.64: Simulation environment for the dead-end case with goal point (0,−33)

The second dead-end scenario is the goal point located at (0,−29). The trajectory of the
vehicle for the dead-end case is shown in Figure 3.65.

In addition, the simulation environment for this dead-end case is shown in Figure 3.64.

After detecting a dead-end, the vehicle will stop at its current position and the program
will give a warning for detecting a dead-end. The warning for detecting a dead-end case is
shown in Figure 3.67.

3.6 Map Construction

The result of the environment is constructed by using the HIMM method and saved as PNG
image file format. The PNG image can be 8 bits grayscale images, which has 256 pixel
value for each pixel. We convert the pixel value to the certainty value of each cell as we
defined in 2.10. There are 15 steps that can be used to describe the certainty. Therefore, the
increment I+ is 51 pixel value and the decrement I− is 17 pixel value. The maximum pixel
value is 255 and the minimum pixel value is 0.

For the HIMM method, we set the maximum value as the cell is occupied and the minimum
value as empty. However, The maximum pixel value 255 represents white and the minimum
pixel value 0 represents black. That is why we reverse these value so that people have
a better understanding about the output, which means white represents empty and black
represents occupied.

The default pixel value of the image is 136, which means the image is gray in the beginning
to represent an unknown environment. The result is updating by using the HIMM method
while the vehicle is moving in the environment.

Data used to construct the map are collecting from LRF and INS. Data from LRF recorded
obstacles distance information and expressed in the robot coordinate system. Data from INS

83



Yutong Yan September 16, 2016

x axis in world frame (m)
-60 -40 -20 0 20 40 60

y 
ax

is
 in

 w
or

ld
 fr

am
e 

(m
)

-60

-40

-20

0

20

40

60
2D plane (Dead-end case)

Trajectory
Goal Point
Initial Pose
Subgoal Pose
Obstacle
Dead-end

Figure 3.65: Trajectory of the vehicle for the dead-end case with goal point (0,−29)

Figure 3.66: Simulation environment for the dead-end case with goal point (0,−29)

Figure 3.67: Warning when detecting a dead-end
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recorded the vehicle’s position and expressed in the world coordinate system. We use these
data and apply the homogeneous transformation on them so that all data can be expressed
in the same coordinate system. Since all sensor are ideal, which means there are no noise
for sensors, and that is why the output of the HIMM is ideal. The position coordinate is
ground truth position and provided by the simulation software. This ground truth position
can be ideally used as an observer compared with the estimated position in Kalman Filter
or Extend Kalman Filter, this can provide a better result for Simultaneous Localization And
Mapping (SLAM) algorithm.

The result of the environment for the HIMM method is shown in Figure 3.68. The environ-
ment and the autonomous vehicle are the same as we did for the VFH+ algorithm with the
unknown environment in Section 3.5.2.

Figure 3.68: Environment for the HIMM method

And another result is achieved by using the manual driving mode as shown in Figure 3.69.
This one is achieved by manually driving in the unknown environment, we try to explore
this unknown environment as much as possible.
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Figure 3.69: Environment for the manual driving mode

86



Yutong Yan September 16, 2016

4 Discussion

This chapter mainly analyzes the result part from Chapter 3. All information about the
vehicle model and the manual driving mode will be presented in Section 4.1. Section 4.2
discusses the result of path tracking algorithms used in Section 3.3. Section 4.3 discusses
the result of semi-autonomous algorithms used in Section 3.4. At last, Section 4.4 discusses
the result of two obstacle avoidance algorithms that are used to navigate the articulated
vehicle in the unknown environment as shown in Figure 3.40.

4.1 Vehicle and Manual Driving

We drive the vehicle manually in an open space for testing the performance. All four driv-
ing states are achieved by setting throttle, clutch, steering and gear. The map constructed by
using data from the LRF is correct and the outputs of the INS are correct because the pro-
gram is running under the ideal circumstance, which means there are no noise for sensors.
These two sensors can be used for controlling and navigating the vehicle even they contain
certain noise. Throttle is used for speed control, the higher the throttle value is, the vehicle
moves faster. Gear is used for controlling vehicle direction and it has three levels: forward
(2), stop (1) and reverse (0). Clutch is used for switching gears, it has two levels: engaged
(1) and disengaged (0). Steering is used for turning: steering = −1 means the maximum
turning left (−35°) and steering = 1 means the maximum turning right (35°).

But there is one parameter (clutch) that we used did not set up correctly. Usually, the clutch
should only have two states but we set it as clutch = 0.5/0.0052/0 in this project, which is
not good. The vehicle might be damaged when the clutch is not fully engaged/disengaged.

On the other side, we use clutch = 0.5/0.0052/0 to achieve four states in this project. We
drive the vehicle forward/backward by using clutch = 0.5, and keep the vehicle moving
with the constant speed v = 5m/s with clutch = 0.0052.

The kinematic limitation (the minimum turning radius) of the vehicle is rt = 9m, which is
obtained from the experiment result. And this radius is depend on many reasons such as the
configuration of the vehicle, the velocity of the vehicle, the slip effect, and the differential
lock.

The manual mode for driving the vehicle is achieved by using the GUI with a keyboard. The
GUI is shown in Figure 3.6 with commands for driving the vehicle is shown in Table 3.2.
In order to run the program, we need to input the vehicle initial pose, environment and time
step information first. Then we load the model and wait for 1s for it get ready. After these,
we can drive the vehicle by using a keyboard. The outputs of the GUI are data from the INS
in the front body, the map expressed in the RCS, the map expressed in the WCS, Engine
RPM, the current steering angle φ and running time.
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4.2 Path Tracking

We tested two path tracking algorithms in this project: moving to a point and moving to
a pose. The vehicle starts from four different initial poses: (−40,0,−90°), (40,0,90°),
(0,−40,0°) and (0,40,180°). And the goal pose is (0,0,90°). The difference between
Moving to a Point and Moving to a Pose is that the latter one will consider the goal heading
of the vehicle so that the trajectory will be smoother.

