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Abstract

Abstract

The aim of this work is to present a visual servoing of a mobile robot using the controls:
DSS Direction Dialog and SpeachRecognizerGui. In the first part we talk about how to
control a mobile robot by using different methods and a bunch of models chosen for
illustrating some controllers. After that we will see an example of a differential drive robots,
then we will study their behaviors in the environment which is supposed they will move in.
we will talk about making a simple robot. After that we will study the linearization. Also we

talk about the stability of the robot when driving it.

In the second part we will talk about visual odometry, and see the camera models and

some projections of the optic flux.

In the third part, we deal with sensors we may use in the field of mobile robotics by
illustrating different types of them and some of their functions the robot may use in its

displacement.

The fourth part is about the introduction to control theory. In this part we start to explain
dynamical models, after that we will see the different controllers the robot or a car may have
to use for their behaviors when they move. We will build different models of regulators and
place them in a feedback system which permit us to see if we reach the objectives we have

fixed to the robot. We use Simulink and MATLAB to simulate and elaborate the results.

The fifth part is about showing the simulation of a pioneer robot (PDX3) by using a VPL
(Visual Programming Language) as a graphical programming language, which is a part of
Microsoft Robotics Developer Studio 4 and that is a software we have chosen for our

simulation.

In this part we will see how to control a robot according to the scene the camera of the
robot will receive when moving. The first simulation is about controlling the robot by using
a DSS Direction Dialog. The goal of the second simulation is to show us how to control a robot
by using a Speech command (speech recognition). We will see also how the robot may avoid

obstacles and going directly to the desired goal.
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General introduction

General introduction

In modern time, different kinds of mobile robots remain the alternative solution to
replace the humans when accomplishing so many hard tasks in appropriate way. That can
be done without resting, with best performances and more precision in shorter time. But
going faster makes the maintaining of stability [1] a big issue. Usually in real world we have

to deal with nonlinear systems. Linearization is required for best understanding.

Providing the robots with a good hardware and software may help them to do a good
processing for a huge amount of data, but not enough to accomplish smart tasks. We use
Microsoft Kinect [48] which is a computer vision technology that combines a variety of
hardware to capture image, depth, and sound. This objective is aimed towards gathering a
complete knowledge of what the Kinect is capable of and how this is applicable to this robot
design. To make the robots robust and efficient [1], we need constantly to enhance their
behaviors by making them as a learning machines. To go to any next step robots need to
require to their own memorized data and compare them with what the sensors may provide
them from the environment. The complex algorithms [5] are commonly used even
sometimes for achieving tasks seen as simple for humans but difficult for the robots. An
artificial brain also called a processor is used instead of the intelligence of the living

creatures.

The fundamental challenge so many engineers have to overcome in robotics world is how
to control [7] [14] such a machines when facing harsh conditions. The solution for that is to
build a bunch of controllers and making a libraries [1] for different applications when that
needed. The same problem has been practically seen in every domain like in the marine,

space and in land.

Autonomous robots [35] are used to fill up the lack of control we have on such a devices.
That is the best way to ensure a better result when we have affair to a critical environment.

So many space missions has been conducted successfully when exploring other part of the
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-universe. We have been a witness for a robots sent to explore other planets or there moons
like Europa one of the Jupiter’'s moons. The signals the scientist may have to use to
communicate with robots for a long distances require too much time. By depending only on
such a method that may lead to lose control over the robots. We assume that mobile robots
must know where they are, and localizing [4] their pose (position and orientation) or trying
to reach tracking [1] requires a good measurements. The better way is to choose a good
sensors [17].

So many engineers are working on various drive mechanism in order to monitor those
robots. The solution to ensure a best driving is using two wheels-drive with differential
steering and a free balancing wheel [1]. Also to drive well the robots and manoeuver in good

conditions, it is better to control the tow motors independently.

To make our robots well accepted in the world of market, we need to reach so many
important objectives, like maintaining a good stability, tracking a reference signal, building
a robust device, find a way to avoid a disturbances, reaching goals in optimal way (crossing
a short path in a short time), finely effectiveness is required [1] [7]. And we have to make a

better controller designs and different methods and models for our robots.

We look forward to find a way helping the robots avoiding obstacles. For that so many
engineers are working to improve the behaviors of the robots by using different kind of
methods. Also to reach a better tracking to the input signals, we need to use feedback control
by using different kinds of controllers, PID regulators are introduced [14]. We also use visual
odometry [4] 5] [6] [10] [22] [21] [28] for better interpretations of the images or the videos

the robots may receive from the real environment according to the camera scene.

For our simulation we use Microsoft Robotics Developer Studio commercial developers
to create robotics applications for a variety of hardware platforms 4 (MRDS 4) [36] is a
Windows-based environment for hobbyist, academic and. Its Components are: VPL (Visual
Programming Language, VSE (Visual Simulation Environment), DSS (Decentralized Software

Services), CCR (Concurrency and Coordination Runtime).
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Now we have resumed some application domains of the mobile robot as shown into the

following:

Indoor

Outdoor




CHAPTER L. The modeling and controlling a mobile robot
[.1.Introduction

In order to control a mobile robot we have to use a model for that. We can start with the
common used model. We will use a model of control a mobile robot, which is a simplified
modeling approach modified from the differential drive mobile robots. Instead of controlling
the right speed v; and the left speed v, of the drive systems. The unicycle model using u and
w as the controller parameters. Tracking is much easier in this model, and its dynamic is

controlled by using a PID controller.

[.2.Building a model
I.2.1.Differential drive robots

We use a differential drive wheeled robot which is a very common type as we can
illustrate in the Fig I. 1. A unicycle type robot is in general a robot moving in a 2D world, having
some forward speed but zero Instantaneous lateral motion. In other words, it is a
Non-holonomic [1.] system [ 2][41].

[a] N @ [b]
(x,y)
Fig I, The models of the wpileyele difFerential dyive robots

As mentioned in the figure above we have to know first the dimension of the robot. Here
we have two parameters L and R. But as we will see in the fourth chapter that a good
controller shouldn’t have to know exactly what particular parameters are, because typically
we don’t know what the friction coefficient is.in this example we have to know how far the
wheels are from each other, and that is the parameter base of the robot, we called it L. We
have to know too how big are the wheels which known as the radius of the wheels, we called

it R. These two parameters have a little role to play when we are designing a controllers. We

[1.] Non holonomic systems are where the velocities (magnitude and or direction) or other derivatives of the position are

constraint. In physics and mathematics is a system whose state depends on the path taken in order to achieve it.
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-want to know what is it about the robot we are be able to control, like moving. The control
signals that we have are w, which is the rate the right wheel is turning, and w; which is the
rate the left wheel is turning. These are two inputs of our system. We look now for the state
of our robot. We have x and y indicating for us the position of the robot. And the direction
will be indicated by ¢. What we need to do is to connect the inputs to the states. We write
now the differential equation of the robot and it is shown as in the following differential

model (a):

|{ 5c=§(wr+a)l)cosqb
4 y = %(wr + w;) sin ¢ (1.1)
L ¢ = %(wr — )

For the unicycle model we have the inputs as v and w. For the unicycle dynamics [2] [27]

[41], we can write the differential equation as the following simple model (b):

X =vcos¢
y =vsing (1.2)
$=w

This model is highly useful.
If we put ¢ = 0 then the robot will move in straight way in the x direction.

Now we are going to design our controller. From the comparison of the two models we

can have the following equations:
R 2v
vzi(a)r+a)l):>ﬁ=wr+wl (1.3)

w =%(wr —w;) = w%= wr—w;  (1.4)

We have v as the translation velocity, and the real velocities are v, and v, . In the end we

can get our real velocities from the equations (1.3) and (1.4), and we write them as following:
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2v + wl
W, = R (1.5)
2v — wlL
w; = W (16)

Those two velocities (v;, and v,.) are the commands send to the robot

As an example if we take the linear velocity v = 0, and the angular velocity w =
constant . We will find the corresponding angular wheel velocities w,, and w; as the

following:

T ZIR ( ' )

In this case the robot will not move straight forward, but it will continue to spin around

with a constant angular velocity.
[.3.0dometry
[.3.1.The position of the robot

We represent the state of the robot as (x, y, ¢). The request here is how really we could
get that state of the robot. There are many ways permitting us to obtain that, but absolutely
we need sensors for such a task. We can use two types of sensors, the external sensors and
the internals. The external sensor would be sensor measuring something in the environment.
We can use for examples infrared sensors, ultraviolet sensors, vision sensors and laser
scanner. Those sensors may indicate for us where the robot is situated in its environment.

Other type of sensors we use is GPS that gives for us location position which we can obtain
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-instantaneously from satellites with a good precision. But using GPS alone is not enough to
know the position of the robot. The solution for that is to add the internal sensors which are
embarked in the robot. For example we use to localize the position accelerometers and

gyroscopes. For the orientation a compass...etc. another useful way is wheel encoders.

Basically we have tick counts to figure out how many revolutions the wheels are doing in
certain amount of time. The wheel encoder will give us the distance has been crossed by each
wheel. In the case the wheels are following an arc the velocity of the two wheels should be

different, one is fast than the other. We illustrate that in the Fig I. 2

D T
D Cc
Dl ’:' ,”’
. ¢ ! v @
/I/ Ill III
"f/- ——————————————————————————
R, i [
’ (X, y ) LI:' I,’R I}'?
4 ya N
P Wy
(b) (a)
I’I‘,II'I
Fiey 1.2 The position off the: oot 0/

We have D is the distance the left wheel has turned. D, is the distance the right wheel has
crossed. The right wheel is turning quicker than the left wheel because it has to cross more
distance in the same time, and as we know the two wheels belong to the same system. We
have D, is the distance the center of the robot has crossed, and it is described by the following

relation:

__ Dy+Dy

D, .

(1.9)

Atick,
D, = 2%R

= Rw,dt  (1.10)
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AtiCkl
Dl = 2nR

= Rw,dt (1.11)

The equation (1.12) shows for us how far the wheels of the robot and its position have
been moved after a period of time:

x'" = x+ D, cos ¢

y' =y + D.sin¢

' Dr_Dl
¢ =+

(1.12)

The wheel encoder will give the robot the only information concerning its position. Now
we need to know what is D,- and D, in order to know where the robot is. We assume that each

wheel has N ticks per revolution. 2w degrees is N ticks.

The most wheel encoders give the total tick count since the beginning. What we measure

is how many ticks since we have started the system up [1].
For both wheels we have Atick = tick’ — tick (1.13).We can get to the distance as we
can express itin (1.14):

Atick
N

D = 27R (1.14)

That gives us a way of mapping tick on to distance as traveled.

To find a position at the next time when the robot will move on, also by depending on the

equation (1.14) as we have seen about the velocities and the position, we can write:
x(t+dt) =x(t) + xdt  (1.15)

As a conclusion we can say a system depending only in wheel encoder will drift, it is very

unprecise. It is not robust.
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[.3.2.Kinematic equations

The robot takes a turning which has aray R as central, also has an internal ray as R;;,, and
external ray as R,,. We get the internal speed from the left wheel speed written as v;;,, = v;.
The external speed is also taken as the right wheel speed and we have v,,, = v,. We can write

the following equations:

Vex _ Vin
Rex  Rin (1.16)
Rex — Rin = L
With
Rin=R—- (1.17)
Rey =R +-= (1.18)
Where
Yex = ZR*L _ Constante (1.19)
Vin 2R-L

If we want the robot to describes a turn on the right. The relation between the speeds of

the two wheels has to verify the following equations:

v, 2R+L 120
v, 2R-1L (120)
For the left turn we have
Vr _ 2R+L
= 2Rl (1.21)

Using the central speed of the robot , we can write for the internal speed

2
Vin = —m1 (1.22)

1+2R—]L
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Kinematic equations

For the external speed we can write:

b = 2V 2R4L
ex — 2R+L
227> 2R-L
1+2R—]L
With
vzvin'“’ex

For a right turn we have to check that

2v
2R+L
1+2R—l

Uy =

And

py = 2V 2RiL
I — 2R+L
2R-L
1+2R—]L

For a left turn

2v
2R+1L
2R-L

And

b = 2V 2R+L
r 2R+
2R-L
1+2R—]L

(1.23)

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)

Those relations let us to control the mobile robot in order to describe a circle with a ray R
with an average speed v which is a speed of robot’s center.

In order to make the robot moving in straight line, we have just to set the velocity v to

vV=1,=1

(1.29)
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1.3.3. An error model for odometric position estimation

x X x, ¥)

Fig l.3.an error model for odometric position estimation using unicycle dif ferential drive robots

An error model and a processing method for odometric position estimation is given in
[4]. For the position of the unicycle differential-drive robot as shown in the Fig I. 3, we can

take generally the positionas p =[x y ¢]T

In a discreet system with one period of sampling fixed the increments of distances

browsed are:

Ax =Ascos(¢+2)  (130)

Ay =Assin(p+22)  (131)

Ap === (1.32)

__Asy+As;
= Lerths (1.33)

As

(Ax, Ay, Ag) is the path browsed during the last interval of time.
(As,, As)) are the distances browsed from the right and the left wheel, respectively.
L is the distances between the wheels of the robot.

The update of the pose p’is made as:
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x [As cos(¢p + %)
p'=|Y'|=p+|assin(p +22)
¢ | s

!

(1.34)

While using the relations As and A¢ we have written previously. We get the equations of

basis for updating the position odometry for the unicycle differential-drive robot [26] [4]:

[Asr+Asl

((I) + As,y— Asl)-l
IAsr+Asl (d) + Asr Asl) | (1.35)

l As,—As; J
L

We don'’t find interest for these equations unless when we deal with weak displacement.

x
y
¢

!

p:

The more the displacement between two instants will be important, the more the evaluation
of the position will not be precise. Because of the mistakes of integration of the uncertainties
on the pose and mistakes of movement achieved during the increment (As,,, As;) the mistake

in based position on the integration of the odometry increase by time.

I.4.Behavior-Based robotics

When a mobile robot move in any environment we can’t predict how it will behave exactly,

because the area where we chose to drive the robot is changing.

We may find obstacles or something may disturb the behavior of the robot in such
unknown environment. For that the designer needs to develop a library for useful
controllers. The controllers can do different things, like going to landmarks or avoiding
obstacles. We can switch from one controller to another as the situation required that, like

charging a battery when we see that the power is going down...etc.
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[.4.1.Building a behavior

We assume that we have a differential-drive wheeled mobile robot driving at constant
speed v, . ¢, is the desired angle which is supposed the robot has to reach. ¢ is the actual

angle of the robot, that also means its direction.
(x,y) is the position of the robot. The placement of the mobile robot wheels over the angles

is traduced by:

tan ¢ =% (1.36)

The differential equations [42] are written as the following:
X =v,cos¢
y =v.sing (1.37)
p=w= %tan 0
We take the reference asr = ¢4 (1.38)
The errorise = ¢p; — ¢ (1.39)
We have also the dynamicsas ¢ = w  (1.40)
If we apply the PID controllers to the angular velocity then we got:

w=kye+k;[edt+kse (141)

k, is the proportional gain, it respond to the actual error. Taking k, large, the system will

respond quickly. But taking k, too large, that will induce oscillations.

k; is the integral of the error. It will integrate up all the tiny tracking errors that we may
have. And after a while this integral will become large enough that it pushes the system up

to no tracking errors. Taking k; too large may will induce oscillations.
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kg is the derivative gain, this makes the system very responsive. But can be a little bit over

sensitive to noise.

