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Abstract

This paper presents a new approach to the wall following problem of a mobile robot. Local path planning is based or

so-called concept of general perception, which méaatstherobot is guided by a representatioritefperception only. No

map of the environment igsed and walls and obstaclesare notmodelled either. Afuzzy controller thenuses the
information provided byhe concept of general perception to guitie robot along walls of arbitrary shapend around
obstacleswvhich are treated as part of a walhless the distandeetween obstacland wall allows a safe passag€his

paper first introduces theoncept of general perceptiamd then explains thieizzy controller in detail. All membership
functionsand thecompleterule baseare provided. Theconcept of general perception together with fuzzy controller

were tested on aeal robot performing wall followingand obstacle avoidance missiomd some ofthe ensuing
experimental results are presented at the end of the paper.

Keywords: Mobile Robot, Wall Following, Obstacle Avoidance, Local Navigation, Perception, Fuzzy Logic.

1 Introduction following strategy to fulfil its mission quickly without
having to learn an unknown environmesud without

One of thebasic operations of autonomous mobile having to know where that door is exactly.

robots istheir moving along a wall of unknown contours.
If a map of therobot’senvironment and thpossibility of
complete localisation existhere is ofcourse no need for
sensing along a wall. Theobot could movealong a
preplanned path in thisase simply avoiding unforeseen
obstacles. However, in casgbere such a magoesnot or
not yet exists, following a wall presents a meaningfu
method of so-called locglath planning. Amobile robot
could for examplestart setting up a map by moving along
the circumference of a hitherto unknown space. Also, if th
environment ionly partially known in more general terms
lacking position information, for examplehis corridor
leads to that particular dogrthe robot can use a wall

Very often wallfollowing missions rely on ultrasonic
sensors wherebthe measuring data of the sensais first
used togain alocal representation of the environment in
order to afterwards control thebot accordingly[7]. In
this context we have to distinguistbetween two

| fundamentally differentypes ofrepresentation: grid-based
representation [1],[2],[6], where the environment is
divided into a number of cells whiaten beoccupied or

ree to acertain degreeand feature-based representation
4],[5], i.e. the environment imodelled by a set of points,
lines, and planes.However, both methods need
sophisticated treatment of incoming sensor data, as
directional resolution of ultrasonic sensorsésy poor and

* Reinhard Braunstingl is visiting scientist of the Technithdiversity of Graz, Kopernikusgasse 24, A-801Braz,
Austria. E-Mail: braun@fmechds01.tu-graz.ac.at.
This project was carried out with funding from the European Community Commission for COMETT programmes.
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individual measuring datdoesnot allow conclusions to be

no world frame used heend thekinematics modetan be

drown as to the exact positi@mdsize of obstacles or the expressed instead as:

orientation of walls.

The wallfollowing algorithm described inthis paper

does not need any representation of the environment.

ds=v d

dp =4 o @

Instead, it is based on a representation of perception, thedp =¢ o

concept of general perceptiowhich to our knowledge is
something newThis concept useshe information of the

The speedv, and the angulaspeedsyi, and¢ are

ultrasonic sensors gain aso-called general perception of (sed as control variables tbfe robot and generated by the

the closer surroundingsThis doesnot mean theexact
position of obstacles othe orientation of walls. On the

contrary, the general perception characterises situations in

which therobot mayfind itself in rather animprecise, but
gualitatively appropriatevay. It thus lendstself perfectly
to descriptions using linguistic terms sucHefs front, far

away, or very slow. Descriptions ofthis type can be
processedising fuzzy logic and that iswhy a fuzzy logic
rule base is introducedhere, which - startingrom the
concept of general perception - realises a \iglbwing

mission of a mobile robot.

