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Part I 

T h i s thesis presents the pro ject of a n autonomous vehic le t h a t fol lows a t r a j e c t o r y 
b y detec t ing the r o a d t h r o u g h stereovis ion process ing a n d it is c ontro l l ed w i t h the use 
of fuzzy logic . T h e v i s i o n process ing i m p l e m e n t s edge de tec t i on b y a n a l y z i n g l ines of 
p ixe ls . T h e v i s i o n process ing determines the error i n the a c t u a l p o s i t i o n a n d the fuzzy 
c o n t r o l moves the steering of the car a n d slows d o w n the ve loc i ty i f needed. It was 
i m p l e m e n t e d i n a mob i l e robot to determine current results . 
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1 Introduct ion 
T h e m a i n ob ject ive of th i s thesis is the i m p l e m e n t a t i o n of a n autonomous robot t h a t 
is capable of f o l l owing a r o a d w i t h the use of a s tereocamera. T h e use of v i s i o n i n 3 D 
is a t r e n d i n m a n y v i s i o n app l i ca t i ons , a n d we w o u l d l ike to adopt i t for autonomous 
vehic le n a v i g a t i o n . 

R o a d fo l l owing requires two c r u c i a l steps: the r o a d recogn i t i on a n d the contro l 
of the speed a n d steering of the vehic le . T o reach c o n t r o l l a b i l i t y i n these type of 
robots i t is necessary to detect the r o a d a n d make the image process ing to ca lcu late 
the m a n i p u l a t i o n s needed to keep the robot i n the des ired p o s i t i o n a n d p a t h . 

It can be sa id t h a t v i s i o n systems are a very i m p o r t a n t factor i n the development 
of autonomous vehicles because t h e y are the sensors of the robot ; therefore, the image 
process ing needs to be done o n t i m e i n order to detect the r o a d a n d let the entire sys tem 
to be contro l lab le . 

T h r o u g h th is thesis , var ious techniques i n different areas such as r o a d detec t ion , 
image process ing a n d fuzzy contro l theory w i l l be e x a m i n e d i n order to achieve the 
ob ject ive . 

1.1 Motivation 
A u t o n o m o u s mob i l e robots w i t h image process ing u s i n g computers are a challenge for 
the contro l sys tem due to the demands i n c o m p u t a t i o n a l capac i ty a n d also the a b i l i t y 
to do t h a t process ing as fast as poss ible to a l l ow c o n t r o l l a b i l i t y of the vehic le . A u ¬
tonomous r o a d fo l l owing has been researched t h r o u g h recent years because i t c o u l d 
prevent acc idents i n rea l life s i tuat ions a n d it is a t r e n d i n autonomous vehic le develop¬
ment . I n general , autonomous n a v i g a t i o n is a n in teres t ing area to research because i t 
demands rea l mechatron ics : e lectronics , mechanics , c o m p u t e r p r o g r a m m i n g a n d contro l 
engineer ing . 

1.2 Problem Statement and Context 
A u t o n o m o u s mob i l e robot i cs b u i l d s p h y s i c a l systems t h a t can move purpose fu l l y a n d 
w i t h o u t h u m a n i n t e r v e n t i o n i n u n m o d i f i e d env iroments a n d the development of tech¬
niques for autonomous n a v i g a t i o n const i tutes one of the m a j o r trens i n the current 
research o n robot i cs . T h i s t r e n d is m o t i v a t e d b y the current gap between the avai lable 
technology a n d the new a p p l i c a t i o n demands . O n one h a n d , the techniques employed 
i n current i n d u s t r i a l robots lack the a b i l i t y to prov ide flexibility a n d a u t o n o m y ; o n the 
o ther h a n d , there is a c lear emerg ing market for t r u l y autonomous robots . Poss ib le 
app l i ca t i ons inc lude inte l l igent service robots for offices, hosp i ta l s , a n d fac tory floors, 
ma intenance robots for inaccessible areas, domest i c robots for c l ean ing or enter tanment , 
or autonomous vehicles to help the d i sab led a n d the ederly. 

T h e p r o b l e m to be solved b y th i s thesis is the need of a n autonomous vehic le capable 
of f o l l owing a r o a d a u t o n o m o u s l y ; therefore, the m a i n components for r o a d t r a v e l i n g 
need to be contro l l ed : speed a n d steering. In order to solve th i s p r o b l e m , i n d i v i d u a l 
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s i tuat i ons have to be cons idered , such as: ways of de tec t ing the r o a d a n d / o r obstacles , 
types of controls to be used a n d the i m p l e m e n t a t i o n of software a n d h a r d w a r e . 

1.3 Solution Proposal 
I n order to solve the p r o b l e m , i t has been d i v i d e d i n two m a i n areas: s tereovis ion a n d 
fuzzy contro l . 

1 .3 .1 S t e r e o v i s i o n 

T o detect the r o a d a n d the obstacles , s tereovis ion has been proposed to be the sensor 
of the vehic le because i t does not o n l y detects objects i n the image , b u t also measures 
distances i n the frame. 

1.3.2 F u z z y C o n t r o l 

Because the contro l a l g o r i t h m is also a f u n d a m e n t a l p a r t i n r o a d fo l l owing for a s m o o t h 
r ide a n d to reduce the error i n p o s i t i o n , fuzzy logic is pre tended to be used as a n 
e m u l a t o r of h u m a n expert ise , because i t extracts knowledge of expert people a n d works 
we l l w i t h imprec ise d a t a . 

1.4 M a i n Contributions 
T h e m a i n c o n t r i b u t i o n of th is thesis is the a l g o r i t h m of stereovis ion i m p l e m e n t e d to r o a d 
fo l l owing . T h i s a l g o r i t h m , a l t h o u g h s imple , is p r a c t i c a l for the ob ject ive need because 
i t a l lows a fast process ing of images, w h i c h is a very i m p o r t a n t for the c o n t r o l l a b i l i t y 
of the autonomous vehicle . T h i s thesis is also the base for fur ther work , i n order to 
e x p a n d the app l i ca t i ons a n d f u n t i o n a l i t y of th i s study. 

1.5 Thesis Structure 
T h i s thesis shows the w o r k done i n order to solve the p r o b l e m . T h e thesis is s t r u c t u r e d 
as fol lows, 

In chapter two, the theore t i ca l f ramework is presented, a s u m m a r y of concepts t h a t 
are needed to u n d e r s t a n d w h a t is done i n next chapters . 

In chapter three , the state of art is presented, where s i m i l a r works are presented, 
w h i c h can be the base for th i s thesis . 

In chapter four , the p r o p o s a l for the s o l u t i o n is presented, i t inc ludes the hypothes is 
of how the ob ject ive c a n be c o m p l e t e d as best as possible as far as we are concerned. 

In chapter five, the exper iments w i t h the autonomous mob i l e robot are shown ac¬
c o r d i n g to the object ives a n d also comparat ives w i t h s i m i l a r works . T h e results of th i s 
exper iments is shown as we l l . 

C h a p t e r 6 presents the conclusions of th is study. 
C h a p t e r 7 proposes fur ther w o r k to be done w i t h th i s thesis . 
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T h e sect ion of appendixes is d i v i d e d i n three: hardware speci f icat ions , p r o g r a m 
d e s c r i p t i o n a n d the desc r ip t i on of the exper iments car r i ed out . 
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2 Theoretical Framework 
T h i s chapter shows the context over w h i c h th i s thesis is based on ; i n order to u n d e r s t a n d 
the ob ject ive of th i s work , the theore t i ca l fundaments have to be s tud ied . It is i m p o r t a n t 
to m e n t i o n the bases of r o a d fo l l owing for autonomous vehic le n a v i g a t i o n w h i c h for th is 
thesis are bas i ca l l y d i v i d e d i n : stereo v i s i o n , r oaddetec t i on a n d image process ing , fuzzy 
c o n t r o l a n d rea l - t ime systems. 

T h r o u g h th is chapter , the concepts of fuzzy contro l are s t u d i e d to u n d e r s t a n d the 
c o n t r o l l a b i l i t y of the autonomous vehic le . Stereo v i s i o n is also a f u n d a m e n t a l p a r t of 
the pro ject , w h i c h i n th is case, is the sensor to detect the r o a d a n d the boundar ies of 
the car; a n d i n order to sense, a n image process ing of the v i s i o n sys tem has to be done. 

2.1 Stereo Vis ion 
A c c o r d i n g to [25], a n ar t i f i c i a l v i s i o n sys tem has: 

• C a m e r a , captures the images a n d t r a s m i t t h e m as e lectr ic s ignals , f o l l owing rules 
of e x p l o r a t i o n . 

• Interface, i t adapts the e lectr ic signals p r o d u c e d b y the c a m e r a to the computer . 

• Software, i t a l lows to ana lyze the scenes a n d generates the c o m m a n d s for the 
robot contro l a u t o n o m o u s l y a n d i n rea l t i m e ( A r t i f i c i a l Intel l igence) . 

F i g u r e 1 shows the components of a n ar t i f i c i a l v i s i o n system. 

In the software p a r t , three consecutive phases can be d i s t ingu i shed : 

• Se lec t ion , of the useful a n d ind ispensab le i n f o r m a t i o n , because i t is a lmost i m -
pos ib le to take in to account a l l the i n f o r m a t i o n the c a m e r a provides . 

• I n t e r p r e t a t i o n , of the scene i n a convenient f o r m for the current a p p l i c a t i o n . 

F i g u r e 1: C o m p o n e n t s of a n a r t i f i c i a l v i s i o n sys tem 
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• C a l c u l a t i o n s a n d generat ion , of the contro l orders to the m a n i p u l a t o r s , a ccord ing 
to phase n u m b e r 2. 

F i g u r e 2 shows the components of software for a r t i f i c i a l v i s i o n sys tem. 

F i g u r e 2: C o m p o n e n t s of software for a r t i f i c i a l v i s i o n systems 

A c c o r d i n g to [42], the stereovis ion based c o n f i r m a t i o n consists i n four m a j o r steps: 

• d e t e r m i n a t i o n of regions of interest i n the stereoscopic images. 

• a p p l i c a c i o n of a n u m e r i c a l z o o m to m a x i m i z e the detec t i on range. 

• c o m p u t a t i o n of a l o c a l d i s p a r i t y m a p i n the regions of interest . 

• c r i t e r i o n e v a l u a t i o n f r o m th is d i s p a r i t y m a p to c on f i r m the existence of a n obsta¬
cle. 

A u t o n o m o u s mob i l e robots make use of stereo v i s i o n to measure the i r re lat ive d istance 
to obstacles. T h i s m e t h o d is also r e l a t i ve l y inexpens ive ; wh i l e laser scanners c a n cost 
tens of thousands of do l lars , stereo v i s i o n requires o n l y two a l i gned cameras a n d some 
process ing power . Stereo v i s i o n is a technique t h a t uses two cameras to measure dis¬
tances f r o m the cameras , s i m i l a r to h u m a n d e p t h p e r c e p t i o n w i t h h u m a n eyes. T h e 
process uses two p a r a l l e l cameras a l igned at a k n o w n distance of separat ion . E a c h 
c a m e r a captures a n image a n d these images are a n a l y z e d for c o m m o n features [12]. 
T r i a n g u l a t i o n is used w i t h the re lat ive p o s i t i o n of these m a t c h e d pixels i n the images 
as seen i n F i g u r e 3. 
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F i g u r e 3: Stereo V i s i o n T r i a n g u l a t i o n 

T r i a n g u l a t i o n requires k n o w i n g the focal l e n g t h of the c a m e r a (f), the d istance 
between the c a m e r a bases (b), a n d the center of the images o n the image p lane (c1 a n d 
c 2 ) . D i s p a r i t y (d) is the difference between the l a t e r a l distances to the feature p i x e l (v2 

a n d v i ) o n the image p lane f r o m the i r respect ive centers. U s i n g the concept of s i m i l a r 
t r iang les , the d istance f r o m the cameras (D) is c a l c u l a t e d as 

2.2 Road Detection and Image Processing 
V i s i o n - b a s e d r o a d detec t i on is a n i m p o r t a n t research top i c i n different areas of com¬
p u t e r v i s i o n such as autonomous d r i v i n g , car co l l i s i on w a r n i n g a n d p e d e s t r i a n crossing 
detect ion . [3] 

Some basic concepts used i n image process ing are: 

• T h r e s h o l d : is a m e t h o d of image segmentat ion . F r o m a grayscale image , thresh¬
o l d i n g can be used to create b i n a r y images. D u r i n g the process, i n d i v i d u a l p ixels 
i n a n image are m a r k e d as "object p i x e l s " i f the i r value is greater t h a n some 
t h r e s h o l d value a n d as a " b a c k g r o u n d " p i x e l o therwise . 

• C o n t r a s t : is the difference i n v i s u a l propert ies t h a t makes a n object d is t inguish¬
able f r o m other objects a n d the b a c k g r o u n d . 
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T h e result of the c o m p u t e r v i s i o n sys tem is a d e p t h field m a p w h i c h is a grayscale 
image of the same size to the o r i g i n a l image . E a c h grayscale image represents a d is tance 
f r o m the cameras . F o r example , a w h i t e p i x e l signifies a p i x e l i n the computer ' s v i s i o n 
near i n f i n i t y wh i l e a b lack p i x e l means a po in t i n the i n f i n i t y d is tance . 