The trajectories for two path tracking algorithms are shown in Figure 3.7 and 3.10, both of
results show promising to drive the vehicle. Four cases for moving to a point algorithm are
successful and the trajectory is simpler when we did not consider the goal heading. Four
cases for moving to a pose algorithm are successful, go to next carrot point were easier
and the trajectory were smoother when we already known the position and the heading
information. The advantages of the moving to a point method are fast response and easy to
implement. The advantages of the moving to a pose method are its accuracy and it is good
for planning.

The heading of the vehicle for two path tracking algorithms are shown in Figure 3.8 and
3.11. The range of the heading is from −180° to 180°. Those heading results look smooth
even though there are two of them seem not smooth, because the world frame is assigned
as shown in Figure 3.2. The heading will change to less than 180° once the heading is less
than −180°. The heading will change to larger than −180° once the heading is larger than
180°. It shows that the range of the heading angle is consistent with the frame assigned in
the WCS.

The velocities of the vehicle for two path tracking algorithms are shown in Figure 3.9 and
3.12. The vehicle accelerates around 4s so that it will reach the desired constant speed 5m/s,
and we set the throttle and the clutch to keep this constant speed. The results seem good
that velocities are around 5m/s. But there is jitter in the velocity part, the reason causes this
is that the velocity of the vehicle is consisted of the velocity in x axis and y axis. And this
composite is not the real velocity of the vehicle, that is why there is jitter in the result.

4.3 Semi-Autonomous

4.3.1 Change Lanes

The environment used in this case as shown in Figure 3.13a. In order to achieve change
lanes, we create a steering command sequence to control the vehicle as shown in Fig-
ure 3.14. The steering command is γ = 0 for 8s in the beginning, then we give a maximum
turning right pulse γ = 1 for 1s, then we set the steering command γ = 0 for 4s. At last, we
give a maximum turning left pulse γ =−1 for 1s and let it keep moving. The velocity of the
vehicle keeps at the constant speed after acceleration finished.

The vehicle starts from its initial pose (−45,10,0°). As shown in Figure 3.15, the trajectory
of the vehicle for change lanes satisfies its course requirement. Although the trajectory
seems good since the final heading is around 0°, the ending part of the trajectory is a little
tilted that also known from the heading of the vehicle as shown in Figure 3.16. These can
be improved by adding a controller to control the steering command so that the trajectory
and heading of the vehicle in the ending part will be more accurate. This improvement will
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make the output more reliable.

4.3.2 U-turn

We give a maximum turning left steering command γ = −1 until the vehicle turns towards
its backward direction as shown in Figure 3.18. The steering command γ =−1 happens at
time = 8s, then set the steering command as γ = 0 if the goal heading of the vehicle is closer
enough.

The vehicle starts from its initial pose (0,0,0°). The trajectory of the vehicle for U-turn as
shown in Figure 3.19 satisfies its course requirement. The heading of the vehicle as shown
in Figure 3.16 seems good since the final heading of the vehicle is around 180°. The velocity
of the vehicle keeps at the constant speed 5m/s after acceleration finished.

4.3.3 Following a Line

The vehicle starts from four different start poses (5,40,−90°), (20,5,0°), (30,10,90°) and
(20,30,180°). The target line is x− 2 ∗ y+ 4 = 0 and the target heading is −135.4349° in
the WCS. The following a line algorithm will drive the vehicle from its initial pose to this
line. The trajectories of the vehicle is shown in Figure 3.23 and all four of them seem quite
good. The input steering commands seem smooth as shown in Figure 3.22.

The reason that two heading results (20,5,0°) and (30,10,90°) are not continuous is that
the heading range in the WCS is from −180° to 180°. Theoretically, the heading is still
continuous and the velocity of the vehicle seems good.

4.3.4 Following a Path

The vehicle starts from its initial pose (0,0,0°) and the pre-defined path is a circle with the
center located at (0,0) and the radius is 15m. The initial look-ahead distance is 15m and
its steady look-ahead distance is around 2m. The look-ahead distance is adaptive with the
motion planner, which will generate the next carrot point.

The vehicle follows the pre-defined path as shown in Figure 3.27. In the beginning, the
vehicle uses a larger look-ahead distance to move close to the pre-defined path. The shorter
the distance between the vehicle and the pre-defined path, the shorter look-ahead distance
it is. In the end, the vehicle moves along the pre-defined path and the look-ahead distance
is around 2m.

The heading of the vehicle is actually continuous and slope seems to be constant, which
means that the steering command of the vehicle is constant. One of the reasons the vehicle
moves along a circle is that the steering command is constant around −13° as we can see
from Figure 3.26. The velocity of the vehicle keeps at the constant speed 5m/s once the
vehicle finished accelerating.

4.3.5 Figure 8

Environments used in this case are shown in Figure 3.13a and 3.13b. The first environ-
ment is used for carrot point sequence approach and the second one is used for landmark
approach. The initial pose of the vehicle is (0,0,−90°) and there are two landmarks lo-
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cated at (−20,0) and (20,0). We create a carrot point sequence expressed in the WCS for
navigating the vehicle.

We pre-defined all goal points expressed in the WCS. We can use this Figure 8 course to
test the performance of path tracking algorithms. For seven carrot points case, the trajectory
comparison between moving to a point and moving to a pose are shown in Figure 3.30 and
3.31. As we can see from these two figures, the trajectory of the moving to a pose algorithm
is smoother than the result of the moving to a point method, which means that knowing the
goal heading of a carrot point is good for path planning. That is why we chosen the moving
to a pose method used for the autonomous part of this project. The heading and velocity
of the vehicle comparison between moving to a point and moving to a pose are shown in
Figure 3.32 and 3.33. And Figure 3.34 shows the trajectory of the vehicle with 15 carrot
points and it looks closer to shape ”8” than the result as shown in Figure 3.31.

