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Abstract
With an increasing need for greater traffic safety, there is an increasing demand for means by
which solutions to the traffic safety problem can be studied. The purpose of this thesis is to
investigate the feasibility of using an autonomous indoor navigation system as a component in
a demonstration system for studying cooperative vehicular scenarios. Our method involves
developing and evaluating such a navigation system. Our navigation system uses a preexisting localization system based on passive RFID, odometry and a particle filter. The
localization system is used to estimate the robot pose, which is used to calculate a trajectory to
the goal. A control system with a feedback loop is used to control the robot actuators and to
drive the robot to the goal.
The results of our evaluation tests show that the system generally fulfills the performance
requirements stated for the tests. There is however some uncertainty about the consistency of
its performance. Results did not indicate that this was caused by the choice of localization
techniques. The conclusion is that an autonomous navigation system using the
aforementioned localization techniques is plausible for use in a demonstration system.
However, we suggest that the system is further tested and evaluated before it is used with
applications where accuracy is prioritized.
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1

Introduction

 In this chapter we present the problem studied in the thesis project and we explain the
purpose of our thesis. Then, we formulate a research question and a set of problem
statements as well as a methodology to help reach our goals. Finally, we state our
requirements for the project.

1.1 Motivation
The number of vehicles operating in traffic increases every day and along with higher traffic
there is an increasing risk of motor vehicle accidents. The US National Highway Traffic
Safety Administration reports that 32 719 lives were lost in the US in 2013 due to fatal road
accidents [1]. Despite of a decrease in fatal road accidents in the last few years, there is still a
great deal of pressure in the automotive industry to conduct heavy research in the area of
vehicular safety. The goal of this research is not only to mitigate the damage caused by road
accidents but also to minimize the frequency of such events.
Cooperative inter-vehicle communication systems have been proposed as a means of
improving traffic safety [2]. However, a way of evaluating the effectiveness of these systems
is needed. One way of evaluating the effectiveness of such systems is by conducting field
studies. This evaluation method could be costly since it often requires the use of expensive
equipment. It also requires a significant amount of planning and is therefore time consuming.
Furthermore, these field studies are difficult to replicate due to the complexity of real word
traffic conditions. In contrast to this, there is another evaluation method which involves
running virtual simulations on computers. This method provides high repeatability and the
simulations are often more scalable than field studies. However, these simulations can be time
consuming compared to studies which are carried out in the real world. They can also provide
misleading results if the parameters are not properly calibrated and results are not verified as
well as validated.
Development of vehicular communication applications would benefit from a way to
efficiently demonstrate different scenarios. This would allow researchers to evaluate how
effective their systems are, without consuming too many resources. Moreover, this would help
them avoid the risks associated with costly field studies. Furthermore, their studies would
have higher repeatability and they would be easier to evaluate than virtual simulations.
In order for a demonstration system to be efficient, the navigation system that drives the
agents in such a system has to be reliable and stable. For this to be possible, emulation of
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vehicular navigation (i.e. a way of imitating a driving vehicle) must be implemented in the
system. Without sufficiently reliable and stable emulation of vehicular navigation, the
demonstration system may not exhibit acceptable results.
One significant problem with unreliable navigation is that it could cause the driving behavior
of a vehicle to be inconsistent with the driving behavior that is expected from the emulation.
If the vehicle used in emulation cannot properly control its movement, the poor performance
of the vehicle could have a significant impact on emulation results.
Figure 1.1 illustrates a situation where this type of behavior is problematic. As shown in the
figure, vehicle 1 is driving straight and is eventually met by another vehicle (vehicle 2)
driving on the opposite side of the road at a moderate speed. Vehicle 2 is supposed to make
right turn at the intersection and then drive straight north. However, due to poor control of the
vehicle it is unable to do this without drifting off its lane, thereby obstructing oncoming
traffic. Assume that vehicle 1 is traveling at a high speed (indicated by two red arrows in
Figure 1.1). Thus it has a very limited opportunity to properly react to vehicle 2 which is
currently obstructing its way. An emulated scenario like the one described above would likely
result in an undesired collision (indicated by x-mark) between vehicles 1 and 2, because
vehicle 2 did not drive as intended.

1

2

3

4

Figure 1.1: A scenario where unreliable navigation is problematic.

1.2 Purpose
The Real-Time Systems Laboratory (RTSLAB) at Linköping University maintains a robot
agent software system which is used in conjunction with laboratory work where students have
to program a robot to perform rescue missions under timing constraints. The system
implements indoor localization using RFID, odometry and a particle filter but lacks the
functionality necessary for reliable autonomous navigation. As such, it can be used in
conjunction with the mobile robots as a base with which we develop our navigation system.
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The aim of this thesis is to develop an autonomous navigation system which uses the
localization system mentioned above to move the robot to a goal. The purpose of this is to
determine if such a system could be used in a demonstration system for cooperative vehicular
scenarios, using mobile robots.
A demonstration system should aid in developing and evaluating collaborative vehicular
communication applications such as protocols for avoiding traffic accidents. In order to
enable this, the robot navigation system has to be reliable and stable to avoid severely
restricting the reliability of the demonstration system.

1.3 Problem Statement


How can a system for autonomous navigation be implemented such that it can be used
in a demonstration platform for cooperative vehicular applications?

In order to answer the research question, investigative work is conducted during the project to
answer the following related queries throughout this report:






Is it possible to make a robot move in a predefined pattern (e.g. a polygon) reliably
using only basic odometry and passive RFID based localization?
How can the robot be controlled such that it can reliably move to its goal?
What is required to dynamically calculate the desired trajectory for the robot?
How can the system logically determine the appropriate actions that the robot needs to
take in order to reach its goal?
What suitable metrics are there to quantify how well the robot moves (e.g. Number of
turns made in a straight path) and how can these be used to evaluate the quality of the
navigation system?

1.4 Methodology
There are a number of tasks to perform before the research question can be answered. We
start by investigating whether it is possible to have a robot move in a predefined pattern and in
that case what method should be employed to do so. During this part of the project, we will
collect enough information about the intricacies of our platform to build the other components
of the system. First, this information is used to design a motion planning algorithm which will
determine what actions the robot needs to take to reach its goal. Next, we use the information
collected during the initial investigation as a basis for deciding how to implement a control
system that is appropriate for our system. Finally, using the control system to reliably move
the robot we investigate and determine requirements for calculating a trajectory to the goal.
To find suitable performance metrics, we turn to previous work in autonomous navigation and
look at what metrics have been used by others. This information coupled with our own
requirements is used to determine what metrics to use. We then construct an evaluation
process based on those metrics, which we use to evaluate the system and to draw conclusions.
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1.5 Delimitations and Requirements
Problems concerning robot communication and collaboration, including features like collision
avoidance will not be addressed in this project. This thesis is mainly concerned with the
navigation component of a demonstration system.
The navigation system will be satisfactory when a robot navigates well enough to be able to
demonstrate a simple scenario to the user. More specifically, this means that the robot should
be able to navigate some path within its operating area, which is specified by a user. The robot
should drive through the path in the manner the user has specified. Given that there are no
obstacles in the way, the robot should also reach its goal in a reasonable amount of time.
Performance criteria for the system are described further in section 5.5.
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Background

 This chapter presents work that is related to this thesis. It also explains the technology
developed prior to our thesis project, which forms the basis of our project. Note that
only the technology that is relevant to our work is presented.

