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Arobot IS an autonomous system
which exists in the physical world,
can sense Its environment,
and can act on it to achieve some goals

Maja JMataric, The Robotics Primer, The MIT Press, 2007
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Maja JMataric, The Robotics Primer, The MIT Pres007



Effectors %

Manipulation
P Shoulder/

Joints

Locomotion



el OQutline of the lecture
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A Fundamentaproblemsof robot navigation
A Mapsandenvironmentmodels
A Metric mapsandtopologicalmaps

A Planningechniques
A PathPlanning andPathFollowing

A Localizatiormethodsand systems
A Odometryand systemsbasedon activebeacons
andlandmarks

J.CLatombe Robot Motion Planning, KluwerAcademid?ublishers1991



Mobile robots and autonomous navigation

DustBot (DustCart & DustClean)
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= Position of a mobile robot
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Reference coordinateystemfixed on the robot

Er=I[xy6lzr=[000]

Yr Xr Y, Xg




mewews  Position of an obstacle
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Xobject. R = Pobject COS( Ugpject)
Yobject, R = Pobject SIN( Aopject)




Transformations between the world reference

HECIOROBOTICS frame and the robot reference frame, in

velocity space
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A Fundamental problems of robot navigation
A Mapsandenvironmentmodels
A Metric mapsandtopologicalmaps

A Planningtechniques
A PathPlanning andPathFollowing

A Localizatiormethodsand systems
A Odometryandsystemsbasedon activebeaconsand
landmarks

J.CLatombe Robot Motion Planning, KluwerAcademid?ublishers1991



el Robot navigation problem
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Toreachafinal position from astartingposition,givenin
geometricor sensoryterms, avoidingobstacles
Theclassicatuestionsto solve are:

A Where am I?
A Where are the other objects around me?
A How can I reach a desired position?
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In the classicaapproach the answersare:

A Localization: geometricposition ,y,q) coordinates
In anabsolutereferencesysten) or sensorystate in
the robotenvironment

A Maps or Models: environmentformalizationand
representation

A Planning: planning of robotmovementsin the
environment



s Reactive systems
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A In reactive systemsrobotsinteractwith the world
through sensorsand actuators

A Knowledgds not modellednor stored, but it is
extracted' clni froen’the worlditself, through
Sensors

A The robotbehavioursare definedasreactionsto the
Information perceivedfrom the environment

A Onlythe secondandthird questionsarerelevantand
the answersare givenin termsof actions
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A Fundamentaproblemsof robot navigation
A Maps and environment models
A Metric maps and topological maps

A Planningtechniques
A PathPlanning andPathFollowing

A Localizatiormethodsand systems
A Odometryandsystemsbasedon activebeaconsand
landmarks

J.CLatombe Robot Motion Planning, KluwerAcademid?ublishers1991



Maps and world representation

A Metric Maps (Geometric):

they representthe objectsin the world on thebasis
of their sizeand coordinatesin the absolute
referenceframe

A Topological Maps:

they representthe objectsin the world points of
Interest) on thebasisof their characteristicand of
the relationsamongthem




Geometric maps

Main methodsfor world representationthrough
metric maps

A Occupancyrid
A Geometricdescription




Occupancy Grid

A Theenvironmentis representedon a bi
dimensionalgrid.

A Avalueis associatedo eachgrid element
whichindicatesthe cell state (freefoccupied




Occupancy Grid

A Fixedgrid




Occupancy Grid

A Variablegrid




Geometric description

A Theenvironmentis representedthrough a
geometricdescription usuallyin terms of
segmentsobstaclesand freespace

—

(a)

(b)




Topological maps

A The environment is defined in terms of points of
Interest, relevant for the robot, and of the relations
among points of interest.

A A point of interest is an object (natural or artificial)
which iIs relevant for robot navigation (e.g. walls,
doors) or for robot tasks (e.g. tables, beds,
appliances).