The landmark approach is that we use two landmarks to create a carrot point sequence for
navigating the vehicle. The result of the trajectory is shown in Figure 3.37, and the heading
and velocity of the vehicle are shown in Figure 3.38 and 3.39.

The drawback of the first approach is that it requires the pre-knowledge about the environ-
ment and knows every locations of goal points. For the second approach, we get location
information about two landmarks from LRF and plan the path sequence before we drive the
vehicle. But we did not use the real-time data to locate and navigate the vehicle.

4.4 Autonomous

The environment used in this case for testing the performance of the autonomous vehicle
as shown in Figure 3.40. There are two environments used for demonstrating obstacle
avoidance algorithms VFH and VFH+ as shown in Figure 3.41 and 3.50.

4.4.1 Vector Field Histogram

All parameters for the VFH algorithm are assigned the same as we mentioned in Sec-
tion 3.5.1.

Testing Environment

For the testing environment as shown in Figure 3.41, there are three obstacles in the envi-
ronment: two walls (A and C) and one pole (B). We use the data from the LRF to create the
1D polar histogram based from Equation 2.23 to 2.26, so that the 1D polar histogram for the
testing environment is created as shown in Figure 3.42. The 1D polar histogram consists of
54 sectors. Red bars represent the wall A occupied in sector (1∼ 7), yellow bars represent
the pole B in sector (19 ∼ 20), blue bars represent the wall C in sector (36 ∼ 48), the ma-
genta bar represents the target sector kt in sector 22, and the cyan bar represents the steering
direction in sector 28. The steering direction is calculated by using Algorithm 2.2. There
are two candidate valleys can be extracted from the 1D polar histogram: sector (8 ∼ 19)
and (21∼ 35), and we chose the latter one as the candidate valley since the target sector 22
lies in it. The near border sector of the candidate valley is kn = 21 and the far border sector

90



Yutong Yan September 16, 2016

is k f = 35, so the selected steering direction sector is

γ =
kn + k f

2
= 28

We convert the sector expression into angle expression so that people can clearly understand
the direction in the WCS, and the result as shown in Figure 3.43 so that we knew the steering
direction sector 22 expressed by angle in the WCS is 94.99°. We use look-ahead distance
L = 16m for the first carrot point and L = 13m for the rest. Finally, the obstacle avoidance
is achieved as shown in Figure 3.44. The heading and velocity of the vehicle seem good as
shown in Figure 3.45 and 3.46.

Unknown Environment

For the unknown environment as shown in Figure 3.40, there are 100 obstacles randomly
scattered in the environment. We choose four goal points: (40,70), (−40,−40), (−70,80)
and (70,−30). We use the same parameters and procedures as for the testing environment
to avoid obstacles and navigate the vehicle. The vehicle reaches those four goal points as
we can see from Figure 3.47, the heading and velocity of the vehicle also seem good as
shown in Figure 3.48 and 3.49.

Although the vehicle can reach those goal points, there exist certain limitations for the VFH
algorithm. As we can see from the result, the vehicle did circulate around some goal points
and there are certain goal points that can not even reach and we did not plot those in the
result. The reason for these problems is that the VFH algorithm did not take the size and the
kinematic limitation of the vehicle into account. That is why we also introduce the VFH+
algorithm in this project in order to eliminate these factors.

4.4.2 Vector Field Histogram +

All parameters for the VFH+ algorithm are assigned the same as we mentioned in Sec-
tion 3.5.2. The size of the vehicle is rr = 2m and the minimum turning right/left radii are
rtr = 9m and rtl = 9m.

Testing Environment

For the testing environment as shown in Figure 3.50, there are two obstacles (A and B) in
the environment and they are located at (5,17) and (−9,13).

Firstly, we use the data from the LRF to create the primary polar histogram based from
Equation 2.28 to 2.31, so that the primary polar histogram for the testing environment is
shown in Figure 3.51. Blue bars represent the obstacle A in sector (23 ∼ 24), and the
yellow bar represents the obstacle B in sector 36.

Secondly, we set two thresholds for the second stage reduction as τlow = 20 and τhigh = 40.
We can get the binary polar histogram as shown in Figure 3.52 based on Equation 2.32.
Those bars with value 1 means their corresponding sectors are blocked and those bars with
value 0 means their corresponding sectors are free.
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And then, we set the initial left and right limited angles as φl = −135° and φr = 135°
expressed in RCS. Then we use from Equation 2.33 to 2.36 and Algorithm 2.3 to calculate
the right and left limited angles, and they are φr = −45° and φl = 130.49°. After these,
the masked polar histogram is created based on Equation 2.37 and as shown in Figure 3.53.
Blue bars represent the obstacle A in sector (23∼ 24), the yellow bar represents the obstacle
B in sector (36), red bars represent blocked direction due to the kinematic limitation of the
vehicle in sector (37∼ 54), the magenta bar represents the target sector kt in sector 22, and
the cyan bar represents the steering direction in sector 19.

At last, we try to select out the steering direction sector. There are two candidate valleys
extracted from the masked polar histogram: sector (1 ∼ 22) and (25 ∼ 35), and we use
Algorithm 2.4 to select out the desired steering direction sector. The selected sector 19 is
towards the left side of the candidate valley (1 ∼ 22), which is selected out by using the
cost function on all candidate sectors, and we can know that the steering direction angle
will be 49.49° after we convert the sector number in the masked polar histogram into angle
expression. We used the look-ahead distance L = 16m for the first carrot point and L = 13m
for the rest. Finally, obstacle avoidance was achieved as shown in Figure 3.54. The heading
and velocity of the vehicle seem good as shown in Figure 3.55 and 3.56.

