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Abstract

Navigation techniques are of a paramount importance in the field of mobile robotics.
They are employed in many contexts in indoor and outdoor environments such as deliver-
ing payloads in a dynamic environment, building safety, security, building measurement,
research, and driving on highways. Skilled navigation in mobile robotics usually requires
solving two problems, determining the position of the robot, and selecting a motion con-
trol strategy. Moreover, when no prior knowledge of the environment is available, the
problem becomes even more difficult, as the robot has to build a map of its surroundings
as it moves. These three tasks ought to be solved in conjunction, since they depend on
each other.

This dissertation explores the design of a cost-effective and modular navigation method
for mobile robots. In particular, we will look at the process of navigating a mobile robot
using the emerging RFID technology. A successful realization of this process has been
addressed with two separate navigation modules. Each module presents a separate nav-
igation algorithm for a mobile robot. In the first module, a customized RFID reader is
mounted on the robot. The information provided by the reader will then be used for
navigation. On the contrary, in the second module, custom-made RFID tags are at-
tached at different locations in the navigation environment (on the ceiling of a building,
posts, for instance). The position of the mobile robot is then determined based on the
information provided by the tags in the robot’s operating region. The angle between the
robot’s current direction and the target tag is used to provide actions to the actuators.
In both modules, the algorithms take advantage of using analogue features of the RFID
system instead of relying only on the binary tag number which conventional RFID-driven
applications depend on.

ii
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Chapter 1
Introduction

Manufacturers of outdoor working machines have gradually become interested in au-
tonomous mobile robots. The autonomous robotic vehicles are capable of performing
desired tasks in unstructured, uncertain and potentially hostile environments. They can
navigate autonomously without human intervention. Current autonomous robots adhere
to different levels of autonomy as defined by the existing technology limitations and the
sensors used. Important operational characteristics of an autonomous vehicle include
Perceptibn, Intelligence, and Action [24]):

Perception: The process of acquiring knowledge about the environment and itself. This
is done by collecting measurements from all sensing devices and extract information that
can be used for later tasks such as localization, path planning, collision avoidance, and
navigation.

Intelligence: Activities for a certain amount of time period without any human inter-
vention. This is associated with the learning and inference capabilities. The autonomous
vehicle should be able to adapt itself with the environment.

Action: Travel from point A to point B. The robot should utilize the predefined and
acquired knowledge to move in dynamic environments without involving humans in the
navigation loop.

In robotics, autonomy is mainly associated with navigation issues. From a concep-
tual point of view, autonomous mobile robot navigation can be achieved via continuous
interaction among perception, intelligence, and action.



1.1 Motivation

Navigation is a central component in any autonomous mobile robotic system. Nowadays,
mobile robot navigation has claimed the attention of numerous researchers. In spite of the
large body of research works and the significant advances in this field, researchers are yet
to reach a comfortable level of satisfaction. Most of the navigation algorithms proposed
in the literature to date are either tailored towards particular structured environments
or driven by an overwhelming degree of computational complexity [43]. In some cases,
the hardware needed to implement the navigation algorithms is even more costly than
the robot itself. This makes the practical realization of such algorithms in most real-life
robotic systems questionable.

The design and implementation of an efficient navigation algorithm that ensures full
autonomy with high precision is a challenging task. This requires designing an efficient
sensor network, reliable obstacle avoidance strategy, and a motion planner. Typically,
wheeled mobile robots operate in environments that are either partially or completely
unknown. Often the environment changes with time in an unknown manner; hence, a
navigation system that can enable the robot to autonomously navigate in these working

environments is well motivated.

1.2 Thesis Objectives and Contributions

The main goal of this research is to investigate the use of RFID technology for the devel-
opment of a modular, cost-effective and computationally inexpensive autonomous robot
navigation system. For that, two different mobile robot navigation algorithms are pro-
posed in this work using customized features of RFID technology. These algorithms are
developed under two separate navigation modules. The first method relies on mounting
RFID tags on the ceiling of the robot’s workspace. The tags are used to define the desired
trajectory of the robot. The aim of the navigation algorithm is then to make the robot
navigate along the virtual lines linking the orthogonal projection points of the tags on
the ground. The tag locations may not need to be known to the robot. This method puts
no restrictions on the RFID tags to be used. In fact, any commercially available tag with
sufficiently long communication range can be used here. However, a slight modification
on the RFID reader architecture from that of commercially available reader had to be
made.

In the second navigation module, the number of RFID tags is independent of the path



the robot has to follow. In this case three RFID tags with pre-defined 3-D coordinates
are needed to guide the robot through a path of any complexity provided that the RFID
tags remains within communication range from the reader which is mounted on the
robot. This method is even fault-tolerant in case four or more tags are used. For it to be
realized, any commercially available RFID reader with a sufficient communication range
can be used. However, the tag architecture has to be redesigned to allow for encoding
a few dynamic information within the digital frame that is backscattered to the reader.
Unlike other studies of this kind reported in the literature, there is no restriction on
where the tags should be mounted. For indoor applications, they can be mounted on the
ceiling, whereas in outdoors they can be mounted on posts, for example.

To the best of our knowledge, no navigation techniques to date use RFID technology
for the true real-time navigation (not localization) of mobile robots. It is worth to note
that the current research is the first milestone of a larger project to provide a fully-fledged
practical computationally efficient navigation solution.

It is worth mentioning that several articles have been either published or accepted to
be published stem from this research work [14, 15,33-35,46-48].

1.3 Thesis Outline

The remainder of this thesis is organized as follows. Chapter 2 is devoted to develop a
survey on the state-of-the-art in mobile robot localization and navigation techniques for
wheeled mobile robots. In Chapter 3, we describe the basics of commercially available
RFID systems. Then, we present the two navigation modules for indoor environments
using customized RFID systems. The algorithm proposed in the first module presented
in Chapter 4 is based on customizing the RFID reader mounted on the robot. The second
algorithm is presented in Chapter 5 where the structure of the transponders are modified
to extract some navigation parameters. Finally, we highlight some pros and cons of the
proposed techniques and how they can be further extended and enhanced in Chapter 6.



Chapter 2

Literature Review

2.1 Introduction

In this chapter we examine relevant existing mobile robot navigation techniques proposed
in the state-of-the-art. It is worth mentioning that the subject of navigation covers large
fraction of the research in mobile robotics thus making a comprehensive survey of the
available work is outside the scope of this thesis.

The fundamental idea behind the problem of mobile robot navigation can be explored
taking into account: localization, goal specification, and navigation. Localization is
the problem of determining the own position in a given environment, based on what
can be seen and what information was previously acquired. The goal specification and
navigation are essentially the problems of identifying a particular goal in an environment
and planning a path that results in achieving this goal.

Among the sensors used for mobile robot positioning and navigation are cameras,
range finders using sonar, laser and infrared technology, radar, tactile sensors, compasses,
and GPS. Initially, researchers focused on laser and sonar-based navigation of mobile
robots. Sonars were used as an intelligent sensor. However, since sonars have very
low-bandwidth capabilities, they are subject to noise due to wave scattering. Hence,
the interest was shifted to laser sensors. Although laser sensors have a much higher
bandwidth, they are still subject to noise. Moreover, lasers have a limited field-of-view
unless intricate mechanics such as rotating mirrors are incorporated in the sensor design.
The rest of the sensors can be utilized in some other navigation techniques which also
have several drawbacks in performing accurate navigation in unstructured environment.

The most common and popular navigation techniques suggested in the state of the



art generally fall under one of the following categories: dead-reckoning-based, landmark-
based, vision-based, and behavior-based techniques. Each navigation technique has its
own advantages and disadvantages, although it is difficult to rate them objectively. Some
aspects can be unequivocally compared, such as computational complexity, navigation
accuracy, or the amount of information a priori required for the proper operation of the
algorithm,

Basically, a dead-reckoning navigation system provides position, heading, linear, and
angular velocity of an autonomous mobile robot and it is widely used due to its simplicity
and easy maintenance. The odometer is the most simplistic implementation of dead-
reckoning which provides a position and an orientation of a mobile robot by using onboard
encoder information. The fundamental idea behind this navigation technique is the
integration of incremental motion over time [5]. This navigation method is based on
continuous encoder readings. The problem of this dead-reckoning navigation system is
that small precision errors and sensor drifts inevitably lead to increasing cumulative
errors in the robot’s position and orientation, unless an independent reference is used
periodically to correct the error [39].

Given the shortcomings of dead-reckoning-based navigation, researchers became more
interested in the use of landmark-based navigation systems where landmarks are placed
at various locations in the environment. These landmarks hold some sort of information
which are used by the robot in order to better estimate its position in the environment.
However, a landmark-based navigation strategy relies on identification and subsequent
recognition of distinct features or objects in the environment that may be a priori known
or extracted dynamically. Due to sensors noise and possible dynamic changes of the op-
erating environment, the recognition process of features or objects might become quite
challenging. To resolve these issues, some researchers shifted their interest to vision-based
navigation systems. Vision sensors can have wide field-of-view, can have millisecond sam-
pling rates, and can be easily used for trajectory planning. However, some disadvantages
of vision include lack of depth information, image occlusion, low resolution and the re-
quirement for extensive data interpretation (recognition). Given the advantages and
disadvantages of the various sensors, some initial work targeted the use of data fusion
to merge various sensors to build a map of the environment for mobile robot naviga-
tion [19,54]. To get rid of extensive image processing in vision-based navigation, some
researchers have focused on implementing the navigation algorithm where the emerging
RFID technology is employed to localize (not to navigate) the mobile robot in the en-
vironment [13]. In the RFID-based mobile robot navigation systems, suggested in the



state of the art to date, RFID tags are attached in the environment and an RFID reader
is mounted on the mobile robot. The RFID reader continuously reads the tag IDs from
its operating region and sends them to the robot. The robot makes the decision about
its position based on the tag IDs collected from the surroundings.