The extremely simple concept of general perception

has been proved very effective in extensitests with a
mobile robotcarried out in theobotic department of the
Spanish research centl€ERLAN. Interpreting situations
by means of general perception makepdssible for the
robot to behave as desiredah situationstested(straight

and curved walls, sharp and flat corners, narrow corridors,

dead ends). Given mnge of 0.6 m of the sensorsall
following missions at a speed 0f45 m/s could be carried
out under thefollowing two conditions: firstly, therobot

fuzzy controller presented in section 4.

doesnot have any blind sectors, i.e. it must be able to Figure 1: A mobile robot seen from above is moving in thelane.

perceive an obstacle or a walith at least one sensor, and

secondly, all the walls and obstacles are stationary.
Obstaclesare interpreted as parts of the waatid therobot

drives around them or, if the géptweenthe walland the
obstacle is wide enough, the robot ignores the obstacle.

2 The Mobhile Robot

The following considerationare based on a mobile
robot with the three degrees of freedom oplanar
movementy, y and¢ (figure 1). It is equipped with @ng
of n ultrasonic sensors whicire able to perceive vertical
or nearly vertical planes. The number of sensors
irrelevant as long as there are no blisectors between
them.¢ refers to the orientation ¢iiis ring ofsensors and
not to the orientation of theobot itself, which is of no
importance forthe wall following algorithm. With @
indicating the direction of movemetite kinematicsnodel
of such a robot is described as follows:

dx = vcogp dt

dy=vsinp dt
dp =¢ ot

(1)

Its perception of any obstacles is represented by theector of
general perceptionp explained in section 3.

3 The Concept of General Perception

It is a well known factthat ultrasonic sensors have
very poor directional resolution. Although these sensors
very accuratelgletermine the distance to the neadgect
giving back an echahis objectcan beanywhereunder a
certain angle to theensor’s axis. Moreovethis angle
depends on the nature of thbject’ssurface, the distance
and the tilt of thesurface withregard to thesensor’s axis.

isThat iswhy it would bedifficult to try to first gain a
representation of the immediate surroundings from the
sensor data, i.e. toy to modelobjects or tadetermine the
exact contours of a wall in order to control thebot
accordingly. Theconcept of general perceptioavoids
these difficulties because it doest undertake aniind of
modelling of the environment. Instead, it aims at
constructing a so-called general perception of the
surroundings from the measuring datavided byall the
sensorsand representing it as ‘eector, called general
perception vector.

For this purposeevery ultrasonic sensoii of the

Since there is no modelling of the environment theMobile robot is assigned a perception vecfpr Its

absolute position afhe robot doesot matter. So there is

direction equals the orientation of teensor’s axiand its



length is a function of the distanak measured by this
sensor:

3)

whereby dy,in and dy.x designate the shortest and
longest distance respectively which an object may be
positioned to be reliably detectqy. is limited to 0 and 1
respectively so that

0 for d >d,,

n=1{, @

for d <d_,

This perceptiornvector is comparable tthe obstacle
vector ofthe Vector Field Histogram [1] but is linked to
the sensorand not to acell of a grid. The general
perception vectorp is composed ofall individual
perceptions p;. Its direction equals the sum of the
perceptions ofall the sensorsand its lengthequals the
strongest individual perception:

2R

Zpi|

The general perception’s change in time
represented byp and expressed by a scalar. Fthris
purpose the perception’s change in time of a sensor

p = pi ,max (5)

is

. dp Ad,
pi ==

dt  At(d,_-d )

max

(6)

is related top, ., wherebyp, . =v . /(d_.—d_ ) isthe

perception’s change in time at head-on approach towards

an obstacle atmaximum speed Vn.,. Moreover, only
positive valuesare to beconsidered forpi*, thus resulting

in the relativeperception’s change in time of a sensas
follows:

=———, if Ad <0

P
N pmax

H

0 otherwise

The maximumvalue ofall sensors thus arrived at, is
the general perception’s change in time

D= B ®)
Figure 2 illustrates theoncept of general perception.
It shows a robot inthree typical situations of a wall
following mission. The general perception of the corner
(figure 2a),for example, is made up tfie perceptions of
three sensors. The wall to thgght of and at a short
distance from theobot is perceived by one sensor. Two
further sensors are aware of another wall. This perception,
however, is lesstrong because othe big distance. The
description of this situation in linguistic terms reads as
follows: The general perception V&ry strong andelative
to the path tangent it is to the right asmimewhat ahead.
The change of the perception is stronglysitive if the
robot moves ahigh speed. Another example ofstandard
situation is the dead end (figure 2b), which thot enters
moving along the right-hand wall. When ttebot reaches
the end of the dead end, the general perception starts
moving further to the front. Its change in time cary
from small tovery big depending on theobot’s speed. In
the case of the receding corner (figure 2c), for example, the
general perception is strong and to the right back.