Unknown Environment

For the unknown environment as shown in Figure 3.40, there are 100 obstacles randomly
scattered in the environment. We choose four goal points: (40,70), (−40,−40), (−70,80)
and (70,−30). We use the same parameters and procedures as for the testing environment
to avoid obstacles and navigate the vehicle. The vehicle reached those four goal points as
we can see from Figure 3.57, the heading and velocity of the vehicle also seem good as
shown in Figure 3.58 and 3.59.

The trajectory of the vehicle for the VFH+ algorithm seems much better than the result for
the VFH algorithm. The VFH+ algorithm avoids the circulating problem because it takes
the size and the kinematic limitation of the vehicle into account, so that the trajectory for
the VFH+ algorithm is smoother. Since the trajectory is well planned, the response time for
the VFH+ algorithm is shorter.

Another advantage of the VFH+ algorithm is that it can detect the dead-end when all sectors
in the masked polar histogram are blocked. One possible solution for dealing with the dead-
end is that we can reverse the vehicle when all sectors are blocked. Unfortunately, we did
not implement reverse the vehicle in VFH+ algorithm part, but the program will alert the
operator that there is a dead-end and stop the vehicle.

Dead-end

For the first dead-end scenario, the goal point located at (0,−33). There are three obstacles
around the vehicle and blocked its motion when the vehicle is stuck in a dead-end as shown
in Figure 3.64. These three obstacles located at the front, left and right side of the vehicle
so that the vehicle can not turn left/right or forward. The vehicle uses the LRF and from
Equation 2.24 to 2.31 to create the primary polar histogram based on the world model as
shown in Figure 3.60. We use Equation 2.32 and two thresholds τhigh = 40 and τlow = 20 to
create the binary polar histogram as shown in Figure 3.61. Then the kinematic limitation of
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the vehicle will reduce certain sectors in the binary polar histogram so that the masked polar
histogram is created as shown in Figure 3.62. All sectors in the masked polar histogram have
value (1), which means all sectors are blocked. Therefore, there is no possible collision-
free path in front of the vehicle. At this circumstance, the program alerts us that there is a
dead-end and stops the vehicle.

For the second dead-end scenario, the goal point located at (0,−29). There is one obstacle
in front of the vehicle and blocked its motion when the vehicle is stuck in a dead-end as
shown in Figure 3.66. This obstacle located at the front of the vehicle and this obstacle is
too close to let the vehicle pass through even with the maximum turning angle. Therefore,
there is no possible collision-free path in front of the vehicle. At this circumstance, the
program alerts us that there is a dead-end and stops the vehicle.

For now, there is no future procedure when we face a dead-end in front of the vehicle and
alert us as shown in Figure 3.67. Nevertheless, it can be improved if we can reverse the
vehicle to a previous carrot point and discard the candidate valley for the dead-end. Then
we can drive the vehicle forward to another possible steering direction.

4.5 Map Construction

The map building is achieved by using the HIMM method. Compare Figure 3.57 with 3.68,
both of them plot the environment with the passing path. The former one is clear but too
arbitrary about obstacles, some occupied grids might caused by sensor noise. The latter
one is not as beautiful as the former one, but its data is based on statistics, which means
this map is more reliable. Figure 3.68 shows explored areas are represented as white/black
areas, white areas mean that these areas are empty and black areas mean that these areas
are occupied. All those gray areas mean that those areas are not explored so that we do not
know what is inside these areas.

As shown in Figure 3.69, this one is explored by using the manual driving mode with the
GUI, which means we can control the vehicle to explore as much areas as we wanted. Most
of the environment is explored and some unexplored areas are represented as gray areas.

The HIMM method builds a map based on statistics, which has more certainty about existing
obstacles. A full white cell (pixel value is 255) means this cell is a collision-free cell, a full
black cell (pixel value is 0) means this cell exists an obstacle, a gray cell means this cell is
unexplored and we are not sure what is inside this cell. Of course, there are some pixels not
so obvious to people, but the computer can analyze its pixel value better than we do.

After getting the image by using the HIMM method, we can use the pixel value as a certainty
value that shows how confident an obstacle exists within the cell. This method can reduce
the sensor noise when we use these certainty values to create a polar histogram and select a
steering direction as we did in Section 3.5.1 and 3.5.2
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5 Summaries

This chapter is the summary of this project. Section 5.1 describes the fulfillment of require-
ments. Section 5.2 concludes the thesis work. Section 5.3 discusses the potential future
works for this project. Section 5.4 discusses the policy and practice implications in this
project. At last, Section 5.5 discusses the ethical aspects of this project.

5.1 Requirements Status

The goal of this project was to run an articulated vehicle in an unknown environment and
dynamically re-planning the vehicle’s path. We set some requirements for this project and
listed in Section 1.8, so that we can check our fulfillment of requirements. Table 5.1 shows
the status of requirements.

Table 5.1: Status for requirements

Activity Description Status

Project Plan
Write a project plan to have an overview of
this project. Use timetable for tracking the
process of this project

Done

Pre-Study
Search literature and books related to this
project and extract useful methods from them

Done

Simulation Software
Know how to run the simulation software and
create the environment for different scenarios

Done

Manual Driving Implement manual driving in Matlab® Done

Semi-Autonomous
Develop and implement semi-autonomous al-
gorithms in Matlab® Done

Autonomous
Develop and implement dynamic path re-
planning algorithms for the articulated vehi-
cle

Done

GUI
Make a graphic user interface for controlling
the vehicle

Done

Result Analysis Analyze and discuss the obtained result Done
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All requirements are fulfilled in this project, although there are some places that still can be
improved.

5.2 Conclusions

In summary, the purpose of this thesis is to implement obstacle avoidance algorithms for
the articulated vehicle, which is simulated in AgX Dynamics™ simulation software and con-
trolled by Matlab® programming software. There are three modes for driving this vehicle:
Manual, Semi-autonomous and Autonomous. There are two types of sensors used in this
project: LRF and INS. The LRF is used for localization, navigation and map construction.
The INS is used for localization and navigation. The PID controller is used for controlling
the steering command angle.