A A point of interest can be defined by a position in
the robot space or by a sensory state.




Topological maps

Topological Decomposition




Topological maps

Examplemapof a homeenvironmentwith
somepointsof interest

O
@ Door
@
o @ @ Points of interest:
o 9 Q desk
bed
@ @ fridge




Representation of a topological map through a graph

Assigna numberto eachroom
Foreachroom, numberthe wallsclockwise
Foreachwall, numberthe pointsof interest clockwise

Wall 1
’i ....................... ; ‘ . ’ @ ’ ‘ angles
Room 3 | @ doors
] BB ’ - ‘ B otherobjects
-8 .............................................. - desk
Wall 4 Wa!gl 2| 7 W— T I ’ - kitchen

Room1 | |Room2) % -fridge




Representation of a topological map through a graph

G = (N,E)

N = points of interest}

E={0,0 | (pl N, ql N, p=ct 1) V (p and gepresentthe
samedoor fortwo different rooms}

STt




Representation of a topological map through a graph
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A Fundamentaproblemsof robot navigation
A Mapsandenvironmentmodels
A Metric mapsandtopologicalmaps

A Planning techniques
A Path Planning and Path Following

A Localizatiormethodsand systems
A Odometryandsystemsbasedon activebeaconsand
landmarks

J.CLatombe Robot Motion Planning, KluwerAcademid?ublishers1991



Planning and world models

Theobjectiveof planningisto find atrajectoryfor the
robot to reacha goalconfiguration from a start
configuration(its current position),avoidingobstacles

D

Goal
Configuration

®

Start ‘

Configuration

Trajectory




Planning and world models

A The robotsizecan beusedto increasethe
obstaclesizeandthen considerthe robotasa
point

4




Planning and world models

Plannings dividedin:

A Path Planning: techniquesfor finding trajectoriesfor
the robot toreachthe goalconfiguration avoiding
obstacles

A Path Following: techniguesfor executingthe
trajectoriesgeneratedby the PathPlanningavoiding
unexpectedobstacles




Configuration Space

A Spacds namedConfigurationSpace ECopace
(configurationgthat the robot canreach.

A The robotis representedin Gspace@Sapoint.
A Obstaclesarerepresentedin Gspace

A Theregionof obstacless namedGC, ...

A Theregionof free spaceisnamedGC, ...

A Apathisatrajectory betweentwo configurations
Clinit and qgoal of C!spacebelongingto Qree'




Path Planning and world models for geometric
maps

Main PathPlanningechniquesbasedon geometric
maps

A Roadmaps

A Cell Decomposition
A Pontential Fields




Roadmaps

A TheRoadmapmpproachconsistsof connecting
somepointsof the freespacen a network,named
Roadmap made ofunidimensionakturvesin the
free space

A ThePathPlanningoroblembecomesconnecting
the start and the goatonfigurationsoy findinga
path in theroadmap




Roadmap

Main PathPlanningechniquesbasedon the
Roadmapapproach

A Visibility Graph
A Voronoi Diagram




Visibility Graph

A The visibility graph is a gra@whose nodes are the initial and go.

configurationsg;,;, andaq,,,, and all vertexes of the polygons whic
represent the obstacles in the map

A The edges of G are all the segments that connect two nodes in
and that do not intersect the obstacle polygons

A Aweightcan beassociatedo
the edges correspondingo
the distancebetweenthe
nodesthat they connect

A Apathfrom g;,; andgy,, can
be foundon thegraphG by ~
usingan algorithmfor i *322 <N
minimumpathswhich h
minimizesthe distance




Visibility Graph

Examplevisibilitygraphand thepath found to navigate frong;;
o qgoal

:’ qgoal
e |




Voronoi Diagram

A It consists of defining all thg
free configurations in the
free space, equidistant fro
the obstacle region

A If the obstacles are
polygons, the/oronoil
diagram consists of a finite
set of segments and
parabolic curves (roadmap