2.1 Related Work
There have been many studies in the area of autonomous navigation and control systems in
the past. Our approach makes use of a particle filter for sensor fusion using passive RFID
technology, odometers and a magnetometer to estimate the pose of the robot. The estimated
pose is then used to calculate a trajectory to the goal. We use a PID controller that regulates
actuator signals based on the calculated trajectory in order to more reliably drive the robot
towards the goal. A similar localization approach is described by Sumanarathna et al. in [3].
However, their approach differs in that they use a different sensor fusion algorithm (a Kalman
filter) for estimating position. Moreover, their algorithm fuses GPS and accelerometer
measurements to estimate position in uneven road conditions. This means that it is used for
outdoor localization as opposed to our method which is used for indoor localization.
Zhang [4] presents an autonomous navigation system for unmanned mobile robots in urban
areas. The system makes use of a GPS receiver as well as inertial sensors such as gyroscope
and compass to perform dead reckoning for its localization subsystem. The data gathered
from both GPS and dead reckoning is fused while the GPS information is smoothed using a
Kalman filter to improve the accuracy of the dead reckoning. A navigation tracking
subsystem was developed to perform the autonomous navigation. This system receives the
navigation path from the operator and then it uses the location of the robot to sequentially
navigate to the points within that path. It does so by first adjusting the heading angle of the
robot and then it tracks a line path (with a trajectory linearization control structure). This is
very similar to how our system works and differs mainly in what localization technology is
used as well as the type of environment the system is intended to be used in.
With respect indoor navigation in particular, there have been numerous approaches suggested
in recent years. Seo and Kim [5] describe an autonomous navigation system for indoor service
robots. The system has an external map building module which is used to construct grid maps
of the environment. Grid maps are updated using a laser range finder and odometer data is
used toupdatetherobot’spositioninthemap. A particle filter is employed after localization
to update the robot pose. This is also combined with a path planning module which uses the
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A-star algorithm to find a path from the robot pose to the goal pose. Kuai et al. [6] also
proposed an approach to indoor navigation. However, instead of requiring the user to
construct maps, mapping is automatic and based on wireless sensor networks (WSN). Their
navigation algorithm relies on WSNs to perform simultaneous localization and mapping. A
triangulation algorithm is used to retrieve the pose of the robot (localization) and a particle
filter is used to construct a map of the environment. Biswas and Veloso [7] presented an
indoor autonomous navigation approach based on Wi-Fi sensory data. They opted to use WiFi signal strength for localization and mapping. Their localization method also relies on a
particle filter and odometer data.
Some suggested approaches to autonomous navigation have been less traditional in the sense
that they do not focus on control systems as the work described above. Zhao and Wang [8]
present an autonomous navigation system with learning capability which allows it to adapt to
unknown environments. They use an artificial neural network model that is designed
specifically for their navigation system. By training the network for the robot it is supposed to
drive, they were able to teach the system how to navigate out of a maze successfully. The
neural network was used in conjunction with sonar sensors to retrieve input to the neural
network. With the ability to detect obstacles, the neural network can select the optimal actions
for the robot to successfully navigate in the maze.
Similarly, Correa et al. [9] presented an approach to autonomous navigation for surveillance
robots, which also makes use of an artificial neural network for environmental recognition.
Instead of using sonar sensors, the neural network is trained using data captured by a Kinect
sensor in indoor environments. This way, the neural network can learn to recognize the
surrounding environment of the robot and avoid obstacles. By combining these, it can build a
topological map of the environment and use it to perform topological navigation. These two
previous approaches differ greatly from ours in both the approach that is used and the
technology used for the implementation as well as the incorporation of obstacle detection in
the system.
In the area of vehicular safety, Vivek et al. [2] propose a system architecture for intervehicular communication. The proposed system leverages both Vehicle to Vehicle (V2V) as
well as Vehicle to Infrastructure (V2I) communication. These technologies enable cars to
share information with each other and provide the driver with safety warnings. They can also
be used to determine road conditions and retrieve event information. Applications for this
include speed limit indication and driver advisory for vehicular safety.

2.2 Robot Platform
The mobile robot platform used in the thesis is based on the iRobot Create robot. For the
platform used in our thesis, a laptop running Linux has been mounted on top of the robot.
Since the robot itself does not have any computing unit on-board, the laptop is used to run an
application which reads sensor data from the robot to localize it and then it controls it. The
robot and the laptop are connected using a serial-USB adapter and the robot is configured as a
virtual serial port (illustrated in Figure 2.1). This allows the application on the computer to
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communicate with the robot. The application was developed by Zaharans [10] as part of a
Master’sthesisatLinköpingUniversity and it is used as a basis for this thesis. The work in
this thesis builds upon the work of Zaharans by adding functionality to the system which
enables it to navigate a robot autonomously in an indoor area. The information presented in
the rest of this chapter isrelevantinformationfromZaharans’thesis and it can be found in
[10].

Figure 2.1: The robot platform setup.

2.2.1

iRobot Create

The iRobot Create is a robot platform which is based on the Roomba vacuum cleaner robot,
which is also manufactured by the company iRobot [11]. The Create was used in the thesis by
Zaharans partly due to ease of use and modification possibilities and since this thesis used the
work from that project as a basis, the Create was a prerequisite for this project.
The Create has a total of four wheels and uses a two-wheel differential drive. This means that
it is driven by two wheels that are controlled separately. It can therefore change its direction
by changing the relative rate of rotation of its wheels. The left and right wheels are the two
main wheels which drive the robot. The front and back wheels are free turning wheels which
allow the robot to remain balanced [11]. Figure 2.2 illustrates the anatomy of the robot.

2 B a c k g r o u n d
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Figure 2.2: The anatomy of the iRobot Create robot platform [11].

The main wheels are equipped with optical rotary encoders (odometers). These convert
mechanical motion into electrical signals. The sensors can be used to calculate the velocity
and acceleration of the robot [11]. They are used to measure traveled distance and rotation of
the robot.
Robot control as well as sensor control is performed by sending commands which are defined
by the iRobot Create Open Interface. The Open Interface (OIS) is a communication protocol
which runs on top of the Universal asynchronous receiver/transmitter (UART) - serial
communication protocol. The interface is used for control and to acquire measurements from
sensors. More information about the interface including a list of available commands can be
found in [12].
2.2.2

RFID

The robot was also equipped with a sensor which makes use of Radio Frequency
Identification (RFID) technology for localization. RFID is a wireless technology which relies
on electromagnetic fields to transfer data. This data is stored in RFID tags which consist of an
integrated circuit and an antenna for signal transmission and reception. The tag data is stored
in a memory unit which is integrated into the tag. This information can be read using RFID
readers which can communicate with the RFID tags wirelessly. When the reader requests the
data from a tag, the tag responds by identifying itself and then transmits other data. Tags
identify themselves by sending a unique identification number (UID) which is also stored in
the tag. This means that an RFID system could distinguish between several RFID tags that are
all within range of the RFID reader and read them at the same time.

2.3 Search and Rescue System
In this section we will introduce the search and rescue system that was developed by Zaharans
[10] and used as the basis for our project. The system is used to simulate search and rescue
mission using a swarms of robots. There is also an accompanying monitoring application
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developed for the system. This application can be used to control and monitor the robots. We
will not describe the full search and rescue system, but only the parts that are relevant to this
thesis and the monitoring application will not be covered since it has not been modified. For a
full description of the system, the reader should refer to chapter 4 of [10].
2.3.1

Software Structure

The robot application consists of 13 modules, 6 tasks which constitute the main logic for the
robot. Additionally, there is a top level main module which is used for system initialization
and task scheduling. The application can be split into five layers where the modules are
grouped based on the level of functionality they provide. More sophisticated high level
functionality depends on modules that provide lower level functionality as shown in Figure
2.3. The modules that have been relevant to our work are listed below.


Serial port: This module contains a set of functions for managing connections to a
virtual serial port.



Open interface: This module contains a set of functions that enable communication
with the iRobot Create robot.



RFID: This module contains a set of functions used to acquire RFID tag ID numbers.



Environment: This module contains functions for loading RFID tag definitions as
well as room definitions. A room is defined as a set of points that describe the
operational environment of the robot.



Robot: This module implements a model of the robot which contains its pose (i.e.
state). This is used in the particle filter.



Particle filter: This module implements a particle filter for pose estimation using
odometer measurements, RFID tags and environment properties (e.g. walls).



File: This module contains file handling functions for interaction with the file system.



Helper function: The helper function module contains a set of miscellaneous
algorithms and functions, e.g. normal distribution random number generation, byte to
integer conversion, etc.

2 B a c k g r o u n d
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Figure 2.3: The abstraction layers of the search and rescue system.

The components of our navigation system are distributed amongst most of the abstraction
layers shown in figure 2.3. Our modifications to existing algorithms, which constitute the
robot logic, pertain to the task/application layer. To facilitate the desired robot logic, we have
also developed subsystems for guidance, control and path planning. These belong in the main
algorithms layer as well as the low level functions layer. We have also added a compass
hardware module. To complement this, an additional component for access to the compass
module has been added to the low level functions layer.
2.3.2

Tasks and Scheduling

There are six tasks in the application and they contain all logic for the robot. These tasks share
data and communicate with each other through global data structures and queues. The tasks
that are relevant to this thesis will be described briefly in this section and the reader is referred
to [10] for further information, including pseudocode and detailed descriptions for all tasks.
Navigate: This taskdecidestherobot’s next movement or action.
Control: This task is responsible for acquiring measurements from the sensors in the robot,
incorporating odometer data in the particle filter and sending motion commands to the robot.
Refine: The purpose of this task is to read RFID tags for use in localization or victim
reporting.
Scheduling of tasks is handled by a non-preemptive scheduling algorithm. The algorithm is
based on a First Come, First Serve (FCFS) scheme. The scheduler goes through a list of tasks
and executes them sequentially.

