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Robot definition

A robot is an autonomous system 
which exists in the physical world, 

can sense its environment, 
and can act on it to achieve some goals

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



²ƘŀǘΩǎin a robot?
Robot components

Maja J Mataric, The RoboticsPrimer, The MIT Press, 2007



Effectors Robot arms

Mobile robots



Mobile robots and autonomousnavigation

DustBot(DustCart& DustClean) Autonomouscars
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Position of a mobile robot

Reference coordinate systemfixedin the world



Position of a mobile robot

Reference coordinate systemfixedon the robot



Position of an obstacle



Transformationsbetween the world reference
frame and the robot referenceframe, in 

velocity space
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Robot navigationproblem

To reacha final position from a startingposition, givenin 
geometricor sensoryterms, avoidingobstacles
The classicalquestionsto solve are:

ÅWheream I?
ÅWhereare the other objectsaroundme? 
ÅHow can I reacha desiredposition?



Classicalapproach

In the classicalapproach, the answersare:
ÅLocalization: geometricposition (x,y,q) coordinates

in an absolutereferencesystem) or sensorystate in 
the robot environment

ÅMapsor Models: environmentformalizationand 
representation

ÅPlanning: planning of robot movementsin the 
environment



Outline of the lecture

ÅFundamentalproblemsof robot navigation
ÅMapsand environmentmodels
Å Metric mapsand topologicalmaps

ÅPlanning techniques
Å PathPlanning and PathFollowing

ÅLocalizationmethodsand systems
Å Odometryand systemsbasedon activebeaconsand 

landmarks

J.C. Latombe, Robot Motion Planning, KluwerAcademicPublishers, 1991



Mapsand world representation

ÅMetric Maps(Geometric): 

they representthe objectsin the world on the basis
of their size and coordinatesin the absolute
referenceframe

ÅTopologicalMaps: 

they representthe objectsin the world (points of 
interest) on the basisof their characteristicsand of 
the relations amongthem



Geometricmaps

Main methodsfor world representationthrough
metric maps:

ÅOccupancygrid

ÅGeometricdescription



Occupancy Grid

ÅThe environmentis representedon a bi-
dimensionalgrid.

ÅA valueisassociatedto eachgridelement, 
whichindicatesthe cellstate (free/occupied)



Occupancy Grid

ÅFixedgrid



Occupancy Grid

ÅVariablegrid



Geometricdescription

ÅThe environmentis representedthrougha 
geometricdescription, usuallyin termsof 
segments, obstaclesand free space.



Topologicalmaps



Topologicalmaps

ÅThe environment is defined in terms of points of 
interest, relevant for the robot, and of the 
relationsamong points of interest. 

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

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



Topologicalmaps

hybridmapbuilding process

H. Wu, G-H. Tian, Y. Li, F-Y. Zhou, P. Duan, "Spatialsemantic hybridmapbuilding and 
applicationof mobile service robot", Roboticsand AutonomousSystems, 62(6), 2014, 
pp.923-941.



Topologicalmaps

I. Kostavelis, A. Gasteratos, "Semantic mapping for mobile roboticstasks: A survey", 
Robotics and Autonomous Systems, 66, 2015, pp.86-103.

the resulting map annotated with three objects and 
the respective locations from which they were 
observed (̘ basketball, recycling bin,̜ robot)

An example of combining the metric map with object recognition, 
by assigning meaningful object labels to locations on the map

a view of the explored environment 



Door

Pointsof interest:

desk
bed
fridge
Χ

Topologicalmaps

Example: mapof a home 
environmentwith some 
pointsof interest



Room 2

Room 3

Room 4

Room 1

Wall 1

Wall 2

Wall 3

Wall 4
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angles

doors

other objects:

- desk
- kitchen
- fridge
-Χ 

Representationof a topologicalmap through a graph

Â Assigna numberto eachroom

Â For eachroom, numberthe wallsclockwise

Â For eachwall, numberthe pointsof interestclockwise



G = (N,E)
N = {points of interest}
E = {(p,q) | (pÍN, q ÍN, p=q± 1) V (p and q represent
the samedoor for two different rooms}

Representationof a topologicalmap through a graph



Representationof a topologicalmap through a graph



Topologicalmaps- hybrid topometric map

I. Kostavelis, A. Gasteratos, "Semantic mapping for mobile roboticstasks: A survey", 
Robotics and Autonomous Systems, 66, 2015, pp.86-103.