The concept of general perception perfectly suited
for such a linguistic description of a multitude of situations
in which a mobile robomight find itself. A description of

|

a)

Figure 2: A mobile robot in three typical situations of awall following mission. The general perceptiorp of the corner in figure 2a is
constantly moving further to the front the closer the robot is getting to the second wall. The rule base of thezy logic algorithm makes
use of this rotation of thevector of general perception in order taturn the robot’s speedvector to the left, too. The saméiappens at the
end of the dead end in figure 2b. The general perceptioand therefore the robot, turns to the leftuntil it leaves the dead end along the
second wall. In figure 2c one sensor loses contaeith the wall at the receding corner. The remaining perceptiomp; of sensor 1 turns the
general perception, which previously was at right angle to the wall , to the right. As a consequence, the robot starts changing its direction
of movement to the right, too.



this kind isvery simple, at the same time to the point, and
is used in exactlyhis form asinput for the rulebase of the
fuzzy logic wall followingalgorithm. In thiscontext the
orientation of the sensoing is of subordinate importance.

consequencehe robot would move tothe right and
distance itself fronthe wall. However,the closer it gets to
the opposite walthe morep' turns to the righbecause;

is getting smaller anp, bigger. As a result thebotstarts

Neither is it necessarthat several sensors perceive one swinging from wall to wall. Actuallythe wall which the
and thesame wall as was supposed in figure 2c for reasongobot is to follow is locatesomewhat tathe left behind
of clarity. The concept of general perception enables aseen from the direction of movement, whicheigressed

robot to follow awall without difficulties, even ithe wall
is perceived by only one sensor.

Note that theconcept of general percepticombined
with a fuzzy controller resembles, for examplbe way a
human being would intuitively dealwith the situation
shown in figure2a. Hewould not caretoo much for the
shape or the exact location of the walls iwarld model.
Just looking at this particular situation tvduld judge it
first by sayingthat there issomething to theight and in
front of the robot. This corresponds to theoncept of
general perceptiolhen hewould advisethe robot toturn

more or less tthe left, perhaps to brake, depending on the

robot’s speed and on how near that "something" isthall
is done by the fuzzy controller.

Onemain aspect othe concept of general perception
is the fact that it is composed ofthe perception of all
sensors, hence the namgeneral perceptionEven those
sensors, which from the point gfew of the direction of
movementare facing backwardsand whose perception
might at first sightseem irrelevant, contribute to the

general perception to the same degree. Using the examprl

of a narrow corridor (figure 3) it can lsownthatleaving

Figure 3: The backward-facing sensors have to betaken into
consideration aswell. In a narrow corridor neglecting sensors 1
and 8 would lead to ageneral perceptionp” and the robot would
start swinging to and from between the two walls.

out the backward-facing sensommuld lead to ageneral
perception characterising the situation incempletely
wrong way. The robot is moving down avery narrow
corridor, the walls of whiclare perceived by two sensors
each. If the data of the backward-facing sensors 1 and 8 a
not taken into consideration the anglé between the
general perceptiomector p’ and thespeedyv is lessthan
90°. Or expressed in linguistic termagain: the general
perception is located somewhat left ttee front. As a

in just this way by the general perceptiop, which also
takes into account the perceptions of sensors 1 and 8.

4 The Fuzzy Controller

The fuzzy controller was designedinder the two
assumptionghat there arefirstly, no moving walls or
obstaclesand, secondly, noblind sectorsbetween the
sensors. This meanisat awall is always perceived by at
least one of the sensors no matter what the orientation of
therobot islike. The first assumptiodoesnot represent a
limitation caused byhe concept of general perception. It
was made in order to tet$tis concept in combination with
a fuzzycontroller in principle. The second assumption can
be met by a sufficiently large number of sensors.