B r i g h t n e s s : is a n a t t r i b u t e of v i s u a l p e r c e p t i o n i n w h i c h a source appears to be 
r a d i a t i n g or ref lect ing l i ght . In other words , br ightness is the p e r c e p t i o n e l i c i t ed 
b y the l u m i n a n c e of a v i s u a l target . In the R G B color space, br ightness can be 
thought of as the a r i t h m e t i c m e a n [i of the red , green a n d b lue color coordinates : 

2.3 Fuzzy Control 
T h e control lers are the b r a i n of the r obo t , t h e y do a l l the necesary ca l cu lat ions so t h a t 
the robot does w h a t is desired. In th i s case, the contro l ler is r equ i red to m a i n t a i n the 
mob i l e at a c e r t a i n speed a n d p o s i t i o n . F u z z y logic was first designed to represent a 
knowledge expressed i n a l i n g u i s t i c or v e r b a l f o r m [21]. 

2 . 3 . 1 D e f i n i t i o n o f t h e F u z z y S e t s 

A w a y to define a set is to enumerate t h e i r e lements, a n d the other , to use a f u n c t i o n 
P(x), where every element x of the set has a p r o p e r t y P. A t h i r d w a y t h a t is to define a 
set A u s i n g a character i s t i c f u n c t i o n . L e t A define the d o m a i n X. T h e n \iA : X — [0,1] 
is a character i s t i c f u n c t i o n of the set A i f every x 

• 
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T h e genera l i za t i on of the theory of fuzzy sets is: the m e m b e r s h i p f u n c t i o n /ip of a 
fuzzy set F is a f u n c t i o n [ip : U — [0,1] 

2 . 3 . 2 O p e r a t i o n s w i t h F u z z y S e t s 

N o t i o n s l ike e q u a l i t y a n d i n c l u s i o n are two fuzzy sets der ived f r o m the classic theory of 
sets. T w o fuzzy sets are equa l i f every element i n the universe has the same m e m b e r s h i p 
degree i n every one of t h e m . A fuzzy set A is a subset of the set B i f every element i n 
the universe has a smal ler degree of m e m b e r s h i p . 

In the classic theory, the u n i o n , in tersec t ion a n d complement are sets of s imple 
operat ions t h a t are c l ear ly defined. E v e r y logic operator a n d , or a n d not has a semant ic 
we l l def ined accord ing to the p r o p o s i t i o n a l logic . T h e most used operators i n fuzzy sets 



T h i s is a s imple ex tens ion of the classic operat ions . O t h e r possible extensions are, 
iAns(x)= 1A(X) • is(x) or J A U B ( x ) = min((1,jA(x) + 1B(x)) . 

M o r e generally, t r i a n g u l a r norms ( T - n o r m a n d S-norm) are used to represent inter¬
sect ion , u n i o n or complement . 

2 . 3 . 3 F u z z y R e l a t i o n s 

A r e l a t i o n can be cons idered as a set of ordered pa irs . A s classic sets, c lassic re lat ions 
can be descr ibed b y a m e m b e r s h i p func t i on . Suppose t h a t R is a r e l a t i o n of n order 
def ined i n X1 ...Xn t h e n JR = X1 ...Xn — [0,1] is a m e m b e r s h i p f u n c t i o n of the set 
A for every X1 ...Xn, 
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2 . 3 . 4 O p e r a t i o n s w i t h F u z z y R e l a t i o n s 

T h e two most used operat ions i n fuzzy re lat ions are intersec t ion a n d u n i o n . These are 
def ined as fo l low: let R a n d S be b i n a r y re lat ions defines i n X x Y. T h e in tersec t i on 
between R a n d S is defined as 

Insted of m i n i m u m , any T - n o r m can be used. 
T h e u n i o n of R a n d S is defined as 

Instead of m a x i m u m , any S - n o r m can be used. These def ini t ions can be ex tended 
to any n u m b e r of re lat ions . 

T h e c o m b i n a t i o n of fuzzy sets a n d fuzzy re lat ions is ca l l ed c o m p o s i t i o n a n d is defines 
as: let A be a fuzzy set defined i n X a n d R a fuzzy r e l a t i o n def ined i n XxY. T h e n , 
the c o m p o s i t i o n A a n d R results i n a fuzzy set B def ined i n Y is g iven b y 

T h i s is the so ca l l ed m a x - m i n c o m p o s i t i o n . T h e m a x - p r o d c o m p o s i t i o n is def ined 
as 

2 . 3 . 5 A p p r o x i m a t e R e a s o n i n g 

T h e a p p r o x i m a t e reasoning is the best way, i n w h i c h , the fuzzy logic covers a var ie ty 
of inference rules where the premises c o n t a i n fuzzy propos i t i ons . 



Inference i n a p p r o x i m a t e reasoning is i n contrast to the inference i n classic logic . I n 
a p p o x i m a t e reasoning , the consecuence of a set g iven the fuzzy propos i t i ons depends o n 
a esencial way i n the aggregate m e a n i n g to these fuzzy propos i t i ons . T h e n , inference 
i n a p p o x i m a t e reasoning is the process ing of fuzzy sets t h a t represent the m e a n i n g of 
a c e r t a i n set of fuzzy propos i t i ons . F o r example , g iven the m e m b e r s h i p funct ions JA 
a n d JB , represent ing the m e a n i n g of a fuzzy p r o p o s i t i o n X is A a n d the m e a n i n g of the 
fuzzy c o n d i t i o n a l If X is A Then Y is B, the m e m b e r s h i p f u n c t i o n can be c o m p u t e d 
represent ing the m e a n i n g of the conc lus ion Y is B. 

2 . 3 . 6 I n f e r e n c e R u l e s 

I n a p p r o x i m a t e reasoning , two inference rules are the most i m p o r t a n t . T h e inference 
c o m p o s i t i o n ru le a n d the general ized m o d u s ponens. T h e first ru le uses a fuzzy r e l a t i o n 
to e x p l i c i t i l y represent the conect ion between two fuzzy propos i t i ons , the second uses 
a ru le I F - T H E N t h a t i m p l i c i t l y represents a fuzzy r e la t i on . T h e general ized m o d u s 
ponens has the inference s y m b o l i c scheme 
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where S i a n d S 2 are s y m b o l i c names for l i n g u i s t i c var iab les , a n d P1, P2, Q1 a n d Q2 

are s y m b o l i c names for l i n g u i s t i c values. T h e rule of c o m p o s i t i o n for inference can be 
cons idered as a spec ia l case of general ized m o d u s ponens. T h e general s y m b o l i c f o r m 
is 

where S1 RS2 is r ead as " S 1 s in i n r e l a t i o n R to S 2 " a n d the m e a n i n g is represented 
as a fuzzy r e la t i on . T h e n , i n s t e a d of the I F - T H E N ru le , there is a fuzzy r e l a t i o n R. 
N o w the scheme of inference is considered, 

where P a n d Q are fuzzy sets represent ing the m e a n i n g of P, Q a n d R are a fuzzy 
r e l a t i o n de f in ing the m e a n i n g of R , P is defined i n X a n d R over X x Y. T h e n the 
c a l c u l a t i o n of the c o m p o s i t i o n a l ru le of inference is done as 

2 . 3 . 7 T h e I F - T H E N R u l e s 

T h e r e are a n u m b e r of re lat ions t h a t can represent the m e a n i n g of I F X is A T H E N Y 
is B. T h e most used i m p l i c a t i o n s i n fuzzy sets are: 

I m p l i c a t i o n of L u k a s i e w i c z : T h i s i m p l i c a t i o n is based o n the equal ivalence p — q =' 
p V q. T o represent O R is also possible to use the l i m i t e d s u m min(l, 1 — p + q) i n s t e a d 
of the m a x i m u m max(p, q). T h i s results i n the r e l a t i o n ca l led R a , def ined as 



I m p l i c a t i o n of Z a d e h : I n logic of two values, p — q has the same t rue values as 
(pAq) V ' p . T h i s equivalence was used by Z a d e h i n the next f o r m 

2 . 3 . 9 I n f e r e n c e M a c h i n e 

T h e r e are two ways to a t tack the design of the inference mach ine of a fuzzy contro l ler : 
(1) inference based i n c o m p o s i t i o n a n d (2) inference based o n i n d i v i d u a l rules . T h e 
bas ic f o r m of the inference mach ine of the second t y p e is to c o m p u t e the general value 
of the o u t p u t var iab le i n i n d i v i d u a l c o n t r i b u t i o n s for each ru le i n the base of rules . E a c h 
i n d i v i d u a l c o n t r i b u t i o n represents the values of the c o m p u t e d o u t p u t var iables for each 
i n d i v i d u a l ru le . T h e o u t p u t of the fuzz i f i ca t i on m o d u l e , represents the a c t u a l values of 
the i n p u t variables a n d are pro jec ted to each ru le , a n d a c e r t a i n degree of equivalence 
is s tab l i shed . E a c h degree of equivalence represents the degree of sat i s fac t ion of a fuzzy 
p r o p o s i t i o n . B a s e d o n the degree of equivalence, the value of the o u t p u t var iab le i n the 
last ru le is mod i f i ed . T h e set of a l l the o u t p u t values of the equivalent rules represents 
the general value of the fuzzy o u t p u t . I n th is context , the design of parameters for the 
inference mach ine is : 

• Choose the representat ion of the m e a n i n g for a single ru l e , 

• Choose the representat ion of the m e a n i n g for a set of rules , 

• Choose the inference mach ine , 

• P r o v e the set of rules to be consistent a n d complete . 
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I m p l i c a t i o n of M a m d a n i : W i t h respect to fuzzy cont ro l , th is is the most i m p o r t a n t 
i m p l i c a t i o n k n o w n i n the l i t e r a t u r e . Its de f in i t i on is based i n the intersec t ion . T h e 
r e l a t i o n Rc (x of conjuct ion) is defined as 

2 . 3 . 8 F u z z i f i c a t i o n ( F M ) 

A c c o r d i n g to [24], the fuzzy f i ca t i on m o d u l e does the next funct ions : 

• F M - F 1 : Does a scale t r a n s f o r m a t i o n ( input n o r m a l i z a t i o n ) t h a t maps the p h y s i c a l 
values of the i n p u t var iables i n a n o r m a l i z e d universe ( n o r m a l i z e d d o m a i n ) . It 
also maps the n o r m a l i z e d value of the o u t p u t var iab le i n the p h y s i c a l d o m a i n . 
W h e n a n o r m a l i z e d d o m a i n is used, i t is no necessary to use F M - F 1 . 

• F M - F 2 : Does the d e n a z i f i c a t i o n t h a t converts the recent value of a n i n p u t var iab le 
of a fuzzy set to make i t c o m p a t i b l e w i t h the representat ion of the fuzzy set of 
the i n p u t var iab le . 



2 . 3 . 1 0 D e f u z z i f i c a t i o n ( D M ) 

A c c o r d i n g to [24], the funct ions of the de fuzz i f i cat ion m o d u l e are: 

• D M - F 1 : Does the so ca l l ed de fuzz i f i cat ion t h a t converts the set of mod i f i ed o u t p u t 
values to a single value. 

• D M - F 2 : Does the d e n o r m a l i z a t i o n of the o u t p u t t h a t maps the o u t p u t po ints i n 
the p h y s i c a l d o m a i n . D M - F 2 is not necessary i f domains not n o r m a l i z e d are used. 

T w o of the most used de fuzz i f i cat ion operators are C e n t e r of A r e a a n d M e a n of M a x i ¬
m u m . 

C e n t e r of A r e a : T h e m e t h o d of center of area or g r a v i t y center is the most k n o w n 
de fuzz i f i cat ion m e t h o d . It is a lmost discrete , th i s results i n 
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In the continues case, i t is o b t a i n e d 

M e a n of M a x i m u m : T h i s m e t h o d determines the first a n d last values where Y has 
a m a x i m u m degree of m e m b e r s h i p a n d t h e n i t takes the m e a n of those two values. 
F o r m a l l y , 

2.4 Real-Time Systems 
D e a l i n g w i t h c o m p u t e r image process ing is a cha l leng ing task i n vehic le n a v i g a t i o n since 
h i g h n u m b e r of c o m p u t a t i o n s need to be done i n order to process the i n f o r m a t i o n f r o m 
the cameras a n d s t i l l have t i m e to contro l the vehic le a r o u n d the desired tra jec tory . 

R e a l - t i m e c o m p u t i n g systems are systems i n w h i c h the i m p o r t a n c e of a n a c t i o n is 
not o n l y t h a t i t is done correct , b u t also the t i m e i t takes to be processed. In order for 
tasks to get done at e x a c t l y the r ight t i m e , r ea l - t ime systems must a l low y o u to pred i c t 
a n d contro l w h e n tasks o c cur [1]. 

A r ea l - t ime sys tem must demonstrate the f o l l owing features: 

• P r e d i c t a b l y fast response to urgent events. 

• H i g h degree of s chedu lab i l i t y : the t i m i n g requirements of the sys tem must be 
satisf ied at h i g h degrees of resource usage. 

• S t a b i l i t y under t rans ient over load: w h e n the sys tem is over loaded b y events a n d 
i t is imposs ib l e to meet a l l the deadl ines , the deadl ines of selected c r i t i c a l tasks 
must s t i l l be guaranteed . 



2 . 4 . 1 R e a l - T i m e S c h e d u l i n g P o l i c i e s 

T h e r e are different schemes for schedul ing events. A c c o r d i n g to [1], some p o p u l a r r e a l -
t i m e schedul ing pol ic ies inc lude : 

• F i x e d P r i o r i t y P r e e m p i t v e Schedu l ing : E v e r y task has a fixed p r i o r i t y t h a t does 
not change unless the a p p l i c a t i o n spec i f i ca l ly changes i t . A h i g h e r - p r i o r i t y task 
preempts a l o w e r - p r i o r i t y task . M o s t r ea l - t ime o p e r a t i n g systems suppor t th is 
scheme. 