11 | P a g e

2 B a c k g r o u n d

2.4 Indoor Localization
The purpose of localization is to find data about the location of an object. There are several
types of localization techniques that may be used. However, depending on certain
characteristics of the localization problem some techniques may not be appropriate. Some
localization technologies which are commonly used today, like GPS provide relatively good
accuracy for outdoor use. For indoor use however, they provide limited precision due to
building infrastructure that blocks signals which these systems transmit. Several approaches
to developing localization systems have been introduced to overcome this problem. These
approaches employ technology which can operate effectively in indoor environments.
Three localization approaches were used for the search and rescue system: odometer based
(single sensor technique), passive RFID based (single sensor technique), and particle filter
based (fusion of passive RFID and odometer). Since our system uses the same techniques we
give a short description of how they and how they are used in the system.
2.4.1

Odometer Based Localization

An odometer is an instrument which can provide information about traveled distance and
change in angle. This data can be used to estimate a new position by mathematically
integrating the data from the odometer with a known initial position. The odometer which is
integrated into the iRobot Create is used to retrieve information about changes in angle and
traveled distance. This odometry data is obtained when a sensor reading is requested. The
pose of the robot is modeled by a set of x and y coordinates for position as well as a heading
angle which describes the orientation of the robot. Once the sensor reading request has been
fulfilled, odometry readings are used to update the robot pose. The positional coordinates of
the robot are updated with respect to the traveled distance and direction. The heading angle is
modified with respect to change in angle.
2.4.2

RFID Based Localization

In this thesis, we consider passive RFID technology, which employs passive RFID tags with
location data. Unlike active RFID tags, passive tags are only activated in the presence of an
RFID reader since they lack a dedicated power source. The tags are typically placed where a
RFID reader will pass e.g. on the floor. Depending on how many tags are used and the range
of the RFID reader, the precision and update rate of the estimated positions will vary. Since a
position can only be estimated when a tag is read, a greater amount of tags will enable better
precision.
The RFID based localization technique we use, relies on reading passive RFID tags that have
been placed in a pattern. It assumes that a UID as well as the position of each tag is known in
advance. The current position of the tracked object (i.e. the robot) is found in the position of
the last read tag. Heading direction is calculated by finding the direction from the most recent
to the previously read tags.
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Sensor Fusion and Particle Filter Based Localization

Sensor fusion is a technique where data from several sensors (e.g. RFID, odometer,
magnetometer, etc.) are combined to achieve better results in terms of precision, data rate,
dependability, etc. Sensor fusion algorithms use a state space model consisting of inputs,
outputs and state variables in differential equations to describe the physical model of a
system. It is possible to think of this model as a system equation, which represents the state of
the system and an observation equation that corrects the estimation based on the information
provided by the sensors.
Particle filters are an approximation method for non-linear model estimation, commonly used
as sensor fusion algorithms. They rely on random samples of the state space generated from a
given probability distribution. The particle filter approach to localization is based on the idea
of simulating numerous possible actions and then evaluating the resulting states by choosing
the ones that correspond with sensor measurements (RFID) the closest. An estimate of the
robot pose at a moment in time is represented by a particle. The technique produces a state
estimate by repeatedly resampling particles. Since particles are resampled at each time step,
the ones that are probabilistically less likely to be correct are eliminated. This results with the
state prediction that is most probable.

3 T h e o r y o f A u t o m a t i c C o n t r o l
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3

Theory of Automatic Control

 This chapter presents and explains important theoretical concepts in control theory and
the area of automatic control.

3.1 Control Systems
The behavior of dynamical systems changes over time. Since the behavior of these systems is
often affected by external factors, their performance may degrade over time. To ensure that
the behavior of such systems is stable and that they output the desired result consistently, it
might be necessary to apply some control mechanism to them [13]. For the purposes of this
report we define control to be the use of algorithms and feedback to change the output of
engineered systems. With the term feedback we refer to a situation in which several systems
influence each other. From this follows that a control system is a system that uses algorithms
and feedback to manage or regulate the behavior of another system to achieve the desired
result (i.e. output) from the system being controlled.
There are many applications of control systems. Some of the most relevant examples of these
are motion control systems, which include automotive control systems as well as robotics. In
the case of automotive control systems, they are often used to control the trajectory of a
vehicle through an actuator. They can also be used to regulate velocity (cruise control) and
angular velocity of a vehicle [13].
In control theory there are two main classes of control systems, feedback systems and nonfeedback systems.
3.1.1

Non-Feedback Control Systems/Open Loop Control

Non-feedback control systems are systems which use a control loop that does not have a
feedback mechanism. The output of such a system is generated based solely on input. Thus
the results generated by such a system are independent of its output (illustrated in Figure 3.1).
[13]
These systems are generally stable and easy to implement and use. However they can be
unreliable and inaccurate since change in output cannot be sensed and thus it is not corrected
automatically either. [13]

3 T h e o r y o f A u t o m a t i c C o n t r o l
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System 2

Figure 3.1: The structure of a non-feedback control system.

3.1.2

Feedback Control Systems/Closed Loop Control

Feedback control systems are systems which use a feedback loop to control the dynamics of
the system. This is referred to as a closed control loop, which means that they are
interconnected with other systems in a cycle such that the control variables are fed back into
the system as input. Unlike non-feedback control systems, the current output affects the
system behavior [13]. This is property is illustrated in Figure 3.2.
y

u
System 1

System 2

Figure 3.2: The structure of a feedback control system.

There are some positive aspects of using feedback to control a system. It allows the system to
be resilient to external influences and insensitive to variations in its internal components.
However there are also potential disadvantages to using feedback. It could for example create
dynamic instabilities in the system, which could cause oscillations in behavior. It could also
introduce sensor noise, which would make careful signal filtering a necessity. [13]

3.2 Controllers
The systems described above have a couple of important features in common. First, there is a
need to control some parameters which affect the behavior of these systems over time.
Moreover, they are applied to systems where there is a known input to output relationship.
This means there is a mathematical relation in the dynamics of those systems and thus they
can be modeled. This also holds true with our system, which is why a controller was
implemented for the navigation system. The reason a control system is needed, is because
there is a certain amount of noise when using the motors to steer the robot. This leads to an
error in the angle (heading) of robot which accumulates over time. In order to avoid this, the
angle of the robot has to be continuously checked and potentially adjusted. In our system this
is accomplished using a controller.
A controller is a control loop mechanism which monitors and alters the behavior of other
systems. Traditionally these controllers were implemented on dedicated mechanical devices.
As more systems become digital, it is becoming more common to implement them as
computer algorithms which are executed on a microprocessor. An example of a controller
which is commonly used today is an autopilot for aircraft. This is a system which controls
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several parameters related to steering the aircraft with the purpose of maintaining a flight path
on a smooth trajectory. [14]
Feedback controllers use the principle of feedback to control a system. This means that they
control systems based on the difference of the desired and the observed quantities of values.
This makes them reactive since there must be an error before actions can be taken to correct
it. In contrast to this there are controllers which make use of feed forward to control a system.
These systems have an open control loop and they make use of knowledge about the system
they are controlling to take predictive action. For these systems to be useful one has to have
perfect knowledge of the system. This includes measuring disturbances that will occur to the
system a priori. If this is the case then one can use that information to take corrective action
before the disturbance affects the system [13]. However, since that is not the case with our
system we will focus on feedback controllers.
The principle of feedback can be implemented in many different ways. It is possible to do this
by using simple techniques such as on-off control, proportional control and proportionalintegral-derivative control. We will now describe these concepts.
3.2.1

On-Off Controllers

On-off controllers use a simple feedback mechanism. Assume the control error is defined as
the difference between the reference signal and the output signal of the system. This
mechanism implies that maximum corrective action is always used whenever the control error
is positive. This is called on-off control and it usually results in a system where the controlled
variables oscillate. Since a small change in error will cause the controlled variables to be
altered with maximum effect and as such it will often overreact. It will succeed in keeping the
controlled variables close to the reference only if the oscillations are sufficiently small. [13]
3.2.2