As noted above, the literature refers to the navigation problem in conjunction with
the localization problem where the central task is to determine a robot’s position. In
that case, the problem of estimating where objects lie in the environment and the prob-
lem of locating the robot have to be solved in conjunction. Some autonomous robot
navigation problems have also been solved using conventional controllers that depend
on complex mathematical models [3,51,60]. However, the complexity of robot dynamics
makes the design of vehicle control systems using conventional approaches difficult. We

can categorize the research works in the field of mobile robot navigation as shown in

Figure 2.1.
Mobile Robotics
Localization or position estimation Goal Specification Navigation
(Where the robot is ?) (Where the robot should go ?7) (How the robot should get the goal ?)
Dead-reckoning-based Landmark-based Vision-based Behaviour-based Probabilistic-based
navigation navigation navigation navigation navigation

Figure 2.1: Categories of research in the field of mobile robot navigation.

The rest of the chapter is organized as follows. In section 2.2 we present different dead-
reckoning-based navigation techniques. A brief overview of landmark-based techniques
is presented in section 2.3 which also covers some related works based on an RFID
system where RFID tags are utilized as artificial landmarks. Section 2.4 discusses the
work on vision systems, and section 2.5 presents some soft computing techniques used
in several navigation methods. A brief discussion on probabilistic robotics, which is a
new approach for robot localization that was started in the last decade, is presented in
section 2.6. Finally, we highlight some important aspects of these navigation techniques

in section 2.7.



2.2 Dead-reckoning-based Navigation

Dead-reckoning navigation method is a simple mathematical procedure for determining
the current location by knowing the previous position through known odometric informa-
tion and velocity over a given period of time. Most of the dead-reckoning-based mobile
robot navigation algorithms use a combination of odometry, and landmark or vision
systems. In [30], the authors aimed at studying dead-reckoning and visual landmark
recognition as a solution for navigating a vehicle along a predetermined path in forest
environment. In this work, a magnetic compass for heading measurement and ground
speed Doppler radar for distance measurement were chosen to realize dead-reckoning
navigation system. The path in the forest was marked with landmarks which are de-
tected by the camera connected to the computer of the vehicle. The position of the
vehicle is determined based on the position of the detected landmarks. The location of
the vehicle is also calibrated based on the dead-reckoning information and direction of
the landmarks from the vehicle. The fusion of the sensory data from the dead-reckoning
system and the landmark direction system is performed through a Kalman filter algo-
rithm. The Authors in [9] described a strategy and control architecture to allow a mobile
robot to navigate in indoor environments on a planned path. The navigation system of
the mobile robot integrates the position estimation obtained by a vision system with the
position estimated by odometry, using a Kalman filter framework. Obstacle detection is
performed through several ultrasonic sensors. This system is suitable for a structured
or quasi-structured environment and needs a-priori knowledge of the world model. This
priori knowledge is designed by means of a CAD system. A CAD description is provided
to define an initial setup of the world in order to plan the path in advance.

The indoor autonomous goal-based mobile robot navigation using a cooperative strat-
egy of odometry and a novel visual self-localization method is addressed in [53]. The
odometer used in this research is a dead-reckoning sensor which can estimate only rela-
tive motion, so to compute the absolute position of the vehicle. The wheels of the vehicle
were equipped with an encoder to measure as well as to calibrate the vehicle’s relative
position and orientation. The visual self-localization method capitalizes on an excellent
angular resolution of a CCD TV camera mounted on board. The position and orientation
of the vehicle is further calibrated using this standard CCD camera.

A popular dead-reckoning navigation system was developed in [41], where the com-
bination of encoder and gyroscope using an indirect Kalman filter is applied for the
reliable position and heading angle estimation in an autonomous mobile robot naviga-



tion system. In this system, the encoder and gyroscope fusion algorithm using indirect
Kalman filter algorithm requires the preprocessing of the encoder information. At first
a simple encoder based navigation is developed, and then a navigation error mode] is
derived through linear perturbation. The indirect Kalman filter is realized by applying
Kalman filter to the navigation error model. Finally, the indirect Kalman filter feeds
back the error estimates to the main navigation algorithm. A further extension of this
work is proposed in [42] which is based on a differential encoder and a gyroscope, where
an AUTOGYRO (Fiber Optical Gyroscope) was used to measure the angular velocity. In
this research, the encoder errors are calibrated using a gyroscope. The indirect Kalman
filter was adopted for the estimation of encoder systematic errors and gyroscope errors.

The problem of navigation of an autonomous guided vehicle (AGV) was addressed
in [2]. The approach proposed in this navigation system is to fuse the odometry and
the information provided by a vision system. A point-able camera was utilized to come
up with the vision system. The camera is moved in different directions to fix a point
in the environment while the AGV is navigating. The coordinates of the landmark are
not assumed to be a priori known. The camera is responsible for finding the coordinates
of the landmark. The difference of [2] over previous navigation methods is that any
point in the observed scene by the camera can be selected as a landmark and not just
pre-measured point. In this method, the fusion of odometry and camera measurements
is also performed using a Kalman filter.

A more precise navigation system for a 4WS mobile robot is proposed in [18], where
the position and orientation estimation is based on GPS and encoders. The estimator
consists of two Extended Kalman Filters, Runga-Kutta-based dead-reckoning unit and
an Arbitrator, to estimate the position and orientation of the vehicle. An outdoor mo-
bile robot navigation based on DGPS and odometry data fusion was presented in [37]
where the position of the robot is fundamentally determined from odometry information.
The DGPS measurement data is used to calibrate the estimated position obtained from
odometry information. Authors in [32] have proposed a trigonometric method for the
calculation of position and orientation based on odometric information. Their platform
focused only on the localization problem for autonomous mobile robot navigation. This
model was derived to deliver timely and accurate odometric information from measure-
ments of drive wheels’ revolutions and steering angles.

As described above, dead-reckoning-based mobile robot navigation can only provide
good short-term accuracy, since it accumulates position and orientation errors if naviga-
tion is attempted over long distances. Despite these limitations, most of the researchers
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agree that odometry is an important part of mobile robot navigation due to its simplicity.
Alternatively the inevitable accumulating error associated to dead-reckoning, additional

correcting/calibrating methods are necessary.

2.3 Landmark-based Navigation

Basically, landmarks are distinct features that a robot can recognize through its sensors.
Landmarks can have geometric shapes such as rectangles, lines and circles, and may even
include additional information (e.g., in the form of a bar-code). In general, landmarks
have fixed and known positions, relative to which a robot can localize itself. Landmarks
are carefully chosen to be easily identifiable. For example, there must be sufficient
contrast with the background. Before a robot can use landmarks for navigation, the
characteristics of the landmark must be known and stored in the robot’s memory. The
main task in localization is then to recognize the landmarks and to calculate the robot’s
position with respect to them.

Landmark-based navigation is intended to greatly improve robot position estimation
over dead-reckoning by tracking visual features in the environment and using them as
landmarks. This measurement returns bearing to the visual feature only. No a priori
knowledge regarding the position of the landmarks is assumed. Landmark-based navi-
gation can be classified in the following three categories:

e Artificial landmark-based navigation,
e Natural landmark-based navigation, and

e Line navigation

2.3.1 Artificial Landmark-based Navigation

Artificial landmarks are specially designed objects or markers that need to be placed in
the environment with the sole purpose of enabling robot navigation. In recent years, a
significant research has been conducted on robotics that incorporate several sensors and
landmarks (artificial and natural) as navigation media in an operating environment.
Hallmann and Siemiatkowska [16] used a mobile robot B14 to navigate in a partially
known environment. The vehicle is equipped with 16 sonars, 16 infrared sensors, on-

board Pentium computer system, and one gray-scale camera. The map of the robot’s
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environment is represented as grids of cells. Circular shaped landmarks, two vertical
parallel strips and H-shaped landmarks are considered as the artificial landmarks which
help the robot’s self-localization in the environment while navigating. The images of
these artificial landmarks are taken using a gray-scale camera and then some image
processing techniques are applied for the recognition of the landmarks in the environment
for accurate positioning. The path of the mobile robot is determined using a diffusion
method. The indoor mobile robot navigation presented in [62] uses a global ultrasonic
system for locating the robot. The global ultrasonic system consists of four ultrasonic
generators fixed at a priori known positions in the workspace and two receivers mounted
on the mobile robot. An extended Kalman filter is opted to process the sensory data to
locate the robot.

Recently several researchers have developed what is now a highly successful family of
approaches capable of solving the localization problem efficiently: navigation algorithms
based on RFID technology where the reader of the RFID system is mounted on the robot
while the transponders are attached at different locations as artificial landmarks. Khub-
itz et al. presented a navigation system that uses RFID tags as artificial landmarks [26].
The tags’ global position, environment class, environment position, and further optional
data are pre-stored in the tags’ memory. The system also employs a behavior-based
control architecture which enables the robot to reach any landmark within its working
environment through a topological robot positioning approach. The behavior-based con-
trol architecture is specially designed to be able to integrate several positioning sensors
with different accuracies and error categories while enabling the robot to navigate. A new
navigation system in man-made environments, such as hallways, was developed in [58],
where RFID tags are used as artificial landmarks and the mobile robot is equipped with
an on-board laptop computer, an RFID tag sensor and a vision system. The RFID reader
is mounted on the robot itself while the tags are pasted at particular locations on walls.
At the junction of two passages, the RFID tag sensor reads the unique tag identification
numbers and infers the necessary actions (turn left, right, or remain straight) to reach
the desired positions. In [29], the authors developed an indoor location sensing prototype
which can be used for various mobile commercial applications. This suggested prototype
uses RFID technology for locating objects inside buildings. In 2005, another technique
was proposed by Tsukiyama [59], where the robot tries to build a topological map of
its surrounding environment to be used in path planning and navigation. Each node
in the topological map is the intersection point of two passages. At these points, the

robot has to decide on the next action according to a plan stored in the robot’s memory
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to reach the target position. The robot then follows certain paths using an ultrasonic
range finder until a tag is found. However, such a methodology is specific to a particular
workspace and requires a substantial amount of customization for it to operate in a new
environment. Chae et al. proposed a mobile robot localization method with the help of a
combination of RFID and vision [20]. The global localization of the robot is performed by
incorporating signal detection from artificial landmarks represented by RFID tags. The
tags are assigned different weights which are determined by the RFID reader mounted
on the robot. The algorithm takes advantage of a vision system incorporating a feature
descriptor derived from a scene view of the robot environment, which provides the fine
position and orientation of the robot. Although this algorithm offers an efficient local-
ization method, it naturally inherits the typical shortcomings of vision-based techniques

in general.