Voronoi Diagram

Giventwo configurationsg;,;;
anddy,,, apathisgivenby:

A Connectingy;;; and gy, to
the roadmapin q ;. and

qg’oal

A Findinga path on the
Voronoidiagramwhich
connectsg iz @ N dyga g




Voronoi Diagram

ExampleVoronoidiagramand
the path foundto navigate from

CIinit to qgoal

Theadvantageof this technigue
Isthat the trajectoriestend to
maximisethe distanceof the
robot from obstacles




Cell Decomposition

o o

It consistsof decomposinghe freespacein regions named
cells suchthat a path betweentwo adjacentcellscan be
easilyfound.

Themapisrepresentedby agraphnamedconnectivity
graph.

Thegraphnodesare thecellsin the freespace

Twonodesin the graphare connectedif andonly if the two
cellsthat they representare adjacent




Cell Decomposition

Exampleof mapandits celldecomposition




Cell Decomposition

A Atrajectoryfor the robotisfound by
searchinga path on thegraphthat connects
the nodescontainingg;,; and gy,

A Theresultof the graphsearchis a sequence
of cellsnamedcanal.

A Thepath isfound by connectingthe mid
pointsof the canakellboundaries




Cell Decomposition

Theresultsof the graphsearchare:

A The canaldreycell9

A Thepath found (line inbold)
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Potential fields

A The robotis a point in spacethat movesunder
the influenceof anartificial potential produced
by the goakonfigurationand by theobstacles

A Thefinal configurationgeneratesan actractive

potential whic

npullsthe robottowardsthe goal

A Theobstacleggenerate arepulsive potential

whichpushedst

ne robotawayfrom them

A The sum ofttractive and repulsivepotentials
generatesa forcewhichmovesthe robot
towardsthe goal,while avoidingobstacles




Potential fields

Exampleof attractiveand repulsivepotential
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Potential fields

A Differentiablepotential function U with alocalminimum
In the point g,

U(q) = U(cpk + U(Q)ep

U(q),; Attractive potential function

U(q), Repulsivepotential function

A Foreachpoint g inspace the motion directionis given

by the forcefunctionF

F(q) =bU(q) =(Fu(a)*Fe,(ad))
PU(q) = dU/ dx, dU/ dy)




Potential fields

Criteriafor choosinghe attractive potential
A Functionwith alocalminimum in thepoint Ogoal

Uqe () =YX Fyoa(Q) parabolicpotential
where
rgoaKQ) - ”q_qgoalll Euclideardistance
sothat

|:att (q) —-X (q - qgoaD




Potential fields

Criteriafor choosinghe repulsive potential

A Creatinga protective barrier aroundthe obstacleregion, to avoid
robot contactwith the obstacles

A The repulsive forcehouldnot affectthe robotmotion whenit is far
from obstacles

—h(() ( )) ser(q)tr 4

Urep () =
0 ser(q)>r 4

where

F(CI): min”q'q , | | q I, Cobstacle




Potential fields
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Potential fields

Problemof localminima of theresultingfunction:

they canoccurwhenthe sum of repulsivéorcesnullifiesthe
attractiveforce inpointsdifferent from g,




Path Planning for topological maps

Example of path on a topological map:

Follow the wall on the right;
Turn right;
Follow the wall on the right;
Stop In front of the doors;
Enter the door and turn left
Follow the wall on the left;
Stop when reached the desk;




Path Planning for topological maps

The problem of Path Planning is finding a path 'on the graph
from the Start node to theGoal node

® ® O ®
° |
SO oG . O
o—0O
e—0—© 090 ®

The path found-is translated into commands for the robot




Path Planning for topological maps

A Rules for translating a path in a sequence of commands:

A For theStart node, the commandgeneratedis follow the wall on the right or
follow the wall on the left, dependingon theorder of the adjacentnodeto reach

A For the intermediatenodesof type Angle, the commandgeneratedis change wall
on the right or change wall on the left.