The manual driving mode is achieved along with a GUI in this project and it uses the key-
board as an input device and sends driving command to the model. The semi-autonomous
mode has several cases: change lanes, following a line, following a path and figure 8. The
autonomous mode uses the VFH/VFH+ obstacle avoidance algorithm to drive the vehicle
in an unknown environment without collision.

We use the VFH+ algorithm and the moving to a pose path tracking algorithm to achieve a
better autonomous driving mode. Both the VFH+ algorithm and the moving to a pose show
good performance in the test as we can see from the result as shown in Figure 3.57. The
VFH+ algorithm overcomes the shortage of the VFH algorithm, which takes the size and
kinematic limitation of the vehicle into account. Moving to a pose will be a better choice if
you want to specify the heading for each carrot point.

Overall, we could say that the moving to a pose algorithm along with the VFH+ algorithm
is a suitable choice for the articulated vehicle in the forest. Therefore, the simulation model
and algorithms show promising result even though there were some flaws.

5.3 Future Work

When we start this simulation, parameters are set to the ideal case. The results might be
worse when we change everything close to reality. So there are several flaws that still can be
improved, such as real-time simulation, clutch, environment, dead-end, noise and position
information.

The manual driving mode is not running in a real-time simulation, maybe because there is
a mismatch between the input/reading frequency of the keyboard and the time step of the
simulation. We can change the input device or increase the time step of the simulation.

The clutch setting is incorrect and its value should be changed to binary number 0 or 1, and
we can adjust throttle to control the velocity of the vehicle.

The environment is a 2D static environment. The result might be worse when we change
the 2D static environment to a 3D dynamic environment, because the VFH+ algorithm did
not consider the movement of obstacles and the vehicle need to face the off-road case. The
algorithm and the model might still work if the changes of the environment are not large.
We still need to improve the obstacle avoidance algorithm for the 3D case for the following
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reasons: The vehicle might still collide with obstacles even when the algorithm works fine
under 2D case because obstacles have different volume or shape. The vehicle might be
stuck in a hollow if it missed the hollow on the ground.

The performance of the vehicle (the turning radius, the VFH+ algorithm) depends on the
current velocity of the vehicle and we only consider the vehicle travel at the constant speed
5m/s, we can design a controller to adjust the change of the velocity for the turning radius
and the VFH+ algorithm.

The VFH+ algorithm will alert us and stop the vehicle if the vehicle faces the dead-end.
We can improve this by reversing the vehicle to a previous carrot point and discard the
candidate valley for the dead-end. Then the vehicle can move forward to another possible
steering direction.

All sensors used in this project are ideal, which means there is no noise for them. In reality,
every sensor has certain noise. In order to improve this, we can add certain noise for each
sensor based on the sensors’ manual. In order to overcome the effect caused by sensor
noise, we introduce HIMM and apply its certainty value of each cell to the VFH+ algorithm
to get a better result. Another solution is using sensor fusion algorithm such as Kalman
Filter, Extend Kalman Filter or Particle Filter to reduce the error, which will bring us to a
SLAM algorithm.

Position information in this simulation is obtained by an INS unit, which is quite different
from the real world, usually, the position information given by the INS is expressed in the
RCS instead of expressed in the WCS, and the data will drift because the error will increase
based on the cumulative error. A common solution to overcome these problems is to use a
GPS with a INS to localize the vehicle by using Extended Kalman Filter or Particle Filter.
Usually, the data from GPS are expressed in GCS. The WCS is different from the GCS, we
need to find a way to convert it if we want to implement this simulation in the real world
by using longitude and latitude that are expressed in the GPS system. This will bring us to
next level, which is known as SLAM.

5.4 Implications

The implications of our findings for policy and practice in this thesis are stated as follows:
we integrate AgX Dynamics™ simulation software with Matlab® , AgX Dynamics™ sim-
ulation software is used for simulating the vehicle and environment model, and Matlab®

is used for controlling the vehicle. The result of this project shows that this simulation is
working well. Using this simulation software to achieve autonomous vehicle in an unknown
environment is a novel idea instead of using the kinematic model of an articulated vehicle.
The kinematic model is the most ideal and simplest model that did not taking any dynamic
effects into account, this simulation takes those dynamic effects into account and makes the
model closer to the reality. We would like to test our algorithms on the advanced dynamic
model instead of the simple kinematic model, because lots of dynamic effect are quite im-
portant when driving the vehicle likes slip effect, acceleration and road condition. Another
advantage of using the simulation is that it can reduce pollution, money and energy cost
compared with testing in real.
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5.5 Ethical Aspects

In recent years, autonomous systems become more important in science development and
our daily life.[64][65] UGV can help us to do many jobs when people can not or do not have
to. However, the UGV might be still dangerous even if it runs in the forest, there are some
small animals or obstacles can not be detected or missed by the LRF. The vehicle might kill
those animals or get damaged by hitting obstacles. Alternatively, the worst scenario case,
there are people wandering in the forest and hit by the vehicle. That is why we also have
the manual driving mode in case of emergency, but it still could be dangerous when the
communication between the vehicle and the computer is broken. In sum, a well-developed
autonomous vehicle is quite important for ethical aspects.
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A Matlab® Code

This appendix is the brief version of some Matlab code. It shows how the main function of
calls each algorithm instead of going inside the details of them.

1 %% I n i t i a l i z e programe
%

3 c l e a r
c l c

5 c l o s e a l l
% Algoryx S i m u l a t i o n AB 2015

7 % Anders Backman
% Yutong Yan

9 % This s c r i p t use t h e agxMex c o n n e c t i o n t o i n t e g r a t e AgX i n t o t h e Mat lab
% e n v i r o n m e n t .