2.3.2 Natural Landmark-based Navigation

In addition to artificial landmarks, natural landmarks have also been exploited in a num-
ber of robot navigation algorithms. Borenstein et al. in [22] defined natural landmarks
as those objects or features that are already in the environment and have a function
other than robot navigation. There are so many examples of natural landmarks: trees,
lampposts, furniture, lamps and so on. These landmarks will be chosen depending on
the environment (e.g. indoor or outdoor). The main challenge then becomes to extract
those landmarks from the entire scene in a robust way in order to generate a spatial
representation. In the context of natural landmark-based mobile robot navigation, the
representation of the landmarks in the environment is a crucial point. Geometric model-
ing can be used to deal with two fundamental tasks: landmark extraction and recognition
for sensor-based motion control or robot localization. However, geometrical representa-
tions can lead to a bulky model and after some iteration, to a combinatorial explosion.
For instance. Betge-Brezetz et al. [4] focused on the high level representation of the
natural scene to guide a mobile robot in a priori unknown environment. The landmarks
in this case are defined as natural objects extracted from perceptual data. The scene is
structured into elements corresponding to its main entities and only the parametric de-
scription is employed to characterize the shape of every entity. A segmentation algorithm
has been adopted to distinguish different components in the 3-dimensional scene. After
that, the object models are built using a quadratic representation. Finally, the objects

and the topological models are merged to construct the scene model which is ultimately
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used for the navigation control. Wijk and Christensen developed a similar algorithm
for natural landmark extraction from sonar data streamed from a mobile platform [61].
In this work, the robot’s absolute position is determined through a matching procedure
between the recently collected landmarks and the reference map. The natural point
landmark extraction method adopted consists of a double-fold filtering process of sonar
data: a triangulation-based fusion and a completion of the landmark hypothesis. In the
first layer, two-dimensional data points are filtered out and the best triangulation points
from the first filtering stage are considered in the second layer. Then, in the second layer,
these extracted landmark points are used to match the reference map in order to localize

the robot in its working environment.

2.3.3 Line Navigation

Line navigation is another type of landmark-based navigation that has been widely used
in industry. Some researchers proposed mobile robot navigation methods using lines
marked on the floor [10,31]. A continuous, straight-edged line is employed for the visual
navigation of an autonomous mobile robot. An intelligent line-tracking navigation and a
policy control method assist a mobile robot rolling along an indicated line on the ground,
to ensure it automatically navigates home after leaving the line and finishing its tasks.
Line navigation can be thought of as a continuous landmark, although in most cases the
sensor used in this system needs to be very close to the line, so that the range of the
vehicle is limited to the immediate vicinity of the line. These techniques have been used
for many years in industrial automation tasks and vehicles. However, the techniques are
not discussed in detail here since they do not allow the vehicle to move freely - the main
feature that sets mobile robots apart from AGVs.

The recognition process of features or objects in landmark-based navigation system
might be too complex in dynamically varying environments. A simple solution to this
issue is addressed in [21] where the mobile robot is utilized to operate in manufacturing
industry. In this research, the navigation algorithm is capable of locating the robot
and updating the landmarks in a dynamic manufacturing environment. The Extended
Kalman Filter algorithm is adopted in the navigation system to improve the localization
accuracy of the mobile robot. Both artificial and natural landmarks are deployed in order
to provide useful solution toward real-world applications. The position of the mobile
robot is initialized autonomously and recalibrated using a Kohonen neural network. This

navigation algorithm can be applied in a mobile robot to be applicable at home, office
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and hospitals where many features are available.

2.4 Vision-based Navigation

Vision plays a crucial role in autonomous robot navigation. Ultimately, interaction with
unknown, complex, dynamic environment requires some visual sensory data processing
techniques. Significant research in the literature based on vision sensors mounted on
mobile robots have been conducted.

Kotani et al. [25] described a navigation system for an autonomous mobile robot in
outdoor environments which uses vision to detect landmarks and DGPS information to
determine the robot’s initial position and orientation. The vision system is responsible for
detecting landmarks in the environment by referring to an environmental model. As the
robot moves, it estimates its position by conventional dead-reckoning, and matches up
the landmarks with the environmental model in order to reduce the error in the robot’s
position estimation. Navigation using single-camera vision and ultrasonic sensors has
been studied in [38] where self-localization of the robot is done using a model-based
vision system, and nonstop navigation is realized by a retroactive position correction
system. For self-localization, the robot first renders an expectation image using its
current best estimate of its present location and then the model edges extracted from
the expectation image are compared and matched with the edges extracted from the
camera image through an extended Kalman filter. The Kalman filter automatically then
yields updated values for the location and the orientation of the robot.

Authors in [1} have developed a vision-based navigation system where global match-
ing is defined as the behavior that is able to relocate the position of the robot which
is calculated by locating the corners in the workspace. Murray and Little [36] focused
on building occupancy grid maps of the environment and presented a method for reduc-
ing stereo vision disparity images to two-dimensional map information. The robot can
navigate and autonomously explore the environment using this information. However,
building a map of the environment is a complex task. To alleviate this complexity, a
novel qualitative vision-based navigation algorithm is proposed in [6] where the algorithm
is entirely qualitative in nature, requiring no map of the environment, image Jacobian,
homography, fundamental matrix, nor assumption about a flat ground plane. In this
teach-reply approach, the robot is manually led along a desired path in a teaching phase,
then it automatically follows that path in a reply phase. This method requires a single

off-the-shelf, forward-looking camera with no calibration. Several vision-based naviga-
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tion systems have been recommended in [8] to improve the robot position estimation by
tracing visual features in the environment and using them as landmarks. These mea-
surements usually returns bearing to the visual features only, with no a priori knowledge
of the landmark positions.

Despite the aforementioned contributions, vision-based navigation techniques still
suffer from several disadvantages, including the lack of information depth, complex image
processing algorithms with high computational complexity, and its dependence on the
working environment. Furthermore, such methods are very sensitive to the lighting

conditions of the robot workspace.

2.5 Behavior/Soft Computing-based Navigation

As the development of different autonomous robot navigation techniques in real-world
environments constitutes one of the major trends in current research on robotics, one im-
portant problem is the need to cope with the large amount of uncertainty inherited from
natural environments. As such, soft computing techniques have received a considerable
attention in recent years. Numerous navigation techniques have been suggested in the
state of the art using some tools of computational intelligence such as fuzzy logic, neural
network, neuro-fuzzy system, genetic algorithm, and several combinations of them.

The natural appeal of fuzzy logic to robot navigation has motivated several researchers
in this area [28,50]. In 2005, Parhi proposed a new direction of work where fuzzy logic
and Petri Net models were employed for the navigation control of multiple mobile robots
in a cluttered environment [40,44]. The fuzzy logic system embedded in the controller
of the robot is responsible for avoiding static obstacles other than robots. The input of
the fuzzy logic system was sensory data whereas the output was the steering angle that
needs to be applied on its wheels to direct itself in the proper direction. The function
of the Petri Net model is to avoid collision among robots operating in the environment.
Although, fuzzy logic proved to be effective in coping with uncertain environments, it
has some limitations. In a purely fuzzy system, the parameters cannot be optimized
in an analytical way. Therefore, they cannot be applied for learning and tuning fuzzy
rules. On the other hand, neural networks can easily map empirical training set through
learning. As a result, they have been successfully applied in several research bodies in
robotics [27,45]. Nevertheless, the mapping rules in the network are not visible and are
difficult to understand. A better performance can then be achieved by combining both

fuzzy logic and neural network systems in a neuro-fuzzy system [49].
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2.6 Probabilistic-based Navigation

In most robotic applications, the robots have to be able to accommodate the enormous
uncertainty that exists in the physical world [57]. Probability theory is a relatively
new approach to robotics and plays tribute to the uncertainty in robot perception and
action. The key idea in probabilistic robotics is to represent uncertainty explicitly using
probability theory. This approach became quite popular in the last decade.

In [55]. Thrun suggested a localization algorithm for a mobile robot based on Markov
Localization which has recently been employed in several recent robotic systems. The
mobile robot learns a set of landmarks for localization using Bayesian learning, and
artificial neural networks are used to recognize those landmarks during its navigation in
the environment. A concurrent mapping and localization for robots is studied in [56].
The computational complexity degrades the performance of these algorithms in highly
unstructured environments. To overcome this issue, a Monte Carlo localization method
was proposed in [7,12] for a more efficient position estimation. A major difference of
this localization approach over previous techniques is that the robot uses randomized

samples to represent its position.

2.7 Summary

In this chapter we presented relevant background of our work. Several advantages and
disadvantages of each mobile robot navigation technique described above are also illus-
trated. Dead-reckoning navigation techniques are simple but accumulate error over time
during the navigation of a mobile robot in its working environment. Landmarks and
vision systems are appropriate for robot localization. However, they require precise im-
age processing techniques and are too dependent on environment’s lighting conditions.
Behavior-based and probabilistic-based techniques suffer from high computational com-

plexity while navigating the mobile robot in unstructured environments.



Chapter 3

RFID Technology

3.1 Introduction

In recent years automatic IDentification (Auto-ID) procedures have become very popular
in many service industries, purchasing and distribution logistics, industry, manufacturing
companies and material flow systems. RFID is simply a technology that involves tags
which emit signals to other devices called readers (or interrogators) which then pick up
those signals.