• D y n a m i c - P r i o r i t y P r e e m p t i v e Schedu l ing : T h e p r i o r i t y of a task can change f r o m 
instance to instance or w i t h i n the execut i on of a n instance , i n order to meet a 
specific response t i m e object ive . A h i g h e r - p r i o r i t y taks preempts a l o w e r - p r i o r i t y 
task . V e r y few c o m m e r c i a l r ea l - t ime o p e r a t i n g systems suppor t such pol ic ies . 

• R a t e - M o n o t o n i c Schedul ing : A n o p t i m a l fixed-priority preempt ive s chedul ing pol¬
i c y i n w h i c h , the h igher the frequency of a per i od i c task , the h igher its p r i o r i ty . 
T h i s p o l i c y assumes t h a t the deadl ine of a per i od i c task is the same as its pe¬
r i o d . It can be i m p l e m e n t e d i n any o p e r a t i n g sys tem s u p p o r t i n g fixed-priority 
preempt ive s chedul ing or general ized to aper iod i c tasks . 

• D e a d l i n e - M o n o t o n i c Schedu l ing : A genera l i za t i on of the r a t e - m o n o t o n i c s chedul -
i n g p o l i c y i n w h i c h the deadl ine of a task is a fixed po in t i n t i m e re lat ive to 
b e g i n n i n g of a p e r i o d . T h e shorter th is (fixed) deadl ine , the h igher i ts prior¬
ity . W h e n the deadl ine t i m e equals the p e r i o d , th is p o l i c y is i d e n t i c a l to the 
r a t e - m o n o t o n i c s chedul ing po l i cy . 

• E a r l i e s t - D e a d l i n e - F i r s t Schedu l ing : A d y n a m i c - p r i o r i t y preempt ive schedul ing 
po l i cy . T h e deadl ine of a task instance is the absolute po in t i n t i m e by w h i c h 
the instance must complete . T h e deadl ine is c o m p u t e d w h e n the instance must 
complete . T h e scheduler p icks the task w i t h the earliest deadl ine to r u n first. A 
task w i t h a n earl ier deadl ine preempts a task w i t h a la ter deadl ine . T h i s p o l i c y 
m i n i m i z e s the m a x i m u m lateness of anyset of tasks re lat ive to a l l o ther schedul ing 
pol ic ies . 

• Least S lack Schedu l ing : A d y n a m i c - p r i o r i t y non -preempt ive s chedul ing po l i cy . 
T h e slack of a task instance is i ts absolute deadl ine minus the r e m a i n i n g wors t -
case execut i on t i m e for the task instance to complete . T h e scheduler p icks the 
task w i t h the shortest s lack to r u n first. T h i s p o l i c y m a x i m i z e s the m i n i m u m 
lateness of any set of tasks . 
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3 State of A r t 
I n th i s chapter , r e la ted works are presented i n order to s t a b l i s h the context o n w h i c h 
th i s thesis was based. T h e m a i n areas of s t u d y of th i s thesis are: r o a d detec t i on u s i n g 
stereo v i s i o n a n d fuzzy contro l i n autonomous mob i l e vehicles. 

3.1 Road Detection with Stereo Vision 
V i s i o n - b a s e d t r a j e c t o r y detec t i on is a very i m p o r t a n t area of s t u d y because i t is a 
f u n d a m e n t a l par t i n autonomous d r i v i n g , car co l l i s i on w a r n i n g , object detec t i on a n d 
p e d e s t r i a n crossing detect ion . D e t e c t i n g tra jector ies a n d roads w i t h v i s i o n systems can 
be done u s i n g m o n o c u l a r v i s i on -sys tems a n d stereo v i s i o n systems [15, 3]. P a r t i c u l a r l y , 
stereo v i s i o n has been s tud ied l a t e l y because i t gives a n advantage over m o n o c u l a r v i s i o n 
systems: the measurement of d is tance , w i t h o u t the need of more sensors; therefore, we 
focus o n the research of stereo v i s i o n to detect the t r a j e c t o r y where the vehic le is d r i v e n . 
G r e a t interest has recent ly ar isen i n the design a n d development of au tonomous l a n d 
vehic le [34, 35]. T w o of funct ions of A L V ( A u t o n o m o u s L a n d Vehic le ) au tonomous 
n a v i g a t i o n are the obstacle detec t i on a n d the robust detec t i on a n d t r a c k i n g of r o a d 
boundar ies . 

R o a d detec t i on is a c r u c i a l p r o b l e m for inte l l igent vehicles a n d mobi le robots . It 
prov ides i n f o r m a t i o n about the w o r l d t h a t enables the inte l l igent vehic le or robot to 
interact w i t h its env i roment a n d react to events or changes t h a t inf luence its task [44]. 
M a n y researchers have been s t u d y i n g i t for several decades a n d d r a m a t i c development 
has been ac compl i shed , w h i c h can be categor ized in to two m a i n types of methods : 
v i s i on -based methods a n d L I D A R ( L i g h t D e t e c t i o n A n d R a n g i n g ) - b a s e d methods . T h e 
stereovis ion makes possible to use o n l y cameras to d i r e c t l y measure range a n d color 
i n f o r m a t i o n , jus t l ike h u m a n operators . There fore , v i s i on -based r o a d detec t i on is a 
very i m p o r t a n t as we l l as p r o m i s i n g b r a n c h i n the field [15]. A m o n g the c u r r e n v i s i o n -
based methods , some use m o n o c u l a r c a m e r a to ex t rac t the r o a d reg ion b y e m p l o y i n g 
features w i t h specific intens i ty , color a n d t ex ture wh i l e others use a b i n o c u l a r c a m e r a 
for r o a d detec t i on b y u s i n g 3 D s t r u c t u r a l i n f o r m a t i o n [15]. 

A var ie ty of methods have been proposed for obstacle detect ion . Several k i n d s 
of sensors are used to acquire i n f o r m a t i o n f r o m the env i ronment to c a r r y out robot 
n a v i g a t i o n w i t h r ea l - t ime obstacle avoidance . V i s i o n sys tem, 2 D or 3 D laser rangef inder 
a n d c o m b i n a t i o n s of t h e m are used to detect obstacles under different env i ronment . 
Stereo v i s i o n technique [43] was p o p u l a r l y used to detect obstacles for A L V . T h e m a i n 
p r o b l e m of stereo v i s i o n is t h a t c omplex a l g o r i t h m has to be used to guarantee the 
correct p i x e l m a t c h i n g between two images. I n the past several years, the laser range 
measurement sys tem has been used to detect obstacle . I n [58], a n obstacle detec t i on 
sys tem for A L V under s e m i - s t r u c t u r a l env i ronment w i t h two 2 D laser range finders is 
descr ibed . 3 D L R F ( L a s e r R a n g e Finder)[38] a n d q u a s i - 3 D L R F [26] is used for obstacle 
detec t i on i n cross -country env i ronment a n d u r b a n e n v i r o n m e n t . 

A u t o n o m o u s r o a d f o l l owing can be considered as five different par t s : h o r i z o n esti¬
m a t i o n , obstacle detec t ion , obstacle avoidance , r o a d detec t i on a n d 3 D v i e w as shown 
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contextual information such as 3D road geometry and shape
for road detection. It is increasingly being recognized in the
vision community that context information is necessary for
reliable extraction of image regions and objects [6, 7, 8].
However, contextual information has not been used for road
detection before.

Therefore, in this paper, contextual 3D information is
used in addition to low-level cues. Low-level photomet-
ric invariant cues are derived from the appearance of roads.
Contextual cues used include horizon line, vanishing point,
3D scene layout and 3D road stages. Moreover, temporal
information is included. These cues are robust to differ-
ent imaging conditions and hence are considered as weak
cues. Therefore, they are combined to improve the overall
performance of the algorithm. To this end, the low-level,
contextual and temporal cues are combined in a Bayesian
framework to classify road sequences.

In this paper, real–world scenarios are considered with
unpredictable situations and imaging conditions such as
extreme shadows, illumination, and complex road shapes

Sect. 2, 3D information available from a single image is dis-
cussed. Then, in Sect. 3, information available from image
sequences is exploited. The framework for combining all
the cues is outlined in Sect. 4. Next, in Sect. 5, experiments
are presented and results are discussed. Finally, conclusions
are drawn in Sect. 6.

2. 3D Road Cues from Still Images

The goal is to combine diversified road features taken
from a single image to perform road detection in real–world
driving situations. Diversity is imposed by extracting in-
formation using two different approaches: top–down (3D
scene cues) and bottom–up (pixel classification). The for-
mer imposes 3D knowledge and expectations. The latter
reinforces the visual measurements improving the accuracy
of the results. In this section, three different 3D cues are
discussed: horizon line, vanishing point and road geometry.
Furthermore, constraints are imposed at pixel–level (color)
and mixture of both (layout).

1. Horizon Estimation

The horizon line is important information for inferring
here the road is located in each image, i.e., the road is be-
w the horizon line. To estimate the position of the horizon
e, the approach by Sivic et al. [10, 11, 12] is used. This
ethod estimates the horizon line by applying non–linear
ixtures of linear regressors to the description of an image
tained using gist descriptors [13]. After the horizon line
computed, a pixel–wise confidence map H is generated.
fuzzy labeling approach is used for those pixels close to
e horizon line (Fig. 3). Note that detecting roads using the
rizon line estimation is robust to lighting variations.

(a) (b) (c)

gure 3. Horizon line cue computed from a single image. (a) In-
t image. (b) Estimated horizon line. (c) Pixel–wise road proba-
lity map from the horizon line estimation. White pixels are those
hibiting higher probability to be road pixels.

2. Vanishing Point

The road area can be detected based on vanishing
ints [8, 14]. The perspective effect of an image can be
ploited to estimate the vanishing point and then, detect
in figure 4.

Figure 4: Components of autonomous road following

3.1.1 Horizon Estimation

The horizon line is important information for knowing the area of interest in the image.
The road will be usually below the horizon line. To estimate the position of the horizon
line, an approach has been introduced by [32, 28, 52]. This method estimates the
horizon line by applying non-linear mixtures of linear regressors to the description of
an image obtained using gist descriptors [4]. Also, the horizon line can be easily detected
by detecting the road lines and extend them to know the point where those two lines
intersect; above that point, there is no information about the road, and below that
point is the area of interest. A vanishing point is computed at that intersection to
differentiate the road from the horizon gradually [3]. Figure 5 shows the horizon line
estimation according to [3].

(Fig. 1). The proposed algorithm exploits 3D information
available in a single image to detect the drivable road sur-
face ahead of the target vehicle (Fig. 2). In this way, we de-
fine different 3D contextual cues such as horizon line (road
should be below of it), vanishing point (where roads are
aimed at), 3D layout (side walks, buildings and sky), and
3D stages (road models).

The novelty of the approach is the introduction of 3D
contextual cues and combining them to obtain a diversified
ensemble of road cues. In general, combining multiple clas-
sifiers is a powerful technique to improve the performance
of single classifiers [9, 7]. The improvement is even higher
when the method uses diversified cues, i.e., cues which are
robust or sensitive to different artifacts present in an image.
In this way, the proposed method extracts information at
scene, image and pixel–level. Further, the proposed method
exploits the sequential nature of the data by considering the
existing correlation between detected roads in consecutive
frames.

Figure 2. The proposed algorithm exploits all the information
available in a single image to detect the drivable road surface ahead
the target vehicle.

The rest of the paper is organized as follows. First, in
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Figure 5: Detection of the horizon line according to [3].

Detecting the road using the vanishing point is robust to global lightning variations,
different road types, damaged roads and the presence of other vehicles in the scene.
However, it is not robust against curved roads, heavy traffic and when strong shadow
edges are present [3].
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3 . 1 . 2 O b s t a c l e D e t e c t i o n 

W h e n dea l ing w i t h obstacles , there are a n u m b e r of ways to detect t h e m . O n e m e t h o d 
is to use road -barr iers [37], another m e t h o d is to use u n c e r t a i n t y [53] a n d the p r i n c i p l e 
of color d e c l i v i t y [11]. 

A c c o r d i n g to [24], the obstacles can be classif ied as pos i t ive a n d negat ive . P o s i t i v e 
obstacles are tree t r u n k s , sand dunes a n d others t h a t e x t e n d out of the g r o u n d surface. 
T h e other t y p e are the negat ive obstacles , such as ditches or holes, t h a t e x t e n d in to 
the g r o u n d plane . P o s i t i v e obstacles are detected by a p p l y i n g a hysteresis t h r e s h o l d o n 
the measured t e r r a i n slope a r o u n d image po ints a c cord ing to [24]. N e g a t i v e obstacles 
are detected b y l o o k i n g for d e p t h j u m p s i n the range profi le of a n image c o l u m n . I n 
order to fo l low roadside under var ious c o n d i t i o n , v i s i on -based sensor a n d range-based 
sensors are used. I n [44], a n obstacle detec t i on m e t h o d integrates i n f o r m a t i o n f r o m laser 
rangef inder a n d c a m e r a to detect a n d t rack obstacles. In[3], a r o a d fo l l owing m e t h o d 
integrates i n f o r m a t i o n f r o m laser rangef inder a n d c a m e r a to detect a n d t r a c k the r o a d 
b o u n d a r y . R o a d height , smoothness , color , a n d t e x t u r e were c o m b i n e d to y i e l d h igher 
per formance of roadside . 