11 % S t a r t by r e s e t t i n g t h e AgX s i m u l a t i o n
agx ( ’ r e s e t ’ )

13

% S t a r t t h e 3D V i s u a l window
15

agx ( ’ v i s u a l ’ , 1 )
17

% I n i t i a l p o s i t i o n o f t h e v e h i c l e
19 v e h i c l e P o s i t i o n = [ 0 , 0 ] ;

v e h i c l e R o t a t i o n = 90 * 3 ;
21

% The d t ( t ime s t e p ) ( s ) used i n t h e s i m u l a t i o n
23 t i m e S t e p = 0 . 0 1 ;

25 %I n i t i a l i z e t h e s c e n e wi th i n t i a l v a l u e s and t h e p a t h t o t h e . agxLua
s c r i p t

% i n i t O u t p u t − C o n t a i n o u t p u t d a t a from t h e i n i t phase
27 % s i z e S t e p I n p u t − Number o f i n p u t e l e m e n t s r e q u i r e d f o r t h e ’ s t e p ’ phase .

% s i z e S t e p O u t p u t − Number o f o u t p u t e l e m e n t s a v a i l a b l e f o r t h e ’ s t e p ’
phase

29 [ s i z e I n i t I n p u t , i n i t O u t p u t , s i z e S t e p I n p u t , s i z e S t e p O u t p u t ] = agx ( ’ l o a d ’ , ’
. . / mat lab− t e r r a i n V e h i c l e . agxLua ’ , [ v e h i c l e P o s i t i o n , v e h i c l e R o t a t i o n ] ,
t i m e S t e p ) ;

31 numRays = i n i t O u t p u t ( : , 1 ) % Num r a y s i n l a s e r sys tem
l a s e r A n g u l a r R a n g e = i n i t O u t p u t ( : , 2 ) % Range ( i n r a d i a n s ) f o r t h e l a s e r

r a n g e f i n d e r
33 l a s e r D i s t a n c e R a n g e = i n i t O u t p u t ( : , 3 ) % Range i n m e t e r s f o r t h e l a s e r

r a n g e f i n d e r

35 t ime = [ ] ;
t = 0 ;

37

d i s p ( ’ Running s i m u l a t i o n . . . ’ )
39

%% I n i t i a l i z e V ec to r S t o r a g e
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41 V e c t o r I n i t i a l i z e ;

43 %% I n i t i a l i z e model
s topTime = 1 8 . 5 ; % s t o p t ime f o r For loop a l g o r i t h m

45 moveVehic le = 0 ;
Ready ; % Run t h i s s i m u l a t i o n f o r 1 s t o s t e a d y t h e model

47 OutputRead ; % Reading o u t p u t d a t a from model
x P o s O f f s e t = i m u 1 P o s i t i o n ( 1 ) ;

49 y P o s O f f s e t = i m u 1 P o s i t i o n ( 2 ) ;

51

%% time s t e p t h r e s h o l d f o r semi−autonomous a l g o r i t h m
53 t s t e p 1 = 8 ;

t s t e p 2 = t s t e p 1 +1;
55 t s t e p 3 = t s t e p 2 +1;

t s t e p 4 = t s t e p 3 + 1 . 0 2 ;
57

%% c l u t c h and t h r o t t l e s e t t i n g f o r c o n s t a n t speed
59 c l u t c h b r a k e = 0 . 0 0 6 4 9 ;

t h r o t t l e b r a k e = 0 . 0 0 5 2 ;
61

%% p a r a m e t e r f o r f o l l o w l i n e a l g o r i t h m
63 a = 1 ;

b = −2;
65 c = 4 ;

L i n e P a r a m e t e r s = [ a , b , c ] ;
67

%% p a r a m e t e r used f o r f o l l o w p a t h
69 r a d i u s = 1 5 ;

f r e q u e n c y = 4 . 9 7 / ( 2 * p i * r a d i u s ) ;
71

%% c o n t r o l l e r p a r a m e t e r s
73 Ka = 1 ;

Kb = −0.5;
75

S c o u n t e r = 1 ;
77 p i x e l s = [ ] ;

79 %% s p e c i f y t h e g o a l pose
g o a l x = 7 0 ;

81 g o a l y = −30;
g o a l h e a d i n g = deg2rad ( 9 0 ) ;

83

%% B a s i c c o n t r o l t e s t s
85 D i f f e r e n t P h a s e ;

[ Data ] = MoveBackFourDi rec t ions ( s t e p O u t p u t , g o a l x , g o a l y , gear ,
v e h i c l e P o s i t i o n , v e h i c l e R o t a t i o n , t i m e S t e p ) ;

87

%% Path t r a c k i n g a l g o r i t h m s
89 [ Data , s t e p O u t p u t ] = MovePoseSeqIFcn ( s t e p O u t p u t , v e h i c l e P o s i t i o n ,

v e h i c l e R o t a t i o n , g o a l x , g o a l y , g o a l h e a d i n g , x P o s O f f s e t , y P o s O f f s e t , g e a r
) ;

[ Data , s t e p O u t p u t ] = MovePointSeqFcn ( s t e p O u t p u t , v e h i c l e P o s i t i o n ,
v e h i c l e R o t a t i o n , g o a l x , g o a l y , x P o s O f f s e t , y P o s O f f s e t , g e a r )

91

%% Semi−autonomous a l g o r i t h m s
93 Data = ChangeLaneFcn ( s t e p O u t p u t , v e h i c l e P o s i t i o n , t imeS tep , t s t e p 1 , s topTime

) ; % change l a n e c o u r s e
d i r e c t i o n = −1;
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95 Data = UturnFcn2 ( s t e p O u t p u t , v e h i c l e P o s i t i o n , t imeS tep , t s t e p 1 , s topTime ,
d i r e c t i o n ) ; % U t u r n

Data = Fol lowLineFcn ( s t e p O u t p u t , v e h i c l e P o s i t i o n , L i n e P a r a m e t e r s , g e a r ) ;
% Fol low a l i n e