4.1 Inputs

The fuzzy controller consists of a ruldase of
altogether 33 rules, which represent instructions to the
8bot regarding its behaviour in certain situations. Input
values (figure l)are the anglea betweenthe general
perception vectoand therobot’s speedhe intensity of the

general perceptiop (equation 5) and its change in tirpe
(equation 8).

The robot classifies asituation using the general
perception described ithe previous section. Fothis
purpose a, p, and p are named perception_angle,
perception,and perception_changand regarded afsizzy
variables. Such variables adescribedusing linguistic
terms called adjectives. If perception_angle, for example, is
45°, apossiblelinguistic description reads LEFT_FRONT.
At 60° perception_angle will still beEEFT_FRONT but to
a lesser extent. Thelegree to whichthe adjective
LEFT_FRONT applies to anangle represents its
membership function. Figures 44b, and 4cshow the
membership functions foall the adjectives ofthe three
input values of the rule base.

Perception_angle can be situated in four sectors which
overlap between FRONT®Nd BACK but not between
LEFT and RIGHT. When approaching a wall or an
obstacle almogtead-on, a clear reaction either to thght
or to theleft is desirable, therefothe strict divisionFive
adjectives, which inpart strongly overlap,are used to
describethe intensity of the general perception. Limiting
p@rception_change to positive values proeffsctivewhen
rounding a corner because the biggest change in perception
at leaving the corner isaused bythe wall therobot is
movingawayfrom. At that instant this particulawall and
as a consequendbe perceptiorthereof is lesgsmportant



than thewall to the side of theobot or, for example, an
obstaclethe robot is headingtowards right behind the
corner.

RIGHT FRONT  LEFT_FRONT
RIGHT_BACK LEFT_BACK

1

O 1 1 1 1 1 1
-180 -135 -90 45 0 45 90 135 180

perception angle a[deg]

Figure 4a: The general perception can be located in fousectors,
which partly overlap. There is amarked division betweenleft and
right, however, in order to achieve a clear reaction at head-on
approach to a wall.

VERY_LOW LOW MEDIUM HIGH VERY_HIGH

0 0.2 04 0.6 0.8 1

perception p

Figure 4b: Five adjectives,which strongly overlap, describe the
intensity of the general perception.

ZERO LOW HIGH

0 L L L L L L L
0 0.2 0.4 0.6 0.8 1

perception change p *

Figure 4c: Only the positive change in time of the general
perception (approaching a wall) is taken into consideration .

4.2 Outputs

The outputvalues ofthe rule base,turn, steer, and
acceleration aralso fuzzy variablesThe numericalalues

quickly as possible tthe assumed position of the corner in
case of total loss of perception at a receding corner.
Changes of direction (steer) calso be donslowly or fast
(HARD). An extraadjective, CENTER, is used fetraight
ahead movement. Finallgnly a few - all togetherfour -
possibilities were chosen for the changing of speed.

RIGHT LITTLE RIGHT LITTLE LEFT LEFT

0 L L L L L L L L L
-20 -10 0 10 20

-30

30
turn ¢{deg/s]

Figure 5a: The robot is able to change the sensor ring’s orientation
slowly (to direct the vector of general perception) orfast (to
recover lost perception).

HARD_RIGHT RIGHT CENTER LEFT HARD_LEFT

1

-100 -60 -20 20 60 100
steer v [deg/s]
Figure 5b: There are five adjectives available to describe a change

in direction. Two for speed for each sideand one for straight
movement.

EM._BRAKE BRAKE ZERO POSITIVE

-0.4 -0.2 0 0.2 0.4

acceleration v [m/s?]

Figure 5c: Four adjectiveswere chosen to describe theobot’'s
acceleration.