A For the intermediatenodesof type Door, the commandgeneratedis go straight if
the robotdoesnot haveto enter the adjacentroom orenter the door and turn
left (right) if the robot hasto enter the adjacentroom andit hasto follow the wall
on theleft (right).

A For theother intermediatenodes different from the goalhode, the commandis
follow the wall.

A Whenthe robotreacheshe Goal node, the commandgeneratess Stop.




Path Planning for topological maps

Path generated for reaching the final point G
starting from the initial point S:
1) follow the wall on the right;

2) change wall on the right; o—0 o0 O

3) follow the wall on the right; ®

4) change wall on the right; @S o
5) enter the door and turn left; @G o

6) follow the wall on the left;

/) stop when the goal point of 9

interest is reached. O—0—0 O0—0 O




Path Following

A It hasthe role of makingthe robotfollow the paths
generatedoy the PathPlanner

Path
Planning

Trajectory
Planning

Controller




Path Following

A Path planning: it findsa sequenceof pointsin
spacethat the robot hasto reach(path)

A (Y101 b (%Y1 C6Ya)  (YnOn)

A Trajectory planning: it findsthe trajectoryand the
time lawthat the robot hasto follow between
eachcoupleof points (not necessariha linear
trajectory)

A Controller: it makesthe robot executethe
trajectoryfound by thetrajectory planner




Path planning

P7

Robot




Trajectory planning

P2—pd
P3
P1

. 7
Pll/

P
P2 pigdl
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P1 o
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Trajectorygeneratedby the
trajectory planner




Hardware architecture of a mobile robot

CPU
Control

Reference Vol
voltages oltagesto
I motors
Axescontrol ]

boards >| Powerdrivers | >

|
|
AD/DA :
|
|
|

Robot
(actuatorsand
encoders

Converter |

Encodersignals




Controller

Actuatorcontrol:

A Position control: it consistsof settinga position to

reach
The robot controllefindsthe velocitiesand the

accelerationgo set to themotorsfor reachingthe
desiredposition (inverse&kinematics.

A Velocity control: it consistsof settinga velocityand
anacceleratiornto the wheelmotors.




Position control: Proportional, Integrative and
Derivative control (PID)

ep
— Iﬁo > » Motor —| Robot




Path Following

A It is not alwayspossibleto follow the
path plannedby thePathPlanner

A Problemso face:
A Nonomnidirectionalmobile bases

A Unexpectedbstacles




Path Following

A Omnidirectional mobile base:
A Canmovein anydirection

A Canfollow the trajectorygivenby thePathPlanner




Path Following

A Non omnidiretional mobile base:
A Cannotmovein anydirection, due toits structure(e.g. caslike robot)
A Cannot alwaysfollow the trajectory givenby the PathPlanner

Drive .

motor Centga;:mt C :

i [  motor
Drive

wheels Bumper

| Incramental l
ancoders




Path Following — obstacle avoidance

Theproblemof unexpectedobstacles

A unexpectedobstaclesare detectedby the robot
throughultrasoundsensoror laser ranger

A the robot controllerhasto modify the trajectory
to follow, inorderto avoidobstacles

A obstacleavoidancaechniques
A Basedon occupancygrid
A Basedon potential fields




Systems for obstacle detection

A Sensorsystems

Ultrasoundsensors Laser Ranger
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Outline of the lecture

A Fundamentaproblemsof robot navigation
A Mapsandenvironmentmodels
A Metric mapsandtopologicalmaps

A Planningechniques
A PathPlanning andPathFollowing

A Localization methods and systems

A Odometry and systems based on active beacons and
landmarks




Localization

Localizatiormethods
A DeadReckoning Odometry

A Activebeacons
A Natural andArtificial Landmarks




Odometry - Dead Reckoning

A It isbasedon countingthe robotwheelturns
(measuredoy theencoders$ duringnavigation

A It providesa goodaccuracyfor smallmovements

A Theerror tendsto cumulate in time with the
distancerun (poor accuracyfor longdistances$.