97 Data = Fo l lowPa thFcn ( s t e p O u t p u t , v e h i c l e P o s i t i o n , r a d i u s , gear , t i m e S t e p ) ;
% Fol low a p a t h

l o a d ( ’ Figure8M . mat ’ ) ;
99 [ Data , DataMap ] = F i g u r e 8 F c n ( s t e p O u t p u t , v e h i c l e P o s i t i o n , v e h i c l e R o t a t i o n

, x P o s O f f s e t , y P o s O f f s e t , gear , t imeS tep , Pa th ) ; % F i g u r e 8
P l o t L a s e r ; % P l o t map u s i n g l a s e r d a t a

101

%% O b s t a c l e a v o i d a n c e a l g o r i t h m
103 VFH; % VFH a l g o r i t h m

VFHPlus ; % VFH+ a l g o r i t h m
105 RunVFH ; % Autonomous v e h i c l e i n unknown e n v i r o n m e n t
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B AgX Code

This appendix is the parameter part of AgX code, it shows some major parameters used for
simulation. This part is written in Lua programming language.

2 −− D ef in e some i n d e x f o r showing t e x t on t h e s c r e e n .
l o c a l hudTex t Index = {}

4 hudTex t Index [ ”CLUTCH” ] = 0
hudTex t Index [ ”GEAR” ] = 1

6 hudTex t Index [ ”THROTTLE” ] = 2
hudTex t Index [ ”STEERING” ] = 3

8 hudTex t Index [ ”DISTANCE” ] = 4

10 −−
−− D e f i n e s v a r i o u s a t t r i b u t e s f o r t h e whole s i m u l a t i o n .

12 −−
v e h i c l e = {

14 e n a b l e P l o t t i n g = f a l s e , −− l e a v e t h i s f a l s e f o r now

16 u s e S c r i p t e d D r i v i n g = f a l s e , −− S e t t o t r u e t o e x e c u t e a
number o f s c r i p t e d d r i v i n g e v e n t s . O t h e r w i s e an autonomous d r i v i n g
w i l l be used
p o s i t i o n = { 0 ,0 } , −− S p e c i f y t h e i n i t i a l p o s i t i o n
o f t h e v e h i c l e ( x , y )

18 r o t a t i o n = {0 , 0 , 9 0} , −− S p e c i f y t h e o r i e n t a t i o n i n
d e g r e e s a round x , y , z . Z i s p o i n t i n g upwards

c o l l i s i o n G r o u p = ” v e h i c l e ” ,
20

l a s e r P a r a m e t e r s = {
22 numRays = 541 , −− Number o f r a y s used i n t h e

l a s e r r a n g e f i n d e r
r a n g e = 270 , −− r a n g e ( i n d e g r e e s ) f o r t h e

l a s e r r a n g e f i n d e r
24 r a n g e D i s t a n c e = 40 , −− Length o f t h e r a y s ( can be

of any l e n g t h )
c o l l i s i o n G r o u p =” l a s e r ” ,

26 parentBodyName=” FrontBody ” ,
−− r e l a t i v e P o s i t i o n = {−1 .5 , 0 , 0 . 6 } , −− R e l a t i v e p o s i t i o n o f

t h e l a s e r
28 r e l a t i v e P o s i t i o n = {−1 .3 , 0 , 0 . 6 } ,

r e l a t i v e O r i e n t a t i o n = {0 ,6 ,0 } , −− R e l a t i v e o r i e n t a t i o n o f t h e
l a s e r

30 } ,

32 −− S p e c i f y t h e p r o p e r t i e s f o r t h e a c c e l e r o m e t e r s
a c c e l e r o m e t e r s = {

34 { −− F i r s t a c c e l e r o m e t e r
r e l a t i v e P o s i t i o n = {0 ,0 ,−0 . 7 } , −− P o s i t i o n r e l a t i v e t h e

pa ren tBody
36 parentBodyName = ” FrontBody ” −− Name of t h e body on to
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which t h e a c c e l e r o m e t e r w i l l be a t t a c h e d
} ,

38 { −− Second a c c e l e r o m e t e r
r e l a t i v e P o s i t i o n = {0 ,0 ,−0 . 7 } ,

40 parentBodyName = ” RearBody ”
}

42 } ,

44 s t e e r i n g = {
maxAngle = m a t h . r a d (35 . 0 ) , −− Max a n g l e on w a i s t r o t a t i o n

46 t a r g e t A n g l e = m a t h . r a d ( 0 ) , −− S t o r e t h e t a r g e t ( r e q u e s t e d )
a n g l e o f w a i s t

maxSpeed = 0 .2 , −− Maximum l i n e a r speed f o r
s t e e r i n g j o i n t

48 a n g l e E r r o r = 0 .01 , −− Below t h i s e r r o r we d i s a b l e
t h e s t e e r i n g l i s t e n e r
−− a n g l e E r r o r = 0 . 0 1

50 } ,

52 e n g i n e P a r a m e t e r s = {
−− RPM/ Torque t a b l e f o r t h e e n g i n e

54 r p m t o r q u e t a b l e = {{100 , 200} , {400 , 700} , {600 , 800} ,{900 ,
1300} ,{1000 , 1400} ,{1200 , 1600} ,{1600 , 1550} ,{1900 , 1400} ,{2200 ,
1300}} ,

idleRPM = 1000 , −− I d l e RPM f o r t h e e n g i n e
56 i g n i t i o n = t r u e , −− i n i t i a l v a l u e f o r i g n i t i o n

t h r o t t l e = 0 .5 , −− I n i t i a l t h r o t t l e
58 } ,

60 o b s t a c l e s = {
c o l l i s i o n G r o u p = ” o b s t a c l e s ” ,

62 t e r r a i n C o l l i s i o n G r o u p = ” t e r r a i n ” ,
o b s t a c l e P l a c e m e n t R a d i u s = 100 ,