Normally, a commercially available RFID system is composed of three main parts: a
reader, tag, and a host computer. The tag is composed of an antenna coil and a silicon
chip that includes a basic modulation circuitry and a non-volatile memory. It is energized
by a time-varying electromagnetic radio frequency (RF) signal that is transmitted by
the reader. When the RF field passes through an antenna coil, there is an AC voltage
generated across the coil. This voltage is rectified to result in DC voltage for the device
operation. The device becomes functional when the DC voltage reaches a certain level.
The information stored in the device is then backscattered to the reader. A reader is
mainly composed of an RF transceiver and a decoding sections. In addition, the reader
also includes a RS-232 or USB interface in order to perform serial communication with a
host computer attached to it. The RF transceiver section is responsible for transmitting
and receiving the RF signal. Data decoding for the received signal is accomplished
through a microcontroller. A firmware algorithm is written in such a way to transmit
the RF signal, decode the incoming data, and communicate with the host computer.

Because of the simplicity, the RFID system has been used for many years in various

remote sensing applications, specifically in access control and animal tracking applica-
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tions. Nowadays, RFID chips, in order to track animals, are extremely small devices
irijected via syringe under skin. RFID systems are being used in some hospitals to track
a patient’s location, and to provide real-time tracking of the location of doctors and
nurses in the hospital. In retail stores, RFID offers a real-time inventory tracking and
allows companies to monitor and control inventory supply at all the time.

This chapter provides a brief introduction to RFID technology. It begins with pre-
senting the benefits of RFID technology relative to other automatic identification and
data capture (AIDC) technologies in section 3.2. Section 3.3 reviews the basic compo-
nents of RFID systems and provides background information needed to understand the
literature in the next two chapters.

3.2 Advantages of RFID Systems

RFID represents a technological advancement in AIDC because it offers advantages that
are not available in other AIDC systems such as bar code reading. RFID offers these
advantages because it relies on radio frequencies to transmit information rather than
light, which is required in AIDC systems. The use of radio frequencies means that RFID

can communicate:

e without line of sight, because radio waves can penetrate many materials,

e at greater speed, because many tags can be read quickly, whereas optical technol-
ogy, for example, often requires time to manually reposition objects so as to make
bar codes readable,

e over greater distances, since many radio technologies can transmit and receive

signals more effectively than optical technology under most operating conditions.

The ability of the RFID technology to communicate without optical line of sight and
over greater distances than other AIDC technology further reduces the need for human
involvement in the identification process. The RFID technology often supports other
features that bar codes or AIDC technology do not have, such as rewritable memory,
security features, and environmental sensors that enable the RFID system to record

history of events.
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3.3 Components of RFID Systems

RFID systems can be very complex, and their implementations vary greatly across in-

dustries and sectors. For discussion purposes in this thesis, we will primarily divide an

RFID system into three subsystems:

An RF subsystem, which performs identification and related transactions through
wireless communication,

An enterprise subsystem, which contains computers (or processing elements) run-
ning specialized software that can store, process, and analyze data acquired from
RF subsystem transactions to make the data useful to a supported business process,

and

An inter-enterprise subsystem, which connects enterprise subsystems when infor-

mation needs to be shared across organizational boundaries.

The following is a description of each of these subsystems. In this thesis, we are

mainly interested in RF subsystem.

3.4 The RF Subsystem

There are two major components of an RF subsystem:

RFID tags (also referred to as transponders), which are small electronic devices
that can be attached to or incorporated into a product, animal, person, or 3-
dimensional places, for the purpose of identification using radio waves. The RFID
tag can automatically be read from several meters away and does not have to be
in the line of sight of the reader. Each tag has a unique ID number known as
the identifier and may also have other features such as memory to store additional

data, environmental sensors, and security mechanisms.

RFID readers, which are devices used to interrogate RFID tags and read radio fre-
quency waves emitted by the tags. These devices are responsible for communicating
with the tags wirelessly to identify the item connected with each tag.

Figure 3.1 depicts a simple configuration of an RF subsystem which is basically

composed of three simple blocks, a reader, a tag, and a wireless channel [11]. Both the

reader and the tag are two-way radios. Each block is equipped with an antenna and is

capable of modulating and demodulating RF signals.
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Figure 3.1: A simple RF subsystem configuration.

3.4.1 RFID Tags

Numerous types of tags are available in the market. They differ greatly in their cost,
size, performance, and security mechanisms. Even when tags are designed to comply
with particular standards, they are often further customized to meet the requirements of
specific applications. The major characteristics of a tag include: identifier format, power
source, operating frequencies, functionality, and form factor. A tag identifier is used to
identify the tag itself. There are many data formats available for encoding identifiers
on tags. System designers often prefer using identifiers that have a standard structure
with certain groups of bits representing particular fields. A tag identifier format that
is used across many industrial sectors is the Electronic Product Code (EPC). Normally,
a standard tag identifier format consists of four fields: a header (which specifies the
EPC type), an EPC manager ID (which uniquely identifies the organization), an object
class (which identifies a model of several objects), and a serial number (which uniquely
describes the instance of that model of objects).

Tags need power to perform functions such as sending radio signals to a reader,
storing and retrieving data, and performing other computations. Tags can obtain this
power from a battery or from electromagnetic waves emitted by readers that induce
electric current in the tags. The power requirements of a tag depend on several factors
including the operating distance between the reader and the tag, the radio frequency
being used, and the functionality of the tag. In general, the more complex functions
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the tag supports, the greater its power requirements. The two main categories of RFID
tags which are based on the power source for communication and other functionality are
active tags. and passive tags.

The frequency at which the tag transmits and receives signals is termed as the op-
erating frequency. In general, as the tag’s operating frequency increases, its signals are
able to carry more data. As a result, higher frequency readers are also able to read more
tags in a given period of time. In addition, an RFID system that operates at an ultra
high frequency or microwave frequency is designed to have a longer operating range than
low or high frequency range systems.

The primary function of a tag is to provide its identifier to a reader, but many types
of tags support additional capabilities, such as memory, integration of environmental
sensors, security, privacy protection, and so on, which can be valuable for certain business
purposes or specific applications.

The form factor of a tag refers to its shape, size, packaging, and handling features.
To a large extent, a tag’s form factor is determined by the characteristics previously
discussed. such as power source and functionality. Some important aspects regarding a
tag’s form factor include the size of the tag, the weight of the tag, and the method by
which the tag is affixed to and removed from its associated object. Tags also vary in size

from smaller than a postage stamp to about the size of a common document stapler.

3.4.2 RFID Readers

An RFID reader is a device used to interrogate tags. As such, the tag and the reader
must comply with the same standards in order to communicate. The characteristics of
a reader that are independent of the tag characteristics include: power output and duty
cycle, enterprise subsystem interface, mobility, and antenna design and placement. In
the following, we provide a short description of these characteristics.

In most cases, standards and regulations determine the power output and duty cycle
of the reader. A reader’s duty cycle is the percentage of time that the device is emitting
energy over a specified amount of time. Readers that communicate with passive tags
need greater power output than those that communicate with active tags because the
signals must be strong enough to reach the tag and enable the backscatter to return back
to the reader. In general, readers with greater power output and duty cycle can read
tags quicker more accurately, and within longer distances, but a greater power output

also increases the risk of eavesdropping.
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In most of the readers, there are two main interfaces, one is the RF interface used
to communicate with the tags, and the other is the enterprise subsystem interface which
is used to communicate with enterprise subsystems. The enterprise subsystem inter-
‘face supports the transfer of RFID data from the reader to the enterprise subsystem’s
computers (or other processing elements) for further processing of data. Usually, the en-
terprise subsystem interface is employed for a remote management of the RFID reader.
This interface may be wired (e.g. Ethernet) or wireless (e.g. Wi-Fi) depending on the
application.

As mentioned above, a reader’s interface with an enterprise subsystem may be either
wired or wireless. Most wired readers are in fixed locations and support applications
in which the tags approach the reader. Some wired readers offer limited mobility using
cables. In some cases, the readers are attached to a particular device and the device
itself can move around to perform specific tasks. In contrast, wireless readers support
applications in which personnel must move around to read tags. A mobile reader usually
uses different communication protocols on its RF and enterprise subsystem interfaces,
even though both interfaces are wireless.

Readers use a wide variety of antenna types. Each type has a different coverage
pattern. To reduce the likelihood of eavesdropping and minimize the interference with
other radios, the coverage should only encompass a range that is just sufficient to com-
municate with the intended tags. Antennas may be integrated into the device or can be
detachable. Readers that support detachable antennas are better suited for applications
that require specific coverage areas since an antenna can be easily selected or customized

to meet those requirements.

3.4.3 Communication Between Tags and Readers

RFID does not require a line-of-sight communication. Radio frequencies are used to
communicate between the tag and the reader. The reader performs several functions,
one of which is to produce a low-level RF magnetic field. The RF magnetic field (see
Figure 3.2) emanates from the reader by means of a transmitting antenna, typically in
the form of a coil. The magnetic field serves as a “carrier” of power from the reader to
the RFID card or tag.

The RFID tag contains an antenna, also in the form of a coil and an integrated
circuit (IC). The IC requires a small amount of electrical power in order to function. The

antenna in the tag provides a means for gathering the energy present in the magnetic
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Figure 3.2: Power supply to an inductively coupled transponder from the reader [11].

field produced by the reader and converts it to an electrical form of energy to be used
by the IC.

When a tag is brought into the magnetic field produced by the reader, the converted
energy powers the IC. This enables the transmission of the IC’s memory contents in the
form of an electromagnetic signal to the reader via the tag’s antenna. The tag information
is received by an antenna within the reader and converted back into an electrical form.
The reader contains a sensitive receiving system that is designed to detect and process
the tag signal. Once the tag data has been processed, a microcomputer within the
reader checks to verify that the signal received is valid. Once the reader has checked and
validated the received data, the data is then decoded and restructured for transmission to
the end-user’s host computer. This restructuring provides the data in both an electrical
form and a protocol (or format) that is required by the host computer system. Once the
restructuring process is complete, the data is transmitted to the host system.