3 . 1 . 3 3 D V i e w 

A n o t h e r 3 D cue is the layout of the scene. T h e layout is a n a l y z e d u s i n g three m a j o r 
par t s of the image : (1) sky p ixe l s , (2) v e r t i c a l surface p ixe ls a n d (3) g r o u n d p ixe ls . W i t h 
these 3 D cues the r o a d is l i m i t e d to g r o u n d , n o n - s k y image regions. F u r t h e r , regions 
are avo ided w h i c h are v e r t i c a l l y o r i en ta ted (i.e., b u i l d i n g s , vehicles , pedestr ians or any 
o ther object present i n the scene). T h e segmentat ion of the image i n these 3 D cues is 
c o m p u t e d b y the m e t h o d proposed i n [16]. R o a d detec t i on u s i n g scene layout is robust 
to different types of asphal ts , lane m a r k i n g s a n d p e d e s t r i a n crossings. However , scene-
layout for r o a d detec t i on m a y be sensit ive to shadows as the a l g o r i t h m uses superp ixe l 
segmentat ion [3]. A n o t h e r i m p o r t a n t cue for de tec t ing the r o a d is i ts 3 D geometry. 
T h i s r o a d geometry can be in ferred u s i n g a scene (road) c lass i f i cat ion a l g o r i t h m where 
each class represents t y p i c a l 3 D r o a d geometries such as left t u r n , s tra ight r o a d a n d 
j u n c t i o n s [30]. 

3.2 Fuzzy Control in Autonomous Mobile Vehicles 
C o n t r o l a l g o r i t h m s s h o u l d be considered as a n i m p o r t a n t issue i n r o a d fo l l owing to 
ensure safe a n d s m o o t h rides. A l t h o u g h a lot of researches have been done, most of 
t h e m are based o n t r a d i t i o n a l c ontro l theory such as P I D [56] a n d l inear control lers [6]. 
T h e k i n e m a t i c behav io r of autonomous r o a d fo l l owing is t y p i c a l l y non l inear . Therefore 
l inear models u s u a l l y f a i l to describe these systems efficiently. However , i t is diffi¬
cu l t to ana lyze non l inear m a t h e m a t i c a l models for autonomous r o a d fo l l owing schemes. 
O t h e r methods such as neura l -ne tworks [5, 17] a n d re inforcement l e a r n i n g ( R L ) [48] 
approaches have also been used i n r o a d fo l l owing , b u t these approaches require learn¬
i n g w h i c h consumes e x t r a c o m p u t a t i o n t i m e . H u m a n dr ivers can dr ive a car s m o o t h l y 
w i t h t h e i r d r i v i n g expert ise ra ther t h a n knowledge about contro l theory. F u z z y logic 
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c o n t r o l is k n o w n to be a n o rgan ized m e t h o d to emulate h u m a n expert ise i n dea l ing 
w i t h imprec ise d a t a . It a t t e m p t s to a p p l y a h u m a n - l i k e w a y of t h i n k i n g i n the appl i¬
c a t i o n areas a n d al lows l i n g u i s t i c t e rms for in te rmed ia te values to be defined besides 
convent iona l eva luat ions . F u z z y logic c ontro l has been[10] a p p l i e d i n autonomous r o a d 
f o l l owing by some researchers [51, 31, 10]. I n [59] a m e t h o d is proposed to o p t i m i z e the 
r o a d f o l l owing fuzzy contro l ler . 
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3.3 Comparison of Works 
A c o m p a r a t i v e of the works i n the area has been rea l i zed i n order to p u t the w o r k 
done i n context . Tab le 1 shows th is c o m p a r a t i v e i n the last 6 years. T h e parameters 
of d i f f e rent ia t i on are, the t y p e of v i s i o n used, i f the w o r k inc ludes detec t i on a n d / o r 
avoidance of obstacles , the t y p e of contro l i f used a n d i f there was a n i m p l e m e n t a t i o n 
of the system. 

Tab le 1: C o m p a r i s o n of the different works i n recent years. 
Year of 
Publication 

Autor(sJ Title Vision Obstacle Control Implementation 

2005 [19] Broggi, A.; Caraffi, 
C ; Fedriga, R.Lj 
Grisleri, P. 

Obstacle Detection with 
Stereo Vision for OIT-Road 
Vehicle Navigation 

Stereo Detection None Yes 

2006 [45] Seung-Hun Kim; 
Chi-Won R o h ; 
Sung-Chul K a n g ; 
Min-Yong Park; 

A Hybrid Autonomous / 
Teleoperated Strategy for 
Reiiable Mobile Robot 
Outdoor Navigation 

Mono 

2006 [24] Cabani, I.; 
Toulminet, G.; 
Bensrhair, A. 

A Fast and Self-adaptive Color 
Stereo Vision Matching 

Stereo None None No 

2006 [43] Zezhong Xu; 
Yanbin Zhuang; 
Huahua C h e n ; 

Obstacle Detection and Road 
Following using Laser Scanner 

Lasser None None Yes 

2006 [44] PerroUaz, M . ; 
Labayrade, R.; 
Royere, C. ; 
Hautiere, N . ; 
Aubert, D . ; 

Long Range Obstacle 
Detection Using Laser Scanner 
and Stereovision 

Laser/ 
Stereo 

Detection None Yes 

2007 [22] DubbeJman Obstacle Detection during Day 
and Night Conditions using 
Stereo Vision 

Mono Detection None Yes 

2007 [20] van derMark, W. j 
van den Heuvel, 
J.C.; G r o e n , F . C A ; 

Stereo based Obstacle 
Detection with Uncertainty in 
Rough Terrain 

Stereo Detection None Yes 

2008 [50] Hong, D . ; Kimrael, 
S.; FJoehling, R. j 
Caraoriano, N. j 
Cardwell, W . ; 
Jannaman, G . ; 
Purcellj A . ; Ross, 
D. ; Russel, E . ; 

Development of a semi-
autonomous vehicle operable 
by the visually-impaired 

Stereo/ 
Laser/GPS 

None None Yes 

2008 [48] Neagoe, V . ; 
Tudoran, C.; 

Road following for 
autonomous vehicle 
navigation using a concurrent 
neural classifier 

Mono None Neural Classifier. Yes 

2009 [21] Tiberiu Marita Barriers Detection Method for 
Stereovision-Based ACC 
Systems 

Stereo Detection None Yes 

2009 [46] Lid oris, G . ; 
Rohrmuller, F . ; 
W o l l h e n \ D r ; 
Buss, M , ; 

The Autonomous City 
Explorer (ACE) project — 
mobile robot navigation in 
highly populated urban 
environments 

Laser Detection/ 
Avoidance 

Behavior 
Selection, 

Yes 

2009 [9] Yi Fu; Li , H,; Kaye, 
M. 

Design and Stability Analysis 
of A Fuzzy Controller for 
Autonomous Road Following 

Mono None Fuzzy Yes 

2010 [49] Das, A.; 
Naroditsky, 0. ; 
Zhiwei Z h u ; 
Samarasekera, S.; 
Kumar, R.; 

Robust visual path following 
for heterogeneous mobile 
platforms 

Stereo None Follower Yes 

2010 [47] Yi Fu ; Li, H . ; 
Kaye, M . E . ; 

Hardware/Software Codesign 
for a Fuzzy Autonomous 
Road-Following System 

Mono None Fuzzy Yes 

2010 Hernandez, 
Aristeo. 

Stereovision Feedback and 
Fuzzy Control for 
Autonomous Robot 
Navigation-

Stereo Detection/ 
Avoidance 

Fuzzy Yes 

26 



It can be c onc luded t h a t there has been a lot of research i n stereovis ion i n recent 
years, a l t h o u g h th i s w o r k of thesis uses stereovis ion , i t also inc ludes detec t i on a n d 
avoidance of obstacles , w h i c h differentiates i t f r o m most of prev ious work . T h e t y p e of 
c o n t r o l to be used is i n fuzzy logic , w h i c h not m a n y works select th i s a n d the w o r k is 
i m p l e m e n t e d i n order to be tested a n d make exper iments . A s far as we k n o w accord ing 
to the c o m p a r i s o n of the work , i t is different to w h a t i t has been done i n recent years 
a n d also the techniques used i n stereo v i s i o n are different f r o m the c lass ica l ones, a n d 
we t h i n k , i t is a m a j o r c o n t r i b u t i o n . 
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4 P r o p o s a l 
I n th i s chapter , the p r o p o s a l for s o l u t i o n is presented a n d the a l g o r i t h m t h a t was used 
i n order to detect the r o a d , as we l l as the m e t h o d for c o n t r o l i n g the car 's d i r e c t i o n 
w i t h the fuzzy contro l ler a n d the obstacle detec t i on to stop the vehic le . T h e reasons 
for u s i n g each m e t h o d are e x p l a i n e d a n d some of t h e m , c o m p a r e d to others i n order to 
show bet ter per formance . T h e s o l u t i o n to solve the p r o b l e m of th i s thesis is presented 
i n th i s chapter . F i g u r e 6 presents the i n d i v i d u a l components to solve the p r o b l e m . 

4.1 Stereovision system 
T h i s par t of the pro ject is f u n d a m e n t a l , because the s tereocamera is the sensor of the 
robot a n d the efficiency of the t o t a l sys tem depends o n the recogn i t i on of the r o a d a n d 
the image process ing; the o u t p u t of th i s process is the i n p u t of the fuzzy contro l ler . T h e 
stereovis ion sys tem consists of two w e b c a m cameras t h a t are a l i gned to be cons idered 
as a stereocamera. A stereo c a m e r a grabs v ideo of a c e r t a i n scene b u t theres a n offset 
between the two images because of the different p lacement of each camera . T h i s offset 
is c a l i b r a t e d a n d t h e n corre la ted between the two cameras to k n o w the d istance of a n 
object i n the image. 

4 . 1 . 1 I m a g e a c q u i s i t i o n 

T h e image is a cqu i red b y two cameras p laced i n front of the car. E a c h c a m e r a acquires 
the segment of the r o a d i n front of the robot , b u t w i t h a n offset between t h e m . T h e 
grab a c q u i s i t i o n is c a l i b r a t e d so t h a t each frame i n each c a m e r a is t a k e n at the same 
t i m e to process the image correct ly . T h e interface w i t h the cameras is t h r o u g h U S B . 

F i g u r e 6: Integral s o l u t i o n 
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4 . 1 . 2 I m a g e p r o c e s s i n g 

A f t e r a c q u i r i n g the two images , t h e y need to be processed to get the necessary i n f o r m a -
t i o n to recognize the r o a d . F i r s t , a t h r e s h o l d is a p p l i e d to the o r i g i n a l image i n order 
to e l i m i n a t e noise a n d emphas ize the r o a d . T h e n , br ightness , contrast a n d g a m m a are 
equa l i zed ac cord ing to the scene to have a bet ter r e cogn i t i on of the r o a d l ines. H a v i n g 
processed the image , the edge detec t i on is done, three l ines are c o n s t a n t l y a n a l y z e d 
to detect the edges. W i t h the i n f o r m a t i o n of the edges detected , the po ints a, b a n d 
c are ca l cu la ted , w h i c h are the parameters to ca lcu late 9 a n d p. F i g u r e 7 shows th i s 
procedure . 

F i g u r e 7: F l o w c h a r t of the image process ing . 

A n a l g o r i t h m developed was i m p l e m e n t e d to detect the r o a d . B a s i c a l l y , there are 
four h o r i z o n t a l l ines t h a t are c o n s t a n t l y checked i n each image to de termine the edges. 
T h e far top l ine is to detect objects i n the l ong d is tance i n order to react against t h e m 
p r o p e r l y because th is l ine is the one t h a t detects first the objects t h a t pass t r o u g h i t . 
T h e other three l ines are used to detect the r o a d itself . T h e y are ca l l ed T o p L i n e , 
C e n t e r L i n e a n d B o t t o m L i n e , a n d the reason to use three l ines is because they are the 
fewest necessary to k n o w the angle w h i c h determines the angle of curva ture of the 
r o a d , a n d fewer image process ing means faster c o m p u t e r process ing. W h e n detec t ing 
the edges, 4 po ints are detected for each l ine a n d the ob ject ive is to get the po in ts a, 
b a n d c w h i c h are i n the m e d i u m of the l ine segments. T h i s po in ts are c a l c u l a t e d as 
fol lows, 
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T h e po in ts ay, by a n d cy are constant , because t h e y are fixed coordinates t h a t are 
a lways checked. P o i n t s ax, bx a n d cx t h a t represent the center po in t of the r o a d , are 
used to ca l cu late the slopes between a-b, a n d b-c. T h e slopes are converted to angles 
where a v e r t i c a l l ine represents 0 ° . T h e difference i n angles between a-b a n d b-c shows 
the curva ture of the r o a d . Slopes are c a l c u l a t e d as fol lows, 
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A n d to k n o w the angle 9 R , w h i c h determines the angle of curvature of the r o a d , 

T h e setpoint w i l l a lways be OR. T h e angle of the vehicle w i t h respect to the r o a d is 
0v w h i c h is d e t e r m i n e d between the angle of the l ine b-c a n d the v e r t i c a l l ine . It can 
be pos i t ive or negat ive , a c cord ing to the o r i e n t a t i o n of the vehic le w i t h respect to the 
r o a d . 

p is c a l c u l a t e d as the po in t c x . T h i s way, i t is a re lat ive d istance i n s t e a d of a fixed 
d istance to the o r i g i n of the image because the p o s i t i o n i n g depends o n the o r i e n t a t i o n 
of the vehic le a c cord ing to the r o a d at t h a t po i n t . T h e setpoint for p is a lways 320, 
w h i c h is the center of the x - a x i s because of the reso lu t i on of the w e b c a m (480x640). 
F i g u r e 8 shows the po ints detected a n d c a l c u l a t e d w i t h th i s m e t h o d . 



F i g u r e 8: P o i n t s detected a n d c a l c u l a t e d i n the image process ing 

W h e n u s i n g a stereo camera , the parameters for b o t h frames are c a l c u l a t e d as the 
average value of each parameter . 