This type of controller will not working, because we are dealing with angles. For example

we can take:
¢q =0, ¢=10r =e= —10m (1.42)

That is the same as zero radian. Taking the error too large will make the robot spinning

around.

We have to insure that the error e € [—7, 7] (1.43). For that we can use a trick and we

write
e' = atan2(cos(e),sin(e)) € [-m, ] (1.44)
[.4.2.Drive the robot to a desired position

If we have a differential drive robot. And using a unicycle model with constant velocity v,.

We use a PID controller to control the variation of the tracking error [1] and we write
w = PID(€) (1.45)

We can see the desired position as it is shown in Fig I. 4

Target »{
)]

(x,y) l '4 b

Fig 1.4.driving a robot to a desired positon

Wehavee =¢; —¢ (1.47)

And also for the simple model we can write:
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X =v.c0s¢
y =v.sing (1.46)
¢=w

We can write

$4 = arctan (y’"y ) (1.47) [43]

xp —-X
We should have

© = k($q — ) (1.48)

In this case we are dealing with a proportional regulator using only the proportional
gain. The result is that the robot may not go to the position which is supposed that it has to
reach. As we said before that the tracking error should be fixed between [—m, ]. To deal with
that problem and maintain the tracking error in the desired interval, we have made before a
trick and we took the arctangent of the angles in order to stay steady in that interval. But the
problem is not fully resolved, because again the robot may not doing what we want it to do
for us, and it still little bit spiraling around the position we have fixed before. The problem
may be the robot is turning enough faster, because we have taken its speed as a constant, or
we should slow down when it is close enough to an obstacle. As we have seen we need to
control v, and w. But we need to make the gain high enough which permit us in the end to

make the robot reaching its final desired position.
1.5.0bstacle avoidance
We have to avoid driving into obstacles as we see in the Fig 1.5

The direction we want the robot to steer into is not too pretty much clear. The first goal is
to run away from the obstacles, and the second choice is to choose the direction the robot
has to follow. As the Fig I.5 shows it, we can go to the desired position, and the goal for the

robot has to reach here is the shining star. Our first choice is to take the direction of the angle
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Target ¢

~ A

Obstacle T
¢2 = ¢ob + =

(%0, ¥o) 2
qbob.

x,y) Q\

./

¢3:¢0b_5 P =0¢p+T
Fig 1.5. Avoiding obstacles

¢,.the point (x,, y,) is the position of the obstacle. And the position of the robot is (x,y). We

have ¢,p = dopstacie » and our condition should be ¢ ,e[—m, 7]  (1.49).

$ops = atan (M) (1.50)

Xo—X

1= Pop + 7 (1.51)

That will help us to make the robot run away from the obstacle much easily. Now we

choose another direction by adding or subtractingg

b2 = bo +5 (1.52)

T
b5 = bor — 5 (153)

If the robot is going into the direction of ¢,, that means it is going straight closer to the

position of the goal which is here the shining star.

And if the chosen direction is ¢, that means the robot is going in the opposite direction of
the area where it is supposed to find its goal. If we choose to go straight into the goal or just

trying to avoid the obstacles, that is called hard switches.
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The other choice called blended behavior which is the combination to choose between
the direction of the goal in one part and the direction of the obstacle in the other. The other
example as we have seen is going perpendicularly to the obstacle and being closer to the goal,
that is too a blended behavior. The different choices we have taken as the behavior for the

robot are basically called the arbitration mechanisms.

As a conclusion we can say that choosing the hard switches tasks is much easier for the
robot to do in analysis point view than the other choices. But the performance required from

the robot to do in that case is not quite guaranteed.

[.6.Making a simple robot
[.6.1. Introduction

We need to show the behaviors of our robot in a systematic way. All the models we can
get by trying to build any controller is just an approximation. We can have a different
characteristics to our developed model class, and that is quite general enough, In simple way
in order to have a behavior to understand , Expressive enough, and useful enough. In other

words we need our robot to accomplish its task as we want it to do for us.
[.6.2. Linear systems

[.6.2.1. controlling a point mass

We consider our robot as a point mass in a line, and we have to control directly its

acceleration which has been taken as the second derivative of its position, we name it as p.

Fig I.6.Controlling a point of mass

=
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We have the acceleration as a second derivative of the position. We can write
p=u (1.54)
To have state space form we can take:

{X1=p:{9€1=1§=x2

X =D X =p=1u (1.55)
o[ -E-10 UL ase
y=p=x=0 0lx @59 x=[] s

In general way, if we introduce a notion of a matrix, we can get
_[0 1 _ [0 _

a=1y o B—L], C=[1 0] (1.58) .

In the end we can write

x = Ax + Bu
y = Cx (1.59)

In two dimensional point mass we can write:

Dx = Uy
.. 1.60
{py = Uy ( )
X1 = Px
X2 = Px
X3 = Dy
Xq = ij
W =, (1.61)
uZ = uy
Y1 = DPx
Y2 = Dy

The matrixes will became as the following:
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(1.62)

e
I
coco o

1

0

0

0
The state-space form will still the same, and the system is called Linear Time-Invariant

(LTI) system.

For the dimensions we have

x € R" A:nxn

ueRm =RB:nxm (1.63)

y € RP C:pxn

[.6.3.State-Space models

The general form of the model is given as the following:

x=Ax + Bu
v=0Cx

system

We have x is taken as a state, u is a control signal taken as an input, and y as an output.

A, B, C are the matrixes of the system. Ax is the physics of the system, and is given to us by
the laws of physics. B tell us how the input affects the state, that means too how the actuator

behave. C shows us how the sensors behave or what they are measured.

If we take the car model and try to measure its velocity, we will have then:
p=Ly— pv (1.64)
m
We take x = v, for the system wetake A =—p, B =% and C=1 (1.65)

That will give us a one dimensional simple system.
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Now if we take both the position and the velocity, we can turn a dynamical equation into

a system in state space form:

1}=%u—pv=>{ (1.66)

y
—»(A,B,C) ———»

x = [ﬁ] - [iﬂy =p=x,, (4B,C) = <[3 _1p] , I%l, [1 0]> (1.67)

p]_ [0 1] P, |9
[1'7] [O —p [v]+ % u (1.68)
v=t1 af)
Wehave p=x; =x,, p =X, = —px, +%u (1.69)

In the end we can write:

(=15 2+ [g)-
| v af)

For the unicycle robot we have:

X =v,c0s¢
Yy =1vsin¢ (1.71)
$=w

As we can see the system is not linear, and if we take a small angles, that will give us:

$pK1= cosp=1, singp =¢ (1.72)
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X =,
Yy =v:¢ (1.73)
p=w

Here too we have a multiplication v.¢ that means the system is not linear. In this case the

simplification is not enough to get a linear system.
[.6.4.Linearization

We have the most system in the universe are not linear. The system behave as linear around

an equilibrium point.
We take a general example for a nonlinear system, and we write:
x = f(x,u), y = h(x) (1.74)
The goal here is to find a linear model around an operating point (xg, ug)
We have x =xy + 6x, u=uy+ du (1.75)
The new equations of motion become:
We use Taylor expansion

6x:x_xO:x:f(xO+6x,uo+6u)

9] 9]
= f(xo,up) + % (%0, up) Ox + % (x0,up)Su + H.O.T - (Higher Order Terms)

A B (1.76)
oh
y = h(xy, 6x) = h(xy) + a(xo) éx+H.0.T

Cc

When éx and du are large, we take account of H. 0. T otherwise that doesn’t matter.

If we take:

of of oh
f(xoluo) =0, h(xo) =0, A= a(xo;uo); B = a(xo,uo), C= a(xo) (1.77)
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Then we can write:

65x = ASx + Béu

y = Cox (1.78)
[.6.4.1. Computation of the Jacobians
f hy
n m — fZ — hz
xeRLueR™MyeRP f=|"7|, h=|", (1.79)
n hn
0h  Oh] Oh  Oh] EACRNICY
dx;  0Oxy Ju;  Ouy Ox;  Oxy
of |22 Ofy 4 |Of 0f2 oh |92 Ok
B e O Rz T B
fn . O O .. ohy Iy
[0x, dx, ] [ 0u, 0uy, [ 0x; dx, |
nxn nxm pXn
[.6.4.2.Application to the unicycle robot
We have the differential equations (1.84)
X =vcos¢
y =vsing (1.81)
$=w

Now look for the state model, and we can put the variables as the following:

X=X ,Y=%X , p=x3

Vi=X1, Y2 =X » Y3 = X3
u1 =7, uz =W (182)

(x0,up) = (0,0)

10 1.0 0
0 o], C=[o 1 o] (1.83)
0 1

A=0, B =
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We replace the matrixes A, B, and C in the system then we get

{szx+Bu (1.84)

y=Cx

: 3] (%)

{I((E)ﬂ-(%;%)z %
L B)-p 1 o)

0 0 1

(1.85)

As a result we get x, = 0, we have also x, is the y direction. If we point our robot
straight to the x direction, then apparently we can’t make the robot drive in the y direction.
The linearization here didn’t give what we want because we lose control if we point the robot

to y direction. As a result we can say when the linearization work that is useful to our robots.
[.6.5.Stability

To get some intuition about what is going on, we start to use the scalar systems.

x = ax = x(t) = e*x(0) (1.86)

For the matrix 4, we write

x = Ax = x(t) = e4tx(0) (1.87)
We can write

Av = v (1.88)
Ais an eigenvalue € C.
v is a eigenvector € R"

The eigenvalue tell us how the matrix A acts in different directions (eigenvectors).
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[.6.5.1.Asymptotic stability

We write a<0= x(t) — 0,V x(0) (1.89)

The system is asymptotically stable if x go to zero for all initial condition. We take in this

case a strictly negative.

For the matrix A we have the system is asymptotically stable if and only if
Re(1) < 0,V1 € eig(A) (1.90)

[.6.5.2.Unstable system

For the a scalar

a>0=3x(0):||x(®)|| — o (1.91)

That means there exist initial condition for which the systems blows up. In that case we

have a strictly positive
For the A matrix we have the system is unstable if

JA €eig(A): Re(1) >0 (1.92)
[.6.5.3.The system is critically stable

For that case we have a = 0. The system doesn’t go to zero or blow up either. But it goes

between them.

For the matrix A4 we have:

Re(1) < 0,V1 € eig(A) (1.93)
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II.1.Introduction

Visual Odometry is the process of determining a visual sensor orientation and position
in three dimensional space from a sequence of images, or simply put motion estimation using
visual information only. So many living creatures, especially for us as human being, the eyes
play a basic role for any attempt to localize ourselves in the environment situated around us.
We can also see and distinguish different shapes in our vision field. But our eyes can betray
us and might has difficulties when it is something about the real scale of the shapes we
perceive. The scale factor is also called “metric”, which can let us to transform any unknown
distance to a measured distance. The distances are measured by meter. The robots are using

cameras for such a localization. As the objects get far the smaller they are in our eyes.

If we don’t care about the metrical problems. The approaches based on the vision
technics are interesting, because they let us to obtain a complete results concerning the
localization and the estimation of the geometry of the environment with a good precision,

what is called visual odometry technics.

The successive images of a camera are the basic information in visual odometry. When
such images ones are treated, they will serve to calculate the displacement of the camera
between each two screen shot. We look for the similarities among points in a many
successive images the camera has got. Those similarities among points constitute the input
of the system, which allows to obtain the relative displacement of the camera from the first

image to the second one.

I1.2.Thin lens camera model

1 Optical axis

Fig I1.1. Convergent lentil Image plan
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We have rays parallel to the optical axis are deflected through a point at distance 4 which
is a focal length. The rays passing through the optical center O are not deflected, as it is shown

in [6], and we can write a fundamental equation of a thin lens [23] as following:

1 1 1

1 M'P" oM
OM '~ OMr OF  OFr

(2.1) —=— (22

MP oM

I1.3.Pinhole camera model
I1.3.1.Definition

The pinhole camera model is the basic camera model used in computer vision. Its name

originates from the concept of pinhole camera and it models perspective projections.

The pinhole camera model describes the mathematical relationship between the
coordinates of a 3D point and its projection onto the image plane of an ideal pinhole camera
[12], where the camera aperture is described as point and no lenses are used to focus light.
The model does not include, for example, geometric distortions or blurring of unfocused
objects caused by lenses and finite sized apertures. It also does not take into account that
most practical camera have only discrete image coordinates. This means that the pinhole
camera model can only be used as a first order approximation of mapping from a 3D scene

to a 2D image.

Its validity depends on the quality of the camera and, in general decrease from the center

of the image to the edges as lens distortion effects increase.

Some of the effects that the pinhole camera does not take into account can be compensated,
for example by applying suitable coordinate transformation. A pinhole camera model has

been illustrated in [12] [16].We can show all of that in the illustrated Fig I1.2.
A camera could be approximated by a projective model, often called pinhole model.

The simplest representation of a camera is a light sensible surface (sensor), see( [22],
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Image coordinate system

iv

-0
:120"/’// p('x’ y' Z)

walsAs 2IDUIPALO0I DAIWD))

e .Y scene coordinate system

(a) pinhole camera model (b) Canon camera VC — C50i [39]
Fig 11.2. The camera

[12]): an image plane, a lens (projective projection) at a given position and orientation in
space. in the pinhole model as shown in the Fig I1.2 (a), when thin lens widness is neglected.
All rays pass trough optical center which is the center of projection we chose here as C. The
points are projected therefore on the plan according to a perspective projection. From the
scene we take a point p with coordinates pR¢ = (x,y,2)T in the R, reference mark. It is
projected on the plan in one P point of metric coordinates (u, v)7, and we can find P using

similar triangles|3] as:

f_u_v

vl y (2.3)

u= ]Z:x (2.4)
_f

v= ;y (2.5)
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y (2.6)

© N[

NI~ ©
o

Using homogeneous coordinates for P we can write this as

(\’i) = <€ ;(2 8) (g) (2.7)

0 0 1

We can verify that indeed generates the point P(u, v,w) = (f X, f y,1). Note that p is still
not in homogeneous coordinates.
Now, if the origine of the 2D image coordinate system does not coincide with where the z

axis intersects the image plane, we need to translate P to the desired origine. We difine this

translation by (t,, t,). Hence, now (u, v) is

u= ]Z—Cx +t, (2.8)
_f
v = ;y +t, (2.9)

This can be expressed in similar form as equation (2.7) as

B)-( 7 )
vl=(0 ¢ ]| (2.10)
w 00 1/\%

Now, in the equation(2.10), P is expreced in inches since this is a camera image, we need

to express it in inches. For this we will need to know the resolution of the camera in

pixels/inch. If the pixels are square the resolution will be identical in both u and v directions

of the camera image coordinates. However for more general .case, we assume more rectangle

pixels with resolution m,, and m,, pixels/inch in u and v direction respectively (I). Thus
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u= mugx + myt, (2.11)

V= mvgy + myt, (2.12)

This can be expressed in matrix form as

u muf 0 mutu X ax 0 uO
v]=10 myf myt, JZ] =10 @ v |p=Kp (2.13)
w 0 0 1 0o 0 1

We have K only depends on the intrinsic camera parameters like its focal length, principal
axis and thus defines the intrinsic parameters of the camera. Sometime K has a skew
parameter s given by

Ax S U
K= (0 ay v0> (2.14)
0 0 1

This usually comes in if the image coordinate axis u and v are not orthogonal to each
other. We note that K is an upper triangular 3 X 3 matrix. This is usually called the intrinsic
parameter matrix for the camera.Now if the camera does not have its center of projection at
(0,0,0) and is oriented in arbitrary fashion (not necessarily z perpendicular to the image

plane), then we need rotation and translation to make the camera coordinate system

coincide with the configuration in Fig I1.2.