PID Controllers

The oscillations that arise from on-off control are avoided with proportional control. With
proportional control, the impact of the controller is proportional to the control error [13].
Proportional control uses the parameter Kp, which is the proportional gain. If the proportional
gain is too high, the system can become unstable since it reacts strongly to error [15]. In
contrast, if the proportional gain too low then the system can become unresponsive since the
control action is not large enough for the error. It also has the drawback that the control
variable often deviates from its reference value, meaning it may cause oscillations in the value
of the control variable.
It is possible to avoid this by making the control action proportional to the integral of the
error. This is called integral control and it has one parameter Ki , which is the integral gain. Its
value is proportional to accumulated errors and their duration. Consequently, the integral term
accelerates the movement of the control variable towards the target [13]. If the integral action
is too low then the system will not have sufficient time to correct the offset. However, an
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integral gain which is too high may cause the system to overshoot the target and become
unstable [15].
Additionally, one can provide the controller with the ability to anticipate future error. This can
be done by using linear extrapolation to predict the error. This is makes use of the parameter
Kd, which is derivative gain [13]. Thus, the derivative gain may improve stability and make
the system settle faster. However, if the derivative gain is too high the system will respond
excessively to error and overshoot the desired value [15]. In practice the effect that this term
has on system stability can vary greatly [16].
The PID controller combines the three types of control described above. Thus it has the
parameters: proportional gain Kp, integral gain Ki, and derivative gain Kd- By combining
proportional, integral and derivative control, we obtain a controller which produces a control
signal u which can be described as Algorithm 3.1 [13]:
( )

( )

∫

( )

( )

(3.1)

As illustrated in equation 3.1 the value of the control signal is the sum of three terms where e
is the error. The first is the present represented by the law for proportional control
(proportional term), the second term is the past as represented by the integral of the error
(integral term) and the third is the future as represented by a linear extrapolation of the error
(derivative term). This provides for a simple yet robust way to control a system however,
implementing such a controller one will be faced with the task of adjusting its parameters
appropriately. This process is referred to as tuning [13].
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4

Navigation System

 In this chapter we describe the implementation of our navigation system, which
implements some of the concepts described in the previous chapter. We also motivate
the technology choices and design decisions made during development of the system.
The system is described following a top down approach, where we give an overview
and introduce all the system components. We then describe all components in further
detail.

4.1 Technology Choices and Design Decisions
Many of the design choices for our navigation system were dictated by the framework it was
built upon. Since the task was to build our system using the system developed by Zaharans
[10] as a basis, many of the concepts and the general structure were developed to conform to
the framework of that system. As a result of this, it is architecturally similar to that system.
Some of the functionality for our system was implemented by rewriting some of the tasks
listed in section 2.3.2. Namely the navigate task was rewritten and the control task was
modified to account for the output of our controller. We also developed additional modules
for functionality that was not included. The scheduling algorithm itself was not modified,
although the task queue (a list) was modified to better suit the requirements of our system.
More, specifically the communicate task was not included in this list and is therefore never
scheduled for execution.
4.1.1

Choice of Driving Technique

There are a few alternative techniques for driving the robot one could implement given a
setup such as the one we use:
a) Calculate the distance and set a direction for the robot to drive. Then command the
robot to drive continuously until the distance has been covered. For angular
movement, the desired angle change is calculated and then executed in a single
continuous rotation. This involves calculating a distance for translational movement
and the angle change for angular movement.
b) Set a target and command the robot to seek it out and drive towards it until the target
is reached. For translational movement this involves calculating a goal point and
driving towards it until the goal has been reached. This assumes that the robot is
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facing the goal point. Therefore, this relies on the system being able to calculate a
target heading and then adjust the robot orientation until the desired heading has been
acquired.
c) If one has the necessary sensors to detect obstacles, these could be used to determine
the movement of the robot. One could drive the robot in a given direction until an
obstacle (e.g. a wall) is detected. Then the robot would turn away from the obstacle
until no obstacle is being detected. At this point, the robot would start driving again.
With the aforementioned techniques as reference, several prototypes were built to determine
how to reliably make the robot drive in a predefined pattern. The reason for starting with
driving and steering functionality first is because other types of desired functionality such as
path planning relied on this. It would have been more difficult and error prone to continue
development without this functionality. Due to the limited amount of time that was assigned
for the project, we opted to search for solutions that could be implemented relatively easily
while yielding acceptable results. We dedicate the rest of this section to explaining how
driving techniques were prototyped:
Driving a predefined distance in a fixed direction continuously
To test this driving behavior, we constructed a prototype where the robot would drive straight
for a predefined distance and then await further instruction. This was first implemented using
low-level commands which were sent to the robot through OIS, containing information about
which direction to drive and the length to drive. The robot would use the odometer to
internally determine if the robot had driven a certain amount, thereby successfully executing
the command. However, this did not allow for a sufficient level of control over the robot since
the execution of the command was handled entirely by the robot and did not allow for any
user control such as command abortion.
For the reason mentioned above, we also tried to implement the command in our software.
However, this approach was greatly affected by latency and execution speed of our system.
Our tests using this driving technique (with all implementations) showed that results, in terms
of accuracy of command execution were not satisfactory. When coupled with the restrictions
of the control behavior for the robot using this technique, this method proved to be
unacceptable.
Turning a fixed amount continuously
Since we also needed to implement a technique for angular movement, we decided to
implement a technique based on the same idea as the previously described technique. The
robot would turn a fixed amount. Then it would check if it had reached the target heading. If
this was not the case then it would wait for another command to rotate the same amount.
Whenever the robot had reached the desired angle, it would stop turning. We tested this using
several fixed angle increments ranging from 2-10 degrees for each turn. The results using this
implementation exhibited similar problems to those described in the previous paragraph,
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except applied to angular movement. The accuracy of command execution was poor and
lacking in control.
Driving with obstacle avoidance
Previous attempts had resulted in the robot repeatedly driving into walls. Therefore, we
considered using a driving technique which would incorporate obstacle detection to avoid
collisions. The idea was that the robot would drive in a certain direction until an obstacle was
detected, at which point it would stop and await further instruction. We attempted use the wall
sensor integrated in the robot, but we could not successfully retrieve usable readings. Without
the wall sensor, implementing obstacle detection would require hardware such as infrared or
ultrasonic sensors to perform distance sensing. Since this hardware was not available to us at
the time and acquiring it would take more time than was afforded by our time plan, we
eventually decided continue development without it.
Driving to a predefined target point
We also constructed a prototype which would drive the robot forward until it had reached a
specific point and then await further commands. The robot would rely on the localization
system and equipment that was accessible to us (i.e. RFID readers and odometers) in order to
provide its current pose. Then, the pose would be used to calculate its distance to the goal
point. Whenever the robot came into close proximity to this point it would stop and await
further commands. This yielded better results than our previous attempt and we decided to
develop it further.
Turning to predefined target heading
To complement the previously described technique with angular movement, we followed an
approach similar to the previous one. The robot would keep turning until it had reached a
predefined heading direction. The idea was to first calculate an offset (angle error) between
the current heading direction of the robot and the heading towards a goal point. The aim
would then be to minimize the aforementioned offset. Moreover, the robot would now turn in
the direction that would make it reach its goal angle the fastest. This gave us acceptable
results on the condition that the angular velocity (i.e. the rate at which the robot turns) was not
too high. The reason behind this restriction was the frequency in which the robot tasks are
executed, which limited how fast it could sense and take into account changes in angle. As a
result of this, driving and turning too fast would cause greater inaccuracies in the movement
of the robot. This meant that the turning rate had to decrease as the robot got closer to the
desired heading to avoid overshooting its goal angle.
4.1.2