4.3 Rule Base

The rule base is composed of 38ules and is

arrived at for control instructions leading to changes in thesubdivided into three groups: rulesfor change of

orientation¢ , as well asthe direction ofand value for
speedy) andv respectively, depend dhe inference and
defuzzyfication strategiesThe changing of orientation
(turn) isdescribedusingtwo adjectives foreach direction.
Using the slow turning motion LITTLE the robot will
orientate itself gradually in suchveay that thevector of
general perception is aight angle to thewall. Fast
turning was introduced aadditionaladjective as practical
tests had shown that the mobile robot had difficulties
perceiving sharp cornersdue to the small number of
sensorsand lost contact to the corner #rger distance.

orientation¢ , change of direction , and change afpeed
v, which usetwo state variables each agut. The rules
are formulated as in classical logics:

IF <condition> THEN <consequence>

In contrast to Boolean logics, howevére condition
may also be onlypartially fulfilled. Therefore the
consequence dhis rule willalso be applied onlgartially.
An ‘AND’ operator combines morthanone antecedent in
a rule via minimum, anOR’ via maximum. Incasethat

This turningservesthe purpose of directing one sensor as several rulesare valid simultaneously a defined control



command has to be generated usountradictory rule lead to undesired control instructions as the situation the
outputs. There arseveral possibilities to achievhis. In robot is in has not changed-or example, ifa is not
our case so-called correlation-product encoding with sunmexactly 90°, the rulebase describedinder 4.3.2will
combination and centroid defuzzification [3] is used, change the direction afpeedandtherefore the distance to
which is to bevriefly illustrated by means of thfellowing the wall, even ifthe robot is moving athe exactly correct
simplified example from the rulbaseunder 4.3.2 taking distance parallel to the walThat iswhy the main aim of
into account perception_angle onfhe assumption reads: the rulebase is to slowlyurn thesensorring so that the
perception_angle -70°, and two rules to be applied are:  general perceptiop is at right angle to thepeed. If the
robot movesalong a straight wall, this mearnbat p is

1) IF perception_angle IS RIGHT_FRONT normal to the wallind therobot is able to precisely keep
THEN MAKE steer LEFT; its distance. The total loss of perception already mentioned,

2) IF perception_angle IS RIGHT_BACK which wasobservedvhen passing round a sharp corner, is
THEN MAKE steer HARD_RIGHT; to be kept as short gsossible by a fasturning of the

sensorring so thatone sensor is quickly directed at the
Under correlation-product encodingfigure 6)every  presumed position of the corner. The six ruteslved are
consequence of aule is scaled withthe degree of shown in table 1a.
activation. In our example the angle -70° is seen as 67%

RlGHT_FRONT a_nd therefore thefuzzy se_t or the a | RB RF LFE LB RB LB
membership function of the rule output LEFT is multiplied p or RF | or LF
by thefactor 0.67.The same is done with the output of the

secondrule HARD_RIGHT, which gets multiplied by 0.1 LL LR LL LR
as thevalue -70° athe same timdelongs to 10% to the VL L R
fuzzy-set RIGHT_BACK. An unequivocal control

. . Table 1a: The rule base controlling the orientation of the
command is generated from th&vo contradictory robot via turning speed ¢ . 9

commands steer LEF&nd steerHARD_RIGHT by first

adding thetwo scaled fuzzy-setsum combination)Then

the coordinate for the centre of gravitytbé resulting area  4.3.2 Directional Control
definesthe so-called defuzzyfied value for steer (centroid

defuzzification). This part of the ruldase also uses andp as input
valuesandyields §i as output. Startindrom the concept
IF perception_angle IS RIGHT_FRONT THEN MAKE steer LEFT that thespeed Of mov'n@long the Wa” |S para”el to the

1 1
RIGHT FRONT

0,67 1

wall if the length of thevector of general perception
remains constant, the rules try keepthe speed vector
normal to thevector ofgeneral perceptioand the general
perception at theralue MEDIUM. This is achieved with