We take T(T,,T,,T,) as the camera translation of (x,y,z) coordinate. R is the 3 X 3
rotation matrix, the rotation applied to coincide the principal axis with z axis. We have E as

the 3 X 4 matrix formed by first applying the translation followed by the rotation.
E = (R|RT) (2.15)

Called the extrinsic parameter matrix. So, the complet camera transformation can be

represented as it is shown in (2.16).
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K(R|RT) = (KR|KRT)=KR(|T)  (2.16)
Hence p the projection of P is given by : p=KR({|T)P =CP (2.17)

Cis a3 X 4 matrix usuaslly called the complete camera calibration matrix. We not that since
Cisa 3 X 4 we need p to be in 4D homogeneous coordinates and P derived by CP will be in
3D homogeneous coordinates. The exact 2D location of the projection on the camera image

plane will be obtained by dividing the first two coordinates of P by the third.
[I.4.Interaction Matrix

According to the Fig I1.2 . We have the absolute reference frame:F,: {0, Xy, ¥, Zo}.The

camera reference frame: F.: {O¢, X, V¢, Zc }. The image plane reference frame: F;: {0;, u, '}

We take p as a point of the space, with its coordinates p = (x,y,z)7 in R, , it is projected on
the plan in one P point of coordnates (u,v)” in the picture. According to the equation of

projection (2.6). after some deffirentiating the equation (2.6), we get the variations in the

picture of the u(t) and v(t) of P in relation to the speed of VP%C of the p point.

w0 =L 0o 2k o
o L YO (19
kv(t)—( 20 (0 Woz, ©
In other way we can write:
f u\ /x
u@®y _(z O ~zZ\(;5
<f7(t))_ o L v ! (219
Z Z
Using (2.6) and (2.19) then we get:
oy_ (50 ToF\(:
u(t z z(t)? -
= y
(506 o [ =yor |\ (&)
z z(t)
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We have a point p belonging to a target we concider as immobile. That give us a stationary

point while the camera is enlivened of a transfer speed VC/RO (t) and of a rotational speed

5RC/R0 (t). We can write the speed of p as

Vosre(©) = —Vey, () = Qg e, () X TP (2.21)

In other way we can say that the velocity (%, y, Z) of appoint p in frame F. is actually due

to the roto-translation(V, (1) of the camera (p is assumed fixed in Fj).
The kinematic relation between (%, y, 2) and (V, Q) is:

X

X
Y =-v-ax(” (2.22)
VA A
x 1.0 0 0 -z y\,v
Y)={o -1 0 z 0 —x <Q> (2.23)
Z

0 0 -1 -y x O
Using (2.22) we rewrite (2.18) as

1(t
(38) = Ly (u(0), v(0), 2(D)T. 7 (©) (2.24)

By replacing (2.23) in (2.19) we get:

(u(t)) _ /_g 0
wo‘ko f

Nig NIR®
\ﬁ
|
S
\'\
_|_
| S
N———
<
_/

With p = point (feature), f assumed to be known.

The value z is the depth of the three dimensional point expressed in the camera frame.

Ly (u(t), v(t), z(t)) is the matrix of interaction of the point, joining the variations of the
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-coordinates of one point in the picture to the mechanical torque of the camera [6] [12] [13].

The matrix of interaction of one p point depends on the composing z in the reference mark

camera [12].

I1.5.Camera calibration
IL.5.1.Definition

To calibrate a camera consists in estimating the parameters of the model that have been
chosen to represent it. It is a problem of parametrical estimation. Geometric camera
calibration, also referred to as camera resection, estimates the parameters of a lens image
sensor of an image or video camera. We can use these parameters to correct for lens
distortion, measure the size of an object in world units, or determine the location of the
camera in the scene. This tasks are used in applications such as machine vision to detect and
measure objects, in robotics, for navigation systems, and 3D scene reconstruction. The

camera parameters include intrinsic, extrinsic, and distortion coefficients.

The calibration algorithm calculates the camera matrix using the extrinsic and intrinsic
parameters. The extrinsic parameters represent a rigid transformation from 3D world
coordinate system to 3D camera‘s coordinate system. The intrinsic parameters represent a

projective transformation from the 3D camera’s coordinates into the 2 D image coordinates.

I1.5.2.Camera calibration parameters

World Rigid Camera Projective | Pixel
coordinates coordinates coordinates
3Dto 2D 3Dto 2D
¥, 2) e Yez) )

Exntrinsic parameters Intrinsic parameters

~ A4~
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[1.5.2.1.Extrinsic parameters

The extrinsic parameters consist of rotation, R, and a translation, t. the origin of the
camera’s coordinate system is at its optical center and its x — axis and y — axis define the

image plane.
[1.5.2.2.Intrinsic parameters

The intrinsic parameters include the focal length, the optical center, also known as the

principal point, and the skew coefficient.

[1.5.2.3.Perspective transformation using homogeneous coordinates

World\
scene

o L coordinate
Intrinsic camera Extrinsic camera system

parameters parameters

X

u Ax S uy\ /M1 Tz Tz 4 y
b={v|~|0 a vy ||T21 T2z T3 U2 7 (2.26)

1

1 0 0 1/\131 T3z 133 t3

Camera coordinate system

Image coordinate system
A transformation matrix is used which includes a rotation and transformation [36].
That matrix is written as:
"1 Tz Tz b
T=(T2x1 T2 T3 Ut (2.27)
31 T3z T33 U3
k is the matrix of intrinsic parameters of the camera, and we write:

ax S uO
k= (0 a_‘y v0> see (214)
0o 0 1

We can write:
a, =myf (2.28)
a, = my,f (2.29)
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Uy = myt, (2.30)
Vo = myt, (2.31)

@y, @, are the horizontal and vertical focal lengths respectively, and also we have u,,

v, are the x, y coordinates of the camera projection center see (I).

[1.6.0bstacle avoidance using algorithms of vision

For the robot, avoiding any obstacle requires to know its absolute distance. The
estimation of the relative distances is generally sufficient. Using monocular vision is a good
way for such an estimation, just we have to do a good interpretation for the indications we
use. Geometrically speaking, the optical flux is the projection of the motion of the objects on
the camera screen, see [5]. Generally a camera is fixed on the mobile robot who moves and
that the other objects of the environment are immobile. The apparent movement is
described by the displacement of the robot which we consider its motion in a horizontal plan,
and so the fixed camera on it. But in real world there may will be vibrations, and the optical
access will be affected too. In the figure 11.3, x is the optical. The observed object in the

point O.

The camera is fixed in the origin R of the Euclidean reference with a directory
vector (U, u—y, u,). The coordinate of the point O in the reference mark are (x, y, z). V isthe
linear drift of the robot. @ is the angular velocity. D = ||ﬁ|| is the distance between the
camera and the object. § is the angle between the optical axis and the direction of the

displacement of the robot. The optic flux is represented by the angular velocity F, obvious

movement of the object O since the point R.

We can decompose it in a component F7 that comes from the transfer of the robot. And FTz

that comes from its rotation. F = Fy + Fg (2.32)
Fr=—(+8)w, (233
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Uy

Fig 11.3. Displacement of the robot generating optical flux

ﬁ depend only on the speeds of the robot and the camera which takes place only in the

horizontal plan.

The obvious movement bound to the transfer is situated in the plan defined by the vectors

Vand RO :

Fp= ——— (2.34)

The total obvious movement is given therefor by the formula shown in (2.35):

— _—

. ~ . VARO
F=—(w+6)u2+

—— (235

We have only the part bound to the movement of transfer depends on the distance. Only
that part may interest us when it is about obstacle avoidance.

Now we can express the displacement of the point O in the reference mark (R, uy, i, u;)

as the following:

When we consider only the movement of translation V then we get:
x =—Vcosé
y=-Vsind (2.36
z=0
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Now we consider only the movement of the rotation and we can write:

1/) = —(w+8)
7=0 (2.37)
D=0

We express x and y according to 1 and we can write:
x =+D? —z?cosy (2.38)
y =+D?—z%siny
By taking the derivatives of these expressions we can get
% = —/D?% — z2siny

— (w+8)y

y = \/md}cosw

=—(w+6)x

(2.39)

In the end by taking account of the translation and the rotation we can get the final

relations as shown in (2.40):

X = —Vc056+(a)+8)y

y = —Vsind — (w + S)x (2.40)
z=0
For the distance of the obstacles we have: D? = x2 + y? + z2 (2.41)

By deriving that relation we can get:

2DD = 2xx + 2yy + 2z2

.X . . 2.42

D=5(—Vc055+(w+5)y)+%(—Vsin5—(w+6)x) ( )
Finally we can write:

D= —%(x cos § + ysin §) (2.43)
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[1.6.1.Spherical projection

The projection is gotten in projecting the picture on a spherical surface. It is the case of
the human eye. This projection is adapted therefor when we try to reproduce to best the

human vision.

In the next figure we use a as an angle between the direction of the optic axis and the
direction of the object, and § is the angle between the formed plan by (ﬁ, u,) and the
horizontal plan. What we observe really on a spherical projection is the length have a; = Aa
where A is a focal length of the objective. The geometric properties being the same to the

factor near. We use here directly the angle a.

Uy

Fig I1.4. Representation of the picture discerned in spherical coordinates

The optic flux is represented by the spherical coordinates by the following relations:

« =TT

p = tan1() (2.44)

From the figure we can get:

x=Dcosa

y = Dsinacosf (2.45)

Also we have:
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Spherical projection

cosa =

(2.46)
tanf =

LLIND| R

To get the representation of the optic flux in spherical coordinates. It is sufficient to derive

these two last expressions.

First we start with cosa = % (2.47)

o X Dx
asina = ——3

V
—= o) iné
B ( D(xcos + ysin )>x
D DZ.
—Vcos§+ (w+8)y V(xcosé+ysind)x
- D * D3

|4 x? yx Ny
=5(<—1+ﬁ>c055+ﬁsm5>+(a)+5)5
=K (—1+cosza)cos6+ﬁsin6 +(w+8)z

D D2 D

|4 y X .
— _ . 2 s - . .
—D<( sin a)cos6+DDsm6>+(w+5)smacosﬁ

= 5((—sin2a) cos § + sina cos f§ cos a sin 6) + (a) + 8) sin & cos B

|4 .
= —sina(E(sinacosd—cosﬁcosasind) —(w +9) cosﬁ)

In the end we can get

V .
a= E(sina cosd —cosfB cosasind) — (a) + 6) cos B (2.49)

Now we do the same for having f3:

tan B = i (2.50)

(2.48)
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B o zy 4 Z
cos?p B y2 oy
Z )
_ vy,
y y (2.51)
t .
= — a;ﬁ (—Vsir16 — (a) + S)x)
tanf

=m(Vsin6+(a)+6)Dcosa)

Finally we can get:

| copeosts |
:8 —m(Vsm(5+ ((A)+6)D COSCZ)

sin 8 _ .

= Dsina(V51n6+ (w +8)D cosa)

_ V sin B sin (w+8) sin 8
tan a

(2.52)

Dsina

If we take f = g then we get D = gcos dsina (2.53)

If we eliminate the movements of the rotation and having (w = 0,6 = 0,8 = 0) we get

directly the distance of the obstacles in all point of the picture by the relation

D = gsin a (2.54)

In this case we have # = 0 (2.55).

That permits to verify if the movements of rotation have been eliminated well.

[1.6.2.Polar projection

In that case the coordinate of the point are the azimuth Y and the elevation 6 as

mentioned in the Fig I1.5

To get a picture in polar coordinates, a transformation is therefore necessary to get one
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[5]. Here we simplify the calculations using directly ¥ and 6 instead of ; = Ay  (2.56),
and 6; = 160 (2.57), where A is the focal length.

Fig 11.5. Representation of the picture discerned in polar coordinates

From the representation of the optic flux when it is projected in polar coordinates as

shown in the Fig I1.5 we can get:

x =D cos68cosy _y
y = D cos 0 sinip = tany = (2.58)

We have too:

sin 6 = — (2.59)

We want to get the representation of the optic flux in polar coordinates by deriving these

last two relations

Yy

First we start by deriving tany = p (2.60)
v v,y
cos2y x2 + x

ta

ny (—V cosd + (w + S)y) + i(—V siné — (w + S)x) (2.61)

X

= %(tanllicos § —sind) — (w + S)(tan21,b +1)

Now we deduce
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. Vcos*yp - [Sin*yY + cos*yP
= t 8 —sin §) — cos? 6
V) . (tany cos sin &) — cos*P(w + )< cosZY
Vcos? sin :
~“Dcosf c:)/)sgl) (coslllljjcos 6 —sin 6) a (a) * 6)
(2.62)
= Deosd (siny cos § — cossind) — (w + &)
Vsin(y — 6) .
~ " Dcosf —(a)+6)
Now we do the same by deriving the following equation: sin 8 = % (2.63)
. z zD
0 cosf = D D2
zV
= F(x cosd + ysind) (2.64)
V sin@ ] .
=72 (D cos 8 cosycosd + D cos @ siny sin §)
Finally we can write:
. Vsin@ ) )
0 = D (cosy cosd + siny sin )
_ Vsin8cos(y —9) (2.65)
B D

In the end we can resume that the optic flux is represented by the polar coordinates as:

p Vsin(yp — 6) 3 (w+8)
D cos b (2.66)
4= V'sin@ cos(y — 6)
D

We deduce from the last equation that @ is not depending on the rotation movement. But
we can calculate the distances of the obstacles even if the robot is turning. Besides, a rotation
of the robot according of the vertical axis entails a horizontal transfer of the picture in polar

coordinates.
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[1.6.3. Plane projection

Fig I1.6. Representation of the optic flux projected on the plan

In the Fig I1.6 we have x;,y; are the coordinates of the projection of the point O in the

picture.

d; = m (2.67) is the distance of this point in the center of the picture. 1 is the
focal length of the objective used, here we use the obstacle, see also [5]. As the figure shows
it we take the origin of the reference mark is in the center of the picture. Also we take the
axis of the y; oriented upwards and the axis of x; is oriented to the right. From the figure we

can get the two following relations

X; = —/12
. (2.68)
yi=A47

Now in order to have the representation of the optic flux in the image, we have to derive

these last two expressions. For that we proceed by starting with the first expression:
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= I (coss + (o +8)y) ~ 2 (~Vsing — (w + 8))

V
= (x;cos & + Asind) + (w + 3) (/1 - ;y) (2.69)

|4
=;(xlc055+/151n6)+(w+6)<

|4
=;(xlc055+/151n6)+(w+6)</1+ )

V (x;cosé
=/’l—( 7 +31n6 +(w+6) 1+

x
Now we derive the expression y; = /1? (2.70) as we can see in the following
. zZx Xz
Ni=lET
. (AZ
(%)
=1=
X X
o Zx XY
T2 x
=3 (0)x (—V cosd + (a) + S)y)yl- (2.71)
7 x2 X
(—V cosé + (w + 8) (— %)) Vi
- X

:Vyi;056+(w+8)xiyi
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6.4. Diagram showing Obstacle avoidance using algorithms of vision

Video image

Algorithm used for detecting obstacles

Obstacle
yes No Next image
detected ?