Design Choices

System architecture
After the prototyping phase described above, we had collected enough information to
implement a motion planning algorithm, which would determine the actions of the robot.
Since the motion planning algorithm was implemented as a task (see section 2.5.2), it was
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decided that the motion planning algorithm would be a top level module in our system. This
had a large impact on system architecture. The purpose of making the algorithm a central part
of the system was to make it function properly within the existing framework of the system
described in [10]. As result of this, the design of all other components coupled with the
chosen driving technique, dictated the implementation of the motion planning algorithm.
Since it glues all the other components together and ultimately decides what the control
system and thus the robot should do, it had to make use of the other subsystems in a way that
was compatible with their interfaces.
Control loop design
Due to the problems encountered during the investigation of driving techniques, we ultimately
concluded that we would have to implement a controller with a feedback loop to regulate both
linear and angular movement. Since we had already investigated the use of a constant control
signal, we realized that the corrective action had to be proportional to the error that we were
trying to minimize. By implementing a PID controller which would take the angle error as
input, we could achieve finer control over the movement of our robot. This could serve as a
method for dynamically finding the appropriate amount of corrective action for the robot to
take in order to minimize the angle error.
Extensibility
We made an effort to implement the ability to dynamically calculate a trajectory towards the
goal. We designed a guidance system which was inspired by the concepts behavior state
machine and hybrid automation. This means that the system is structured such that it can be
programmed with several different driving behaviors, which are used in conjunction with a
supervising state machine. The behaviors are encapsulated in abstractions that we refer to as
guides. The guides take as a parameter the current goal point of the robot. The reason for this
is that the goal point is necessary to calculate what trajectory the robot needs to follow.
Moreover, the calculated trajectory must move the robot towards the goal using the behavior
that the guide represents. A behavior state machine supervises the state of the robot to select
the behavior (guide) to be used based on certain conditions.
An added benefit of choosing to implement this system is extensibility. Since the logic of the
driving behavior is contained in the guides, it is possible to extend the capabilities of the
system by implementing new guides. A benefit of using hybrid automation is that it is
relatively easy to extend the capabilities of the navigation system. Furthermore, this can be
done without the need to modify existing code. More about the guidance system can be found
in section 4.5.
We also decided to implement a path planning module for management of travel paths. There
were several reasons for implementing this module. One of them was to facilitate greater
control over the travel path than would have been possible with just a set of hardcoded
coordinates. Another reason for implementing it this way was to provide a faster and easier
way to manage paths. The idea was to store paths in a human readable format, which could be
modified and easily serialized and deserialized. This allows not only for more rapid testing
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using different paths, but it also provides opportunities for system extensions such as a
companion graphical path creation program which writes the user-created path to file that is
compatible with the format of our path descriptions. Thus allowing our system to read it and
deserialize it and then execute it.

4.2 Overview
The navigation system consists of a set of components which have been integrated into the
system described by Zaharans in [10]. The components are:
Motion planning algorithm: This is responsible for deciding what action the robot should
take.
Control system: This system regulates and issues the control signals for the robot actuators.
Guidance system: This system directs the robot towards its goal by monitoring its position.
Path planner: A module which is used to manage the path that the robot is on.
These components interact with each other to drive the robot to the desired location. The
interaction of these components is illustrated in Figure 4.1, where data flow within the system
is illustrated.
The data flow starts with the motion planning algorithm, which requests a goal point from the
path planner. This point is used to calculate the distance between the robot and the current
goal. The goal point is then sent to the guidance system which calculates the offset in angle
between the current heading angle of the robot and the desired heading (to face the goal). This
angle error is then retrieved by the motion planning algorithm and used to determine the next
action of the robot. The angle error is also forwarded to the control system, where it is used
along with the selected robot action to generate and issue the appropriate control signals that
steer the robot to the goal.
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Figure 4.1: The interaction of the major components in the system and the data flow between them.

4.3 Orientation Estimation
Initially, the system was reliant on RFID and odometer based localization for determining the
orientation of the robot. This meant that the robot had to drive around for some time before
the localization system was able to make a reasonable estimate of the robot pose. Until this
time, the heading angle would have a random value and the robot could not properly follow
the desired path. This made the process of evaluating the angle seeking behavior in isolation
difficult. Moreover, being reliant on movement for heading estimation also meant that the
initial heading angle of the robot would not be consistent between system runs. Therefore, the
robot would have to be manually placed with a specific orientation prior the system being
started.
To alleviate the problems described in the previous paragraph, a compass (magnetometer) was
connected to the robot platform through a serial interface. To take advantage of this in our
system, a couple of significant changes were made to the software. Due to these
modifications, sensor readings are requested from the compass as soon as it has been fully
initialized. Furthermore, the particle system has also been modified to initialize the heading of
all particles using the aforementioned sensor readings from the compass. Prior to this
modification in the particle system, each particle would be initialized with a random heading
angle. With this modification, the system initializes the heading of all particles with the same
deterministic heading angle. After the heading has been initialized, the system starts using
RFID and odometry readings to augment the compass based orientation estimation.
The aforementioned changes result in the robot acquiring a heading angle which corresponds
to its real-world orientation when the system starts. Furthermore, this eliminates the need to
let the robot drive around until the system has found its heading, which is essential for driving
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in dynamic environments. This also means that the robot no longer has to be placed in a
specific orientation before running the system.

4.4 Motion Planning Algorithm
The purpose of the motion planning algorithm is to determine which state the navigation
system is in and then decide what logical action the robot should take next. The state of the
system in this context refers to the information which pertains to the mission of the navigation
system. This includes the current position of the robot, its distance to the current goal and
whether the goal has been reached. This information is used to decide whether the robot
should e.g. turn, drive straight or drive while turning. This algorithm is a reimplementation of
the navigation task as shown in Algorithm 4.2 in [10].
As shown in Algorithm 4.1, the motion planning algorithm starts by calculating a vector from
the current position of the robot to its current goal. The vector is then used to determine how
far away the goal is. In case the robot is within a certain distance from the goal, then that goal
has been reached and the next node in its path becomes the new goal.
As long as the current goal has not been reached, the algorithm will keep directing the robot
toward the goal. To do this, we first determine what state the robot is currently in to invoke
the desired guidance behavior. By doing that, we can then calculate the difference in the
robot’scurrentheadingandthedesiredheading.Thisisthengivenasinputto the controller.
If the angle error exceeds a certain threshold then the robot has to correct its heading.
Depending on whether the error is large or not (based on another threshold), the robot will
either make a sharp turn or it will drive while turning towards the correct direction. If the
angle error is not large enough for corrective action to be taken, i.e. it does not cross the error
threshold then it will be instructed to move straight ahead since no course correction is
necessary. This should result in the robot following the path stored in the guidance system.
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Algorithm 4.1: Pseudocode for the motion planning algorithm.

4.5 Control System
The control system consists of a proportional controller and a function which is implemented
in the robot’s control task (see section 2.3.2). The purpose of the control system is to properly
regulate and manipulate the signal to the robot’smotors in order to steer the robot correctly.
This is to maintain vehicle stability while it is driving. The control function sends commands
to the robot’smotors and it relies on both the controller and the motion planning algorithm to
be able to issue the appropriate commands. The controller is used to regulate both linear and
the angular velocity of the robot.
The control function is a modified implementation of the control task developed by Zaharans
[10]. It differs from the original implementation of the task only in execution of a movement
action, where a command to drive the robot is sent to the robot through the OIS. Depending
on which move has been selected by the motion planning algorithm,the“drive”-command
can be issued with different arguments. In the original implementation, a constant
translational velocity and angular velocity is used based on which move is to be performed. In
our version of the algorithm, the translational velocity is changed dynamically by the
controller. Moreover, the angular velocity is also dynamically adjusted, should the robot drive
and turn at the same as opposed to turning in place. Since the two velocities are regulated by
the controller, their values are proportional to the angle error calculated in the motion
planning algorithm.
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The controller implemented for this system is based on a PID controller. During development
a control scheme using on-off control was tested in addition to the one with PID control. The
PID controller was chosen since on-off control did not allow for stable control of the robot.
This kept the robot from reliably reaching its goal. The PID controller has been adapted to
account for several process variables i.e. it controls several variables. This means that it uses
proportional, integral and derivative gain to control the process variables. The pseudocode for
the implementation of this controller is shown in Algorithm 4.2. Lines 12-13 calculate the
final output for both the linear and angular velocity using Equation 3.1. Finally these are
stored in lines 15-16 for use by the control task.

Algorithm 4.2: Pseudocode for the PID controller.

The PID controller parameters were tuned manually. All three parameters were initially set to
zero. Then, the proportional gains were increased until oscillations were observed in the
output of the control loop. At this point the values were decreased to values with which the
loop output did not oscillate. The integral gain was then increased until the system had time to
correct offset in the output. Then the derivative gain was increased until the loop started to
move towards target point more quickly.