3.5 The Enterprise Subsystem

The purpose of the enterprise subsystem is to interact readers to computers or other
processing elements running software that can store, process, and analyze data acquired
from the RF subsystem. In the current research work we are interfacing the readers
with the processing elements mounted on the robot. A simple high level architecture
of the enterprise subsystem employed for our current research is depicted in Figure 3.3
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where it consists of three major components: middleware, an analytic system and a
network infrastructure. The information (at the reader) collected from the tags are
passed to the processing elements of the robot using middleware. The middleware is
responsible for preparing data collected from the readers for the analytic system. It also
hides the complexity and implementation details of the RF subsystem from the analytic
system. The analytic system is composed of a database, data processing applications,
which process data output from the middleware based on the application requirements.
The communication between the RF and enterprise subsystem can be accomplished via

several network infrastructures.

RRID tags

Database
<:> \ <:> Data processing
\ : element

Middleware
RFID reader Analytic system

Figure 3.3: A simple enterprise subsystem for robotic application.

3.6 The Inter-enterprise Subsystem

The inter-enterprise subsystem connects enterprise system together with large organiza-
tional boundaries. In some cases, the information from enterprise system needs to be
shared across a large geographical area. Normally, both enterprise and inter-enterprise
subsystems involve most commonly available IT components, such as servers, databases,
and networks in order to comply with a large body of communications.



25

3.7 Summary

In this chapter we presented some background information of RFID technology while
illustrating its various advantages relative to other similar technologies. A basic configu-
ration of an RFID system consists of two essential components: the transponder and the
reader, both of which function as two-way radios. The transponder, which is identified
by a unique ID, receives energy from the reader in order to power up its IC memory.
It then backscatters the ID to the reader. The power output of the reader is an impor-
tant factor to be considered while communicating with the transponder within longer
distances. The next two chapters will illustrate how to customize these two components
of an RFID system. We then proceed to employ several features of those components in
designing two mobile robot navigation algorithms.



Chapter 4

Navigation Using Customized RFID
Reader

4.1 Introduction

This dissertation consists of two separate navigation modules. In this chapter we explore
the design and implementation of the first module for the navigation of a mobile robot
in an indoor environment. Here, a customized RFID reader is used to achieve this goal.
The navigation algorithm proposed in this chapter uses a customized reader mounted on
the mobile robot and a number of tags attached in three dimensional workspace. The
reader continuously sends RF signals to the tags in its operating region and receives some
analogue information represented in the “phase difference” of the received signal. This
phase difference is then passed to the fuzzy logic controller of the robot to take necessary
control actions for the actuators of the robot. The reason why fuzzy logic controller is
employed is to overcome unnecessary oscillations in the robot path while it navigates in
the environment.

The remainder of this chapter is organized as follows. In the next section we discuss
how the RFID reader is customized in order to achieve the navigation system of the first
module. Section 4.3 introduces the overall architecture of the algorithm that involves two
major parts: the RFID communication module and the fuzzy logic controller. Then, we
detail the key steps of the suggested algorithm in section 4.4. Finally, the experimental
results are summarized in section 4.5, before we conclude the chapter in section 4.6 with

a summary of the findings reached thus far.
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4.2 RPFID Reader Architecture

In this section we detail how an existing RFID reader architecture can be customized in
order to better suit navigation algorithms of mobile robots. In some cases, some parts
of an RFID system can be customized based on specific applications. A simplified RFID
system with customized reader architecture which can be applied in an application like
mobile robot navigation is depicted in Figure 4.1. In this system, a communication an-
tenna is usually built within the tag, whereas the reader is equipped with two receiving
antennas and one transmitting antenna. The RFID sensing method used in the cur-
rent navigation module relies on processing the backscattered signals within a specific
frequency range. The wave broadcasted by the reader is in the form of single-tone si-
nusoidal signals with different frequencies using time multiplexing. We are particularly
interested in the phase, ¢, of the baseband signal received at the reader’s end as a result
of the tag’s response. In order to illustrate ¢, consider a two dimensional signal space
(z(t),y(t)) of a signal s(t), as shown in Figure 4.2. The quantities I and Q are the In-
phase and Quadrature projections, respectively, of the signal s(¢). The phase ¢ is thus
defined as in (4.1).
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Figure 4.1: A simplified RFID system with customized reader architecture.
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Figure 4.2: I, Q projections of a signal s(t) in 2-D space.

4.3 Proposed Navigation System

The general high level architecture of the navigation system suggested in this chapter
consists of an RFID communication module and a fuzzy logic controller, in addition to
the software performing data processing and computing the necessary control actions.
The proposed technique relies on RFID tags placed in the 3-dimensional space so that
the lines linking their projection points on the ground virtually define the “free ways”
along which the robot can (or is desired to) move. It should be articulated here that the
locations of the tags are completely unknown to the robot. The robot is pre-programmed
with an ordered list of tag ID numbers defining its desired path. For instance, if the robot
is given the list of tag IDs (4,9, 1,5), then it is supposed to navigate to the closest point
it can reach to tag number 4, then move in a straight line to the closest point it can reach
to tag number 9, and from there to tag number 1 and then to tag number 5. The closest
point to a tag that the robot can reach is usually the orthogonal projection point of that
tag on the ground. During navigation, the robot continuously reads the ID’s of all the
tags within reach but will only further process the signal coming from the destination tag
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at that time instant. The communication with the tags is performed through an RFID
reader with two receiving antennas mounted on the robot. A high-level configuration
setup of the current system with two RFID tags, 17 and T5, is depicted in Figure 4.3.
In this configuration, the robot’s desired path is the straight line segment between the
tags’ orthogonal projection points on the ground, A and B. In the following, we provide a
detailed description of how this is achieved through a customized RFID communication

module and fuzzy logic controller.

Ty T

Figure 4.3: High-level system configuration with two RFID tags.

4.3.1 RFID Communication Module

During the robot’s navigation, the RFID reader sends time-multiplexed single-tone si-
nusoidal signals with different frequencies, and then listens to the backscattered signals
from the RFID tags. Particularly, we are interested in the signal broadcasted by the tag
representing the robot’s destination at that time instant. Let ¢; and ¢, be the phase
angles of the signal received by the reader’s reception antennas 1 and 2, respectively (as
defined by (4.1)). This information is then used to calculate the signal’s phase difference
as it will later be used by the fuzzy logic controller to decide on the necessary control
action to time the robot’s direction. The phase difference A¢ is computed as in (4.2).

Ad = ¢1 — ¢2 (4.2)

None of the commercially available RFID readers to date is capable of providing the
signal’s phase defined in (4.1). This is simply because all what these readers currently
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offer is the ID number of the transponders within its communication range. As a result,
preliminary studies were conducted using a custom-made RFID reader and a digital
oscilloscope to confirm the fact that the phase difference defined in (4.2) can indeed be
used to know if the tag lies on the left or the right of the vertical plane perpendicular to
the ground. Figure 4.4 illustrates this idea by placing the RFID tag at the left side of the
mobile robot. The midpoint of the line segment connecting the two receiving antennas
mounted on the reader ensures the tag location on the ground to be at the left side. In
this case the phase angle of the left antenna is less than that of the right antenna of the
reader which results in a negative phase difference. As a consequence, the robot has to
turn left in order to reach the destination tag. This technique can be easily implemented
in the future using any commercial reader capable of providing either the signal’s phase
directly. or some sort of other relevant data through which it can be computed.

The real custom-made RFID system consists of a signal generator that generates
continuous wave signals with an embedded BPSK-modulated PN sequence [52]. The
two directional antennas on the reader are then used to receive the backscattered signal.
The In-phase (I) and Quadrature (Q) components of the received baseband signal are
sampled and stored using the digital oscilloscope. This information is then fed to the
high-level navigation algorithm to compute the phase difference as defined in (4.2). A
high-level architecture of this custom-made RFID setup is given in Figure 4.5. The
data collected in this experiment offline is used later to model the RFID module in the

computer simulations.

4.3.2 Fuzzy Logic Controller

Fuzzy logic control has become an important methodology in control engineering because
of its appropriateness in various complex or ill-defined systems. Instead of representing
the system as a set of complex mathematical equations, fuzzy controllers use a set of
well-structured if-then rules to represent the input-output relationships of the system.
The suitability of FLCs does not depend much on the number of input and outputs, but
rather depends on the availability of the decisions inferred through human-like linguistic
descriptions [23]. This information would then be factored into deriving the behavioral
response of the mobile robot. The present algorithm uses the phase difference that can
be easily modeled through a human-like reasoning mechanism.

All FLCs have three major functional components: fuzzification, inference system,

and defuzzification [23]. In the block diagram of Figure 4.6, the fuzzy controller lies
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Figure 4.5: RFID system setup to compute the phase difference.

between pre-processing and post-processing blocks. We explain next each of these func-
tional components with respect to the proposed navigation system.

Fuzzy logic controller

Fuzzy interence system

[nput .
Output
Pre—processing Fuzzification Fuzzy rule base Defuzzilication Post—processing

Inference engine

Figure 4.6: Different blocks of a fuzzy logic controller.

Most often, the inputs to the system are crisp measurements from some measuring
components, rather than linguistic. A pre-processing unit applies some conditions, such
as quantization, normalization or scaling, on observed measurements before they are
fed into the controller. The measurement of the current navigation system is the phase
difference which is normalized between —180 to +180 degrees.

The first block in the FLC is the fuzzification block, which transforms each input value
from a crisp numerical value to a degree of membership through membership functions.
The FLC used in our design is a single-input single-output system as shown in Figure 4.7.
The FLC’s input is the phase difference, A¢, provided by the two receiving antennas of
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the RFID reader mounted on the robot. Three input and three output membership
functions are used, as illustrated in Figure 4.8. The labels CW and CCW refer to

clockwise and counter-clockwise, respectively.

Input Output
——— 1 Fuzzy logic controller [——————%
Phase difference (Ag) Orientation update (A6)

Figure 4.7: FL.C model used by the mobile robot.