4.2 Fuzzy Controller 
T h e fuzzy contro l ler is the b r a i n of the robot a n d the process ing done determines the 
m a n i p u l a t i o n done to the ac tuators i n order to keep the vehic le i n the des ired p o s i t i o n . 
T h e i n p u t s of the contro l ler are •& a n d p, w h i c h are c a l c u l a t e d as shown i n sect ion 4.1 
after the image process ing a n d r o a d recogn i t i on . 

I n the present work , a fuzzy contro l ler was developed to keep the car ins ide the 
r o a d a n d four l i n g u i s t i c var iables were used: the angle of the car re lat ive to the angle 
of the r o a d 9 a n d the d istance f r o m the car 's center to the r o a d center l ine p. T h e 
l i n g u i s t i c expressions used to describe the m a g n i t u d e of the l i n g u i s t i c var iables c o n t a i n 
the f o l l owing bas ic adjectives: negat ive very b i g ( - V B ) , negat ive b i g ( -B) , negat ive s m a l l 
(-S), zero (o), pos i t ive s m a l l (+S) , pos i t ive b i g ( + B ) a n d pos i t ive very b i g ( + V B ) . 
T h i s means t h a t the set of every l i n g u i s t i c var iab le contains as m a n y elements as the 
n u m b e r of adjectives used to describe the var iab le . T h e c a r d i n a l i t y of th i s set denotes 
the n u m b e r of elements i n th is set. These sets are the basis for the fuzz i f i ca t i on a n d 
de fuzz i f i cat ion procedures . Since no expert knowledge was ava i lab le , the ru le base 
proposed by [36] was i m p l e m e n t e d u s i n g the above basic adject ives. A c c o r d i n g to [23], 
the M a n d a n i i m p l i c a t i o n is the most i m p o r t a n t i m p l i c a t i o n ( I F - T H E N rule) k n o w n i n 
fuzzy contro l l i t e r a t u r e . T h i s fact exp la ins w h y the M a n d a n i i m p l i c a t i o n was employed 
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i n the present deve lopment . 
A c c o r d i n g to [23], the contro l rules are designed based o n expert knowledge a n d 

tes t ing . F u r t h e r m o r e , the contro l rules also meet the s t a b i l i t y requirements der ived 
f r o m L y a p u n o v ' s d irect m e t h o d . F o r example , i f p is + B a n d is increas ing r a p i d l y 9, 
t h e n the vehic le s h o u l d t u r n left , i .e. 9S s h o u l d be + B . B a s e d o n th i s knowledge , we can 
o b t a i n twenty five fuzzy rules . Tab le 2 represents abstrac t knowledge t h a t a n expert 
uses to contro l the steering angle g iven f r o m i n f o r m a t i o n about the error of 9 a n d p . 
T h e i n p u t a n d o u t p u t l i n g u i s t i c var iables are s u m m a r i z e d i n the tab le . 

Tab le 2: Set of rules of the fuzzy contro l ler . 

P 
++ + 0 - --

++ - V B - V B - B +s +s 
+ - V B - B -S +s + B 

0 - B -S 0 +s + B 

- - B -S +s +B + V B 

-- -S -S +B + V B + V B 

N o t e : V B : V e r y B i g ; B : B i g ; S: S m a l l ; 0: Zero . 

In order to a p p l y the fuzzy cont ro l , 9 a n d p need to be de termined ; these are c a l c u -
l a t e d i n the image process ing p a r t a n d are the i n p u t for the fuzzy contro l . F u z z i f i c a t i o n 
need to be done i n order to m a p the i n p u t s f r o m cr isp values to grades of member¬
ship for l i n g u i s t i c terms of fuzzy sets a n d t h e n accord ing to the ru le base, a degree of 
t r u t h is ca l cu la ted ; the de fuzz i f i cat ion process m a p s the values to rea l values for the 
m a n i p u l a t i o n . T h e process for the fuzzy contro l ler is shown i n figure 9. 
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F i g u r e 9: F l o w c h a r t of the fuzzy contro l ler . 

A b l o ck d i a g r a m of the fuzzy contro l ler is shown i n F i g . 10. T h e desired o r i e n t a t i o n 
of the center l ine of the car s h o u l d be a l i gned w i t h the r o a d centro id . T h e error is the 
angle between the desired o r i e n t a t i o n of the center l ine a n d the a c t u a l center l ine of the 
car. T o reduce the error to zero, the steer ing angle s h o u l d be equa l to the angle of the 
r o a d . T h e fuzzy contro l ler is done i n a p r o g r a m i n L a b V I E W w h i c h i t first does the 
fuzz i f i ca t i on to the i n p u t s , a n d w i t h the ru le base i n Tab le 2 the inference m e c h a n i s m 
is app l i ed . T h e de fuzz i f i cat ion is a p p l i e d to those results f r o m the inference m e c h a n i s m 
a n d i t is sent to the ac tuators of the vehic le to keep i t i n the desired p o s i t i o n . 
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F i g u r e 10: B l o c k d i a g r a m of the fuzzy logic contro l ler . 

T h e fuzz i f i ca t i on procedure maps the cr isp i n p u t values to the l i n g u i s t i c fuzzy t e rms 
w i t h the m e m b e r s h i p values between 0 a n d 1. T h e fuzz i f i ca t i on m e t h o d used is m a x -
m i n . I n th i s thesis , we use five m e m b e r s h i p funct ions for b o t h error i n p a n d error i n 
9. F igures 11 a n d 12 i l l u s t r a t e the n o r m a l i z e d i n p u t m e m b e r s h i p funct ions for p a n d 9 
respect ively . 

F i g u r e 11: Input m e m b e r s h i p funct ions for error i n p. 
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F i g u r e 12: Input m e m b e r s h i p funct ions for error i n 9. 

T h e de fuzz i f i cat ion procedure maps the fuzzy o u t p u t f r o m the inference m e c h a n i s m 
to a cr isp s igna l . It is used C e n t e r of S u m s as the de fuzz i f i cat ion m e t h o d to combine the 
r e c o m m e n d a t i o n s represented by the i m p l i e d fuzzy sets f r o m a l l the rules . F i g . 13 shows 
the n o r m a l i z e d o u t p u t m e m b e r s h i p funct ions . I n th i s case, for faster c o m p u t a t i o n a l 
speed, the t y p e of m e m b e r s h i p funct ions are ca l l ed s ingletons , each one has the value 
of 1. 

F i g u r e 13: O u t p u t m e m b e r s h i p funct ions . 
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4.3 Software Plataform 
I n order to develop the code to integrate the stereovis ion s y s t e m a n d the fuzzy contro l ler 
w i t h the h a r d w a r e , the use of the p r o g r a m L a b V I E W is proposed m a i n l y because its 
h a r d w a r e i n t e g r a t i o n a n d the a b i l i t y to grab images f r o m two cameras of the same 
m o d e l t h r o u g h U S B . T h e d a t a d isp lay , c u s t o m controls a n d the user interface are also 
aspects a n a l y z e d to choose th is p l a t a f o r m for des igning . A p p e n d i x B shows more about 
th i s software p l a t f o r m a n d the a c t u a l code to i m p l e m e n t th i s p roposa l . 

4.4 Hardware 
T o i m p l e m e n t th i s thesis a n d to c a r r y out the exper iments , the s t ruc ture of a n R / C 
car is proposed . It has de bas ic components desired: a n steering s y s t e m a n d a m o t o r 
for the t r a c t i o n . T h e other elements of the car are not used; ins tead , elements w o u l d 
be added to complete the ob ject ive . T h i s components w o u l d be e x p l a i n e d i n chapter 5, 
a n d the speci f icat ions of the h a r d w a r e is shown i n A p p e n d i x A . 

36 



d. 
l e 

d 
t , 
i n 
5 Experiments and Results 
In th i s chapter , a l l the exper iments done i n order to prove the p r o p o s a l are presente
A l s o , the components used, a n d the in f raes t ruc ture of the project are shown. In tab
3, a l ist of the exper iments done a n d presented i n th i s sect ion is exp la ined . 

T a b l e 3: E x p e r i m e n t s c a r r i e d out 
E x p e r i m e n t O b j e c t i v e 

R o a d D e t e c t i o n T o recognize the r o a d accurate ly i n different s i tuat i ons . 

D i s t a n c e C a l c u l a t i o n 
T o ca l cu la te the d is tance between the c a m e r a a n d the 
different po ints accurate ly . 

Ob je c t D e t e c t i o n T o detect objects present o n the surface of the r o a d . 

C o n t r o l l a b i l i t y 
T o k n o w t h a t the car m a i n t a i n s i ts p o s i t i o n across the 
road . 

5.1 Hardware 
T h e robot was b u i l t u s i n g a remote c o n t r o l car as a base, but the s t ruc ture was mod i f i e
i n order to leave space for the ac tuators a n d sensors. B a s i c a l l y , o n l y the steer ing p a r
a n d the wheels of the remote c o n t r o l car were used. T h e basic s t r u c t u r e is shown 
figure 14. 

F i g u r e 14: B a s i c s t r u c t u r e of the m o b i l e robot . 
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5 .1 .1 A c t u a t o r s 

T h e m a i n ac tuators of the mob i l e robot are two servomotors a n d one D C motor . O
servomotor is a t t a c h e d to the steer ing sys tem, i n order to m o d i f y the steer ing ang
accord ing to the fuzzy contro l ler o u t p u t . In figure 15 the servomotor is shown w i t h t
steer ing sys tem. 

F i g u r e 15: Servomotor a t tached to the steer ing sys tem. 

T h e other servomotor is used to m o d i f y the speed of the car. T h i s servomotor 
contro l l ed to move a c e r t a i n angle; the servomotor is c oup led to a po tent i ometer t h
regulates the i n p u t vo l tage of the mic rocont ro l l e r , w h i c h converts i t in to a P W M s ign
t h a t regulates the vol tage of the D C m o t o r i n order to speed it u p or d o w n . F i g u r e 
shows the schemat ic d i a g r a m of th i s con f igurat ion . 

F i g u r e 16: S y s t e m t h a t regulates the speed of the robot . 

T h e servomotors are contro l l ed u s i n g a Servomotor C o n t r o l l e r C a r d m a d e by L y n
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m o t i o n . T h i s contro l ler c a r d is able to m a n i p u l a t e 32 different servomotors , a l t h o u g
i n th i s case, we use o n l y two. T h e c a r d c o m m u n i c a t e s to a c o m p u t e r t h r o u g h a ser i
cable . F i g u r e 17 shows the schemat ic d i a g r a m of the servomotor contro l ler c a r d w i t
the servomotors . 

In order to c o n t r o l the speed of the car , a process needs to be done f r o m the ma
n i p u l a t i o n s igna l to the ac tuator , w h i c h is a D C m o t o r m o u n t e d o n the rear wheel
F r o m the fuzzy c o n t r o l process, a m a n i p u l a t i o n s igna l is sent to the servo contro l ler , i
order to c o n t r o l servo 1, t h a t moves p r o p o r t i o n a l l y to the desired speed. T h i s change i
p o s i t i o n is detected w i t h a po tent i ometer t h a t sends a regu la ted vol tage between 0 a n
5 V o l t s to the mic rocont ro l l e r . T h e m i c r o c o n t r o l l e r converts t h a t vo l tage in to a P W
signa l t h a t is a p p l i e d to a t rans i s to r T I P 3 1 C . A c c o r d i n g to the w i d t h of the pulse , th
t rans i s to r is t u r n e d on a n d off w i t h a c e r t a i n frequency; a c cord ing to the frequency, th
D C m o t o r is p r o v i d e d w i t h a vo l tage between 0 a n d 9 V D C t h a t makes the car mov
faster or slower. F i g u r e 18 shows the b lock d i a g r a m of th i s process. 

T h e steer ing sys tem works s o m e t h i n g l ike the speed contro l . F i r s t , the desire
steer ing angle is c a l c u l a t e d i n the fuzzy contro l ler . T h e m a n i p u l a t i o n needed to th
d i r e c t i o n of the car is sent to the servo contro l ler t h a t converts the s igna l i n order 
move the servo 2 as desired. Because the servo 2 is a t t a c h e d d i r e c t l y to the steer in
sys tem, the wheels are m o v e d p r o p o r t i o n a l l y . F i g u r e 19 shows th i s procedure . 

F i g u r e 17: Servomotor contro l ler c a r d con f igurat ion . 

F i g u r e 18: B l o c k D i a g r a m of the Speed C o n t r o l . 
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F i g u r e 19: B l o c k D i a g r a m of the Steer ing S y s t e m . 

5 .1 .2 S e n s o r s 

T h e a u t o n o m o u s mob i l e robot has two sensors. T h e s e are two webcams in tegra ted i
front of the car a n d pos i t i oned p a r a l l e l to each other to grab a v ideo sequence to mak
the stereovis ion analys is . T h e webcams are two Mic roso f t L i f e C a m V X - 2 0 0 0 t h a t a
able to grab at 30 fps w i t h a reso lu t i on of 640 x 480 p ixe ls . F i g u r e 20 shows the tw
sensors of the car . 

F i g u r e 20: Stereocamera . 

5 . 1 . 3 P r o c e s s i n g 

F o r the image process ing , a n d the c a l c u l a t i o n of the fuzzy c o n t r o l l , a m i n i l a p t o
was used. T h e first a p p r o a c h for th i s p a r t , was to use ra ther a M o t h e r b o a r d or a
E m b e d d e d C o m p u t e r , b u t these two were more expensive t h a n a ne tbook a n d offere
less speci f icat ions for w h a t was needes. T h e c o m p u t e r was m o u n t e d on top of the ca
whi l e the exper iments were made . T h e c o m p u t e r used was a D e l l I n s p i r o n 3 0 0 m w i t
a processor C e n t r i n o at 1.6 G h z a n d 1 G b of R A M . 
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5.2 Image Processing and Road Detection 
T h e a l g o r i t h m descr ibed i n sect ion 4.1 was used to process the image g r a b b e d f r o m the 
s tereocamera a n d detect the r o a d . 