4.6 Guidance System
The guidance system is concerned with directing the robot towards the goal. It makes use of
something we will refer to as guides to determine how to guide the robot. A guide is a
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component of the guidance system which has the task of calculating a heading vector
representing the desired heading for the robot, given a goal point. Depending on the desired
driving behavior, the vector can be calculated differently and this could be achieved by
implementing different guides. The guidance system uses the heading vector once it has been
calculated by the active guide. The vector is used to calculate the difference in angle from the
robot’scurrentheading to the angle of the desired heading i.e. the heading angle error. Figure
4.2 visualizes the aforementioned data. The angle error is essential to both the motion
planning algorithm and the controller as they both try to minimize it. Another way the
functionality of the guidance system could be described is that it determines the trajectory
fromtherobot’scurrentpositiontothedesiredtarget.

Vech

G: (Goalx, Goaly)

dα

Vecg

αg αr

0

R: (Robotx, Roboty, αr)
Figure 4.2: The function of the guidance system. Given the position of a goal point G and the current robot pose R, the
system determines the desired heading vector Vecg and angle αg. The desired heading vector and the current heading
vector (Vech) are then used to calculate the heading angle error dα.

The pseudocode for calculation of heading angle and angle error is listed in Algorithm 4.3.
Lines 1-3 outline the calculation of the robot heading vector, provided by the guide we used.
This is used by the motion planning algorithm and these lines correspond to line 4 in
Algorithm 4.1. Lines 4-7 calculate the difference in the heading direction of the robot and the
direction towards the goal (i.e. desired direction). These lines correspond to line 5 in
Algorithm 4.1. The function angle_from_vector at line 5 of the algorithm below uses equation
4.1 to calculate a heading angle from a unit vector.

Algorithm 4.3: Pseudocode for the calculations performed in the guidance system.
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Equation4.1shownbelowisusedtocalculateaheadingangleintherange[0,2π],givena
two-dimensional heading vector. This is necessary in order to have the same reference of realworld orientation for the robot heading and the desired angle to the goal. In other words, it is
used to keep the robot heading and the desired heading consistent with respect to real-world
orientation. Without it, the value of the angle error may not be calculated correctly.

( )
( )
(

)

( )

(4.1)
⁄
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{

The guide used for this thesis directs the robot directly towards the goal and assumes there are
no obstacles in the environment. It calculates a heading vector that points from the current
robot position towards the current goal. It is possible to use another guide which would for
example direct the robot to follow the closest wall instead. Another possibility would be to
extend the navigation with obstacle avoidance. These behaviors would require implementing
guides which perform the necessary calculations and have the data to achieve the desired
behavior. The appropriate guide would then have to be selected by the state machine inside
the motion planning algorithm based on some conditions.

4.7 Path Planner
The path planner has the responsibility of producing and supplying the robot with a path. A
path consists of a set of points in the environment. The motion planning algorithm queries
these points from the path planner and uses them as goals which it instructs the robot to drive
to. By going through each of these goal points sequentially and having the robot reach them, it
eventually navigates through the desired path.
The path planner used for this thesis loads a path description from a file, which contains all
the points that make up the path. The points are deserialized (i.e. data is extracted from a
stored format in the file and reconstructed in the program) sequentially and they are also
stored sequentially. Thus, by using this path planner the motion planning algorithm will drive
to the points specified in the path description file in the same order they are listed. In the path
description file there is also an entry which is used to determine whether the path should be
open or closed. An open path will be traversed only once by the robot (i.e. one lap of the
path), whereas a closed path will be traversed repeatedly until the robot is stopped. This
functionality is intended to enable studying the robot behavior over time.
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5

Performance Evaluation

 In this chapter, our evaluation method is described and motivated. Then, our results in
terms of dimensionality and smoothness are presented.

5.1 Choice of Evaluation Method
The choice of evaluation method was largely dictated by the intended application of the
system. Since it is intended to be used for demonstration purposes, we aimed to design tests
geared towards evaluating properties that are important for demonstration. For this reason we
chose to focus on dimensional accuracy and smoothness of trajectory execution as the key
qualities. Dimensional accuracy is the measure of variability (with respect to a given target) in
dimensional properties such as time and space. This refers to metrics such as travel time and
travel distance. Smoothness of trajectory execution is a measure of undesired changes made in
the executed trajectory. This refers to the number of course corrections made by the robot
during execution. Both of these properties are related to trajectory execution, which is why we
chose to conduct tests where trajectory execution would be the main task for our system. This
is also why we chose performance metrics and criteria that are largely related to how the robot
drives through the selected path.
Aside from the chosen evaluation tests, we considered conducting tests which would evaluate
other characteristics of the system. One example of this would be to measure how accurately
the robot could find and retain the desired heading. This would be tested by measuring the
greatest error in heading angle made by the system during a given period of time. Although,
this would have given an indication of how accurately the system could drive the robot in a
specific direction, it would not have given clear insight into how well it would perform at the
actual navigation task. Since the purpose of the system is to complete a navigation task, it is
also the most important ability to test.

5.2 Evaluation Setup
In order to evaluate the performance of our navigation system we created an evaluation setup
using one robot and a projector. The projector was used to visualize the path that the robot
had been tasked with navigating. A graphical monitoring application developed by Zaharans
[10], was used to control the robot during the tests.
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Robot Setup

The robot setup for evaluation was the same setup that we used during the latter part of
development and it consists of the equipment described below.







5.2.2

iRobot Create robot.
An Acer Aspire One netbook PC mounted on the top of the robot:
CPU: Atom N2600 - 2 cores @ 1.6 GHz
RAM: 1GB DDR3 @ 1066MHz
OS: Ubuntu 12.04 LTS
A Parallax USB powered RFID Reader mounted underneath the robot. The reader
supports 125 kHz tags with EM41000 encoding, a USB connection for virtual serial
port communication with 2400 (bits per second) baud rate and a 6.3 ± 10% cm reading
distance.
Arduino Nano with Adafruit LSM303DLHC Triple-axis accelerometer +
magnetometer (compass) module
Cables, USB hub and serial-USB adapter

Visualization Setup

To visualize the path of the robot, a projector was installed and a visualization application was
developed. The projector used was an Optoma EH200ST with a 0.49:1 throw ratio, which was
mounted vertically on the ceiling. It was used to project an image onto an area on the floor
that the robot drives on. This projection would visualize the location of RFID tags and the
path that the robot is has been programmed to follow.
The visualization application is built with processing.js which is a JavaScript port of
Processing, a programming language for visualization applications. This allows us to execute
the application within a web browser.
5.2.3

Test Area and Path

For evaluation we used the area where the search and rescue system is used. This is a 610 x
412 centimeter closed area, where 320 RFID tags were installed in triangular pattern on the
floor and covered with plywood plates [10]. Our system was evaluated in part of this area
(illustrated in Figure 5.1), which was 453x259 centimeters and had 194 tags allocated. The
entire operating area was not used for evaluation despite of it being accessible. The reason for
that is that the size used for evaluation, is roughly the size of the largest projection area that
the projector could produce from its position on the ceiling.
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Figure 5.1: Test area and setup used during evaluation. Green circles indicate RFID localization tags.

The path that the robot was instructed to follow is illustrated in Figure 5.2. A simple path,
consisting of five control points was chosen to determine whether the robot would be able to
perform basic navigation tasks. The black borders in the figure represent roads with a single
lane, which the robot has to drive on. The projected width of the lanes is roughly 1 meter.

Figure 5.2: The test path that the robot was tasked to follow during our evaluation. The circles indicate the control points
in the path. The triangles indicate which direction the robot is supposed to drive after each point.

5.3 Evaluation Tests
To assess how the system performs in terms of dimensionality (i.e. spatially and temporally),
we used the metrics outlined in the previous section. In order to determine whether the system
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performs well enough to be used in a demonstration system in the future, we setup a path that
the robot had to follow. This path was projected on to the test area using the projector. To
determine whether the performance was consistently satisfactory, we had the robot run
through the path fifteen times. During these test runs we conducted measurements to collect
data that could be used to determine whether the robot fulfilled the chosen performance
criteria.
Several measurement methods were used to retrieve the evaluation results. Some of these
were done programmatically within the robot software and some measurements were
conducted manually using timers and tape measure. The travel time was determined by
starting a timer at the beginning of a test run and letting it run until the last goal point of that
traveled path had been reached. The greatest deviation for each test run was measured both
manually and programmatically. The manual measurements consisted of observing the robot
as it navigated a path, while marking and measuring significant deviations with tape measure
as well as making note of the greatest deviation. The automated measurement of deviation
relies on the localization system to find the robot position estimation (generated during a test)
that was the furthest from the optimal path.
Measurements for traveled distance and course corrections were detected by the robot sensors
and processed in software. Data about the ability of the robot to stay within its lane was
collected through simple observation. This is where our visualization tools proved useful
since it made some events, such as the robot leaving its lane easy to observe with visualization
of an artificial lane.