The second block of FLC, which is the inference system, has two essential components:
the fuzzy rule base and the inference engine. The rule base consists of a set of [F-THEN
rules that incorporate the human knowledge. Three fuzzy rules are then defined to
reflect the fact that the phase difference of the signal is positive when the transmitting
transponder is to the right of the reader and vice versa. These rules are defined as follows:

If A¢is Neg Then Afis CCW
If A¢is Zero Then A#fis Zero
If A¢is Pos Then Afis CW

The rationale behind these rules is that the robot is supposed to turn left or right (CCW
or CW) if the RFID tag is on the left (A¢ < 0) or right (A¢ > 0) of the reader. The
second part of the fuzzy inference system is the inference engine. The most commonly
used inference models are the Mamdani Fuzzy Model and the Sugeno Fuzzy Model. In
here, a Mamdani mode is used, thanks to its intuitivity.

The defuzzification component of the FLC is responsible for converting the fuzzy set
resulting from the inference process to a crisp numerical value that can be sent to the
processor as control signal. The defuzzification method used in the current navigation
system is the Centroid of Area (COA) method due to its satisfactory performance. The
robot has to apply this A8 to its direction 8 to converge to its target position. The robot

then uses this information to update its direction following the update rule (4.3).
g(new) — e(old) + A6 (43)

The post-processing block is relevant to the system as well. In case the output is de-
fined on a standard universe this must be scaled to engineering units. The post-processing
block often contains an output gain that can be tuned to best fit the application in hand.
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Figure 4.8: (a) Input and (b) Output membership functions.
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4.4 Navigation Algorithm

We now explain how the modules described above fit into the overall navigation frame-
work. A navigation algorithm is needed to act as a supervisory control layer to process
and coordinate the efforts of the RFID communication module and the FLC, on one
hand, and to pass the FLC’s output control actions to the robot’s relevant actuators,
on the other hand. The flowchart of the navigation algorithm is provided in Figure 4.9.
The following is a description of the different steps of the algorithm.

Step 1: The robot is pre-programmed with an ordered list of tag ID numbers defining
its desired path.

Step 2: The target tag of the current navigation phase is determined from the ordered
list of tags defining the complete robot’s desired path.

Steps 3 and 4: Once the target tag is known, the robot scans through the signals
backscattered from all the tags within the communication range and records the phase
angles ¢; and ¢, of the signal coming from the tag representing the target transponder
at that time instant.

Step 5: The phase difference of the destination tag’s signal is then calculated as defined
in (4.2).

Steps 6 and 7: In these steps, the phase difference is passed to the FLC (described in
section 4.3.2) to quantize the tuneup the robot has to apply to its direction to better
direct itself towards its destination. The robot then updates its heading by Aé by dis-
patching the required control action to its relevant actuators.

Step 8: The robot checks if the destination tag is reached. This can be accomplished
in various ways. Checking the target tag’s signal strength is one option. This can also
be done by placing very short-range RFID tags on the floor under each long-range tag
used to define the robot’s target. Like that, the robot becomes aware that it reached
its destination if its RFID reader detects the signal sent by the short-range tag. This
is the method used in the simulations of section 4.5. Although this method is easy to
implement, it restricts the algorithm’s portability to fully-controlled environments only.
For this reason, we are also investigating other techniques that can be used in this step.
In case it is found that the destination tag is not reached yet, the algorithm restarts this
inner loop beginning from Step 3.

Step 9: Once the path’s current destination is reached, the robot checks if that was the
last tag in the path. If not, then the algorithm passes the control back to the first step
in this outer loop, Step 2.
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Figure 4.9: Flowchart of the proposed mobile robot navigation system.
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A thorough evaluation of this algorithm’s performance is provided in the following sec-
tion.

4.5 Experimental Results

. Before presenting the experimental results, we now focus on defining the environment
and several parameters of the mobile robot that are employed to evaluate the suggested
algorithm. The proposed navigation scheme is carried out for a standard specified mobile
robot through numerical computer simulations. The simulations are conducted using the
3-D simulation platform Simbad!. The environment considered in the simulation is an
external obstacle-free workspace with a 3-m height ceiling with all the tags attached to it.
A circular shaped mobile robot is used with 0.5 m height and 0.3 m radius. The robot’s
rotational and translational velocities are set to 0.4 rad/s and 0.2 m/s, respectively. The
operating frequency of the RFID system is 960 MHz with the read range of about 10
metres. An ordered sequence of tag IDs is stored in the robot’s memory before running

each experiment.

4.5.1 Testing the Effect of the Robot’s Initial Position and Ori-

entation

To evaluate the performance of the proposed navigation algorithm, we conducted three
sets of numerical experiments. The first set of experiments aims at evaluating the al-
gorithm’s ability in guiding the robot to reach its destination regardless of its initial
position and orientation. This set of experiments is composed of three tests where the
robot’s initial direction is set to 90, 45, and 0 degrees on the trigonometric circle centered
at the origin. The experimental setup of these experiments is depicted in Figure 4.10.
An RFID tag is mounted on a 3 m-height ceiling at location (z,y,z)T = (0,5, 3)% m and
the robot is placed at (x,y,2)7 = (0,0,0)7, where the z-axis denotes the altitude. This
makes the robot’s target position on the ground to be at (0,5,0)7 m. The results of these
experiments are revealed in Figure 4.11. The outcome of the experiments show that the
proposed algorithm is indeed successful in driving the robot towards its destination re-
gardless of its initial position and direction. In particular, it is important to notice how

in the experiments where the robot’s initial direction is 45 and 0 degrees (Figures 4.11(c),

 http://sourceforge.net/projects/simbad
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4.11(d), 4.11(e), and 4.11(f)), the algorithm detected the fact that the robot was initially
diverging from the target, so it tuned its direction accordingly to reach its destination.

4.5.2 Assessing the Robot’s Trajectory Tracking Ability

The second set of experiments is meant to assess the algorithm’s ability to guide the
robot to navigate along a desired trajectory. The configurations for these experiments
are shown in Figures 4.12(a) and 4.12(b), with an initial orientation of 90 and 0 degrees
where two tags, T'ag; and Tags, are mounted on the ceiling at (0,0,3) m and (0,5,3) m,
respectively. The robot is set to start at position (-2, —2,0) m with an initial orientation
of 90 degrees. In this configuration, the robot’s mission is to navigate from T'ag; to Tag,
along the straight line linking them (see Figures 4.13(a) and 4.13(b)). This can be
regarded as a two-phase mission. In the first phase, the robot tries to reach Tag, from
its initial position. Then, in phase 2, the robot tries to move towards Tags following the
desired trajectory. In this phase, the distance between the robot and its desired path
is adopted as an error measure of the algorithm (see Figures 4.13(e) and 4.13(f)). The
error sign indicates the side on which the robot is located with respect to the desired
path. To study the effect of the robot’s initial direction on the algorithm’s performance,
this experiment is repeated with an initial heading of zero degrees. The results of both
experiments are demonstrated in Figure 4.13. As shown in Figures 4.13(c) and 4.13(d),
the first phase of both experiments confirms what was shown in the first set of experiments
( 4.5.1) in that the robot always finds its way to its destination, 7.e., Tag; in this case.
Figures 4.13(e) and 4.13(f) also demonstrate that once the robot is in the vicinity of the
starting point of its desired trajectory, it is capable of following this trajectory with a
satisfactory error. The maximum recorded error in this phase for the first and second
experiments is right at the start of that phase. It is also important to notice how this

error decreases in magnitude as the robot moves along.

4.5.3 Testing a Complex Desired Path

The third and last experiment in this series is conducted to evaluate the algorithm’s
performance in guiding the robot to follow a desired complex path. In this experiment,
the robot’s desired trajectory is defined by four RFID tags mounted on the ceiling at
different distances from each other, as shown in Figure 4.14. The actual and desired
trajectories are depicted in Figure 4.15(a). The robot’s initial position is at the origin
(right under T'ag;) while heading towards T'ags. The algorithm’s performance in this test
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is illustrated in Figure 4.15. The robot’s ability to autonomously converge and remain
on its desired trajectory regardless of its length and complexity is well demonstrated in
this experiment. As can be seen, the error tends to increase at the path’s corners. This
is natural since it takes some time for the robot to realize that it started to diverge from
its target and adjusts its direction accordingly. As a result, and shortly after that, the
robot cruises back to the desired trajectory and the error quickly converges to a slim
acceptable margin. This behavior confirms the robot’s performance in the second set of

experiments since it represents a special case of this experiment.

4.6 Summary

In this chapter we described an efficient approach for mobile robot navigation. The key
idea of this approach is to make use of some analogue features of the RFID reader and
apply them as a means of navigation media. First of all, the reader mounted on the robot
broadcasts signal to get some ordered lists of IDs from the transponders placed at the
ceiling in its operating region. The robot considers one of the IDs as current destination
and uses the phase difference of the signals backscattered by that tag ID and received
by both antennas on the reader. A customized RFID reader architecture is needed to
compute the phase difference since commercially available readers do not provide it.
The fuzzy logic controller makes use of this phase difference to provide the appropriate
control actions to the actuators to assist the robot in moving towards the target tag.
Once the robot reaches the first target tag, it receives the next tag ID from the list, and
calculates the phase difference to navigate accordingly. This process continues until the
robot arrives at its final destination, whereby it stops. The experimental results show
the successful realization of the proposed technique. In the next chapter we will propose

another navigation algorithm using a customized RFID tag architecture.
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Chapter 5

Navigation Using Customized RFID
Tag

5.1 Introduction

In the previous chapter we presented a navigation strategy which is based on a customized
RFID reader architecture. Just like many existing approaches, our previous navigation
algorithm has some shortcomings. It is often hard to guide the robot with accurate
realization of the phase difference of the received signal at the reader. Sometimes the
phase difference provides erroneous information to the robot’s actuator and making it
diverge from the desired trajectory. However, this technique has an obvious advantage
that it does not depend on a complex mathematical model of the robot nor its working
environment. In this chapter we examine another navigation strategy for guiding a robot
using a customized RFID tag architecture. In the current approach, the guiding principle
of the robot is based on the trilateration of the signals backscattered by the RFID tags in
range. The performance of using fuzzy logic controller in the present navigation scheme
is also compared with a conventional controller in terms of navigation accuracy and
tracking error.