A Theodometricinformationis rettified by using
alternativelocalizationrmethods




Odometria - Dead Reckoning

Exampleof odometrycalculation(for smallmovementg

A
Bumper
l/Castors\'
Drive

motor Cent&:;tnint c Drive
B Y N | motor
Drive
wheels Bumper
' Incremental '
ancoders >

y




Odometry - Dead Reckoning

In a timeinterval T, the right andeft wheelencoderaneasurean
iIncreaseof N e Ny, respectively

C.=pD/nC,
where

C., = conversiorfactor that translatesthe encoderstepsin
lineardistancerun by thewheels

D =nominalwheeldiameter
C. = encoderresolution

n =reductionratio betweenmotor (wherethe encoderns)
andwheel




Odometry — dead reckoning




Odometry - Dead Reckoning

Thedistancerun by the right andeft wheels DS
e DS, can becomputedas

DS = G Nur
Thedistancerun by the robot centreDSIs:
DS= OS+DS)/2
while the robot orientationangleincreasef
a=arctg(DS - DS)/2L
where 2L isthe distancebetweenthe wheels
(ideallymeasureadasthe distancebetweenthe
pointsof contactof the wheelson theterrain)

2L




Odometry — dead reckoning

The newrobot positionp Is:
q=q+a
X = X tDScosa
y =y +DSsina
where (X, y, g) wasthe position of the robot centre p




Odometry - Dead Reckoning
Odometricerrorsare oftwo types

A Sistematic Errors, due to:
A different diametersof the two wheels
A actualsizeof wheelsdifferent from nominalsize
A misalignmenibf the wheels
A encoderresolution

A Non sistematic errors, due to:
A movementson uneventerrains
A movementson unexpectedobjects
A wheelslippagedue to

A highaccelerations
A slippingterrains
A externalforces(obstacle$




Odometry - Dead Reckoning

Reference Wall Reference Wall

—» Forward
ot _\ Start —’Forward -\rv"r
Robgt —>——————"—"— ]
(%o Yo O) / - End I § (/%/ The effect of the two dominant
(Exni Preprogrammed : Curvedmsteadofstrar]ghf path 1 systematic dead-reckoning errors E,
5::5 square path, 4x4 m. : e e e and E,. Note how both errors may
£) - @ 3 orjgntation error. cancel each other out when the test is

e out e performed in only one direction.

effective wheelbase).

Preprogrammed
squgr%gpah 4x4 m.

designenboakideade2l.os4, . wnt, 07/ 15/

Reference Wall _ I
Forward
-\ & Preprogrammed - A\\;’ ’\’ .
Start A square path, 4x4 m. .. | . .
‘ 5 ; [ The effect of the two dominant
. reprogramme i _|-~" " Curved instead of straight path | ; .
En 1";-‘ ™~ sqjgm?parh, 4xd m. | ( (stlJ,:‘tEo Lzsegﬁal?mﬁegt’ggﬁa;‘aetersj . SyStematIC Odometry errors Eb and Ed
Vv 57 turn instead of S0° turn 1} \/\- In the example here, thizauses ," d when the square path is performed in
N (due to uncertainty abot ' v o the opposite direction one may find
| : i 93° turn instead of 90 turn
|, the effective wheelbase). | (due to uncertainty about - that the errors add up.
" Curved instead of straight path the effective wheelbase.
. (due to unequal wheel diameters). | : . Xﬂ
lli - In the example here, this causes 1 : :
' & 3° orientation error. ‘/ : :
| 1 . :
b- K \ * \ ] Forward
L_____L-.;--f-:ff ; § Y TP /A
- &, | g 1

Start o End

The unidirectional square path experiment. Reference Wall ettt ettt
a. Thenominalpath.

b. Either one of the two significant errogsor E;

can cause the same final position error.