64 −− P l a c e o b s t a c l e s i n a r a d i u s a round c e n t e r
p o s i t i o n s ={ {−20 ,0} , {20 ,0} ,{0 ,20} , {0 ,−20} ,} , −− f i g u r e 8 c o u r s e
t e s t

66 p o s i t i o n s v ={ {10 , 15} , {20 , 20} ,} , −− VFH t e s t e n v i r o n m e n t
p o s i t i o n s v f ={ {−9, 13} , {5 , 17} , {20 , 40} ,} , −− VFH+ t e s t
e n v i r o n m e n t

68 numObs tac les = 1 , −− Number o f o b s t a c l e s
c y l i n d e r R a d i u s = 0 .5 , −− r a d i u s o f o b s t a c l e s

70 c y l i n d e r H e i g h t = 5 , −− h e i g h t o f o b s t a c l e s

72 −− F u n c t i o n f o r p l a c i n g o b s t a c l e s , can be o v e r i d d e d wi th any
f u n c t i o n s r e t u r n i n g x , y p o s i t i o n

74 c a l c u l a t e O b s t a c l e P o s i t i o n R = f u n c t i o n ( i , r a d i u s ) r e t u r n {
math. random (− r a d i u s , r a d i u s ) , math . random (− r a d i u s , r a d i u s ) } end ,
c a l c u l a t e O b s t a c l e P o s i t i o n = f u n c t i o n ( i , r a d i u s ) r e t u r n
v e h i c l e . o b s t a c l e s . p o s i t i o n s [ i ] end ,

76 c a l c u l a t e O b s t a c l e P o s i t i o n v = f u n c t i o n ( i , r a d i u s ) r e t u r n
v e h i c l e . o b s t a c l e s . p o s i t i o n s v [ i ] end ,
c a l c u l a t e O b s t a c l e P o s i t i o n v f = f u n c t i o n ( i , r a d i u s ) r e t u r n
v e h i c l e . o b s t a c l e s . p o s i t i o n s v f [ i ] end ,

78 } ,

80

o b s t a c l e s B o x = {
82 c o l l i s i o n G r o u p = ” o b s t a c l e s ” ,
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t e r r a i n C o l l i s i o n G r o u p = ” t e r r a i n ” ,
84 o b s t a c l e P l a c e m e n t R a d i u s = 40 ,

p o s i t i o n s ={ {15 ,−10} , { −15 ,10} ,} , −− VFH t e s t e n v i r o n m e n t
86 numObs tac les = 2 , −− Number o f o b s t a c l e s

c y l i n d e r R a d i u s = 0 .5 , −− r a d i u s o f o b s t a c l e s
88 c y l i n d e r H e i g h t = 1 , −− h e i g h t o f o b s t a c l e s

90 −− F u n c t i o n f o r p l a c i n g o b s t a c l e s , can be o v e r i d d e d wi th any
f u n c t i o n s r e t u r n i n g x , y p o s i t i o n
c a l c u l a t e O b s t a c l e P o s i t i o n = f u n c t i o n ( i , r a d i u s ) r e t u r n
v e h i c l e . o b s t a c l e s B o x . p o s i t i o n s [ i ] end } ,

92

94 s c e n a r i o = {
i n d = 1 , −− s c e n a r i o number

96

scen1 ={
98 numObs tac les = 0 ,

numObstaclesBox = 0 , } ,
100

scen2 ={
102 numObs tac les = 2 ,

numObstaclesBox = 0 ,} ,
104

scen3 ={
106 numObs tac les = 1 ,

numObstaclesBox = 2 ,} ,
108

scen4 ={
110 numObs tac les = 2 ,

numObstaclesBox = 0 ,} ,
112

scen5 ={
114 numObs tac les = 100 ,

numObstaclesBox = 0 ,} ,
116 } ,

118 t e r r a i n = {
c o l l i s i o n G r o u p = ” t e r r a i n ” ,

120 useBox = t r u e , −− S e t t o t r u e i f you want a
p l a n a r t e r r a i n

s i zeX = 200 , −− e x t e n t s o f t e r r a i n i n X
122 s i zeY = 200 , −− e x t e n t s o f t e r r a i n i n Y

h e i g h t = 10 −− He ig h t o f t e r r a i n ( d i s t a n c e
between h i g h e s t and l o w e s t p o i n t )

124 } ,

126 l a s e r = {
r a y s = {}

128 } ,

130 t e x t I n d e x = hudTex t Index
}
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C Simulation Environment

This appendix is the result of simulation environments designed for obstacle avoidance
algorithms.

Figure C.1: Result of VFH algorithm in testing environment

Figure C.2: Result of VFH algorithm stop at (40,70)
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Figure C.3: Result of VFH algorithm stop at (−40,−40)

Figure C.4: Result of VFH algorithm stop at (−70,80)
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Figure C.5: Result of VFH algorithm stop at (70,−30)

Figure C.6: Result of VFH+ algorithm in testing environment
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Figure C.7: Result of VFH+ algorithm stop at (40,70)

Figure C.8: Result of VFH+ algorithm stop at (−40,−40)

116



Yutong Yan September 16, 2016

Figure C.9: Result of VFH+ algorithm stop at (−70,80)

Figure C.10: Result of VFH+ algorithm stop at (70,−30)
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D GUI

This appendix is the GUI built in the project and details of it.

Figure D.1: GUI

Figure D.2: Model initialization part of GUI

119



Yutong Yan September 16, 2016

Forward

Backward

Stop

Forward with 
maximum left

Forward with 
defined left

Backward with 
defined left

Forward with 
maximum right

Backward with 
defined right

Forward with 
defined right

Figure D.3: Direction indicator for the manual mode

Figure D.4: Map plotting part of GUI

Figure D.5: IMU output part of GUI
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Figure D.6: Choosing an obstacle avoidance algorithm for the autonomous mode
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