Algorithm used for avoiding obstacles
Order motor directing

the robot toward goal
Order motor

avoiding obstacle

Fig 11.7.1llustration of the algoritmic structure used to facilitate the compromise

between loop line of obstacles and displacement toward the goal

The algorithms are conceived by the genetic programming system, we can find more in
[5]. The first algorithm used for detecting obstacles has been simplified to use only one
image. The second algorithm used for avoiding obstacles has been made to be able to reuse

the image filtered exit out of the first algorithm.

Most known genetic algorithms of evolutionary algorithms are probably the genetic

algorithms developed by John Holland in the beginning of the seventies.

As there name indicates it, these algorithms are inspired directly by genetics. The

individuals are represented by one binary sequence called genome.
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I11.1 Introduction

The robots need to know what the world around them looks like. Thus we have a
different kind of sensors [36] which are known as devices that can sense and measure
physical properties of the environment. We use contact sensors like bumpers. Internal
sensor like accelerometers (spring-mounted masses), gyroscopes (spinning masse, laser
light), or compasses, and inclinometers (earth magnetic field, gravity). Also we can use
proximity sensors like the sonar (time of flight), a radar (time and frequency), or laser range-
finders (triangulation, TOF, and phase), or also Infra-red sensor (intensity). We have visual

sensors like cameras. And finally we can require to the satellite-based sensors like GPS.
IIL.2. Sensor types

First, we can start to classify the sensors using two important functional axis:

proprioceptive [exteroceptive and passive /active sensors [32].
[I.2.1. Proprioceptive sensors

The robot measure a signal originating from using proprioceptive sensors. These
sensors are responsible for monitoring self-maintenance and controlling internal status of
the system. As a common uses of a proprioceptive measurements we can talk about the
battery monitoring, current sensing, heat monitoring, wheel load, motor speed, and robot

arm joint angles. We can take some examples as the following
* Global positioning System (GPS)

* Shaft Encoder, also known as a rotary encoder, is an electro-magnetic device that works as

a transducer to covert the angular position of a shaft or axle to an analog or digital code.
* Compass: A compass sensor is used to detect direction and accurately correct motion.

* Inclinometer: An inclinometer sensor measures the tilt or angle of an axis.
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I111.2.2. Exteroceptive Sensors

Exteroceptive Sensors uses information taken from the robot’s environment. For
example: we take the distance measurements, light intensity, amplitude. For the sensors we

take as examples: cameras (single, stereo...), laser, scanner, sonar, tactile...etc.
I111.2.3. Active sensors

Active sensors emit their proper energy into the environment and measure the

reaction. More robust, less efficient.
I111.2.4.Passive sensor

Measure the energy coming from the environment. Less intrusive, but depends on

environment Like receiving the light for camera.

Table III.1 provides a classification of the most useful sensors for mobile robots
application [42] [35]. We start by giving the meaning of the abbreviations we have written

in the table and that concerns the letters A4, P,and A/P
A: active ; P:passive; P|A passive|active; PC: proprioceptive; EC: exteroceptive.
TableIll. 1

Classification of sensors used in robotic application

General classification Sensor PCor |AorP
(typical use) Sensor system EC
Tactile sensors Contact switches, bumpers, EC P

optical barriers

(detection of physical contact or EC A

closeness; security switches) Noncontact proximity sensors| EC A




General classification Sensor PCor |AorP
(typical use) Sensor system EC
Wheel/motor sensors Brush encoders PC P
(wheel/motor speed and position) Potentiometers PC P
Synchros,resolvers PC A
Optical encoders PC A
Magnetic encoders PC A
Inductive encoders PC A
Capacitive encoders PC A
Heading sensors (orientation of the Compass EC P
robot inrelation to fixed reference Gyroscopes PC P
frame) Inclinometers EC A|P
Ground — based beacons GPS EC A
(localization in a fixed Active optical or RF beacons EC A
reference frame) Active ultrasonic beacons EC A
Reflective beacons EC A
Active ranging Reflectivity sensors EC A
(reflectivity, time of flight, Ultrasonic sensor EC A
and geometric triangulation) Laser rangefinder (1D) EC A
Structural light (2D) EC A
Motion/speed sensors(speed Doppler radar EC A
relative to fixed or moving Objects) Doppler sound EC A
Vision-based sensors CCD/CMOS cameras EC P
(visual ranging, hole image- analysis, | Visual ranging packages
segmentation, object recognition) Object tracking packages

I11.3.GPS sensor

GPS is an acronym for Global Positioning System many people use the term GPS when

referring to the receivers that’s found in their car. But it’s not entirely true. GPS is accurately
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-is more defined as a navigational system that relies on satellites signals to show an objects
location. The GPS network is made up by twenty four operating satellites. Four satellites
always have a line of visibility to our receiver at any time of the day. Our receiver gets the
information on the location atleast from three satellites around us and the distance between

us and those satellites.

We can use those measurements to pinpoint where we are, that’s called trilateration. All
the receivers and GPS satellites don’t just have to know where they are but they have also to
know what time it is when they sending their positions. Every satellite got an atomic clock
on it accurate to a billion of a second. And every receivers use a quartz clock that constantly
resets itself to match its time to the last one got from the satellite. And that’s why also why
GPS is not just using positioning anymore. It's also use time keeping situations where
everything need to be synchronized perfectly. As we know stock markets need to use that
every day. In other way we can say that the GPS satellites continually emit signals that state
two pieces of information.one is the current time and the second is where exactly about the
earth the satellite is at that time. GPS receivers use this information to do a special calculation
called triangulation. The receiver compare the time that was send from the satellite with the
time was the signal was received. The deference in time indicate the distance between the
receiver and the satellite. A GPS receiver need to get signals from three satellites to calculate
latitude and longitude. If we get a signal from four satellite we can also calculate altitude. We

can illustrate the position of our robot as using three GPS satellites as shown in the Fig I1].1

$3 | Fig II1.1.Localization using GPS sensor | S2
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If we suppose that our robot posed in a circular lot. We have got inside the robot a
receiver with which it receives signals from four satellites in order to indicate for us its
position and its time. Our lot is now the region inside the satellite orbits (including the

Earth).

We take the center of the Earth as the origin in our coordinate system. We are working
in three dimension that means we need information from four satellites. We name these §;,
S,, S3, and S,; and we suppose that S; is located at (X;,Y;, Z;) when it transmits a signal at
time T;. If the signals are received at times T';, according to the to clock in our receiver, we
let At; = T'; — T;, and lets € represent any error in our clock’s time. The receiver allows for
the mean of passage through the Earth’s atmosphere and computes distances d(At;, €) that
indicate for us how far the robot is far from the satellites. Our position (xg, yg, Zo) is located
on each of four huge spheres. In most situations. There will be one sensible value of ¢ that
allows the spheres to have a point in common. The robots location is determined by solving

a system equations as it is introduced in [17] [30] [31].

(xo = X1)? + (o — Y1)? + (20 — Z1)* = d(Aty, €)?
(xo = X2)* + (o — Y2)* + (2 — Z3)* = d(Aty, €)*
(xo = X3)* + (yo — Y3)* + (29 — Z3)* = d(At3, €)?
\(to — X)2 + (vo — Ya)? + (20 — Z3)? = d(Aty, €)?)
When we find a numerical solution, the rectangular coordinates (x, Yo, zy) are converted

into spherical coordinates of latitude, longitude, and altitude above sea level.

I11.4.Encoders

An encoder is a sensing device that provides digital feedback signals in response to
movement of a mechanical position of a tool or workpiece and convert it into an electrical
signal that can be read or measured by some type of control device in a motion control

system such as a counter. The encoder sends a feedback signal that can be used to determine
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-position, count, speed, or direction. A control device can use this information to send a
command for a particular function. Encoders may produce either incremental or absolute

signals.

Now we show an example of a rotary encoder used in robotics.
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Figlll.2. Encoder sensor

I11.4.1.Difference between absolute and incremental encoders

The major difference between an incremental and an absolute encoders is that the
absolute encoder keep track of its position at all time, and provides it as soon as power is
applied. This characteristic is particularly useful in applications where the equipment runs
infrequently and has power turned off between uses. For the incremental encoders, if we
make a comparison, do not provide any information about the position at start-up. But
simply keeps track of how far it has moved. The only way to determine the absolute position
of incremental encoder is to set the equipment to a known reference position and then zeros
the counters. Also we can say that applied incremental signals do not indicate specific

position, only that the position has changed.

Absolute encoders, on the other hand, use different word for each position, meaning that an
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-absolute encoder provides both the indication that either the position has changed and of
the absolute position of the encoder. We note that encoders measures one degree of freedom,

just the angle.
II1.5.Infra — Red sensor

Infra-Red (IR) Sensors are probably the simplest type of non-contact sensor (widely used
in mobile robotics for obstacle avoidance). They work by using a specific light sensor to
detect a select light wavelength in the Infra-Red spectrum. By using a LED which produces
light at the same wavelength as what the sensor is looking for, we can look at the intensity of
the received light. When an object is close to the sensor, the light from the LED bounces off
the object and into the light sensor. This results in large jump in the intensity which we
already know can be detected using a threshold. We note that IR are short range (typical

maximum range is 50 to 100cm).

We can see in the Fig I11.3 how the IR sensors measure the brightness

Measeure brightness Detecting brightness

= =»

No object present - no IR light detected by sensor

Lightly colored objects reflect more IR light

g‘f —»

Darker colored object reflect less IR light Object present - reflected IR light detected by sensor

Fig 111.3.Infra — Red sensor
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I11.5.1. Detecting brightness

Since the sensor works by looking for reflected light, it is possible to have a sensor that
can return the value of the reflected light. This type of sensor can be used to measure bright
the object is. This is useful for tasks line tracking. To differentiate emitted IR from ambient

IR (e.g. light, sun, etc.), the signal is modulated with a low frequency (100 Hertz).

In certain environments, IR sensors can be used to measure the distance to the object.

That require uniform colors and structures.

II1.6.Active ranging

Active ranging sensors are commonly used in mobile robotics. Most mobile robots rely
heavily on active ranging sensors when it is about to avoid an obstacles. In the following we
can see to time-of-flight active ranging sensors: the ultrasonic sensor and the laser range

finder.

[11.6.1.Time -of -flight active ranging

Time-of-flight ranging makes the use of the propagation speed of the wave sound or an
electromagnetic wave. And the distance crossed by those waves is given by the following

relation:
d=vs.t (3.1)
d = the distance the waves may travel; vs = the speed of sounds; t = time of flight

I11.6.2.Ultrasonic Sensor

An Ultrasonic sensor is a device that can measure the distance to an object by using
sound waves. It measures distance by sending out a (ultrasonic) pressure wave at a

specific frequency and listening for that sound wave to bounce back. By recording the -
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-elapsed time between the sound wave being generated and the sound wave bouncing
back, it is possible to calculate the distance between the sonar sensor and the object. An

ultrasonic sensor has been introduced and explained in [48].
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Fig Il1.4.Ultrasonic sensor

These sensors are very similar to the SONAR (Sound Navigation And Ranging) used by
the submarines and their principle of working is the same. The sensor is equipped of an
emitter of ultrasonic sounds (non-audible mechanical waves for humans, that means more
than 20000 Hertzes) and of a receptor contrary to the infrared sensors, we don’t measure
the received intensity, but the time that goes by between the moment of broadcast and the
instant where the reflexive waves come back to the receptor. From there we can calculate
the distance of the object if we know the speed of the sound in the environment we are
situated. The sound travels through air at about 343 meter per second. And that in a standard
pressure and the temperature of 20C° .The sound wave will travel two time from the sensor
until back to it again. We have to divide all the distance by the number two. And that will give
us the distance between the sensor and the object the sound wave will hit before reflection.

The temperature and the humidity of the air may affect the accuracy of the Ultrasonic sensor.
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Some objects might not be detected by Ultrasonic sensors. The reason for that looks like
some objects are shaped or positioned in such a way that the sound wave bounces off the
object, but are reflected away from the Ultrasonic sensor. Some objects can also absorb the
sound wave, other small objects are too small to be able to reflect enough sound wave back
to the sensor to be reflected. Which means that there is no way for the sensor to detect them
accurately. These are important factors to consider when designing and programming a

robot using an ultrasonic sensor. To calculate the distance as the following equation shows:

d = Ysouna*it (3.2)

2

We have here the speed of sound as it is introduced in [26]:

Vsoua = /YRT (3:3)

y = ratio of specific heat

R = gas constante

T = temprature in degree s kelven
The time taken is described with At
The distance of the object is d

I11.6.3.Laser range finder

Laser range finder is a time-of-flight sensor [24]. It is commonly used to measure the
distance [44], velocity and acceleration of objects. It consists of a transmitter which
illuminates a target with a collimated beam (e.g., laser) and a receiver capable of detecting
the component of light which is essentially coaxial with transmitted beam [20]. It is often
known as laser radar and also known as a lidar as acronym of light detection and ranging. It

uses laser to measure the elevation of things like the ground and forest and even buildings.
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It's like a sonar which uses sound waves to map things or radar which uses radio waves to
map things. But a lidar system use light send out from a Laser which is too used to surf
things like scanning bar codes, removing hair...etc. there is three different ways to collect
data: from the ground, from a plane, and from the space. Airborne lidar data are the most
commonly available data which are freely available for the National Ecological Observatory
Network in the United States of America. To get how Laser used to calculate height in
airborne lidar we need to understand the four part of the system. First the airplane contain
the lidar unit itself which uses the Laser to scan the earth from side to side as the plane fly.
The Laser system uses either green (532nm) or infrared light (1064nm) for mapping the
vegetation. The next component of the lidar system is the GPS that tracks the altitude also
x and y location of the airplane. The GPS help us to find where the latterly factions are on the
ground. The third component of the lidar system is what is called an Inertial Measurements
Unit (or IMU). We define the IMU as a device that uses measurement systems such as
gyroscopes and accelerometers to estimate the relative position (x, y, z) [24]. The IMU tracks
tells that the plane in the sky fly, which is Important for The accurate elevation calculations.
Finely the lidar systems include a computer which records all of that important high

information that the lidar collect as it scans the earth surface.

In a laser system we use a word pulse which is simply referred to the burst of light
energy that emitted by the lidar system. And second we find the word return which is
referred to reflected energy that has been recorded by the lidar sensor. So pulse is a light
energy travel to the ground and return back to the lidar sensor. To get height the lidar
system record the time that it takes for the light energy to travel to the ground and back. The
system then uses the speed of light to calculate distance between the top of an object and the
plane. The distance is equal to the result of the multiplication of the speed of light by the
travel time divided by two, because we have the light travel to the ground and back. This

calculation gives us how far the light actually travel to the ground.
To figure out the actual elevation of the ground we take the plane’s altitude calculated using
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-the GPS receiver and then subtract the distance that the light travel to the ground. And that

coverage the basics of how the lidar system uses Lasers to measure height.