In figures 21-24, the results of the image process ing are presented. E a c h image 
contains the left a n d r ight frames a n d the image of the r o a d . T h e s m a l l ye l low po ints 
represent the edge detec t i on i n each of the three l ines a n d the ye l low l ines represent the 
connect ions between a-b a n d b-c. B e t w e e n the two frames, the T h e t a a n d R h o of the 
sys tem are c a l c u l a t e d a n d the d istance f r o m the s tereocamera to the po ints a, b a n d c 
is shown. 

F i g u r e 21: F r o n t P a n e l of the vehic le o n a s tra ight l ine w i t h pos i t ive R h o . 
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F i g u r e 23: F r o n t P a n e l of the vehic le o n a curve w i t h negat ive T h e t a . 

F i g u r e 24: F r o n t P a n e l of the vehic le o n a curve w i t h pos i t ive T h e t a . 

A c c o r d i n g to the results i n the screen, the r o a d is detected e x a c t l y as i t is . T h e 
angle was measured a n d corresponds to the angle T h e t a speci f ied i n the frame of each 
image . 

In order to proove the equat ions of sect ion 4.1 the tables 4 a n d 5 show the coordinates 
of detected edges i n each of the two images a n a l y z e d . E a c h of the images detected 8 
edges. P o i n t aix, bix a n d ci x are c a l c u l a t e d as e q u a t i o n 19, 20 a n d 21 respect ively , b u t 
w i t h 8 elements. 
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A l s o po ints a 2 x , b2x a n d c2x were c a l c u l a t e d as fol lows, 

A n d accord ing to equat i on (1), the distances to the surface are ca l cu la ted . 

W h i c h correspond to figure 25. 



Tab le 4: E d g e detec t i on d a t a of the left image. 
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Tab le 5: E d g e detec t i on d a t a of the r ight image . 

F i g u r e 25: Resu l t s of the s i m u l a t i o n . 

T o make sure t h a t the distances ca l cu la ted are the rea l d is tance f r o m the c a m e r a to 
each p o i n t , the exper iment e x p l a i n e d i n C .2 was car r i ed out . T h e results are presented 
i n tab le 6. 

I n order to use the stereo capab i l i t i es , the d istance i n the po ints a, b a n d c is 
a n a l y z e d cont inous ly . S ince the r o a d is a lways at the same distance f r o m the cameras 
w h e n no object is detected , w h e n a n object is p laced i n the r o a d , the d istance for t h a t 
p o i n t changes s igni f i cant ly . Therefore , a change i n the average d istance detected i n any 
of the po in ts , w i l l be considered as a n obstacle , a n d the car w i l l stop. 
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Tab le 6: C o m p a r i s o n of rea l a n d c a l c u l a t e d distances 
P o i n t R e a l D i s t a n c e C a l c u l a t e d D i s t a n c e 

a 108 c m . 111 c m . 
b 73 c m . 74.48 c m . 
c 55 c m . 56.47 c m . 

Tab le 4 a n d 5 demonstra te t h a t the edges are detected correct ly . because the r o a d 
is detected w i t h 4 l ines i n t h a t case, w h i c h correspond to 8 edges detected as i l l u s t r a t e d 
i n those tables . 

A c c o r d i n g to tab le 6, i t can be c onc luded t h a t the m a x i m u m error i n c a l c u l a t i n g 
the d istance is at po in t a, w i t h a 2 .7% i n error . T h e best m a t c h is at p o i n t b , w i t h a 
1.98% i n error . T h e error at po in t c is 2.6%. T a k i n g in to account t h a t the distances are 
c o m p a r e d w i t h the same c a l c u l a t e d d istance i n case of a detec t i on of obstacle , the error 
i n th is distances doesn ' t inf luence the results , because t h e y are re lat ive . B u t i t can be 
s a i d t h a t for th i s work , a 2 .7% i n error is good enough to complete the ob ject ive . 

T o i l l u s t r a t e the detec t i on of obstacles , figure 26 shows the p a i r of images w h e n no 
obstacle is detected. 

F i g u r e 26: Image w h e n no obstacle is detected 

F i g u r e 27 shows the case w h e n a n obstacle is present at po in t a. T h e r e is a change 
i n the d istance i n po in t a a n d therefore the car stops. 
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F i g u r e 28: D e t e c t i o n of obstacle i n po in t b 

F i g u r e 29 shows the case w h e n a n obstacle is present at po in t c. T h e r e is a change 
i n the d istance i n po in t c a n d therefore the car stops. 
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F i g u r e 29: D e t e c t i o n of obstacle i n po in t c 

F i g u r e 30 presents the case w h e n a n obstacle is l o ca ted over the t r a c k at po in t b. 
T h e r e is a change i n the d istance i n po in t b a n d therefore the car stops. 

F i g u r e 30: D e t e c t i o n of obstacle over the t r a c k i n po in t b 

T h e advantage of u s i n g stereovis ion is t h a t the car does not need other sensors 
to o b t a i n distances ; i n th i s case, s tereovis ion al lows the sys tem to k n o w the d istance 
between the car a n d different po ints o n the r o a d , a l t h o u g h i t c o u l d be e x p a n d e d i n 
general to k n o w the distances of the objects i n the entire image . There fore , stereovis ion 
is used to k n o w the presence of obstacles o n the r o a d , w i t h o u t the use of any o ther t y p e 
of sensor. 

It can be c onc luded t h a t the objects are detected i n each of the frames a n d at each 
of the po in ts a, b a n d c, no m a t t e r i f the objects is between the r o a d or above the t rack . 
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5.3 Fuzzy Controller 
U s i n g the tab le 7 as the rule base for the I F - T H E N rules a n d the M a n d a n i I m p l i c a t i o n , 
the fuzzy contro l ler was i m p l e m e n t e d i n the software. 

Tab le 7: R u l e Base . 

P 
++ + 0 - --

++ - V B - V B - B +s +s 
+ - V B - B -S +s + B 

0 - B -S 0 +s + B 

- - B -S +s +B + V B 

-- -S -S +B + V B + V B 

D u e to the p r e d o m i n a n t use of the t r i a n g u l a r m e m b e r s h i p f u n c t i o n i n fuzzy c o n t r o l , 
the mos t economic f u n c t i o m , the s y m m e t r i c t r i a n g u l a r shape was selected because i t 
also consumes less c o m p u t a t i o n a l process ing . I n figure 31-33 the m e m b e r s h i p f u n c t i o n 
values for the i n p u t 9, p, a n d the o u t p u t , are presented respect ively . T h i s values 
were used for the fuzzy contro l ler i m p l e m e n t a t i o n . T h e values of the fuzzy sets where 
c a l c u l a t e d accord ing to the p h y s i c a l hardware speci f icat ions; w h i l e the angle cannot be 
greater t h a n 50 degrees i n a contro l lab le s i t u a t i o n , a l l the fuzzy sets where ins ide t h a t 
extremes. T h e d istance between the car 's center a n d the center l ine of the r o a d , i n 
p ixe l s , was seen to be as b i g as 200 p ixe ls i n each d i r e c t i o n w h e n the r o a d was s t i l l 
v i s ib le for the two cameras , w h i c h is i m p o r t a n t to the r o a d recogni t i on . A n d for the 
o u t p u t , the values for the s ingletons where based o n the steering sys tem, t h a t has a 
range between -30 ° a n d 30 ° . 

Thet2 

F i g u r e 31: M e m b e r s h i p funct ions of the i n p u t 9. 
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F i g u r e 32: M e m b e r s h i p funct ions of the i n p u t p. 

Since a fuzzy s ing leton is a fuzzy set whose suppor t is a single po in t i n the space 
w i t h a m e m b e r s h i p f u n c t i o n of one, i t is c a l c u l a t e d m u c h faster i n compar i s son w i t h 
o ther methods of de fuzz i f i cat ion , a n d t h a t the reason i t was used for th is process. 

Outpu t 

F i g u r e 33: M e m b e r s h i p funct ions of the o u t p u t . 

A n exper iment to ver i fy the c o n t r o l l a b i l i t y of the car was car r i ed out . T h e ex-
per iment is e x p l a i n e d i n a p p e n d i x C .4 . A s a resul t , the S S E was c a l c u l a t e d w i t h the 
p a r a m e t e r p to k n o w the d e v i a t i o n f r o m the cent ra l l ine of the t r a c k to the a c t u a l po -
s i t i o n of the car. S S E was used, because i t penal izes b i g errors a n d doesn 't take m u c h 
i n t o account the s m a l l errors. Tab le 8 shows the S S E for th is t ra jec tory . 
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F i g u r e 34 shows the g r a p h of the m a n i p u l a t i o n s done b y the fuzzy contro l ler , the 
error t h r o u g h the r o a d a n d the p a r a m e t e r p. A s seen i n the figure, the car m a i n t a i n e d 
i ts course contro l lab le . 

F i g u r e 34: M a n i p u l a t i o n , error a n d rho i n car tra jectory . 

A c c o r d i n g to the S S E of 3218, i t can be c onc luded t h a t the average error i n a t i m e 
frame of 100 po ints is about 5.67 pixels per u n i t of t i m e . T h e idea l S S E is 0, a n d 
cons ider ing t h a t the r o a d has a w i d t h of 500 p ixe ls at p o i n t C , where rho is c o m p a r e d , 
the average error is about 1.134%. F r o m figure 34, we can conc lude t h a t the m a x i m u m 
error is about 10 p ixe ls ; also t a k i n g a w i d t h of 500 p ixe l s , the m a x i m u m error is about 
2%. W i t h th i s results , i t can be c onc luded t h a t the car m a i n t a i n s its p o s i t i o n t h r o u g h 
the r o a d w i t h a good per formance ; a n average error of 1.13% a n d a m a x i m u m error of 
2%. 
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5.4 Software Implementation 
F o r the software i n t e g r a t i o n , the p r o g r a m L a b V I E W was used to develop the code 
needed to do the necessary tasks : grab image f r o m the cameras , make a n image pro¬
cessing to detect the r o a d , the fuzzy contro l ca l cu lat ions a n d finally, the c o m u n i c a t i o n 
w i t h the ac tuators . T h e procedure t h a t is done cont inous ly is presented i n figure 35, 
a n d the e x p l a n a t i o n of the entire code is shown i n a p p e n d i x B . 

F i g u r e 35: F l o w c h a r t of the software so lut ion . 

It can be c onc luded t h a t L a b V I E W is a good software for t h i s k i n d of implementa¬
t ions because i t is able to integrate the software a n d the hardware easily. In th i s case 
the c o m m u n i c a t i o n w i t h the serial d a t a was possible , a n d also the image a c q u i s i t i o n 
for the stereocamera. A l s o the g r a p h i c a l p r o g r a m m i n g used was f u n d a m e n t a l to make 
a very u n d e r s t a n d a b l e a n d conf igurable code for th i s ob ject ive . 
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6 Conclusions 
T h e w o r k done i n th i s thesis was to develop a n autonomous vehic le capable of f o l l owing 
a r o a d w i t h the m e t h o d proposed . In order to do t h i s , a fuzzy contro l ler was designed, 
stereovis ion capab i l i t i es were i m p l e m e n t e d a n d also the image process ing to detect the 
r o a d . 

A n inte l l igent r o b o t i c vehic le is successful ly developed. T h e s tereocamera i n s t a l l e d 
o n the vehic le is able to detect the r o a d , no m a t t e r i f i t is c u r v e d or s t ra ight . A fuzzy 
contro l ler is deve loped for the autonomous vehic le . A n analys is a n d design of fuzzy 
c o n t r o l laws for steering contro l of the n o n h o l o m i c robo t i c vehic le are presented. T h e 
image process ing a l g o r i t h m designed is presented. T h e desired steering angle is g iven 
b y the s tereocamera a n d the steering angle of the front wheels of the r o b o t i c vehic le is 
c ontro l l ed b y the proposed fuzzy contro l ler . E x p e r i m e n t s demonstrate t h a t the vehic le 
w i t h the proposed fuzzy contro l ler a n d image process ing a l g o r i t h m can a u t o m a t i c a l l y 
fo l low the r o a d . 

T h i s s t u d y comprehends the design of a s imple b u t p r a c t i a l image process ing al¬
g o r i t h m , the design of a fuzzy contro l ler w i t h the character is t i cs needed for th is au¬
tonomous robot . W e observed t h a t the vehic le c a n be d r i v e n a u t o n o m o u s l y i n the r o a d 
proposed . T h i s is the base for fur ther improvements . 

A s thought before, the most i m p o r t a n t par t of the sys tem is the stereovis ion c a m e r a 
a n d i ts image process ing . T h e speed of image g r a b b i n g is necessary for th i s k i n d of 
app l i ca t i ons where the vehic le c a n t r a v e l fast , also the image process ing is f u n d a m e n t a l 
to detect the r o a d o n t i m e . It can be sa id , t h a t th i s s o l u t i o n for the ob ject ive proposed 
is cheap, a n d w o u l d be feasible to i m p l e m e n t o n other app l i ca t i ons . 
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7 Further Work 
Implement the obstacle avoidance i n order to not o n l y stop the car i f a n obstacle is 
detected , b u t also to evade the obstacle a n d keep the car ins ide the r o a d . In t h i s thesis , 
the obstacles are o n l y detected b u t the autonomous vehic le doesn ' t r e s p o n d to t h e m . 
T o do t h i s , the contro l ler shou ld be enhanced . 