Active beacons

Localization systems based on active beacons are composed
of a set of receiver/transmitter devices (beacons) whose
absolute position is known and which are detectable by a

sensor on-board the robot




Active beacons

Thelocalizationalgorithmis basedon thetriangulationprocedure:
Arotating unit on the robot carmeasurethe angled ,1 5,1,
Byknowingthe position of the 3eaconsit ispossibleto derive
the robotabsoluteposition (X,Yj) bytriangulation

Ya

Robot
orientation
\g (unknown)

* X




Localization systems based on maps

Localizatiorsystemdyasedon maps or map matching, use
oneor moresensorysystemdor building alocalmap.

Thelocalmapiscomparedto a globaimappreviously
stored

If amatchingisfound, the robotfindsits position and
orientationin space

Amapcan be a CAD model mrcan bebuilt usingthe robot
sensorysytem

Do I Do I




Localization systems based on maps

Tosimplifythe problem, the currentrobot position
estimatedby odometrycan beused

Stepsof the localizationprocedure:

isiti f Matchin tween —
retvstonet | Tocamap |_f Miobeeen | osion
. Y |  building | P computation
information stored map




Localization systems based on maps

A Sensonsystems

Ultrasoundsensors Laser Ranger

feenmg e m et Ry I T e
ulator H=E H A

Sonars  Funchon

e

Lidar poesition

R 5T
Vi

vy
»

L
o -:-;\o--a-wo-._'q.-W...-
L]




Localization systems based on maps

Mappingtechniques
A Correlation
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Landmarks

A Landmarksre characteristishapeghat the robot can
recognizedy usingits sensorysystems

A Landmarksan begeometricshapeqe.g. boxeslines
circles ..) andthey cancontainadditionalinformation (e.qg.
bar-code).

A Landmarksre chosensoasto be easilyrecognisedy the
robot.

A The position and theharacteristicef the landmarksneed
to be storedin the robot database.




Landmarks

To simplify the problem, the current robot position
estimated by odometry can be used.

Steps of the localization procedure:

computation

Acquisitionof Matchingbetween —
: : Landmark | R Position
sensoryinformation » detectedlandmarks

recognition I andstoredmap




Landmarks

A Landmarksan bedividedin

A Natural Landmarks: objectsalreadypresentin
the environment with specificcharacteristics
(e.qg.lights, corridors doors etc.).

A Artificial Landmarks: objectsor markers
purposivelydevelopedandplacedin the
environmentto allowrobot localization




DustCart hybrid architecture

3 layers |
e Aml-Central station
OO T T
v /”’ - - \\\\ ~
City High level path planning 1st layer
maps | \ (waypoints placed about every 40 IER AI:RCHIC AL
v \‘\\\\\\\ ”,/,,
maps of the city (40 x 40m)with [ S
associated data ::::::::::::""" mmeesszzz T
! ..__Robot
N
P Path planning (intermediate waypoints
- - are placed from the 2nd layer
/! current robot position to the
next waypoint) - Wavefront HIERARCHICAL
position data from \_ J
the Localization ';
Module v !
: 3rd layet
Path following and obstacle y,x
data coming from sensors for avoidance VFH EAQTIVE

obstacle avoidance

Translationaland
rotational speed
commands to the
Locomotion Module
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https://www.youtube.com/watch?v=ftouPdU1-Bo
https://www.youtube.com/watch?v=gEy91PGGLR0

Underwater robots

Underwater
vehicles

According to the US Navy'’ s

Manned
vehicles

AUVs

non-tethered

Unmanned
vehicles

ROVs

(tethered)

Working
class

Observation
class

undersea vehicl e’ Il s defi ne

A Self-propelled submersible whose operation is either

A fully autonomous (preprogrammed or real-time adaptive
mission control) or

A under minimal supervisory control and

A is untethered except, possibly, for data links such as a fiber-
optic cable.