In the next section we discuss how the RFID tag architecture can be customized for
this purpose. After introducing a general framework for the current navigation system
in section 5.3, we describe the different submodules of this system in the subsequent
sections. The key steps of the implementation are illustrated in section 5.4. We support
our approach with a number of computer simulation results in section 5.5, followed by a

discussion on the system’s accomplishments.

46
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5.2 Customized RFID Tag Architecture

The tag architecture presented in this chapter has some distinguishing characteristics
from the tags available on the market. A simplified RFID system with customized tag
architecture is illustrated in Figure 5.1. Usually, the radio frequency (RF) transceiver on
the reader illuminates a short pulse of electromagnetic waves. The transponder receives
the RF transmission, and then rectifies the received signal in order to get the DC power
(what is called herein Tag Received Power (TRP)) supply for the IC memory in the
tag circuitry. In the present customized RFID system, the transponder should have
some processing capability so that it can convert the received power, TRP, into a 32-bit
information. The memory of the transponder is responsible for storing a frame of 40
bits which has mainly two parts: a tag ID, and TRP. The 8-bit tag ID ensures that the
environment has 256 distinct transponders among which the robot can cooperate while
navigating in its workspace. The 32-bit (1 bit for sign, 15 bits for integer part, and 16 bits
for fraction part) TRP is able to assist calculating the approximate line-of-sight distance
between the transponder and the reader. The transponder modulates the 40-bit frame
and backscatters in response to the interrogation of the reader. The signal generated
by the transponder is then received by the reader to extract the frame. Note that no
customization is required for the reader as it would read the 40-bit frame in exactly the
same way as it normally reads RFID tags. The 40-bit frame as read by the reader will
then be processed by the processor on the robot’s board to decode it into a tag ID and
a TRP component. The TRP will then be used to approximate the distance between
the tag with the decoded ID and the robot. In the current work we are particularly
interested in determining the robot’s position based on the line-of-sight distance which
is computed from the TRP in the frame. The details of how to calculate the position of
the robot will be described later.

5.3 Navigation System Architecture

The general high level architecture of the navigation system suggested in this chapter
consists of an RFID communication module, a robot positioning system, and a fuzzy
logic controller. The RFID communication module is responsible for communicating
between the robot and the transponder. The robot positioning system determines the
absolute position of the robot in the world coordinate system. After determining the

current position, the robot calculates the desired angle between itself and the current
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Figure 5.1: A simplified RFID system with customized tag architecture.

target to be reached. The desired angle is then fed to the FLC to provide necessary
control actions to the actuators of the robot.

Figure 5.2 shows the system configuration with three tags attached on the ceiling
and an RFID reader mounted on the robot. The robot’s desired trajectory is a straight
pathway along the orthogonal projection points of the tags, A, B, and C. Without loss of
generality, let us consider a scenario where the robot is presented with a desired trajectory
that is defined by an ordered sequence of tag IDs, 1,2, 3. The robot first navigates to the
orthogonal projection point of the tag with ID 1, then it moves along the virtual straight
line linking the orthogonal projection points of tags 1 and 2. Once the robot reaches the
point under the tag with ID 2, it follows the same procedure to arrive at the orthogonal
projection point under the tag with ID 3. This scheme is applicable to more than
three tags (more details in section 5.5). The novelty of our navigation scheme is that
it is independent of odometry information and structure of the working environment.
The proposed navigation method also offers a certain degree of fault tolerance to the
system 7.e.. if any of the transponders failed to work, then the robot can still navigate by
coordinating with other three transponders in the environment. It is important to stress
the fact that in this navigation scheme, the robot’s desired trajectory does not have to
be right under the tags. At least three RFID tags are needed for navigation, and more if
the algorithm is to be fault-tolerant. The tag positions do not need to be known to the
robot if the desired trajectory is defined with respect to them. However, they are needed
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if the desired trajectory is given in the world coordinate system.
We now explain the RFID communication module, robot positioning system, and

fuzzy logic controller.

5.3.1 RFID Communication Module

Basically. the RFID communication module consists of three parts: the transponder,
reader’s interface, and robot’s processing unit, as shown in Figure 5.3. At every pre-
defined time interval, the robot broadcasts an analogue signal which is received by the
transponder(s) in its operating region. The transponder extracts that signal and converts
it into TRP which is then combined with its ID to construct a frame. Then, the stored
frame is transmitted back to the reader. The RFID reader’s interface is responsible for
decoding the received frame and extracts the relevant information as needed.

5.3.2 Robot Positioning System

Before starting the mission, the robot is presented with an ordered list of virtual points
on the ground specifying its desired path. The coordinates of such points can be ex-
pressed either in the world coordinate system or in the tag coordinate system. The robot
approximates its position by extracting and decoding the frames backscattered by at
least three of the RFID tags in range. The TRP is converted into a distance measure
between the transponder and the robot before trilateration is applied to locate the robot.
This mechanism is illustrated in Figure 5.4.

Once the robot’s position is computed, the angle ¢ between its current position and
its immediate desired target position (in that phase) is determined by (5.1),

¢ = ¢1 - ¢27 (51)

where ¢; and ¢, are the robot’s current orientation and the angle of the target point,
respectively. This is illustrated in Figure 5.5.

In a real-wold RFID system, the TRP is computed through an analogue circuit em-
bedded in the tag. In here, we are simulating the calculation of the TRP using the model
defined by (5.2),

A2 A\
TRP = P, = PGGrqq (m*) = PrirpGrag (m) (5.2)
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where P, and Pgrpp are the transmitted power and Effective Isotropic Radiated Power
(EIRP) by the reader, respectively; G; and G,y are the antenna gains of the reader and
tag, respectively; X is the wavelength; and D is the shortest distance between the reader
and the tag [17]. Model (5.2) considers an ideal TRP signal where the noise effect is
neglected. A more realistic expression for TRP is given in equation (5.3), in which case
RF signals are contaminated by external noise and reverberations. Gy and G;s’ are the
antenna gains of the reader at different directions, ry and r;s’ are the distances between
the tag and reader, n is the number of rays along which reflected signals are coming from
the different obstacles, and I'(«;) represents the reflection coefficient of each ray, .

A 2
FP.,=F{—
7 t(477>

5.3.3 Fuzzy Logic Controller

2
1 - !
G(l)/z—r—(;exp(—jkro) + Gizr(ai);‘_eafp(*jkri) (5:3)

i=1

Similar to the algorithm presented in the previous chapter, the current system also
employs a single-input single-output Mamdani-type fuzzy logic system. The aim of the
fuzzy logic controller is to decide on the amount of tuneup, Af, that the robot has to
apply to its direction, ¢;, to reach its target. The input of the fuzzy logic system is the
angle, ¢, provided by the robot positioning system module (see Figure 5.6). The robot
then uses the output of its FLC to update its direction following the update rule (5.4).
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Figure 5.6: Fuzzy logic controller used to determine A#f.

¢§new) _ ¢§old) + A8 (54)

The input and output membership functions used in this fuzzy logic system are similar
to those defined in chapter 4 (section 4.3.2). Three fuzzy rules are defined to reflect the
fact that the angle (¢) between the robot and the transponder is positive when the
transmitting transponder is on the left side of the reader and vice versa. These rules are
defined as follows:

If ¢is Ne¢g Then Afis CCW
If ¢is Zero Then Afis Zero
If ¢is Pos Then Afis CW

An empirical analysis was performed to optimize these membership function param-
eters to improve the FLC’s performance. The “min” and “max” operators are adopted
as t-norm and s-norm operators, while the defuzzification method is chosen to be the
center of area.

5.4 Navigation Algorithm

The proposed navigation algorithm is quite similar to the previous one presented in
chapter 4 except that instead of using the phase difference, the current approach uses
the desired angle to provide control actions to the robot’s actuators to navigate from one
place to another. Figure 5.7 shows the flowchart of the algorithm. The different steps of
the algorithm are described below.

Steps 1 and 2: The robot is programmed in advance with an ordered list of destination
points. From this list, the current destination point is determined.

Steps 3 and 4: The instantaneous position of the robot is computed from the TRPs of
at least three tags using trilateration method. The angle ¢ between the robot’s current
position and destination point is calculated using equation (5.1).

Step 5 and 6: This angle is dispatched to the FLC in order to compute the orientation
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Figure 5.7: Flowchart of the proposed mobile robot navigation system.
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tuneup Af. The heading of the robot is then updated by A#.

Steps 7, 8 and 9: Once the destination point is reached, the robot checks for more
available points in the desired path. If the current destination is the last point in the
path, then the robot simply stops navigation. If not, the algorithm passes its control
back to step 2.

5.5 Simulations and Results

Two different experiments are conducted to evaluate the performance of the proposed
navigation algorithm under various configurations. If the robot’s initial position is not
at the starting point of the desired path, then it will start by trying to reach that
point. During this phase, the performance metric is the distance between the robot’s
position and the trajectory’s starting point. Once the robot reaches the desired path’s
initial point, the performance measure becomes the tracking error between the actual
and desired trajectories, as defined in Chapter 4. The operating frequency of the RFID
system used in this algorithm is also 960 MHz.

5.5.1 Following a Two-Segment Path

This experiment is performed by setting the mobile robot at an initial position (z,y, 2) =
(—1,-1,0) and initial orientation of zero degree in the world coordinate system. Three
tags are placed at coordinates (0,0, 3), (0,3,3), and (—5,3,3) m. On the ground the
desired path is defined as P1-P2-P3, where P1 = (0,0,0), P2 = (0,3,0), and P3 =
(—5,3,0) m. The configuration of this experiment is shown in Figure 5.8. The line-of-
sight distance D is calculated based on the TRP as defined by (5.2) in which no signal
reverberation (e.g. from walls or ceiling) is considered, while receiving the power at the
transponder. The values of Pgrpp and G,y are 825 mW and 1860.04, respectively. The
actual and desired paths of the mobile robot are depicted in Figure 5.9(a). At first, the
robot was diverging away then it tuned itself to head to P1. Figure 5.9(b) shows how
fast the robot traveled towards P1 from its initial position. It took the robot about 18
seconds to come within 8cm of P1. The robot then performed a two-phase navigation.
In the first phase, it considers P2 as its destination and keeps navigating along the line
segment connecting P1 and P2. The trajectory tracking error is shown in Figure 5.9(c) for
the two phases of navigation of the mobile robot in this experiment. At the beginning, the
robot was moving away from the desired line, P1-P2, so the tracking error was increasing
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for about 5 seconds. Then it turned out a remarkable reduction of the tracking error
until the robot reaches P2.