Use more sensors for the robot l ike : G P S or Lasers . G P S c o u l d he lp the car to 
k n o w the r o a d i n advance a n d a p p l y a different c o n t r o l m e t h o d . Lasers c o u l d be useful 
for de tec t ing obstacles at a far ther d istance t h a n the stereocamera. I n general , the 
use of more sensors c o u l d help to bet ter d r i v a b i l i t y of the vehic le . I n t h i s thesis , the 
stereovis ion is the o n l y sensor used for the vehic le . It detects the r o a d a n d deepness, 
b u t more sensors w o u l d be necessary for more capab i l i t i es for the robot . 

Implement t h i s a l g o r i t h m to a rea l car i n order to e x p a n d i ts app l i ca t i ons . A l t h o u g h 
t h i s robot c o u l d be c o m p a r e d to a rea l car , the rea l a p p l i c a t i o n s are i n the car i n d u s t r y 
a n d w o u l d challenge the a l g o r i t h m proposed . A l s o , improvements i n the fuzzy contro l ler 
s h o u l d be a n a l y z e d to make i t more stable a n d robust to different s i tuat i ons . T h e 
ad jus tments of the image process ing c o u l d be a u t o m a t i z e d i n order to adapt to different 
s i tuat i ons a u t o m a t i c a l l y . 
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A Hardware Specifications 

A.1 StereoCamera 
T h e S t e r e o C a m e r a was b u i l t u s i n g two M i c r o s o f t L i f e C a m V X - 2 0 0 0 . T h e y were a t -
ta ched so t h a t the cameras are p a r a l l e l to each o ther a n d w i t h a d is tance of 55 mi l l ime¬
ters i n order to see c l ear ly the r o a d . 

F i g u r e 36: W e b c a m . 

T h e m a i n features are: 

• C a p t u r e s u p to 30 frames per second, w h i c h means the v ideo images y o u see are 
s m o o t h a n d seamless. 

• B u i l t - I n mic rophone . 

• 3 X D i g i t a l Z o o m . 

• V G A V i d e o Sensor: C l e a r V G A v ideo a n d sharp 1.3 megap ixe l ( interpolated) s t i l l 
photos . C a m e r a auto -ad justs for l ow- l ight condi t ions for the best v ideo possible . 

. U S B 2.0 C o n n e c t i o n . 
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.&l" /46rnm .47"/22.2mm 

F i g u r e 37: D i m e n s i o n s of the w e b c a m . 

T h i s c a m e r a was selected because of i t s s m a l l size, q u a l i t y of image a n d m a i n l y , 
because the 30 fps i t can grab; t h i s a m o u n t of fps is needed for the c o n t r o l l a b i l i t y of the 
car. T h e U S B 2.0 connec t i on is i m p o r t a n t to grab the images faster f r o m the c a m e r a 
to the computer . A n i m p o r t a n t cons iderat i on , is t h a t the dr ivers of t h i s w e b c a m a l low 
W i n d o w s to recognize two different cameras w h e n two equal cammeras are connected 
to the computer . It is very i m p o r t a n t , i f i t is p l a n n e d to use b o t h cameras to used t h e m 
as a stereocamera. 
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A.2 Servomotors 
E a c h of the two servomotors used is a n S t a n d a r d Servo H S - 4 2 2 so ld b y L y n x m o t i o n . 

F i g u r e 38: Servomotor H S - 4 2 2 . 

T h e m a i n speci f icat ions are: 

C o n t r o l S y s t e m : + P u l s e W i d t h C o n t r o l 1500uSec N e u t r a l . 

O p e r a t i n g Vo l tage R a n g e : 4 . 8 V to 6 . 0 V 

O p e r a t i n g Speed: 0.21 sec /60 ° at no l o a d at 4 . 8 V a n d 0.16 sec /60 ° at no l o a d 

at 4 .8V . 

S t a l l Torque : 3.3 k g . c m at 4 . 8 V a n d 4.1 k g . c m at 6 . 0 V 

O p e r a t i n g A n g l e : 45 ° / o n e side pulse t r a v e l i n g 400usec. 

D i r e c t i o n : C l o c k w i s e / p u l s e t r a v e l i n g 1500 to 1900 usec. 

D e a d b a n d w i d t h : 8usec. 

D i m e n s i o n s : 40.6x19.8x36.6 m m . 

W e i g h t : 45.5 g 
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A . 3 Servo controller card 
I n order to c ont ro l l the servomotors , a servo contro l ler S S C - 3 2 f r o m L y n x m o t i o n was 
used. 

F i g u r e 39: Servo C o n t r o l l e r S S C - 3 2 . 

T h e S S C - 3 2 (serial servo control ler ) is a s m a l l preassembled servo contro l ler w i t h 
some b i g features. It has h i g h reso lu t i on (1uS) for accurate p o s i t i o n i n g , a n d e x t r e m e l y 
s m o o t h moves. T h e range is 0 .50mS to 2.50mS for a range of about 180°. T h e m o t i o n 
c o n t r o l can be i m m e d i a t e response, speed contro l l ed , t i m e d m o t i o n , or a c o m b i n a t i o n . 
A un ique " G r o u p M o v e " al lows any c o m b i n a t i o n of servos to b e g i n a n d e n d m o t i o n 
at the same t i m e , even i f the servos have to move different distances . T h i s is a very 
power fu l feature for c reat ing c omplex w a l k i n g gaits for m u l t i servo w a l k i n g robots . T h e 
servo's p o s i t i o n or movement can be Q u e r i e d to prov ide feedback to the host computer . 
T h e r e is even a 12 servo H e x a p o d sequencer b u i l t i n . T h i s al lows complete contro l of 
a l l aspects of the a l t e r n a t i n g t r i p o d gait s i m p l y by t rans fe r r ing a few values f r o m the 
host contro l ler . A n y o u t p u t can be used as a T T L level o u t p u t . T h e r e are 4 d i g i t a l 
i n p u t s t h a t are s tat i c or l a t ched , so y o u don ' t have to w o r r y about m i s s i n g a short 
event. T h e y can also be used as ana log i n p u t s . T h e r e are three t e r m i n a l b locks for 
power ing opt ions . T h e D B 9 i n p u t has t rue R S - 2 3 2 levels for use w i t h a P C . 
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T h e speci f icat ions of th is c a r d are: 

. M i c r o c o n t r o l l e r = A t m e l A T M E G A 1 6 8 - 2 0 P U 

. E E P R O M = 2 4 L C 3 2 P ( R e q u i r e d for 2 . 0 1 G P ) 

. Speed = 14.75 M H z 

• I n t e r n a l Sequencer = 12 Servo H e x a p o d ( A l t e r n a t i n g T r i p o d ) 

. Ser ia l i n p u t = T r u e R S - 2 3 2 or T T L , 2400, 9600, 38.4k, 115.2k, N 8 1 

• O u t p u t s = 32 (Servo or T T L ) 

• Inputs = 4 (Stat i c or L a t c h i n g , A n a l o g or D i g i t a l ) 

• C u r r e n t requirements = 3 1 m A 

. P C interface = D B 9 F 

• M i c r o c o n t r o l l e r interface = Header posts 

• Servo contro l = U p to 32 servos p l u g i n d i r e c t l y 

• Servo t y p e s u p p o r t e d = F u t a b a or H i t e c 

• Servo t r a v e l range = 180° Servo reso lu t i on = 1uS, .09° 

• Servo speed reso lut i on = 1uS / Second 

• Servo m o t i o n c o n t r o l = I m m e d i a t e , T i m e d , Speed or S y n c h r o n i z e d . 

. P C b o a r d size = 3.0" x 2.3" 

• V S current capac i ty = 1 5 amps per side, 30 amps m a x 
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A.4 Power Module of the Speed Control 
T h e speed of the car is c ontro l l ed as shown i n sect ion 5.1.1. T h e power m o d u l e was 
i m p l e m e n t e d w i t h a P W M s igna l f r o m the microcontro l l e r ; the P W M switches o n a n d off 
a t rans i s to r i n order to regulate the voltage i n the D C motor . P u l s e - w i d t h m o d u l a t i o n 
is a n ef ective m e t h o d for a d j u s t i n g the a m o u n t of power de l ivered to a n e lec t r i ca l l oad . 
F i g u r e 40 shows the schemat ic d i a g r a m of th i s speed contro l ler . 

F i g u r e 40: Power m o d u l e for the speed contro l . 
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A.5 Arduino Microcontroller 
T h e A r d u i n o U n o is a mi c ro cont ro l l e r b o a r d based on the A T m e g a 3 2 8 (datasheet) . It 
has 14 d i g i t a l i n p u t / o u t p u t p ins (of w h i c h 6 c a n be used as P W M o u t p u t s ) , 6 ana log 
i n p u t s , a 16 M H z c r y s t a l osc i l la tor , a U S B connec t i on , a power jack , a n I C S P header, 
a n d a reset b u t t o n . It conta ins e v e r y t h i n g needed to suppor t the mic rocontro l l e r . 

F i g u r e 4 1 : F r o n t v i e w of the A r d u i n o U n o . 
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F i g u r e 42: B a c k v i e w f r o m the A r d u i n o U n o . 

T h e speci f icat ions of the b o a r d are: 

M i c r o c o n t r o l l e r A T m e g a 3 2 8 

O p e r a t i n g Vo l tage 5 V 

Input V o l t a g e (recommended) 7 -12V Input Vo l tage ( l imits ) 6 - 2 0 V 

D i g i t a l I / O P i n s 14 (of w h i c h 6 prov ide P W M o u t p u t ) 

A n a l o g Input P i n s 6 

D C C u r r e n t per I / O P i n 40 m A 

D C C u r r e n t for 3 . 3 V P i n 50 m A 

F l a s h M e m o r y 32 K B (ATmega328 ) of w h i c h 0.5 K B used b y boo t l oader 

S R A M 2 K B (ATmega328 ) 

E E P R O M 1 K B (ATmega328 ) 

C l o c k Speed 16 M H z 
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A.6 Laptop 
A l a p t o p was used i n order to do a l l the image process ing , the fuzzy cont ro l , a n d to 
send the m a n i p u l a t i o n s to the ac tuators . A b i g cons iderat i on for th i s task was t h a t i t 
s h o u l d be s m a l l a n d have at least two U S B connect ions . T h e l a p t o p is a D e l l I n s p i r o n 
3 0 0 M . 

F i g u r e 43: D e l l I n s p i r o n 300m. 

M a i n speci f icat ions: 

• Processor : Inte l P e n t i u m M 1.2 G H z 

. R A M : 1 G b 

• D i m e n s i o n s : 10.8x9.2x0.1 i n 

. W e i g h t : 3.0 lbs 

• G r a p h i c s : Inte l E x t r e m e G r a p h i c s 
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B Program Descript ion 
T h e p r o g r a m used to i m p l e m e n t th i s thesis is L a b V I E W 2009. It is a p l a t f o r m a n d de-
ve lopment env i ronment for a v i s u a l p r o g r a m m i n g language f r o m N a t i o n a l Ins t ruments . 
T h e g r a p h i c a l language is n a m e d " G " . L a b V I E W is c o m m o n l y used for d a t a a c q u i -
s i t i o n , i n s t r u m e n t cont ro l , a n d i n d u s t r i a l a u t o m a t i o n . O n e benefit of L a b V I E W over 
o ther development env i ronments is the extensive suppor t for accessing i n s t r u m e n t a t i o n 
h a r d w a r e . D r i v e r s a n d a b s t r a c t i o n layers for m a n y different types of i n s t r u m e n t s a n d 
buses are i n c l u d e d or are avai lable for i n c l u s i o n . These present themselves as g r a p h i c a l 
nodes. T h e a b s t r a c t i o n layers offer s t a n d a r d software interfaces to c o m m u n i c a t e w i t h 
h a r d w a r e devices. T h e p r o v i d e d dr iver interfaces save p r o g r a m development t i m e . T h e 
sales p i t c h of N a t i o n a l Ins t ruments is , therefore, t h a t even people w i t h l i m i t e d cod¬
i n g experience can w r i t e programs a n d deploy test so lut ions i n a reduced t i m e frame 
w h e n c o m p a r e d to more convent iona l or c o m p e t i n g systems. A new h a r d w a r e dr iver 
t opo l ogy ( D A Q m x B a s e ) , w h i c h consists m a i n l y of G - c o d e d components w i t h o n l y a 
few register cal ls t h r o u g h N I M e a s u r e m e n t H a r d w a r e D D K ( D r i v e r Deve lopment K i t ) 
funct ions , provides p l a t f o r m independent h a r d w a r e access to numerous d a t a a c q u i s i t i o n 
a n d i n s t r u m e n t a t i o n devices. 

T h e r e are two types of w i n d o w s w h e n p r o g r a m m i n g i n L a b V I E W . T h e first is the 
front p a n e l , where the H M I presents the resul ts , a n d graphs t h a t the user wants to 
show. T h e o ther is the b l o ck d i a g r a m , where the g r a p h i c a l p r o g r a m m i n g is done. 

B.1 Image Processing 
I n the front pane l developed, there are m a i n l y 5 sections: edge detec t ion , t h r e s h o l d , 
e q u a l i z a t i o n , s tereovis ion a n d con f igurat i on of s tereocamera. T h i s sections can be m o d -
i f ied i n order to let the user m o d i f y the parameters for spec ia l env i roments . 