0 . 0 :: =
-180 135 -90 -45 0 45 90 135 180 -100 -60 -20 20 60 100 the fo”ow|ng tWenty rules
perception_angle gdeg] steer y[deg/s] '
IF perception_angle IS RIGHT_BACK THEN MAKE steer HARD_RIGHT p VL L M H VH
1 1 a
RIGHT_BACK HARD_RIGHT RB HR HR R R C
RF C L L HL HL
010\ R LF C R R HR HR
-180 -135 -90 -fts 0 45 90 135 180 -100  -60 -20 20 60 100 LB HL HL L L C
perception_angle gdeg] steer y[deg/s]

Table 1b: The rule base controlling the robot’s direction of

Figure 6: Correlation product encoding The degree of the ) h -
movement via steering speed .

membership of the rule input shows the valusvith which the fuzzy-
set of the output is scaled. The x-coordinate of the common centre
of gravity of the two hatched areas defines the value of the output

variable steer Centroid defuzzyficatiop Although total loss of perception musbt happen
_ _ according to the conditions lagbwn, it was supposdtat
4.3.1 Control of Orientation the robot was to reaatith an orbital movement in such a

case, in order to be able to pabsirp cornerddowever, it

This rule base consisting of onlgix rules has two s a |ot easier to achieuhis reaction withoufuzzy logic
input valuesp andp, and¢ as output. It enablale robot (Y =+v/r) and it, therefore, is not provided he rule
to keepthe desired distancBIEDIUM to the wallmore  pase.
preciselyand topreserve perception more securdith a
small number of sensors tisencept of general perception 4.3.3 Speed Control
describes only very imprecisebuch a simple situation as
moving along a straight wall. The direction of ttebot’s This rulebase of severules, shown in table 1c, with

movementremaining unchanged, a slight change in they,q inputsp and p’ is guided by the idethat therobot
orientation of the sensaing would result in a change to

. ) needsminimum braking and maximuracceleration the
the same amount of the perception angleThis would 9



farther it isawayfrom the walland the smaller the change cylindre-shaped buildhas a radius of 0.3 m, a height of
of general perception in time. Fast changes of general.5 m, and isequipped with 12 ultrasonic sensors with a

perception on the othethand inevitably result in
emergency braking. Speed is limited upward by
v___=045m/s anddownward byvy,, which was set as

max

follows:

V., = Min(0.05, 1- p)

p VL L ME ---
p* orVH | orH

ZE ZE P P
L EB B Z
H - | EB

Table 1c: The rule base controlling the speed of
the robot via accelerationV .

5 Experimental Results
5.1 Wall Following

The mobile robot VEA-1 (VehiculoExperimental
Auténomo, figure 7) developed ke Spanish research
centre IKERLAN was used to te#ite concept of general
perception under realistic conditions. Thigbot is of

=

Figure 7: The mobile robot VEA-1, developed by theSpanish
research center IKERLAN.

range of 0.6 m, which are arranged onditgumference.
Its theoretical maximunspeed giventhe possibility of
omnidirectional movement is 1 m/s. So fah#s notbeen
possible to go athis speed due tohe short range of the
sensors. The 12 sensors of VEA-1 representrtimémum
numberbecause asharp cornersand with very smooth
walls (glass) blind sectors of an approximategle of
aperture of 5° appeared at a larger distance whbidi
diminished atvery short distance to the wall. Therefore,
maximumspeedhad to be limited to 0.25 mfer safety
reasons in an environment with such walls. An
environment with sufficiently coarse walls, however,
permitted a maximum speed of 0.45 m/s.

Figure 8 shows aour along an interrupted wall,
around cornerand along adead end so smathat the
robot simultaneously perceives the two walls on either side.
The concept of general perception proved a secure means
of local navigation fothe robot inall situationsinvolved
and therobot passedhe course without difficulties at an
average speed of 0.21m/s whéme maximum speed
allowed was0.25 m/s. The walls ofthis course are
sufficiently coarse to prevertlind sectorsbetween the
sensors. In thisasehigherspeed is possibld.he dotted
line shows atour at a maximunspeed 0f0.45 m/s. This
time the averagespeed isnot much higher (0.23 m/s)
becausehe robot spends moréme rounding the corners
where it always brakes strongly. & robot doesiot take
an absolute definition of its positiorthe pathswere
reconstructed using the data from the incremental
decoders. Asthe experimentwas carried out within a
relatively shortspan of time, itwas possible to neglect
effects ofaccumulating errors. Afterwards the pathere

0 1m 2m 3m

Figure 8: The robot passes this testourse with corners, narrow
gaps in thewall and a dead end at a maximumspeed of 0.25 m/s
and 0.45 m/s (dotted line). The dead end is so narrow that thebot
perceives the walls on either side. The concept of general
perception permits the correct interpretation of all these situations.



fitted into the layout of the course using the smallest
measured distance in the turning points.