A The civilian moniker for an untethered underwater
vehicle is the AUV, which is free from a tether and can
run either a pre-programmed or logic-driven course.

A The difference between the AUV and the ROV is the
presence (or absence) of direct hardwire communication
between the vehicle and the surface.

Special use

A However, AUVs can also be linked to the surface for
direct communication through an acoustic modem, or
(while on the surface) via an RF (radio frequency) and/or

optical link.




Underwater robots

AUV Has: Does not have:
* Thrusters * Tether
Autonomous * Batteries * Manipulator arm
Und » Navigation » Sample basket
naerwater * Onboard computer -+ Personnel sphere
Vehicle » Pressure housing

Navigation

Computer

Syntactic Foam,”

Batteries

Collision
avoidance

Pressure
housing

Since the 1960's three basic types of
exploration vehicles have been
developed,and they all remain in use
today. Each type has it ownrole in
ocean research and they often support
or complement each other’s

capabilities.

Has:
Rov +Thrusters +Tether
+ Mavigation + Manipulator arm
+ Sample basket + Onboard computer
Remotely P . ooooare
Op erated Does not have:
. * Personnel sphere
VEh.fC!e e, + Batteries
= Pressure

Housing

Thrusters

a1

Side
Thrusters

Sample basket

Navig ation Curr".puter

T e, "TS

L/AI.((‘_I’E



Underwater robot kinematics

u(surge)

A v(sway) ¢

b

\
- -

P x

A fixed reference
frame (inertial
reference frame) |

A the bodyfixed
frame (motion
reference frame) E

DOFs of a rigid body in 3D space: 6 DOFs:
A 3 TRANSLATIONAL DOF:z
A 3 ROTATIONAL D®@#l, pitch, yaw




Underwater robot trajectory
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Underwater robot trajectory
Defining Obstacles

* Obstacles designed in Rhino with realistic specs
* Imported in Matlab and defined the convex hull
* Vertexes are the Voronoi diagram generator points

Gas Compression Template Production Template
(w:74m d:45m h:26m) (w:34m d:12m h:10m)

il

Power Distribution @
(w:20m d:10m h:10m) (w:bm d:6m h:8m)

Storage Structure
(d:40m h:70m)

800

B

https://www.ntnhu.edu/amos
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Underwater robot trajectory

Defmlng a Road Map

Red dots are the generator points of the Voronoi diagram;

* Random generator points are created on the edges of the SPS, to constraint the Voronoi diagram;

* Redlines are the Voronoi edges;

* Starting and Final points are defined and connected to the closes vertexes of the roadmap.

800
Starting Point: Docking Station 1 X

https://www.ntnhu.edu/amos

End Point: Und. Template 4

1000 O Generator Points = Obstacles” Vertexes
_~~ Voronoi diagram Roadmap
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Underwater robot trajectory
Shortest Path

* Dijkstra Algorithm (with Yan modification) allows to find the nth-shortest path;
* Clearance constraints (minimum distance to the obstacles) must be calculated and checked;
* Further simplifications on the path are done IF the clearance to obstacles does not decrease.

800

200

800 First refinement
1000 O Second refinement
@ Waypoints after refinement

https://www.ntnhu.edu/amos
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Underwater robot trajectory
Final 3D Path

Obstacles' bounding boxes
@ Bounding boxes' vertexes / random edges' vertexes

O Initial Waypoints

@ Filtered Waypoints
Dubin's Path

Voroni diagram's edges

80(

* 3D Dubins path are
used to smoothen the
polygonal path

@NTNU AMOS

Centre for Autonomous Marine
Operations and Systems

https://www.ntnhu.edu/amos
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Underwater robot trajectory

Sea flow

Surge :

hape of the trajectory 1s

v\ not simple geometry

Large side-slipping

< Acceleration in yaw
motion 1s low

Maln

-ndder
thruster

Fig. 1. Configuration of a typical under-actuated underwater vehicle and
its motion in strong sea flow.