We have presented in Fig I11.5. (b) the sick LMS 200 laser scanner [44]. And its angular
resolution is 0.25 deg. Also we have its depth resolution ranges between 10 mm and the
typical accuracy is 35 mm, over a range from 5 cm up to 20 m or more (up to 80 m),

depending of the reflectivity on the object being ranged [24].
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Figure 111.5. (a) Schematic drawing of laser range sensor with rotating mirror;

(b)Industrial 180 degree laser range sensor [40].

I11.7.Radar

Radar usually uses electromagnetic energy in the 1-12.5 GHz frequency range. This
corresponds to wavelengths of 30cm-2cm. It may also use microwaves energy which are
unaffected by fog, rain, dust, haze, and smoke. It may use a pulse time-of-flight methodology

of sonar and Lidar.
[I1.8.Compass sensors

Compass sensors is a navigational device capable of showing directions of reference

which is relative to the earth’s surface, it can valuable sensor used in in robots for navigating
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-its surroundings. The compass can measure the horizontal component of the earth’s
magnetic field. The most common type of compass is a simple magnetic compass that uses
the magnetic pull of the earth’s North Pole to determine which direction is north. Usually a

magnetic compass and a digital compass are used in the field of robotics.

A magnetic compass is aligned with respect to the earth’s magnetic field. This compass
consists of magnetized pointer that is usually marked at the north end, and a magnetized bar
or needle turning freely upon a pivot. The magnetic field exert a torque on the needle which
moves the needle so that one end of this component is pulled toward the earth’s north

magnetic pole, and the other toward the south magnetic pole.

The digital compass provides the measurements based on the earth’s magnetic field for
the navigation of the robots. This digitalized version of a standard compass consists of a tiny

MEMS Nano-structures that tend to bend due to the electromagnetic field.

The major applications of a navigation compass in the robotic systems include motion

control, and detection of the heading of mobile robots.
II1.9. Gyroscopes sensor
In our days two type of gyroscopes are used in robotics

[11.9.1. Mechanical gyroscope

A mechanical gyroscope are a heading sensors that preserve their orientation to a fixed

reference frame [33]. They provide an absolute measure for the heading of a mobile system.

Gyroscopes are classified in two categories. Mechanical gyroscopes and optical gyroscopes.

Mechanical gyroscopes known as a fast spinning wheel around its vertical axis, and having
the most of its mass concentrated in the outer periphery (e.g. bicycle wheel). Dueto the
law of conservation of momentum the spinning wheel will stay stable in its original

orientation, and to rotate the gyroscope a force will be required. Then we can use the
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-gyroscope to maintain orientation or to measure the rate and direction of rotation. A harsh
reaction can be felt in its horizontal axis due the angular momentum which is associated with
a spinning wheel. We take T as a reactive (applied input) torque and thus the tracking
stability with inertial frame are proportional to the spinning speed w, the rate (speed) of

precession (), and the rotational inertia of rotor I [26].
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Fig IIl.6.(a). Two — axis mechanical flywheel gyroscope; (b).0Optical gyroscope

[11.9.2.0ptical gyroscope

Optical gyroscopes are angular speed sensors that use two monochromatic light (or
laser) beams from the same source, instead of moving, mechanics parts [26] [33]. Knowing
that the speed of light is constant in a vacuum and it was taken as ¢ = 299.792.458 m/s.
Those sensors are based on the Sagnac effect, also called Sagnac interference [34]. That

phenomenon manifest itself in a setup called a ring interferometer. A beam of light is split
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-and the two beams are made to follow the same path [1] but in opposite directions (one is
travelling in a fiber clockwise, the other counterclockwise around a cylinder).The laser
traveling in the rotation has a slightly shorter path. On return to the point of entry the two
light beams are allowed to exit and undergo interference. The relative phases of the two
existing beams, and thus the position of the interference fringe, are shifted [34][35]
according to the angular velocity of the apparatus (cylinder). In other word the phase shift
of the two beams is proportional to the angular velocity of the cylinder which its coil consists

of as much as 5 km optical fiber.
I11.10.Accelerometer sensor

Accelerometers are an electro-mechanical devices used to measure the acceleration not
by calculating how speed changes over time but by measuring forces acting upon them, in
other word by sensing how much a mass presses on something when a force acts on it,
whether they are static like gravity pulling an object lying at the ground or dynamic caused
by motion or vibration. They are used to measure acceleration along one or more axis and
are relatively insensitive to orthogonal directions. In robotics they are applied for self-

balancing.
[11.10.1.Types of accelerometer

They are many different types of accelerometer, we can take for example either a

mechanical or solid state device.
I11.10.1.1.Mechanical accelerometer

Mechanical accelerometer are a bit like scaled-down versions of passengers sitting in cars
shifting back and forth as forces act on them. They have something like a mass (m) (often

called seismic-mass or proof-mass) attached to a spring with stiffness (k) suspended inside

[1]: We use a (FOG) known as a Fiber Optical Gyroscope system which is a cylinder coil made for such an

experience.
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-an outer casing. In most cases the system includes a dashpot [2] with a damping coefficient
(c) to provide a desirable damping effect, and it is also normally attached to the mass in
parallel with the spring. When the spring mass system is subjected to linear acceleration, the
proof-mass will receive a direct force, causing it to deflect, which is sensed by a suitable
means (generally a piezo-electric sensor used) and converted into an equivalent electrical
signal. The damping will help the system to find its stability as soon as possible under applied
acceleration. When they accelerate, the casing moves off immediately but the mass lags
behind and the spring stretches with a force that corresponds to the acceleration. The
distance the spring stretches (which is proportional to the stretching force) can be used to
measure the force and the acceleration in a variety of different way. We use Newton'’s second
law, where all real forces acting on the proof-mass are equal to the inertia force on the proof-
mass. The equation of motion of the mechanical system is a second order linear differential
equation with constant coefficients
miX+cx+kx=F (3.5)

By using Laplace transform (3.5)

(ms?+cs+k)x=F (3.6)
where:
mmass of the proof — mass, x is a relative movement of the p
— mass with respect to frame, c is a damping coef ficient, k is a spring constant,
F is a force applied
The general solution X (t) is the sum of the complementary function X.(t) and the

particular integral X, (t).
X() = X:(t) + X, (1) (3.7)

[2] A dashpot is a mechanical device, a damper which resist motion via viscous friction. The result force is
proportional to the velocity, but acts in the opposite direction, slowing the motion and absorbing energy. It is

commonly used with a spring
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The complementary function satisfies the homogeneous equation.

miX+cx+kx=0 (3.8)
With Laplace transform we get
(ms?+cs+k)x=0 (3.9
The solution for X.(t) is
X.(t) = Ce™t (3.10)
Substituting (3.9) in (3.8)
(ms?+cs+k)Cest =0 (3.11)

(3.11) is taken as the characteristic equation of the system, and its solution may take S as a
values.

1
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Fig 111.7. Mechanical accelerometer

11.10.1.2. Solid State Accelerometer

Solid state accelerometer can be divided to various subgroups, including surface vocal
wave, vibratory, silicon and quartz devices. They are small, trustworthy and rough. An
example of a solid-state accelerometer is the surface acoustic wave (SAW) accelerometer

[38].



CHAPTER.IV. Introduction to control theory
IV.1.The basic building blocks

The question here is how to make a mobile robot move in effective, safe, predictable, and
collaborative ways using modern control theory. In order to be precise and being able to
have better understanding for what the robot may will be doing in place, and ultimately
control deals with dynamical systems what is describe something that is changing over time
[1], it could be a car that is moving or a market which is going to be evolving like a particular
price of an object, or a climate with its changing. But ultimately controls are dealing with how
we can influence that change of the system. Some systems are harder to control than others
and depend on the environment the system has to deal with. As an example of a systems we

can find Robots, circuits, engines, stock markets, epidemics...etc.

If we consider a robot like a system, and when we want to control that robot like
driving it from a place to another we need to know where the system is and where it will be
supposed to be in the next situation and how the system may will behave, that means we
need to describe the state of the system like its velocity or its positions [1] [2], or it's
orientation. In other examples like in the stock markets we need to know the price of a

specific products in order to make a decision of buying or selling the product we desire.

In any way the state is the key thing to describe what the system is up to. What is the
system actually doing is dynamics, in other way the description of the change as a function

all the time.

We need now to tell the system what it has going to do that means we have to make
some influencing toward it, for that we need referencing. For the robot as example we can
set the cruise controller to seventy centimeter per second. In other example like a room we
can set the temperature to twenty five degree Celsius, that is not going to work until we make
sure that how fast the system will going to work, that means we need an output for our
system. The outputs are the things which are able to get out of the systems what is telling us
in the end what the system is doing, we need some way of mapping signals in actual control

signals the inputs.
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So we have to be the things or the means which is able to text the reference and produce
us the reference signal and then hits the states of the system. Until what we have for now the
control signal have nothing to do with the measurements, for that we need the feedback
which is the mapping from outputs to inputs. Subtracting the input from the output will give
us the error which is in term our system’s performance. That error is transmitted is
translating into some control signal that’s then hitting the system. So that feedback mapping
is really the key to do any kind of controls in an effective way. We will see the basic building
blocks. Finally we resume all of that in a simple mapping blocks, and we have to make it with

a feedback which is illustrated in the Fig IV.1

— Error y
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Fig IV.1. The basic building blocks

As a conclusion we can say that controls are generally dealing with dynamical systems as

we have seen in the case of mobile robots.

IV.2.Making the models

In order to have a clear understanding or to get a better explanations for the behavior or
the need to control of any system we have to seek for a best and precise tools, and the one
we are going to use here is mathematics. We have to make a model to our system and that is
an approximation in mathematical way for which state the system remain and for what really
that last one is going to do. So models are actually basic key when it comes to design a
controllers. The real question when we want to design a model is how to pick the input signal
after the controller has to take the reference from the input and making a comparison with

the output(or the measurement) signal.

And the goal here is to do some correction of what the system is doing. There is many
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-objectives by taking that control input signal, generally we write the symbol u for the control

input signal.
[V.3.The objectives

The first one is basically always stability for objective control that means the system
doesn’t blow-up. If the robot hit an obstacle that means the robot may lose its stability. After
getting a stability for our system we will look for more like following a path in the case of the
mobile robot, or executing a reference the system has been received, that second objective
is about tracking a reference signal. For the third type we have robustness which is also taken
as an important objectives, we know that the models we design will never going to be perfect.
We can’t let our controller too highly dependent in what the particular parameters in the
model are. When we design our controller we have to take in account the variation of those
parameters. It is like giving immune system to the controller what has the ability to deal with
every change in the parameters, because we know too that the most of the existing systems
are nonlinear and using a best and strong algorithm which are able to process a huge amount
of data, and also the ability to make a rapid calculation and giving us in the end a better

results.

Adding to the robustness we have too disturbance rejection. We are acting in

measurements and sensor have measurements noise.

The robot may be disturbed by the environment like the air or a bad visibility especially
in bad weather or a lack of sight for the robots moving in a deep water. For that we need the
controller to be effective. We can also add another objective known as optimality, the robot
has to move in its environment in the best possible way like choosing to move in a short path
at a minimum time. The robot has to choose the optimal solution to insure its efficiency for
getting a best behavior. To do all of that we need that the model to be effective, such effective

strategies rely on predictive models [1].

IV.4.Dynamical models

For the predictive models we have to use a dynamical models, and what we mean with
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-dynamical is change over time [1]. We can use a discrete time that is what the robot use to
process data in distinct times, so for that we always refer to the word next. Or continuous
that means we have to know how the robot will behave in the interval continuous time we
have to precise. For the continuous time there is no next because the division of time is
infinite and continuous but we have to focus to how the robot may behave in time, or how

the change will be with respect to time.

In the mathematical model we use for discrete time the difference equation. As an example

we can write:
Xe =[x, ur)  (4.0) c—— Difference equation

We can explain that for the mobile robot which is moving in a field as for its state position
in time k and its behavior with U in the same time and its state position in time k + 1 later.

And the function f tell us how the robot go from one state to another.

As we know that all the laws of physics are in continuous time that means if the robot has
to move from one state to another we have to require here to the derivatives with respect to
time. Then for the mathematical model we will use the differential equation as shown in the

next example:

% =f(x,u) ~ x=f(xu) (4.1) emm—— Differential equation

The equation here is about the instantaneous change not the next state, because we are in

continuous time. But in implantation everything is discrete and time is sampled.

The sample time is 8t . And now we are going from continuous to the discrete time as

shown in the next written equations:
X = xk6t = Xg+1 = xk+16t (4’2)

x(két + 8t) = x;. 6t + 6tx 6t (4.3)
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X1 = X + 6tf (e, ug) (4.4)
IV.5.Dynamical equations

Now as an example for an application of what we have just seen above, we try to apply
all of that to build a cruise controller for a car and its job is to make a car drive at a desired
reference speed. We always know that the law of physics ultimately dictate us how the
objects like the robots may behave. For the car, with a mathematical model we can write the

equations for its behavior.
We begin by writing the second newton’s law
F=my (4.5)
F :is a newton force (unity measurement is newton or simply we can write N)
m :is a mass of the system (kilogram or kg) (2)
y :isan acceleration (meter per second or m/s)
We will take the state of the car as its velocity with the symbol v

The driver need to control the speed of his car, for that he has to control the gas pedal (or
the brake), and that will be the input of the car as a system. We take the symbol of the input
as u, also for having such an input the driver has to apply some force in the gas pedal we

name it F

The force as what we have just written in the second newton’s law. The ratio between F and
u will give us f which is an electro-mechanical transmission coefficient (1). Finally we can

write an equation resuming what we have just explained above:
F =pu (4.6)
Now because we have the same force in the precedent equations we deduce the following:

my = ffu (4.7)
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For the acceleration we have v =y when we replace:
- . _ B
mv—ﬁu:v—;u (4.8)
This deferential equation describe to us how could the input may influence the system.

IV.6.Control design

Now we assume that we have taken the output measure as y = v. We have also taken the
reference velocity as r, and after making the comparison between the input and the output
we obtain the force as what we have just write in the second newton’s law the error dictated
as: e = r — v. The control signal design should be always a function of the error e, for that
the control design should have some properties we have to respect. The first property that
the controller should not over react that means if we have a small error we should not have
a large control signal because we will be close to reach the reference velocity, and then we
take a risk to destabilize our system. We should be nice and slow when we are close to reach

the reference target.

The second property that we shouldn’t be very rapid all the time, for example if the road
is slippery like if there is some oil in the ground, then we have to slow down our vehicle

otherwise we take a risk to slip and go outside the road.

For the autopilots and the aircrafts there is limits on the exact acceptable accelerations
that are directly related to cups of coffees standing on the tray tables in the aircraft [1]. For
the third property u should not depend on us knowing 3 (described in (1)) and m (described
in (2)) exactly, that means the controllers has to be built robust to variations of mass across
a certain spectrum. It is the same thing for the car or the elevator that the cruise controller

should work no matter how many people are inside.

Now we want to reach the reference velocity what means, as soon as we get closer to the
required reference as soon as we get the error canceled, in other way: when v > rast —

o=e—0 (4.9)
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IV.6.1.Basics control design

Umax ife>0
U= —Unpax Lfe<0 (4.10)
0 ife=0

If e > 0 that means the reference velocity is bigger than the state velocity, which means

that we are driving slower, then, in that case we should then have to accelerate.