In figure 9 therobot encounters an obstacle. If the
distancebetweerthe walland theobstacle is to@mall for
the robot to pass through, thbstacle is seen gsrt of the
wall andcircumvented (Situation A). If the distance is big
enough, therobot passesthe obstacle with a slight
deviation from itspath (Situation C). Theobstacle in
position B leaves a relativelylarge gap which,
nevertheless, is toemall for passingthrough. In this
situation therobot losesorientation. As expected, does
not try to passhrough the gajput starts going around the
obstacle. However, iapproaches thebstacle too fast so
that the vector of general perception changefsom
LEFT_FRONT to RIGHT_FRONTThe robot therefore
changes the wall itfollows. The situation then is
interpretedcorrectly as a deaénd which itleaves by
turning left and moving along the sampath it came in.
Situations like this onehowever, donot represent a

1) When to start to avoid an unexpected obstacle.
2) How to avoid the obstacle.
3) When andhow to finish the avoidance and

continue the rest of the mission.
5.2.1 Start to avoid an unexpected obstacle.

This part hasbeen simplified tothe robot by the
planner. The plannanakes the calculations to obtain the
minimum distancebetweeneach particular movement in
the known environment. Thavoidance begins when one
sensor detects ambjectnearer than theistance given by
the planner.

5.2.2 How to avoid the obstacle.

The avoidance of the obstacle consists of following the
contour of theobstacle inthe sameway that hasbeen
explainedbefore. The maximumspeed ofthe following
process will behe speed othe EM thatwas in execution

principal failure of theconcept of general perception as the when theobstaclehasbeen detectedl hat speedhasbeen

robot does not move aroutite obstacle fothe sole reason
that thevector of general perceptioturns aroundfaster

than therobot is able to followwhich would not happen
with a controller optimised correspondingly, &twer

travelling speed, or with sensors with bigger range.

TN~
/./ N,
»’ ¢ N

£B%
oA \
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2m

Figure 9: An obstacle at three different distances from thevall. In
Position A the obstacle is seen as part of theall and passed
around. In Position C the distance between the obstacknd the
wall is big enough for the robot topass throughand the robot does
s0, being slightly irritated by the obstacle. In Position B the gap is
quite big but too small to be passed through. The situation is
interpreted as a dead endand the robot drives back. The robot
moves at an average speed of 0.19 m/s (A), (B), and 0.21 m/s (C).

5.2 Obstacle Avoidance

The wall following method described isot only
useful to execute an explicibhstruction such asfollow

calculated as the maximusafe speed ithe region of the
environment by the planner.

5.2.3 Finish the avoidance of the obstacle.
That part of theavoidance ighe mostcomplexpart
because ofthe multiple possibilities of movements and

reasons for the finishing.

The avoidance can finish:

a) When therobot gets back to one tfie EMs of the
plan. (Main case).

b) When a long time haslapsed fronthe beginning of
the avoidance. (Thebstacle coversll the rest of
mission).

c) If therobot is venyfar from the point of the beginning

of the avoidance. (The robot could gery far from its
goal in the mission).