In edge detec t i on sect ion shown i n F i g u r e 44, the three l ines t h a t are c o n s t a n t l y 
detec t ing edges are presented. I n the t op , center a n d b o t t o m box , the edges detected 
b y the t op , center a n d b o t t o m edges are presented. T h e values are shown i n p ixe l s , 
w i t h coordinates i n the p lane (X, Y). T h e n u m b e r of edges detected are also presented. 
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F i g u r e 44: E d g e detec t i on sect ion i n front pane l . 

In the t h r e s h o l d sect ion , the con f igurat i on of the t h e s h o l d i n the three planes of 
the R G B p lane is presented. Because i t has a n 8-bit r eso lu t i on , 256 values can be 
i n t r o d u c e d . M o d i f y i n g th i s values w i l l de termine w h i c h colors c a n be seen i n the image , 
a n d these w i l l be i n t r o d u c e d to the image process ing par t of the p r o g r a m . In F i g u r e 
45, the t h r e s h o l d sect ion is shown. 

F i g u r e 45: T h r e s h o l d sect ion i n front pane l . 

T h e e q u a l i z a t i o n sect ion is i m p o r t a n t . In th i s p a r t , the values for the br ightness , 
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contrast a n d g a m m a are mod i f i ed for each of the three planes i n the R G B color scheme. 
M o d i f y i n g th is values w i l l de termine the br ightness of the scene, the contrast a n d the 
g a m m a i n order to ident i f y the values ac cord ing to the env i roment . F i g u r e 46 shows 
th i s sect ion i n the front pane l . 

F i g u r e 46: E q u a l i z a t i o n sect ion i n front pane l . 

T h e images t h a t are g r a b b e d b y the s tereocamera are shown i n the stereovis ion 
sect ion. T h e left image is the image g r a b b e d b y the r ight camera , a n d the r ight image 
the one g r a b b e d b y the left camera . T h i s images are a l ready processed b y the image 
process ing p a r t of the p r o g r a m . B a s i c a l l y , the red lines represent the l ines t h a t are im¬
p o r t a n t i n the p r o g r a m . T h e ye l low l ines are the detec t i on of the cent ra l l ine ac cord ing 
to procedure presented i n sect ion 4.1.2. B e t w e e n these two images , the d istance be¬
tween the c a m e r a a n d the po ints a, b a n d c is shown i n cent imeters . 9 a n d p are shown 
above these distances , i n degrees a n d p ixe ls respect ively . A b o v e each of the images , the 
c a m e r a w a n t e d to grab the images can be selected. B e l o w the images , the stop b o t t o n 
for the p r o g r a m is l o cated . F i g u r e 47 shows the stereovis ion sect ion. 

F i g u r e 47: Stereovis ion i n front pane l . 
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In order to detect d istances , there are two parameters t h a t are needed. T h e first is 
the d is tance between the cameras , a n d the other , the focal l eng th . T h i s parameters are 
shown i n the front p a n e l i n order to adjust t h e m . F i g u r e 48 shows th i s parameters . 

F i g u r e 48: C o n f i g u r a t i o n of s tereocamera i n front pane l . 

A l l t h i s sections are shown i n F i g u r e 49. T h i s is the entire v i e w of the front pane l . 
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F i g u r e 49: F r o n t pane l of the p r o g r a m . 

T h e code is s t r u c t u r e d accord ing to the process i n sect ion 4.1. F i r s t a session is 
opened a n d conf igured i n each w e b c a m . T h e n the process of e q u a l i z a t i o n is done, t h e n 
the t h r e s h o l d i n g , the edge detec t i on i n cascade for each of the l ines (top, center a n d 
b o t t o m ) . A f t e r t h a t , a n over lay of the images is done. T h e procedure i n sect ion 4.1.2 
is p r o g r a m m e d ins ide a m a t h s c r i p t s t ruc ture . A n o t h e r overlay of the l ines a-b, a n d b-c 
is done. F i n a l l y , the c a l c u l a t i o n of the distances i n po in ts a, b a n d c is done. A n d also 
rho a n d t h e t a are c a l c u l a t e d a n d sent to the fuzzy contro l ler . 

T h e image a c q u i s i t i o n is s tar ted w i t h the n a m e of the camera . It opens the usb 
camera , a n d the con f igurat i on of some parameters can be done i n th is sect ion. A l s o a 
b l a n k image is created i n m e m o r y to store the g r a b b e d images. F i g u r e 50 shows th i s 
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p a r t of the b lock d i a g r a m . 

F i g u r e 50: C o n f i g u r i n g image a c q u i s i t i o n 

A f t e r a c q u i r i n g the image , two processes are done; first, the e q u a l i z a t i o n of the 
image w i t h the values of B C G ( B r i g h t n e s s , C o n t r a s t a n d G a m m a ) t h a t que user enters 
i n each R G B ( R e d , G r e e n , B l u e ) p lane . T h e n , a t h r e s h o l d is a p p l i e d to the equa l i zed 
image . T h e t h r e s h o l d is a p p l i e d i n each of the three R G B planes also. T h e values 
for the t h r e s h o l d are also entered by the used i n the front pane l . F i g u r e 51 shows the 
e q u a l i z a t i o n a n d t h r e s h o l d i n g parts of the b l o ck d i a g r a m . 

F i g u r e 51: E q u a l i z a t i o n a n d t h r e s h o l d 

F o l l o w i n g the t h r e s h o l d a n d e q u a l i z a t i o n of the image , the first edge detec t i on is 
done. T h i s is done b y r e a d i n g o n l y a single l ine of p ixe ls . E a c h l ine (Top , C e n t e r a n d 
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B o t t o m ) have the same process. F i r s t , the R O I (Reg ion of Interest) is conf igured, i t 
conta ins the coord inates of the l ine to be ana lyzed . T h e edge detec t i on is done b y two 
s u b V I s . T h e o u t p u t s are the coordinates of the edges detected a n d the n u m b e r of edges 
detected. F i g u r e 52 shows the edge detec t i on sect ion. 

A f t e r the three l ines are a n a l y z e d for edge detec t ion , a n over lay of those l ines is 
done i n order to show the edges detected i n the front pane l . T h e coord inates of the 
edges detected is r ead b y a M a t h s c r i p t s t ruc ture t h a t ca lculates the p o i n t s a, b a n d c. 
A l s o the angle of curvature is c a l c u l a t e d for th i s image. Some ad jus tments are done i n 
order to p o s i t i o n the coordinates accord ing to the p lane of a n image , w h i c h is different 
to the car tes ian coord inate system. A f t e r the s t ruc ture , another over lay is done, t h i s is 
to show the po in ts a, b a n d c o n the images , a n d the l ines l i n k i n g these po ints . F i g u r e 
53 shows t h i s par t of the b l o ck d i a g r a m . 
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F i g u r e 53: Over lays a n d c a l c u l a t i o n of parameters 

T h e procedures i n figures 50-53 are done i n pa i rs , each for the left a n d r ight images. 
H a v i n g po in ts a,b a n d c for each of the images a n d i ts angles, the c a l c u l a t i o n of distances 
is done accord ing to e q u a t i o n (1). A n d 9 as the average of the two angles. p is c a l c u l a t e d 
as the average of po ints i n C , w h i c h are co inc ident w i t h the wheels of the car. E a c h 
of the parameters is filtered to reduce i ts v a r i a b i l i t y . F i g u r e 54 shows th i s par t of the 
b l o ck d i a g r a m . 

F i g u r e 54: D i s t a n c e c a l c u l a t i o n 
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a m 
F i g u r e s 50-54 show par ts 
is shown. 

of the b lock d i a g r a m . I n figure 55 the entire b lock d i a g r

F i g u r e 55 : B l o c k d i a g r a m . 
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B.2 Fuzzy Controller 
T h e fuzzy contro l ler is done i n a different V I ( V i r t u a l I n s t r u m e n t ) . F i r s t , the process 
opens a ser ia l connect ion , i n order to c o m m u n i c a t e to the servo contro l ler . T h e n , a 
w h i l e l oop s t ruc ture is i n i t i a l i z e d to c ont inous ly r u n ; ins ide the wh i l e l oop , the i n p u t s 
are T e t a a n d R h o , w h i c h are sent f r o m the m a i n V I . These var iables are sent to the M I S O 
contro l ler ( M u l t i p l e Input Single O u t p u t ) w i t h the fuzzy sys tem, w h i c h contains the 
des ired m e m b e r s h i p funct ions a n d de fuzz i f i cat ion type . T h e o u t p u t is the m a n i p u l a t i o n 
v a r i a b l e ( i n degrees), w h i c h is sent to a M a t h s c r i p t s t ruc ture , i n order to convert i t to 
a s t r i n g t h a t the servo contro l ler recognizes. F i g u r e 56 shows the b l o ck d i a g r a m of the 
fuzzy contro l ler . 

F i g u r e 56: B l o c k d i a g r a m of the fuzzy contro l ler . 
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C Descript ion of Experiments 
I n th i s a p p e n d i x , the e x p l a n a t i o n of h o w the exper iments were c a r r i e d out is presented. 
T h e four exper iments done were: r o a d detec t ion , d is tance c a l c u l a t i o n , object detec t i on 
a n d cont ro l l ab i l i t y . Tab le 9 shows the ob ject ive of d o i n g each exper iment . 

Tab le 9: E x p e r i m e n t s 
E x p e r i m e n t Ob je c t i ve 

R o a d D e t e c t i o n T o recognize the r o a d accurate ly i n different s i tuat i ons . 

D i s t a n c e C a l c u l a t i o n 
T o ca lcu late the d istance between the c a m e r a a n d the 
different po ints accurate ly . 

O b j e c t D e t e c t i o n T o detect objects present o n the surface of the road . 

C o n t r o l l a b i l i t y 
T o k n o w t h a t the car m a i n t a i n s its p o s i t i o n across the 
r o a d . 

C.1 Road Detection 
T h i s exper iment was done i n order to k n o w t h a t the p r o g r a m w o u l d recognize the r o a d 
i n the s i tuat i ons needed for th i s thesis . T h e s i tuat ions are bas i ca l l y three: w h e n the 
r o a d is a s tra ight l ine , a curve to the r ight a n d a curve to the left. Since r o a d detec t i on 
is very i m p o r t a n t for th i s s tudy , i t was also a n i m p o r t a n t exper iment . 

T o do th is exper iment , the three s i tuat i ons were detected. T h e car was p u t over the 
t r a c k a n d the r o a d h a d to be detected correct ly . T h e results for th is exper iment are 
shown i n sect ion 5.2, i n figures 21-24. 

C.2 Distance Calculation 
T h e exper iment of d is tance c a l c u l a t i o n was made i n order to k n o w t h a t the distances 
c a l c u l a t e d w i t h the p r o g r a m are accurate to the rea l d istances . T h i s exper iment w o u l d 
ensure t h a t the stereovis ion capabi l i t i es w o r k as needed. D i s t a n c e c a l c u l a t i o n is useful 
for the exper iment e x p l a i n e d i n C . 3 . 

In order to ca l cu late the distances , three m a r k s were p l a c e d at the same l o c a t i o n of 
po ints a, b a n d c. T h e d istance to those po ints was c o m p a r e d to the rea l d is tance w i t h 
a meter . F i g u r e 57 shows the left image a l ready processed a n d the r ight image w i t h 
the three w h i t e m a r k s t h a t correspond to the three l ines checked i n the left image. 
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F i g u r e 57: E x p e r i m e n t of d is tance c a l c u l a t i o n 

Tab le 10 shows the distances ca l cu la ted by the p r o g r a m f r o m the c a m e r a to the 
po in t s a, b a n d c. These distances are o b t a i n e d f r o m figure 57. 

Tab le 10: Dis tances ca l cu la ted 
P o i n t D i s t a n c e C a l c u l a t e d 

a 111 c m . 
b 74.48 c m . 
c 56.47 c m . 

F i g u r e 58 shows the robo t w i t h the meter i n one side of the t rack . 

F i g u r e 58: E x p e r i m e n t of d is tance c a l c u l a t i o n 

F i g u r e 59 shows the three w h i t e m a r k s w i t h i t s d istance measured by the meter . 
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F i g u r e 59: E x p e r i m e n t of d is tance c a l c u l a t i o n 

T h e results of t h i s exper iment are shown i n table 6. 

C.3 Object Detection 
T h e exper iment of object de tec t i on was carr ied out to make sure t h a t the stereovis ion 
is capable of de tec t ing the presence of obstacles on the r o a d . 

I n order to c a r r y out t h i s e x p e r i m e n t , objects were p laced at po in t s a , b a n d c. I f the 
image process ing cou ld detect the ob ject , t h e n the d istance to t h a t p o i n t w o u l d change 
s ign i f i cant ly a n d the ye l low l ines o n the r o a d w o u l d represent t h a t change. T h e objects 
p laced were books . O b j e c t s were also p laced on the t r a c k , to analyze the obstacle 
detec t ion w h e n the object is not ins ide the t rack . A s shown i n figure 56, the objects 
were p laced o n the same three w h i t e m a r k s . 

T h e results of t h i s exper iment are presented i n figures 26-30. 

C.4 Controllability 
I n order to k n o w t h a t the car is able t o be d r i v e n as desired t h r o u g h the r o a d , a n 
exper iment of c o n t r o l l a b i l i t y was done. T h e car was d r i v e n on a t rack a n d the S S E ( 
S u m of Squared E r r o r ) was ca l cu la ted for the parameter p, w h i c h is responsible for 
m a i n t a i n i n g the car ins ide the t rack . F i g u r e 60 shows the t rack for th i s exper iment . 
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F i g u r e 60: T r a c k 

I n order to g r a p h the results , a g r a p h was inser ted w i t h the parameters ( m a n i p u l a -
t i o n , rho a n d error) as i n p u t s . T h e results of th i s exper iment are shown i n tab le 8 a n d 
figure 34. 
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