If e < 0 that means the reference velocity is shorter than the states velocity, which means

that we are driving faster, then we should brake.

If e = 0 that means we have reached the reference velocity.in that case we are in perfect

drive, then we should do nothing.
The switching between two max called bang-bang control.

IV.7.The regulators
IV.7.1.P-regulator

The controller over react to small errors, here the regulator is nice and smooth and also

stable.
First we make: u = ke (4.11)

We know as it is supposed that small errors yield small control signal. What we mean with
smooth and nice we have just mentioned above that we are not widely fluctuating our
controller. And in fact we called it proportional regulator [1], because u is directly
proportional to the error e threw the k control gain. And the problem here that we are not

reaching the reference we want.

=Ly —
v=u-—pv (4.12)

If we are going fast that means we will going to face a wind resistance negative force, and

it will be against our direction drive. And that explain the minus which is written in the
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-equation (4.12). For the p coefficient, we don’t know its real value.

In the real environment the system (like the car here) will face a wind resistance. And we
add that to our model as it is shown in (4.12):

r — v in the equation (4.12), then we will have:

{1’7=%k(r—v)—pv

k
$U=%T<T
v=0 plckmep

At steady-state v is not changing any more. That means v = 0. If we replace the error e =

(4.13)

From the model we understand that in steady-state, the state velocity is strictly less than

the reference velocity. In other words we will never reach really the reference velocity, and

that even if we make the gain k stronger and bigger. In the end the problem is that the
proportional controller regulator can’t overcome to reach tracking.

We try to apply Laplace transform to the dynamical equation, and we get a transfer
function shown in (4.14):

v ="Lk(r—v)—pv=sv==Lkr—Lkv—pv

(4.14)
B kB
:>(s+gk+p>v—mkr (4.15)
Bk
Bk
>2=_—m™ (s (4.16)
T ﬂ+ps+1

Now we can fix some values for the parameters of Gs. We can choose for example

f=1m=1k=1,p=0.1. we obtain the following transfer function equation:

IV.7.1.1.Make a simulation for the P-regulator by using Simulink

0.91
Gs = T (4.17)

We have done both the simulation and the result of the simulation in the Fig IV.2
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plant-AbscluteTaleran

Fig IV.2. Proportional regulator with simulink

IV.7.1.2.Make a program for the P-regulator by using Matlab.

Now we use a Matlab program

%P — controller program

Clear all
Clc
num = [0.91]

denom = [0.91 1]

Gg = tf (num, denom)
H =[1]

M = feedback(Gy,, H)
step(M)

hold on

Step:1

plant:1
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Ki=0

K;=0

Ge = pid(Ky, Ki, Kq)

M, = feedback(G. * G5, H)
step(Mc)

hold on

tilte('step response using a P — regulator’)

We can see the result of the simulation in the Fig IV.3

[V.7.1.3.Result of the simulation of the Matlab program

step response using a P-regulator

T T T T T T T L?teadystate
M
T Mc »
[Badystale I
----------------------------------------------------------- et o
--------------- -'_-""T.'(__
e -
P |
| |
i
i
; i
i
i -
i
[ | | o | | | | o
05 1 15 2 25 3 35 4 45

Time (seconds)

Fig IV.3. Proportional regulator with Matlab

IV.7.2.Pl-regulator

Now we try to cancel the wind resistance that means we are going to have a new

controller. We can do that by adding to a new model the following:
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u=ke+p%v (4.18)

We multiply now the equation (4.18) by %, and we replace in the equation (4.12), also

when the system reach the steady-state that will lead us to the following result:
v=0= %k(‘r —v)+pv—pv=a>2v=r (4.19), that give us a tracking.

But we don’t know the physical parameters [, m and p, so this is not a robust control
design what also means that the tracking is not perfect. That means too a failure. As we have
seen in the proportional regulator that the proportional error is pushing the system up, too
close to where it should be, but it can’t push hard enough to overcome the effect of the wind

resistance.

Now if we find a way to collect all the accumulated errors over time that should be

enough to push all the way up. And the way for that specific task is to use the integral.

IV.7.2.1.Make a simulation for the Pl-regulator by using Simulink.

Output Velocity (km/h)

100

off on

plantAbsclutToleran

1 H 3 4 g L] T & a

Fig IV.4. Proportional Integral controller with simulink

Step:1

plant:1
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If we take the integral over the error we are collecting the error over time, and that gives
enough pushing power to overcome the wind resistance. So for the proportional integral

regulator we take the following model:
u = kpe(t) +k, [, e()de (4.20)

With the PI regulator we get quickly to the reference value. We have reached tracking.
Because we don’t know parameters. The system is robust and does not crashing, then we can

say the system is stable.

IV.7.3.PID-regulator

de(t)
dt

u(t) = kpe(t) + ki [, e(v)dr + kp (4.21)

We have seen for the produced effect of the regulators toward the system that the
proportional regulator contribute to stability and medium-rate responsiveness, but it is not

enough to achieve tracking.

We find for the integral regulator that is really good for tracking. In fact if our system is
stable then having an integral regulator is enough to ensure tracking in almost all cases. It is
also extremely affective at rejecting disturbances, it has to accumulate error over time to
respond to them because it is an integral. So it is responding in slower rate, also if we take

its gain k; too large that surely will produce oscillations.

Since it’s not responding to the actual error values but the changing in error values, it’s

typically faster responsiveness. Also we have the derivative is sensitive to noise.

We don’t have to over react to noise with making the derivative gain kj, too large. In the
end putting all that together we can have PID controller. We find in almost control
applications we are going to process that the PID shows up in some form or another. We find
in complex systems like robotics the stability is not guaranteed all the time with the PID
regulators which is sometimes is not enough by itself. So we need a lot of thinking and
modeling to use it. However it is a very useful type of controller even sometimes we don’t

know how to pick these gains. But we have the feedback having the ability to fight
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-uncertainty in model parameters in remarkable way. The feedback has the ability to
overcome the fact that we don’t know the parameters as it is the case in our example, we do

not know S, p, and m

[V.7.3.1.Make a simulation for the PID-regulator by using Simulink.

Oulput Velocily (krih)

™ Stepi

plant:1

Fig IV.5. Proportional Integral Derivative controller with simulink

IV.7.4.Using Bernard Riemann sum

y=f

a h X

Fig IV.6. Bernard Riemann sum

We can see in the Fig IV.6 that we can approximate the area under the curve by

breaking that area into rectangles and finding the sum of the area of those rectangles as the
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-approximation. We have each rectangle an equal width so we equal a partition to the
interval between two boundaries (a and b), and the height of the rectangle is the function
evaluated at the left point of each rectangle. And we want to generalize it and write a

segmentation and it looks something like (4.22):

rof(xi_)Ax  (4.22), where Ax = bra (4.23) , we have just made trapezoids in the

n

Fig IV.6,we don’t even necessarily equaled the partitioned spaces, we just want to construct
our figure simpler. If we take for one rectangle as one instance of the Riemann sum and we
have n instances then the more the larger n the best the better an approximation it’s going
to be. So the Riemann definition of the integral which is the actual area under the curve
between a and b is to take the Riemann sum and take the limit as n approach the infinity, we

can write that as the following:

lim Y.1*, f(x;_1)Ax ; We can take in the case dx as infinitely small Ax but not zero, in the
n—oo

end we can right the approximation of the Riemann sum as in (4.24):
. b
111_{{30 ie f(xim1)Ax = fa f(x)dx (4.24)

Now we can use such a method to get our integral for the error. As we have just seen for

the PID controller:

de(t)
dt

u(t) = kpe(t) + k; [ e(Ddz + kp (4.25)

We can write the derivative error as in (4.26):

. __ €final—Cinitial

e v (4.26) , where At is a sample time.

For the integral we have: fote(r)dr ~ YV e(kAt)At = AtE (4.27)
AEfing = At Y21 e(kAt) = At(e(N + 1)AL) + AtEpiriqr (4.28)

Efinat = Einitiat + € (4.29)
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IV.8.Using Regulators that permit to a robotic car to follow a trajectory

If we want to follow a line and we are too far to the left, we turn to the right and vice
versa, but how much do we turn if the steering wheel start to fix them out the left to the right,
the approach is called bang-bang control. For controlling a car (or a robot) this doesn’t
actually work that well, the response is very jerky and uncomfortable for passengers.
Fortunately we don’t have to steer like this in a car since there is a range of angle the steering

wheel can take.

One way to set the steering angle is to use what is called proportional control rather than
turn the wheel and fix them out. Proportional control steers harder the farther away we are
from the desired trajectory. We take a measurement of the cross track error e, to define
how far away from the desired trajectory the vehicle is. Therefor the steering angle we use
is the track error multiplied by a scaling factor called proportional gain P. The range of values
that the proportional gain can take drastically alters the performance of the vehicle. The
performance gets better as the gain increases, but if we start far away from the desired
trajectory with a high gain the system can spin out of control. With best gains proportional
control returns better results than bang-bang control but it still work not good. With
proportional control, a car can quickly reaches the center line. The result of this that the
controller will repetitively overshoot the actual desired trajectory and not actually follow it.
To correct that overshooting problem we need to consider additional error measurements

and use them to update our steering command.

The good candidate is to look at the cross track error rate e, or in other words how fast we

are moving in a perpendicular direction for respect to the desired trajectory.

If we perfectly found the trajectory our cross track error will be zero. That is what called in
control theory the derivative term. This rate term can be multiplied by its own gain and
added to the proportional term to construct an updated controller. Now then we have two

terms, we have two gains that we must be tune simultaneously. Conceptually we can think
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-that increasing the proportional gain will increase the pull that the vehicle feels for its
desired trajectory. Increases the derivative gain increases the resistance the car will feel
against moving too quickly towards the line. Fixing the proportional gain, if the derivative is
too low the system will be what is called underdamped and it will still oscillating. If the
derivative gain is too high the system will be what is called overdamped and will take a lot
of time to correct for offsets. Properly choosing the derivative gain allows the car to approach
the desired trajectory quickly with a cross track error rate close to zero, this is called

critically damped. Despite the success so far for complete controller we haven’t done yet.

Environmental factors or mechanical defects can change the vehicle behavior known on
the vehicle and thus the performance of the controller. If there is a heavy cross wind the
vehicle will drift and thus unless the driver counter axes wind force with the corrective
steering command. If we take an example for a vehicle driving along and hits a parallel rocks
which lay in front of an alinement and therefor a zero steering command no longer keeps the
vehicle driving straight. As we can see with the controller that has been described so far the
vehicle experiences build up a lane offset or a steady state error. One way to redress this
problem is to add what is called integral term and that is written as I. e;. Now we have the
steering angle = P.ep + D.ep + 1. e; . This third measurement sums of the cross track error
giving the indication if we are spending more time on one side of the trajectory or the other.
We can see that if we sum up the track errors we obviously spend more time on one side of
the trajectory. The integral term we propose is than exactly the sum multiplied by a gain.

Now three gains will need to be tuned all of ones which can be quite difficult to do by hand.

If the gain is too large the controller can go instable because normal controller

fluctuations will be exaggerated.

If the gain is too small it can take too long to respond to these dynamic changes. When the
gain is just ruddy the controller will be able to quickly correct for finding trajectory
alinement and return to its nominal performance. The combination of the three terms is then

what is referred to in control theory as the PID control [14].
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Low P gain Low D gain  Low | gain Underdamped
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Fig IV.7.Controlling a robotic car by variating the dif ferent gains of the PID

IV.9.Using different mode of controllers to Control a robotic car
[V.9.1.The proportional integral derivative controller mode

Here we have a simplified block diagram of what PID controller does:

This system represent a Driver changing lanes on a freeway in a windy day. We assume that

we are the driver, and therefore the controller of the process of changing the cars position.
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Crosswind
lE er(t) (disturbance) |
) Human Driver
Desired Acting like a PID gV e
position in + Angle of Car position
e (3 i — Kf o™ ol —
U \5: wheels (Qutput)
(Setpoint) | Erol T (Process)

| - E de(t)
Car position as dt

seen by the Driver
(Measured)

Driver’s
Eyes

Fig IV.8.Controlling the robotic car by using PID controller

Notice how important closing the feedback loop is. If we remove the feedback loop we would

be in “open loop control”, and would have to control the car’s position with our eyes closed!
The value that we want the process to be is the Setpoint.
The Output must be equal to the Setpoint, else the error signal would not be Zero.

The three gain (P, I and D) will be summed together to output one signal that will get the

output equal to the setpoint (in other words get the output signal to zero).

The process is the Plant/Model of the system. For example the DC motor.

We add a disturbance to the system. Like cross wind or the friction to the shaft of the motor.
The Setpoint subtracted from the Measured to create the Error.

The error is simply multiplied by one, two or all of calculated P, I and D actions (depending

which ones are tuned on).

Then the resulting “error X control action” are added together and send to the controller

output.

These three modes are used in different combinations: P - Sometimes used; PI - Most often

used; PID-Sometimes used; PD-Rare, can be useful for controlling servomotors.
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IV.9.2.The proportional controller mode

Subtract Set
point from _
Measured Disturbance
oo el eo—y
, ~~ Controller
Setpoint 5 /E — Output—>p
~ Output
- T ‘ Sensor | |
Measured

Fig.1V.9.Controlling the robotic car by using P controller
In proportional mode, the controller simply multiplied the error by the proportional gain
k, to get the controller output.

Small proportional gain is the safest way to get to setpoint, but our controller

performance will be slow. If the kp is increased, overshoot in the signal will be present.
[V.9.3.The proportional derivative controller mode
In proportional derivative mode, the controller make the following:
td
u = kpe(t) + kq fO Ee(t) (4.30)
Multiply the error by the proportional gain k,, and added to the derivative error multiplied

by kg4, to get the controller output.

The derivative term slows the rate of change of the controller output and this effect is most
noticeable close to controller setpoint. Hence, derivative control is used to reduce the

magnitude of the overshoot produced by the integral component and improve the stability.

However differentiation of a signal amplifies noise and thus this is highly sensitive to noise

in the error term, and cause a process to become unstable.
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Fig.1V.10.Controlling the robotic car by using PD controller

[V.9.4.The proportional integral controller mode
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Fig.IV.11.Controlling the robotic car by using PI controller

In proportional integral mode, the controller make the following:
u= kye(t) +k [ e(t)de (4.31)

Multiplies the Error by the proportional gain (k,) and added to the integral error

multiplied by k;, to get the controller output.

The integral term (when added to the proportional term) accelerate the movement of

the process towards setpoint and eliminate the residual steady-state error that occurs with
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-only a proportional controller. However, since the integral term is responding to
accumulated errors from the past, it can cause the present value to overshoot the setpoint

value (cross over setpoint and then create a deviation in the other direction).

[V.10.Summary characteristics
PD: _Compensator is anticipatory, it respond to the error and its derivative.

_Phase lead is provided starting one decade below the zero.
_Generally increase damping.
_Generally, reduce rise and settling times.
_Increase band width.
_Increase phase and gain margins.
_May render a system susceptible to high frequency noise.
_Act as a high-pass filter.
PI: _Compensator increases the system type by one, which helps with error control.
_Increases phase-lag at low frequencies.
_Generally, increase damping, rise times, and settling times and reduce overshoot.
_Decrease band width.
_Not sensitive to high frequency noise.
_Act as a low-pass filter.