The cases (b) and (c) are easy to detect but the case (a)
depends on thypes ofthe movements ofhe robot in the
mission. It's important t&now that all of thecalculations
to detectthe end of theavoidance have to be made as fast
as possible to gghe maximum timdree inthe CPU for
the rest of processes. (Position control, radio
communications, avoidance, etcThen all of thetypes of
movements possiblare reduced to segments of lines and

that wall”. It's also used to avoid an unexpected obstacle i ymference’s arcs. Ithe first casethe robot looks for

a predefined movement or missioifhe mobile robot
VEA-1 canreceive byradio from aCentral Station plans
composed byelemental movements (EM)he Central
Station is provided by aplanner which generates plans
from high level missions. Thesplans have information
aboutthe expectedminimum distance to the knowwmalls
in each EM. While therobot is moving, unexpected
obstacles or wallsan appear anavoiding them is desired

intersectionbetweenthe segmentand arectangle around
the current position of the centre @fbot. Inthe second
case it looks fothe distancéoetween centreand angles.
The robot looks only in some ofhe EMs of theplan

transmitted from theCentral Station if the plan has too
many Ems.

The method habeen tested ithe realrobot VEA-1

and then continue executing the rest of the plan. Taking aweveloped at IKERLANand theresults are represented in

that into account theproblem ofthe obstacle avoidance
could be reduced to three main aspects:

the figure 10 and figure 11.



In figure 10 therobot is executing one segment from References
A to D but when it is at point B it detects with one sensor

an unexpected obstaclehen therobot followsits contour [1] Johann Borensteinand Yoram Koren, TheVector
until point C,where it detectshat it is neaone EM of the 14 Histogram - Fast Obstacle Avoida,nce dobile

plan andcontinues executing thp_lan Iin!<ing up Wit.h a Robots,|IEEE Transactions on Robotics and Automation
segment from C to D with a previousrn in thedirection ;"7 No. 3 p.278-288, June, 1991.

of movement at point CThe testwas repeatedvith 5
consecutive segment lines, the first begins ah4 the last [2] Ridiger Dillmann, Jirgen Kreuzinger,Frank

finishes at D and the result was very similar. Wallner, PRIAMOS: An experimental platform for
relfexive navigation, Robotics and Autonomous Systems
Vol. 11, Numbers 3-4, p.195-203, Dec., 1993.

[3] Bart Kosko, Neural Networks and Fuzzy Systems
Prentice-Hall, New Jersey, 1992.

[4] Ben J.A. Krose, Kai M. Compagner, Franciscus C.A.
Groen, Accurate estimation of environment parameters
from ultrasonicdata, Robotics and Autonomous Systems
Figure 10: The predefined trajectory is the segment from A to D or Vol. 11, Numbers 3-4, p.221-230, Dec., 1993.

various different segments beginning the first at point A and

finishing the last at D. New plansare developed from the end of _ ;

avoidance at C to D. From B to C the robot follows the contour of [5] John J. 'Leonard, Hu.gh F. Durrant Why.al’reCtEd

the unexpected obstaclavith a maximum speed of 0.25m/sand a Sonar Sen5|ng for Mobile Robot NavigatioKluwer
medium speed of 0.17m/s. Academic Publishers, Boston, 1992.

In figure 11 therobot was executing a circumference [6] Hans P. Moravec, Alberto Elfes, High Resolution
arcfrom A to D, it detectthe obstacle at Bandfinds the Maps from Wide Angle Sonar, IEEE International
rest of the plan at C. Then thebot generates a new arc Conference on Robotics and Automatiop.116-121,
from C to D. When theobot is at C imear to the EM but  March, 1985.
not exactly in itand the arc has to finigtkactly at D, the
newarc hasnew parameters but is generated going from C[7] P. van Turennout, G. Honderd, L.J. van Schelven,
to D and with thesame direction at Dhat it had in the  wall-following control of a Mobile Robot, IEEE
previous plan to link to the next plan without interruption. International Conference on Robotics and Automation

p.280-285, May, 1992.

Figure 11: The predefined trajectory is the arc from A to D or
various different arcs beginning the first at point Aand finishing

the last in D with the same radius.New plansare developed from
the end of avoidance in C to D. From B to C theobot follows the
contour of the unexpected obstaclenvith a maximum speed of
0.25m/s and a medium speed of 0.15m/s.

Then therobot is able to execuans until itdetects
an unexpected obstacle, follows its contand, ifpossible,
comes back to one dhe future EMs of theplan and
continues producing link-up plans.