5.4 Performance Metrics
There are several metrics that can be used to evaluate the performance of an autonomous
navigation system. However in order to indicate the quality of the whole system, several of
them must be combined since none of them can quantify all aspects of the system. The
metrics that were used to evaluate the system can be classified in two different categories,
dimension and smoothness metrics as defined by Ceballos et al. [17]. Dimension metrics
consider the trajectory towards the goal in its spatial and temporal dimensions. Smoothness
metrics evaluate the smoothness of the executed trajectory.
5.4.1

Dimension Metrics

Time: The time taken for the robot to accomplish a mission i.e. navigate through the path.
Path length: Distance traveled by the robot from the start point to the goal.
Greatest deviation from desired trajectory: The largest measured spatial deviation from the
desired path described by the path planner. Figure 5.3 illustrates how this metric is used and
what measure the greatest deviation refers to. As shown in the figure, the greatest deviation is
the greatest distance between a point on the traveled path and the straight path between two
points.
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Figure 5.3: Illustration showing what the greatest deviation measures. The distance called Lmax in the figure below
illustrates an example of the greatest deviation for the path traveled (red curve) between points A and B.

5.4.2

Smoothness Metrics

Smoothness of curvature: Number of significant corrections made to the trajectory of the
robot. A significant course correction is whenever the robot makes a correction to its heading
by at least 20 degrees. The selected threshold of 20 degrees was found empirically. The
problem with setting this value too low is that such small course corrections may not be
reliably detected by the sensors used to measure angle change. This is due to limitations in
sensor precision. In contrast, if the value is set too high, then the number of detected course
corrections will be lower. This may not accurately reflect the performance of the system with
respect to smoothness. Figure 5.4 illustrates how course corrections affect the smoothness of
the trajectory curvature. The figure shows that when the number of course corrections
increases, the shape of the traveled path becomes less smooth and more akin to saw tooth
shape.
EX 1.

3

1

A

B
2

4

EX 2.
2
1
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B

Figure 5.4: Illustration of how course corrections decrease the smoothness of trajectory curvature. The blue circles
indicate the pose of the robot at various points in time between points A and B. Each blue circle also indicates a course
correction. The blue arrows indicate how much the robot has turned and the red lines illustrate the traveled path of the
robot.

5.5 Performance Criteria
The performance criteria are the requirements that we have set for the system based on the
performance metrics that were chosen. As such, they are used to determine whether the
system performance is acceptable. Like the metrics in the previous section, we categorize
these in terms of dimensionality and smoothness.
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Dimension Criteria

The performance criteria we set for dimensionality are described below:


The time taken to complete a lap of the course does not exceed 30 seconds per control
point on average. Consequently, for our test course which has five control points, the
robot should be able to do it in two and a half minutes or less.



The robot can keep itself within the confines of a lane which is one meter wide. This
relates to both the requirements on the distance which the robot travels and how
smoothly it is able to follow the trajectory it has been given. Thus it cannot diverge
more than 35 centimeters on average from the intended path. This is based on the
diameter of the robot which is roughly 35 centimeters and that regular roads can be
roughly three times as wide as an average car in Sweden (~two meters in width) [18].
Thus, the width of our path which represents the road in our system should be roughly
35*3≈100centimeterswide.Thisallowsfor(100/2)– (35/2) = 50 – 17.5≈33
centimeters deviation on average.



The distance traveled by the robot should not exceed the length of the intended path
by more than 5 meters on average. Since the length of our path is roughly 10.1
meters, our robot should travel roughly 15.1 meters at most. This criterion is based on
the path length metric, which measures the traveled distance. There is a direct
relationship between travel distance and travel time. The reason for including this
criterion is because it gives us an estimate of how closely the robot has followed the
path, unlike any of the other criteria. Travel time measures how long it took for the
robot to finish a path, but does not necessarily indicate anything about why it took
that long. The greatest deviation tells us about how far away from the intended path
the robot has traveled at most (i.e. the greatest error). However, it does not give an
indication of the extent of the deviation overall, throughout the test run.

5.5.2

Smoothness Criteria

To assess the performance in terms of navigation smoothness, we used smoothness of
curvature as the metric. Therefore, we counted the number of times that the robot determined
that it needed to make a significant course correction. We set requirement for this to be at
most three times the amount of control points in the path on average. Since there are five
control points in our path, there should be 15 course corrections or less for this path. As
shown in Table 5.1, the average number of course corrections is 12.

5.6 Results
The results of the tests are summarized in Table 5.1, which tells us the time taken to complete
a lap, traveled distance, the largest deviation and how many course corrections were made
respectively for all fifteen test runs. Additionaly the rightmost column which documents
whether the robot was outside the confines the lane.
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TEST #

TIME

DISTANCE (cm) MAX. DEVIATION (cm) CORRECTIONS OUTSIDE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

01:24:26

1259

35

11

01:39:39

1304

25

11

01:43:37

1511

15

12

01:42:42

1435

10

13

01:29:53

1443

25

13

01:40:28

1293

35

14

01:31:05

1226

35

13

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

01:42:01

1469

50

13

TRUE

01:32:08

1388

20

12

01:53:22

1378

30

10

FALSE
FALSE

01:39:39

1257

40

12

TRUE

01:45:12

1440

35

13

01:27:54

1470

25

13

FALSE
FALSE

01:45:01

1183

60

13

TRUE

01:44:37

1477

35

11

FALSE

AVERAGE

01:38:47

1369

32

12

Table 5.1: Listing of the measurement results from the evaluation tests.

As shown in the table, the time taken to complete the laps was consistently lower than two
minutes with an average completion time of roughly 1 minute and 39 seconds. There were
three tests where the robot did not manage to keep itself within the lane. The average
deviation was 32 centimeters. However, in 8 out of 15 tests the robot deviated more than the
required average of 33 centimeters. It should also be noted that the results for the greatest
deviation have been round to the nearest five. This is due to the measurement tools used to
measure greatest deviation not being able provide accuracy of a single centimeter. Lastly, the
average traveled distance for this path is ~13.7 meters with the robot traveling more than 15.1
meters once.
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6

Discussion

 In this chapter, we analyze our evaluation results and make an analysis of the methods
used in this thesis.

6.1 Evaluation Results
Upon inspection, our results bring up several topics of discussion. Results for dimensionality
tests show that the robot deviated roughly 32 centimeters on average at most from its intended
path. This seems good considering that one of our criteria was that the average deviation did
not exceed 33 centimeters. However, as previously stated there were 8 tests where it was
exceeded. There were also three out of fifteen test runs where the robot did not manage to
keep itself within the lane. Table 5.1, shows that these three test runs were also the runs where
the largest deviation was greater than 35 centimeters. In the case where the largest deviation
was 35 centimeters, the robot did manage to stay within its lane and this does not coincide
with our calculations in the previous chapter. We had estimated that staying within the lane
would allow for no deviation greater than 33 centimeters. However, this observation may be
due to the fact that the width of the projected lane was not exactly one meter (see section
5.2.3).
The observations described above indicate that, although the system fulfills the performance
criteria we had set, there is a lack of reliability. In three out of fifteen tests the robot deviated
more than it was allowed to and drove off the lane. This corresponds to 20% of the test runs.
The significance of this depends largely on specifically what purpose the system is going to
be used for. For some applications such as presenting simple demonstrations this may be
acceptable and for others such as detailed studies it may not. This must therefore be decided
by the user on a case-by-case basis.
There could be several contributing factors to controller stability and reliability. As described
in section 3.2.2 of chapter 3, there are three gain constants that affect the behavior of the
controller. The values for these should be selected appropriately for the controller to behave
optimally. As previously stated (in section 3.2.2), the integral gain is used to move the control
variable towards the target. It is therefore possible that the integral gain is too low in our case.
This means that the overshoot caused by the proportional action creating an offset in the value
of the control variable that is not evened out quickly enough. The integral term responds to
errors from the past. If those errors are not always corrected quickly enough, it would cause
the system performance to be subpar at times. Another possibility is that our high sampling
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rate (we execute the controller very frequently) may have introduced noise into our derivative
term leading to unreliable or incorrect predictions. In turn this would cause inappropriate
derivative action to be taken. This issue is also discussed by Wescott [15].
It should be noted that the performance of our system is reliant upon the behavior and the
accuracy of the localization system in use. Since the pose of the robot is used to calculate a
trajectory, the quality of the calculated trajectory in terms of correctness is affected by the
accuracy of the pose estimation. At the beginning of the project, the system had no way of
correctly determining the heading angle of the robot in a consistent manner unless a compass
was used. Without a compass integrated into the system, the robot would have to drive around
the test area first. It could then use the direction of its movement to determine heading since it
relied on the RFID localization for estimating its heading. It was not until the localization
system had made a good estimation of the robot pose that the robot could follow its goal.
The performance of our system is also affected by how the pose of the robot changes. Assume
there is an external factor causing incorrect sensor readings. This could cause dramatic
changes in the estimated pose. We experienced this while integrating the magnetometer
(compass) module into our system. The module would give incorrect sensor readings in parts
of the test area. We believe this was caused by an electromagnetic field created by the array of
RFID tags in our test area. Since a magnetometer relies on attractive properties of magnetic
fields, it may also be affected by electrical current. This may lead to incorrect sensor readings
that may change unexpectedly whenever there is a strong electrical current or magnetic field
near the sensor. A property like this could make future bugs in the system difficult to find due
to the occluded nature of its cause. Similarly, introduction of noise into the localization
system could cause the robot to turn in the wrong direction and deviate from the desired
trajectory.