PID: _Combined effects of PI and PD compensation.

_Cascade of a Pl and PD compensator.
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IV.11.0ther example explaining what is PID controller and how it works

Alot of things need to be controlled if our robotic car speeds up or slows down, we need
to correct it to come up back to the wanted speed. Many of today’s machines are controlled

by automatic systems that keeps them doing what should they do to achieve the right result.

To explain how the PID work we can imagine we are driving our robotic car in a flat straight

road trying to maintain ninety kilometer per hour.

We ultimately press and release the accelerate pedal according to the speed in the
speedometer. We use a proportional control to maintain our speed. If we drive that robotic
car in a sloping road then we see that the speed quickly dropping. We need to accelerate
quickly to counteract that dropping speed. The fact the speed is dropping the more the
acceleration we apply, that is what we called a derivative control. So if we have a large
difference in tract of our actual speed we use a proportional control to apply correction. If
we solemnly change the speed, the derivative control is used. However if we only have small
fixed error between target speed and actual speed, proportional element is too small to be
effective and because there is no changing in speed the derivative contribution is zero. So
that small error stays incorrected. The error whatever is small will accumulate big enough

that we need to take a corrective action, that is called integral control.

We can see the term proportional as the present or what is going right now that means
the error will be corrected only in the present time, it is a limited feedback correction. In case
of steering wheels, if we have got a slight tilt angle then the amount of correction being
applied by the proportional feedback is very small too. If it is small we might not get any
actual correction carrying it at all, what that means is that it can actually just hold a little
offset for quite a long time, because the faster we get to the right position the less feedback
we have getting from the proportional feedback system. It means big angle will give us a lot

of feedback, small angle no much feedback.
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And if over time we find the angle has been sustained so that is not right then we need to
make correction. We need to introduce another corrective feedback force which will force it
to approach the expected right position. So where the proportional is constant the integral
feedback over time increases until it is enough forced to push the angle to the right position.
We can’t use proportional correction on its own without giving us oscillations. And we can’t

use integral on its own.

Itis too slow because it take too long to get into the right point so we can stop the wheels

from giving us undesirable correction angle after applying a corrective force.

Now we add a derivative correction. The term derivative are not looking to the present
or to the past but it looks toward the future as it has not happened yet but it is going to. It
looks out for what will happened next. For example in the case of driving a mobile robot, if
we have got a front wheels rapidly rotating and that may will give us a big angle we don’t
want, then we need to apply correction to stop it just in right time by anticipating the

movement of the wheels. But we don’t have to wait too long in order to prevent overshooting.

In the end, if we have the proportional, the integral and the derivative controllers all mix
together, in other words using PID controller that will stop the angle at the desired angle

position where it is supposed to be, and that has to be done in the right time.
IV.12.Conclusion

For the control theory using a PID controller is very helpful for so many processes, but it
will be going more complicated to use it when it is something having relations with much
more complicated systems like robotics. So there will be a lot of additional work we have to

do in order to take control of our system.
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V.1.Introducion

Microsoft Visual Programming Language (VPL) [46] is an application development
environment designed on a graphical dataflow-based programming model. A dataflow
program when executed is more like having a series of workers on an assembly line in a
factory, who do their assigned task as the material arrive. As result VPL is well suited to

programming a variety of concurrent or distributed processing scenarios.

VPL is targeted for beginner programmers with basic understanding of concepts like
variables and logic.

The programming language may appeal to more advanced programmers for rapid
prototyping or code development [45]. As a result, VPL may appeal to a wide audience of
users including students, enthusiast/hobbyists, as well as possibly web developers and
professional programmers. A VPL dataflow consist of a connected sequence of activities
represented as blocks with input send outputs that can be connected to our activity blocks.

From the diagram we can see that the activities blocks have connections that represent
messages sent from one activity to another. Activities [48] can represent dataflow control or
processing functions, prebuilt DSS [45] services or our own defined activities we can create
in VPL. The connection between activities pass data as messages. The resulting application
is therefore often referred to as dataflow orchestration, the coordination of information
between a connected set of processes.

Activities can also include constructions of other activities [47]. This makes it possible
to compose our own activities by combining existing ones and then reuse the composition
as a building block. In this sense an application build in VPL is itself an activity.

An activity block typically includes the activity’s name and its connection points. It may
also include graphics to illustrate the purpose of the activity or user interface elements like
text boxes that may enable the user to input values, assignments, or transformations for data
used in an activity.

Connections invoke actions such as Say Text. Activities are connected through

connection pins. A connection pin on the down left side of the diagram an activity represent-
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-the connection point for incoming/input messages and pin on the down right side of the
diagram represents the connection point for outgoing/output messages.

An activity receives messages containing data through its input connection pins. An
activity’s input pin are connection points to its predefined internal functions or handlers.
These can be either as functions provided by a service or nested data flows.

An activity block activates and processes the incoming messages. All data sent to the
activity is consumed by the activity. For data to be forwarded through the activity’s output,
the receiving activity must replicate the data and put it on its output connection.

An activity may have multiple input connection pins, each with its own set of output
connection pins. Input pins are represented as arrows pointing into the block. Output
connection pins can be one of two kinds: result output or notification output. Result output
are displayed as arrows pointing out of the block. While notification outputs display as
round connection pins.

Aresponse output connection pin is used in situations where the outgoing message data
is sent as the result of a specific incoming action (or request) message. Notification
connection pins can send information resulting from an incoming message, but more
typically send a message as a result of an internal change to their state. Output pins can be
connected to input pins on more than one other activity. Response and notification output
connections also differ in how they deliver message data. Since a response connection
requires an incoming message, once that request is received and processed and resulting
message is sent, it is finished. However, notification outputs can generate messages multiple
times.

As a result, response connections are typically used to query the current state of an
activity, whereas notification output pins are used for providing continuous updates on an
activity's state, eliminating the need to repeatedly request or po// for the state of an activity.
The activity defines which types of connections which are provided.

V.2.The mobile robot model used for the simulation

This Pioneer 3-DX is a modular mobile robot offering various options like a gripper or an
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-on board Camera. It is widely used in research labs. It is a small but very durable and robust
robot. It comes with a SICK LMS200 Laser Range Finder installed on top and has a 360 degree

sonar and bumpers array in the middle and bottom of the robot respectively [45].

|| Laser range finder

Two wheel
differential drive
Front bumpers -

Fig V.1.Pioneer 3DX used for the experiences in real envirenment equiped with

a cannon camera VC — C50i and a laser telemeter

V.3.Visual servoing for a robotic system components
We can show in the following figure how to control a pioneer DX3 [5] [4] [45] using a

feedback in the closed loop we have built

Disturbance
A

)

Output

Desired Output Sensor

Output Speed 7
Fig V.2.visual servoing for a robotic system component.
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V.4.Controlling the robot by using Direction Dialog
V.4.1.Direction Dialog

The Direction Dialog service (as we see it in the Fig V.3 and Fig V.7) provides a simple
dialog window with a set of five predefined directional buttons (and a Stop button).
However, the Direction Dialog by itself does not control anything. It only generates
notification messages whenever the buttons on the dialog are pressed, but we can create a

diagram to use the button press notifications for whatever purpose we require.

When we run our diagram the Direction Dialog service automatically starts and displays
its window as shown in the Fig V.3, and Fig V.7. It does not have an operation that makes it

to be displayed.

The Direction Dialog is intended as a simple example of using Windows forms as part of our

VPL application.

V.4.1.1.0perations

Table V.1 Operation supported by the direction dialog

The following operations are supported for this service.

Operation Description

Get Gets the current state of the set of buttons in the dialog.

DialogStateChange| Changes the state of the buttons in the dialog.

ButtonPress Indicates that a button in the dialog has been pressed.

ButtonRelease Indicates that a button in the dialog has been released.

The ButtonPress and ButtonRelease notifications return Direction and Name.

The Direction will return one of the following values:

~ 100~
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e ButtonDirection. Backwards
e ButtonDirection. Forwards

e ButtonDirection. Left

e ButtonDirection. Right

e ButtonDirection.Stop

Name returns a string that contains the text equivalent line of the directions listed above,

e.g. "Backwards", "Forwards", "Stop", "Left", and "Right".

When we receive notifications from the Direction Dialog, there are two ways we can
handle them. First, we can use only the ButtonPress notifications and ignore Button Release.
This has the effect of executing a task or action when we press a button. The second approach
is to initiate the appropriate task or action when a ButtonPress notification is received, and
terminate that task/action when the button is released. This has the effect that the associated

task/action will only continue as long as we hold down a button.

Now we use another service to build our construct diagram and we can explain it as in

the following:

V.4.2.Text to Speech

The Text to Speech service (as it appears in the Fig V.3) is designed to provide our
applications with a verbal interface [47]. It can be used in conjunction with the Speech

Recognizer service for two-way communication with the computer.

When the service is running we can inspect it by typing the following Uniform Resource

Identifier (URI) into our web browser's address bar:

http://localhost:50000 /texttospeech [20].

This displays the Text To Speech web page. It will show us the state of the speech object, as

well as various other speech parameters. We can make changes using the web page, and also
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-test out the TextToSpeech service by entering some text and pressing the Say button.

V.4.2.1.Requests

TableV.2

The available operations for the Text To Speech service include the following:

Request Description
SayText Says the specified text
SayTextSych Says the specified text but does not send a
response until the speaking has finished. If we are using the service from
VPL we might find this operation useful because program execution can be
suspended until the response is received from the Text To Speech service.
V.4.3.Diagrams

V.4.3.1.Creating our Diagram

We start New from the File menu, then VPL displays a new diagram for us. We can drag

and drop items from the Basic Actives or Services toolboxes to put on our new diagram.

If an activity or service has values we can set, we can typically change them by selecting the

block and those values can be set or changed on the Properties window. For example, to -

the name of a service we put on the diagram, selected it and then type its new name into the

Name field in the properties toolbox. Some pre-built activities (for example Data, If, Switch,

Variable, Comment, and Calculate.) allow us to set values directly on the block.

If we drag a service from the Services toolbox that already exists in the diagram, we area

sked whether we want to create a new instance of the service or create a reference to
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-the existing service already in the diagram.

To create a dataflow connection from one activity or service to another, we can simply
drag from the response or notification pin on block to an input connection pin of another
block. In some cases, a service may offer multiple connections so we will be prompted for

the message and the data to transfer through the message.
We can save the edits on our diagram, by choosing the save command on the file menu.
V.4.3.2.Loading our Diagram

We can load a diagram using the Open command on the File menu. This will replace any
existing diagrams we have opened. If we have unsaved edits in the existing diagram, we will
be asked if we want to save those changes. VPL also keeps track of our most recently saved
projects and allows us to select them by name from the Recent Projects command on the File

me.
V.4.4.Graphical program using Visual Programming Language with DSS Direction Dialog

In the graphical program we have made in Fig V.3, we use the DSS? service [45] [46]

As the following program shows it, we have chosen some values of the speeds we have to
communicate to the wheels threw the “Data” service in order to make them move

“Forwards”, “Backwards”, “Left”, "Right” or even “stop” them if they were moving.

To make the robot goes forwards, we have to choose and put a positive value in the Data
case. The value will be communicated to the wheels by the differential drive. We take a

negative value if we want the robot to go backwards. And if we want the robot to stop or not
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Fig V.3.Program that controls the robot using DSS Direction Dialog

-moving at all, we have to choose and put a value as null.

For our experience we choose the positive value as “0.28” and the negative one as “-0.28".

For the value taken as null we can simply write “0.0”.

Now if we want to make the wheels rotate, we choose a positive and a negative value for each
wheel. If we communicate a positive value to the right wheel, it will turn and go forward, and
if we communicate to the left wheel a negative value, it will turn and go backward. That
means the robot has to turn to the left. And if we communicate a negative value to the right
wheel, it will turn and go backward, and if we communicate to the left wheel a positive value,

it will turn and go forward. That means the robot has to turn to the right.

In our simulated program we have taken “0.2” as a positive value. And “- 0.2”as a negative

DSS'provides a communication infrastructure for services to run and still be able to communicate with each other
and the host. It allows for services such as the laser range finder or the bumper array to “talk” to the host robot
and it manages the messages and ports that these services uses to communicate. Without the DSS the services

would send the messages but the robot would never receive them.
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- value. We are free to choose the values as we want the robot to speed up or slow down.

We have taken a small values in order to control the rotation of the robot and make it goes

in the direction we want. Otherwise we are afraid to see it turning around.

V.5.Controlling the robot by using Speech Recognition

V.5.1.Speech Recognizer

Speech Recognition (SR) convert spoken words to written text and as a result can be
used to provide user interfaces that use spoken input [47]. The Speech Recognizer service
(as we see in Fig V.6) enables us to include speech recognition support for our application.
Speech recognition requires a special type of software, called an SR engine. The SR engine

may be installed with the operating system.

V.5.1.1.0perations

Table V.3. Speech Recognizer Requests & Notifications

The Speech Recognizer services [48] supports the following requests and notifications.

Operation Description

Get Returns the entire state of the Speech Recognizer service.

InsertGrammarEntry Inserts the specified entry of the supplied grammar into the
current grammar dictionary. If certain entries exist already a
Fault is returned and the whole operation fails without the

current dictionary being modified at all.

UpdateGrammarEntry | Updates entries that already exist in the current grammar
dictionary with the supplied grammar entries. If certain entries

in the supplied grammar do not exist in the current dictionary
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no Fault is returned. Instead, only the existing entries are

updated.

UpsertGrammarEntry

Inserts entries from the supplied grammar into the
current dictionary if they do not exist yet or updates entries that

already exist with entries from the supplied grammar.

DeleteGrammarEntry

Deletes those entries from the current grammar
directory whose keys are equal to one of the supplied grammar
entries. If a key from the supplied grammar entries does not exist
in the current directory no Fault is returned, but any matching

entries are deleted.

SetSrgsGrammarFile

Sets the grammar type to SRGS file and tries to load the specified
file, which has to reside inside our application's /store folder
(directory). If loading the file fails, a Fault is returned and the
speech recognizer returns the state it was before it processed
this request. SRGS grammars require Windows 7 and will not

work with Windows Server 2003.

EmulateRecognize

Sets the SR engine to emulate speech input but by using Text
(string). This is mostly used for testing and debugging.

Replace

Configures the speech recognizer service, or indicates that

the service's configuration has been changed.

SpeechDetectedprocesse | Indicates that speech (audio) has been detected and is being

processed

SpeechRecognized

Indicates that speech has been recognized.

Indicates that speech was detected, but not recognized as

SpeechRecognitionRejected | one of the words or phrases in the current grammar

dictionary. The duration of the speech is available as

Duration in Ticks.
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V.5.2.SpeehRecognizerGui

V.5.2.1.Definition

The SpeechRecognizerGui service (as itis shown in the Fig V.6) is a companion service
that we can use with the Speech Recognizer service. Including the SpeechRecognizerGui
service in our project enables us to enter a simple dictionary-style grammar [47] or to upload
SRGS (Speech Recognition Grammar Specification) grammar files through a HTML page.

V.5.2.2.How to use SpeechRecognizerGui

To access the SpeechRecognizerGui service in VPL, we drag a copy of the service block
into our diagram. It does not require any connections, and it will start up when we run the
diagram. We can also optionally start an instance of the SpeechRecognizerGui once we have
a DSS nod running by using a web browser and going to the Control Panel page. Starting the
service will automatically attempt to load the default SR engine.