In the second phase of navigation, the robot was targeting to reach its final destination
P3 and was starting to find the desired line segment connecting P2 and P3. The initial
tracking error in this case was worse than that of the first phase. This is simply because,
after reaching P2, the robot’s current direction was 90 degrees with the line, P2-P3. At
time~ 65 seconds, the robot realized that it was diverging from its desired path. This
experiment confirms that the robot has the ability to autonomously track rectilinear
trajectories in the absence of RF noise.

5.5.2 Following a Three-Segment Path

The objective of this experiment is to show the fault tolerance capability of the proposed
navigation system when one of the tags fails. In order to demonstrate this fact, the robot
is initially placed at (—0.5, —0.5,0) m with an initial orientation of 270 degrees where the
four tags are attached at positions (0,0, 3),(0, 3,3), (=5, 3, 3), and (5, 2, 3) m, respectively
(see Figure 5.10). This experiment is conducted with a more realistic RF signal where
the TRP can be contaminated by the environmental noise. The original versus the noisy
signal is plotted in Figure 5.11(a) and the corresponding signal-to-noise ratio (SNR) is
shown in Figure 5.11(b). The values of the parameters of the equation (5.3) are P, = 825
mW, Gy = 1860.04, G; = 1850.04 and I" = 0.707, respectively. The noisy RF signal is
filtered through an averaging time window of 1 second to approximate the TRP at every
instant of time. Figure 5.12(a) shows that the robot is navigating along the lines linking
points P1, P2, P3, and P4. In this case, the desired trajectory of the robot consists
of three phases of navigation (one for each segment of the path). The robot computes
its position based on the TRPs from Tagl, Tag2, and Tag3. Then, Tagl is assumed to
fail when the robot is between P2 and P3. Under this circumstance, in the third phase,
the robot computes its position and navigates the rest of the path based on the TRPs
from Tag2. Tag3, and Tagd. The robot’s performance in this experiment is shown in
Figure 5.12. As in the previous experiment, the robot was capable of tracking its desired
path despite the noise in the RF signal. It is also worth noting from Figure 5.12(c) that
the failure of Tagl at time ~80 sec. caused a practically negligible degradation in the
robot’s tracking error of a few seconds before the error resumed its convergence to zero.

The results of the above experiments ensure that the proposed navigation scheme
successfully guides a mobile robot along a predefined trajectory regardless of its initial
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Figure 5.11: RF noise model (a) original vs. noisy signal (b) SNR.

position and orientation, length and complexity of the path in the work space, respec-
tively.

5.5.3 Experiments Using a Conventional Controller

In order to justify the use of a fuzzy logic controller, the same experiments are also
carried out to test the performance of the algorithm using a conventional proportional
controller. In other words, instead of using a fuzzy logic controller to compute the robot
orientation update angle Af, it was calculated as (5.5). The value of K, used in these
experiments is K, = 0.056 and it was empirically optimized to provide the best possible

performance.

Af = K, (5.5)

Figure 5.13(a) shows the actual and desired trajectory of the first experiment for a
two-segment path. Similar to the previous experiments that we described earlier, the
robot took some times to reach P1. Then it performs two phases of navigation. In the
first phase, the robot keeps moving gradually along the desired navigation line, P1-P2,
for a short period of time. Then it drastically diverges from its desired path which we
can see from the tracking error in phase 1 (see Figure 5.13(b)) before it converged to the
vicinity of P2. Then, the robot starts tracking the line linking P2 and P3 in the second
phase of navigation producing larger fluctuations of the tracking error.
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Figure 5.13: Performance of the proposed navigation algorithm using a proportional
controller (considering RF noise). (a) The trajectory of the mobile robot in the X-Y
plane and (b) the tracking error (distance between the robot’s instantaneous position
and the desired path).

Figure 5.14 shows the robot’s performance in the second experiment. First, the robot
is trying to reach P1, but it dramatically diverges from its desired path. After about 50
seconds, it realizes that it should converge and then moves towards P2. So the tracking
error is surprisingly decreasing in this phase which is shown in Figure 5.14(b). We note
plenty of fluctuations as shown at the second phase of Figure 5.14(b). As the time passes,
the robot keeps diverging further away from the target navigation line which is shown
at the third phase of navigation (see Figure 5.14(a)).

Comparing both types of controllers, the superior performance of the FLC is quite

clear.

5.6 Discussion

In this chapter, we have presented a novel mobile robot navigation technique using a cus-
tomized RFID tag architecture in co-operation with fuzzy logic controller. The transpon-
der ID is combined with the received power (TRP) of the signal sent by the reader of
the RFID system. This combined ID and TRP is then backscattered to the reader as a
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Figure 5.14: Performance of the proposed navigation algorithm using a proportional
controller (considering RF noise). (a) The trajectory of the mobile robot in the X-Y
plane and (b) the tracking error (distance between the robot’s instantaneous position
and the desired path).

frame. The robot extracts the TRP(s) from the frame in order to compute the line-of-
sight distance(s) between the robot and transponder(s). At least three transponders are
required to compute the robot’s position at every time instant. The angle between the
robot’s current position and the current target is calculated and fed to the FLC in order
to provide necessary control actions to its actuators to reach all target points in the path.
This algorithm is tested with and without noise in the environment while receiving the
power of the signal sent by the reader (TRP). The proposed algorithm is also examined
with and without using fuzzy logic controller in order to justify the use of the FLC. The
experimental results illustrate that the FLC provides smoother navigation trajectories

and smaller trajectory errors.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, we have described two novel solutions to the mobile robot navigation
problem based on minor customizations of current commercial RFID systems. Based on
the previous description and results, we can draw several conclusions after weighing the
pros and cons of the proposed algorithms for mobile robot navigation.

In the first algorithm which is presented in Chapter 4, the robot is equipped with an
RFID reader where the custom-made reader has two receiving antennas, and the RFID
tags are attached on the ceiling of the environment. The two antennas of the reader
on the robot provide the phase difference of the signal sent by the tag. The robot is
able to reach any specified RFID tag location by simple intelligent processing of this
phase difference. It has been shown through six different experiments that neither the
initial position nor the initial direction of the robot affects the algorithm’s performance
in reaching its target, as long as the reader remains within an access range from its target
transponder. In addition to that, the algorithm offers excellent performance in tracking
rectilinear trajectories defined by several transponders placed at unknown locations in
the 3-dimensional space. The locations of the tags in the world coordinate system are
irrelevant for this navigation algorithm since the desired trajectory is given with respect
to the tags.

We introduced another algorithm in Chapter 5 that is based on the robot’s absolute
position. Determining the instantaneous position of the robot is based on the signal
received from at least three tags at a time. In this case, the tag circuitry is customized

where the tag ID is combined with the received power sent by the reader in order to make
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a frame. The frame is sent back to the reader from which the robot can extract the power
to determine its current position. From this position information, the robot can calculate
the angle between its current and desired direction. This angle is used as a navigation
parameter in reaching the predefined target points listed in the robot’s memory. On top
of that, the algorithm is able to provide a certain degree of fault tolerance. In case any
of the tags fails, the robot can still navigate using the information received from other
tags within its communication range if there are at least three of them. A fuzzy logic
controller is incorporated for both of the aforementioned algorithms to provide control
actions to the robot. The fuzzy logic controller proved its superiority to a conventional
proportional controller in leading to a smaller tracking error and faster convergence. It
was more intuitive to use a fuzzy logic controller in such an application thanks to its
ability in incorporating human expertise and behaviors, which are well developed in these
type of problems.

We found through simulation that overall, both algorithms can successfully drive
the mobile robot from one place to another in an indoor environment. Roughly stated,
between the two new algorithms, the first algorithm yields better performance in terms
of computational complexity, simplicity, and accuracy. This algorithm is suitable when
the antennas of the reader provide precise signals about the tag. All that this algorithm
does is to track the sign of the phase difference to navigate the robot along a desired
trajectory. However, it is possible for the reader not to accurately provide the sign of
the phase difference of the received signal. On the other hand, the second algorithm can
be applicable in a specific indoor application where instantaneous position information
is necessary. This algorithms relies on trilateration to estimate the robot’s position.
Nevertheless, imprecise measurements of the signal received power and distances are
among the main challenges facing this algorithm.

In summary, we proposed navigation schemes which allow mobile robots to operate
reliably and efficiently in a priori unknown environment and thus realize an important
step towards truly autonomous mobile robots. The proposed algorithms do not rely
on any sensors other than the RFID reader and tags. This is unlike many algorithms
of similar nature presented in the literature where the robot needs a fair number of
sensors of various types, shapes and sizes for it to navigate. In addition, both navigation
algorithms presented herein do not require building an approximate map of the robot’s
workspace. As a matter of fact, both algorithms are free of any complex computational
processes.

This study opens the doors for a new class of robot navigation techniques that are
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simple, computationally- and cost-effective, and modular, in the sense that they are
independent of any specific robot architecture. Having said that, it is important to
articulate the fact that this technique is not meant to substitute vision-based navigation
algorithms. Rather, it might be regarded as an alternative navigation solution for many

robotic applications where vision systems might not be necessary.

6.2 Future Work

Although the suggested algorithms stated in this dissertation were only applied to nav-
igate mobile robots in an indoor environment, they can be easily extended to outdoor
mobile robots and unmanned vehicles as well. The next stage will be to physically imple-
ment both algorithms on a real mobile robot. Another potential future research avenue
to extend this work is to append the algorithm with a real-time path planning module
by knowing the RFID tag locations in advance in the 3-dimensional space. In addition to
that, the robot can be mounted with several range sensors to incorporate some obstacle
avoidance strategies.
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