6.2 Methodology and Evaluation Method
There are a number of pitfalls with the approach presented in this thesis. The most important
shortcoming lies within the PID controller. Due to time constraints, the controller that was
used was not optimally tuned and it could have benefited from more testing. The approach
taken for loop tuning was one of manual trial and error. Since the time allocated for the
project was so restricted there was not enough time to find the optimal values for the
controller parameters (proportional, integral and derivative gain) by trial and error. This could
be the cause of the reliability problems described in the previous section.
As described in section 3.2.2 and the previous section, choosing inappropriate values for the
aforementioned parameters could result in stability problems. An alternative approach would
be to automatically tune the controller. This might have yielded better results given our time
constraints. However, additional code would have been required to perform this tuning.
Implementing such features would have also required further research. Because of this, the
choice was made to continue with the next component of the system after an attempt to
manually tune the controller.
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Due to the setup for the evaluation and the test area being tailored to a specific environment,
namely the lab, some aspects of the evaluation setup might be difficult to replicate in a
different environment. Moreover, there are several properties of the lab environment and the
setup that we used which can affect the results of an evaluation similar to ours. Given more
time it would have been beneficial to plan the evaluation method further before executing it.
This could have resulted in a more accurate and systematic evaluation which in turn could
have been easier to replicate.
One potential drawback with our evaluation is that the measurement methods used do not
offer great accuracy. However, they were used despite of this because they required little to
no preparation to use. Furthermore, we deemed their accuracy acceptable since we only
needed a rough estimation of the system performance. Having stated this, a potential
drawback lies with the difficulty of replicating our results due to the volatility of measurement
results.
As for the validity of the evaluation, we chose metrics that closely resembled those used by
others who have done similar work. Their purpose has been explained and their use has been
justified in section 5.3. We explained that we intended to measure the smoothness as well as
the dimensional quality of the trajectory execution in the system. There were alternative
metrics that were considered for measuring smoothness. One of the particularly interesting
ones was sum of the curvature of the executed trajectory. This is also referred to as bending
energy by Aguirre et al. in [19]. This was not used due to ambiguity in definition and methods
for measuring as well as applying this metric. Thus, it was difficult to reliably make use of it
practice.

6.3 Ethical and Societal Implications
The ethical and societal implications of our work are dependent mainly on the application of
our system. A system such as ours is intended to be used for demonstration purposes and to
aid in studies in the area of vehicular applications. Thus, there is a possibility that it could
have an impact on conclusions drawn about traffic safety in certain situations. If these
conclusions were to be perceived as credible by some organization or by a group of people,
they could potentially have an impact on traffic safety rules and policies. In extension, this
could affect the lives of many people in urban areas. This stresses the importance of accuracy
and reliability of such systems. As such, it is important that they be subjected to rigorous
testing and quality assurance before they are employed in professional studies that may have a
scientific impact. This this also has the benefit of informing developers of the capabilities of
their systems.
For developers of performance-critical systems, there is a responsibility to inform potential
users of the limitations of their systems. Ideally, all such systems would be optimal. Since no
engineered system is perfect, the most ethically sound action is to provide the users with
enough information to use such systems responsibly. For developers this requires complete
honesty about the capabilities of their systems combined with the delivery of proper system
documentation.
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6.4 Source Criticism
An attempt was made to use references consisting largely of scientific articles and books. The
reason for this is that we wanted to retrieve information from credible sources. When
choosing sources which are also published works, whether it is in a scientific journal or by a
book publisher, there is relatively little uncertainty about the legitimacy of its authors. No
person without the relevant credentials would have their work published in a scientific
journal. However, some webpages were used and in such cases they were only used where we
were certain that the information was correct. Specifically they were used for technical
specifications written by the developers of the described system. They were also used to find
and define terminology.

7 C o n c l u s i o n s a n d F u t u r e W o r k
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Conclusions and Future Work

 In this chapter, we summarize the insights obtained during this thesis and we suggest
future work for improvements.

7.1 Conclusions
We set out to create an autonomous navigation system with mobile robots to be used in a
future demonstration system for cooperative vehicular applications. Passive RFID was used as
a means to localize the robots and the trajectory was calculated based on that. A PID
controller was implemented to regulate velocity of translational movement and angular
movement. These techniques were used in combination to achieve autonomous movement
through a user-defined path.
Evaluation of the system performance showed that the system manages to perform well
enough for a majority of the time. However, there are cases where the system performance
might not be satisfactory. As we stated in the previous chapter, this might be due to instability
caused by a control loop that is not completely optimized.
Although our navigation system is not without its problems, we have investigated the problem
at hand. Our results show that the navigation system can perform well. From this we have
drawn the conclusion that, the possibility of using it for what we want does exist. Thus we
believe that a system such as the one we have presented in this report could be used in a
demonstration system. However, this might require additional work depending on the
application.

7.2 Future work
A natural place to continue the work described in this report is by continuing the development
of a demonstration system. One way to do this is by implementing inter-vehicle
communication enabled by a network of robots. From there one could improve upon the
existing components of our system to allow for robots to adjust navigation behavior based on
incoming messages from the network. This would essentially be a distributed network of
mobile robots communicating to coordinate their navigation in an indoor area.
As discussed in the previous chapter there are also problems found in the current
implementation. One of these problems was found within the control system. Since much the
control behavior is determined by the PID controller we used, the entire system would benefit
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from improving upon the controller. One way to do this would be to investigate how to most
appropriately tune it.
It could also prove to be insightful to investigate whether better results can be achieved by
incorporating making extensive use of an IMU (inertial measurement unit) into the system.
An IMU is a device which uses a combination of magnetometers (compasses),
accelerometers, gyroscopes to measure orientation, velocity and change in orientation
respectively. This makes it possible to estimate a position using measurements from all units,
granted there is a known environment map.
By equipping the robots with an IMU and using the gyroscope in the unit instead of a
magnetometer, one could potentially see benefits in the estimation of heading angle. As stated
in section 6.1, our compass was affected by a magnetic field. This is what forced us to restrict
our use of the compass to initialization of the robot heading angle. If a gyroscope had been
used this would not have been a problem. Moreover, the sensor could have been used to
provide the particle filter with more data for more accurate pose estimation. Furthermore, an
accelerometer which is also usually found in an IMU could be used in combination with other
sensors to collect travel information. This could be useful when extending the software to
support communication and cooperation between robots.
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Glossary

Glossary
Abbreviations
RFID
RTSLAB
PID
WSN
V2V
V2I
UART
OIS

Radio-frequency identification
Real-Time system Laboratory
Proportional–Integral–Derivative
Wireless sensor network
Vehicle to Vehicle
Vehicle to Infrastructure
Universal asynchronous receiver/transmitter
Open Interface

Definitions
Guidance system
A system that continuously monitors a vehicle and provides it with navigation data. [20]
Control system
A system that regulates a single or a set of control variables to conform to a prescribed behavior. [21]
Motion planning algorithm
An algorithm that converts high-level tasks to discrete low-level motions that satisfy the movement
constraints of a system. It can also refer to an algorithm that constructs inputs to a dynamical system
that drives the system from an initial state to a goal. [22]
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