V.5.2.3.The use of web browser

Once the SpeechRecognizerGui service is running, we browse to the page for the
service. To do this we start our browser and enter in http:/localhost:50000 (is the default
port setting). Then we click on Service Directory in left column to display the list of running
services. We should find the entry/ SpeechRecognizerGui in the list. We click this and we
should see a page like in the Fig V. 4.

At the bottom of the Speech Recognizer Gui page we select either a simple dictionary style
grammar or load an SRGS grammar. We click save to use the grammar. This will create a copy
of the grammar file in the \ Store folder. If we chose to create a Dictionary grammar, the Save
command creates a SpeechRecognizer.c. We have also the save command creates
a SpeechRecognizer.config.xml file in the \Store folder. If we chose to load a SRGS grammar

file, the file we browse to will be copied to \Store.

If we create a grammar using the SpeechRecognizerGui service and do not explicitly
configure the Speech Recognizer service to load a grammar file, the Speech Recognizer

service will automatically attempt to load and use the grammar file we have created.

The SpeechRecognizerGui service page also display the notification generated by the
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SpeechRecognizer GUI Service Em

Description: User interface for the SpeechRecognizer service

Speech Events a
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Speech Duration: 0.49 sec
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Text: Stop

m
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Confidence: 0.945939945
Text: Drive Forwards

09/29/2008 19:43:20: speech detected 1
Clear Log

Speech Configuration

Grammar Type Dictionary -

m

Text Semantic Value
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End Drive

Stop

Turn Left

[3[ajnjaa

Turn Right

FigV.4.Speech Recognizer Gui — Service page

- SR engine such as speech detected or speech recognized in a scrolling area that can be

cleared.

We note that the SR engine only recognizes words and phrases that are in its grammar. If

the grammar is empty, then nothing will be recognized.

The SpeechRecognizerGui service is not designed to be sent requests or to issue
notifications. It is only intended to be used via a web browser to build dictionary-style
grammars and test speech recognition. Here we can run the DSS service after running the
program, and that just with one click in the green button we have in the
application. mvplSpeechRecognizerGui. For the robot to receive verbal input, we need to add
the speech recognition service to our diagram. We select Speech Recognizer from the

Services toolbox and we drag it onto the diagram.
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The Speech Recognizer service uses a grammar that defines the words and phrases that
should be recognized. Without a grammar, the Speech Recognizer does not recognize
anything and our program will not work. The easiest way to set up a grammar is to run the
“SpeechRecognizerGui” service which provides a web page as an interface.

We drag this service to the diagram as well. It does not require any connections, we just
need to put it on the diagram so that it will be started when we run the program. We run the

program (after saving it) with just these two blocks. Once the program has started, we open

a web browser and we go to the URL http://localhost:50000speechrecognizergui [19] to see
the interface to the Speech Recognizer service
V.5.3.Graphical program using Visual Programming Language with

SpeechRecognizerGui

In the following we have made a program using SpeechRecognizer and
SpeechRecognizerGui.

From the toolbox we drag the activity “If ” and we write the instruction to
communicate to the “GenericDif ferentialDrive” service which transfer the orders to the
wheels.

We put in each case of the “If ” service the following: Value=="Forwards"; Value==

"Backwards"; Value=="Turn Left"; Value =="Turn Right".
In the last case we write: value=="Stop".

Before we use SpeechRecognizerGui we can joystick the robot as we can explain that in the
dashboard we have illustrated in the Fig V.6.We have first the motor was off, and the sensors
for the Laser Range Finder are not activated, also the same thing for the port which was not

connected too.

Inthe Fig V.6 in order to use the Dashboard we have to connect the port of the robot, also
we have to turn on the motor by clicking into the address we have in the Dashboard written
-as the following: (P3DXMotorBase)/simulateddifferentialdrive/8ade296a-4c4e-bbae-
3781332ca337/drive
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Fig V.5.Program that controls the robot using speech recognition

For the Laser Range Finder we have to click in the following address:
(P3DXLaserRangeFinder)/simulatedlfr5e94ca32-ccfd-4aee-b6e8-4599202b1936/sicklrf.

That shows us each time when the robot has to approach to any obstacles and warn us that
there is an object the robot has to avoid collision with. Otherwise the robot has to strike the
obstacle in front of him and may smash on piece. Of course that may will happen when it is

about a real robot.
V. 6. Result of the simulations

V.6.1.Visual result of the DSS Differential Drive and the speachRecognizerGui

In the following scene as the Fig V. 6 shows it, we can see a three dimensional sight of an
environment which is the chosen place for the robot to move freely into the right direction,
and that also by taking in account the obstacles the robot may face along the road to the
supposed point we want it to reach. For that we need to use the Laser Range Finder Sensor
what is indicated in the scene by the red line color. In the same way we can use the camera
which shows us the whole environment containing the supposed field where the robot may

run in and the all obstacles the robot may face on its way. Also we can use the integrated
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Fig V.6.Controlling pioneer DX3 by using DSS Direction Dialog or the Dashboard

-camera on the robot like the eyes which has to show us just the field the robot may see in

front of its way.

V.6.2.0bstacle Avoidance

The Obstacle Avoidance Drive service is designed to simplify writing applications for a
MARK robot. It performs sensor fusion on the IR, Sonar and Depth data to detect obstacles
and then adjusts the robot’s wheels speeds accordingly.

To use the Obstacle Avoidance Drive service with the Robot Dashboard, we simply
substitute it for the existing drive service in the manifest and also partner the Obstacle
Avoidance Drive service with the existing drive and proximity sensors. The resulting

manifest will run the services as outlined in the Fig V. 7:

The Obstacle Avoidance Drive service provides a Generic Differential Drive contract so that
other services can use it in the same way as any other drive service. IR and Sonar sensors are
optional partners for the Obstacle Avoidance Drive service, i.e. it will run even if these other
services are not present. However, it does require a Kinect Depth Cam service in order to
run.

The Reference Platform Simulation is already set up to use the Obstacle Avoidance Drive

service. In the Start Menu, we select Microsoft Robotics Development Studio 4, then

~ 111~



‘ Serial Port,Driver’ ‘ Kinect, Driver’

: !

10 Controller Kinect Service, Depth Camera

Firmware RGB Camera,Tilt Servo /Sensor

FigV.7.using Obstacle Avoidance Service

- Visual Simulation Environment, and then Reference Platform 2011.

Obstacle Avoidance uses a PID (Proportional Integral and the Derivative) controller to
steer the robot away from obstacles. We can adjust the PID parameters (K, K;, and K;) to
change how quickly or slowly the robot will respond. This is a trial and error process that

requires some skill as it is shown in the Fig V.8

In order to understand what is happening, the window also includes a visualization often
-sensor information. We can note that this window only updates while the robot is

moving. Also we can see that when the simulation first starts, it will be blank.

At the top is a view of the depth data from the Kinect. The black area in front of the robot indicates

that there is something too close to the Kinect to be able to determine its range.
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Fig V.8.0bstacle avoidance window(left)and Robot Dashboard(right)

This is part of a chair. We can see the rest of the scene like the other chairs and a part of a

table as it disappears after a certain distance and gets progressively lighter shades of gray.

The blue bar below the Kinect data shows where it is supposed the existence of any
obstacles. The rise of the blue bar means the more likely that there is an obstacle. The red
bar lights up when the IR sensors detect obstacles (left, center and right)

The green bar shows the sonar sensors (left and right). If these two bars are empty, then the
proximity sensors are not detecting any obstacles and the robot will drive straight forward.
As we have seen in this example, the robot will start to turn to the left or to the right to avoid
the chair. When the simulation starts up, we have to enable the drive in the Robot Dashboard
and push the thumbstick forwards on the Xbox controller (or use the on-screen trackball).
As long as we keep the thumbstick pushed forward the robot will wander around and
avoid obstacles. We can give it suggestions by pushing the thumbstick left or right and then
returning it to the forward position. If we hold the thumbstick left or right the robot will spin
on the spot.
When the robot encounters a doorway, it might “hunt” from side to side for a little while

before it drives through the door. This is most likely to happen if it was not lined up with the
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Fig V.9.webcam simulation using reference platform 2011

-doorway to begin with. We can adjust this behavior using the PID parameters so that it is
less sensitive to the door jambs on either side of the doorway, but this is a compromise. If we

make it too insensitive it will tend to scrape against the doors and other obstacles

Conclusion:

We have seen in our work in this book that the control of the robot is not an easy task we
have to accomplish, and that has to be done by using a lot of intelligence and that require a
best control design. We need different type of controllers for each task the robot may have
to accomplish. The P-regulator contribute to stability and medium-rate responsiveness, but

it is not enough to achieve tracking.

For the control theory using a PID controller is very helpful for so many processes but it
will be going more complicated to use it when it is something having relations with much
more complicated systems like robotics. So there will be a lot of additional work we have to

do in order to take control of our system.

This project help us to learn how to make mobile robots move in effective and safe ways

using modern control theory. We also appreciate the value of systematic thinking and design.

We can enjoy and have fun to work with robots and spark further investigations. Without a
model we can’t say much for about how the system will behave. We need models to predict

behavior forward in time, also we need models to be able to derive control laws in a

~ 114~



Conclusion

-systematic manner. The model should be rich enough to be relevant yet simple enough to
be useful. Given a model, feedback control should be used to make the system behave the
way we want it to (if possible). We need to reach stability, tracking and robustness. We have
to state feedback and observers. We need architectures: we plan for simple systems, execute
on the “real” system. We do the designs at different levels of three abstraction layers: we plan
high level where we want to go then we generate reference paths, in this case we did use
linear model and we track those using nonlinear models. And in particular we look
differential drive robots. Finally we can say that we have to experiment and invent because

the field is certainly not done yet.

By using Microsoft Visual Programming Language, we have seen so many opportunities the
simulator has given to us to simulate any suggested experiment, and that shows us the
ability to lead a visual simulation in any environment in order to come in the end for the
results we want the robot to accomplish for us. For our work, as it is shown above, we have
limited our experiences to control a mobile robot to a DSS Direction Dialog and the Speech
Recognition. We have seen and explained as an important task the ability of the mobile robot
to avoid obstacles. And all of that has been shown in a visual scene we can easily understand

or interpret.

In the end I encourage students to learn and use the Microsoft Visual Programming
Language (MVPL) as a graphical programming language. I find it much easier for everyone
to make a simple or a complex program and having in the end a visual result what is better
for any understanding or interpretation we want to reach after building such a MVPL

program.
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Glossary

MRDS: Microsoft Robotics Developer Studio is a framework for developing software to
control robots.The MRDS system structure is a web of multiple systems all webbed to
getherin and at many dif ferent Levels ... .. .. o o v v e et et et e e e e e e e e e e 14
DSS: Decentralized Software Services is alightweight .NET

— based runtime environment that sits on top of CCR.DSS provides a lightweight, state

— oriented service model that combines the notion of representational state transfer
(REST)with a system level approach for building high performance, scalable
APDUICALIOTLS ..o et es et et it et e et e vee et e wae een ee een e sae ees ee ens tes sae een see sen sen sue een see sen see see eee s L
CCR: Concurrency and Coordination Runtime is a managed code library,a

Dynamically Linked Library (DLL), accessible from any language targeting

the . NET Common Language Runtime (CLR) ... ... e v vovvv ces er et et ee vt e e wen ene e e 2 14
VPL: Microsoft Visual Programming Language ... ... ... .. . wev vee vee ve ve vevvevve vve ve e o 14
Ariven INAEPENAENELY ... ... oo oo it cen e et e e e e e e e e e e e e e e e e e are e aee e 22 10
LTI: Linear Time — INVATIANT ... ... cev ot e ces ves ce vt e e st san s aes e saesan een s e saesn s e e O
Camera: designates the physical sensor achieving some frame grabbing ... ... ... .....37
Coordinated homogenous: coordinates in a projective SPace ... ... ... e e cen en en e e 45

Coordinated Cartesian: coordinates in the Euclidian space (sometimes named inhomgeneous
COOTAITIALE) ... vt et et e e e e e e e e e e e e e e e e aee tee sae see tee the she she sae sae she sae sae sane
Parameters intrinsic: Parameters modeling the process of formation of the internal picture
Lot a0 11 V=3 o PP 2
Parameters extrinsic: Parameters modeling the rigid transformation between the main camera

and another (camera slave).These parameters are external to a camera.The notion of extrinsic
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parameters can be associated to the pose of a caMera ... ... .. oo v vevve e e ve ve we w244
GPS: Global POSItiONING SYSTE ... ccv cov en e e ee et et e ee wie een een e ane eae een e e nne 2n een oo 1ee D9
LMS: laser MeasSUTeIMeNt SYSTEM ... c. wev ce cev wer ven we e ee ene e sre een ee 2en see sre een ee 2en see we 208
LED: Light EMitting DiOde ... ... .. cce cov cer ver ves veecieviecie s sie s s sieeaeeae saesae sae se en 2n een 200 02
D £ e Al - SRR ¢ 7
SONAR:Sond Navigation And RangGing ... ... ... e e cev vev coe et e cen vee ee een e e sne ene een e 00 0D
LIDAR Acronym of Light Detection Ranging and designating a sensor of remote
AELECLION DY LASET ... cev vev s et et e vt et e et et et it et eae ee ee en s s en en een een een een ees een een 20007
Laser: Light amplification by stimulation of radiation ... .. ... .. .. e v e ver ve eee wen 10 .67
IMU: Inertial MeasSUTEMEeNLES ... ... o v ces wer cer een ven een enn een s aes ses sen aes 1es ves s s s ses ses e ee 207
MEMS: Micro Electro — Mechanical SYStem ... ... o v vev vee e vee ven envie e cee aen e vae een ee wne .09
FOG: Fiber OPtiC GYTOSCOPE ... .. ccv wev cev wer et een een s s s s aes s s aes ses e e e e e e es ee vee o7 L
SAW : Surface ACOUSEIC WAVE ... ... o ev et et et et et e e e e e e e e e e e e e e e e e 2 ] 3
Dif ferential Drive: A Dif ferential Drive is a system where the robot's wheels canbe
P: PTOPOTEIONGAL ... oo cev e e et e vt et e et e vt e sae et e sae een ee een e sae een ee enn see sae sen ee 2es 2en B0
PI: Proportional INEeGral ... ... .. co cov cos ces ies it s s s e et e eie sae i e saeeae eae ae ee ee eee 22283
PID: Proportional Integral and the Derivative ... ... ... .. .. ce ces ves ves ves ces ves s vee e 0en .85

PD: Proportional DerivVAtiVe ... ... .. .o e ces vee e cee cen en vae een ee aen e vae een ee sae ae sve wen ee e oen 94

URI: Uniform Resource Identifier ... .. ... .. e o oo ces cr voe een e e see ee een e ee see eee weeen e 101

DSS: Decentralized SOftware SeTVICES ... ... cvcev vee wee en cen vee ee et et e vee eie een e e e e 20 104

SR: Speech RECOGNMILION ... ... cvvv vecee e e e et et et et eae eae eae eae ee en 2an een ee een een een een een s en 10D

SRGS: Speech Recognition Grammar Specification ... ... ... .. e v e ces vee cee eee e e vee 2. 106
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