(a) An example of a 2D metric map of an explored indoor 
environment, (b) the respective topological graph and (c) the 
hybrid topometric map, where each node in the topological graph 
is registered with a spatial specific region of the occupancy grid.
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Planning and world models
The objectiveof planning is to find a trajectoryfor the 
robot to reacha goal configuration, from a start 
configuration(its currentposition), avoidingobstacles



Planning and world models

ÅThe robot sizecan be usedto increasethe 
obstaclesizeand then considerthe robot asa 
point



Planning and world models

Planning isdividedin:

ÅPathPlanning: techniquesfor findingtrajectoriesfor 
the robot to reachthe goal configuration, avoiding
obstacles

ÅPathFollowing: techniquesfor executingthe 
trajectoriesgeneratedby the PathPlanning, avoiding
unexpectedobstacles.



Configuration Space
Å Space isnamedConfigurationSpace o Cspace(configurationsthat the robot 

can reach).

Å The robot is representedin Cspaceasa point.

Å Obstaclesare representedin Cspace.

Å The regionof obstaclesisnamedCobstacle.

Å The regionof free spaceisnamedCfree.

Å A path isa trajectorybetweentwo configurationsqinit and qgoalof Cspace

belongingto Cfree.



PathPlanning and world modelsfor geometric
maps

Main PathPlanning techniquesbasedon geometric
maps:

ÅRoadmaps

ÅCell Decomposition

ÅPontentialFields



Roadmaps

ÅThe Roadmapapproachconsistsof connecting
some pointsof the free spacein a network, named
Roadmap, made of unidimensionalcurvesin the 
free space.

ÅThe PathPlanning problembecomesconnecting
the start and the goal configurationsby findinga 
path in the roadmap.



Roadmap

Main PathPlanning techniquesbasedon the 
Roadmapapproach:

ÅVisibility Graph

ÅVoronoiDiagram



Visibility Graph

Å The visibility graph is a graph Gwhose nodes are the initial and goal 
configurations, qinit and qgoal, and all vertexes of the polygons which 
represent the obstacles in the map

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

Å A weightcan be associated
to the edges, corresponding
to the distancebetweenthe 
nodesthat they connect

Å A path from qinit and qgoal

can be foundon the graphG 
by usingan algorithmfor 
minimum pathswhich
minimizesthe distance



Visibility Graph

Example: visibilitygraphand the path found to navigate from qinit

to qgoal



Voronoi Diagram

Å It consists of defining all the 
free configurations in the 
free space, equidistant from 
the obstacle region

Å If the obstacles are 
polygons, the Voronoi
diagram consists of a finite 
set of segments and 
parabolic curves (roadmap).



Voronoi Diagram

Giventwo configurationsqinit

and qgoal, a path isgivenby:

ÅConnectingqinit and qgoal to 
the roadmapin ǉΩinit and 
ǉΩgoal.

ÅFindinga path on the 
Voronoidiagramwhich
connectsǉΩinitŀƴŘ ǉΩgoal.



Voronoi Diagram

Example: Voronoidiagramand 
the path found to navigate from 
qinit to qgoal

The advantageof this technique
is that the trajectoriestend to 
maximisethe distanceof the 
robot from obstacles.



Cell Decomposition 

Å It consistsof decomposingthe free spacein regions, named

cells, suchthat a path betweentwo adjacentcellscan be 

easilyfound.

Å The mapis representedby a graphnamedconnectivity

graph.

Å The graphnodesare the cellsin the free space.

Å Twonodesin the graphare connectedif and only if the two

cellsthat they representare adjacent.



Cell Decomposition
Exampleof mapand its celldecomposition

Connectivity graphassociatedto the mapand the path found(in bold)



Cell Decomposition 

ÅA trajectoryfor the robot is foundby 
searchinga path on the graphthat connects
the nodescontainingqinit and qgoal.

ÅThe resultof the graphsearchisa sequence
of cellsnamedcanal.

ÅThe path is foundby connectingthe mid
pointsof the canal cellboundaries.



Cell Decomposition 

The resultsof the graphsearchare:

ÅThe canal (greycells)

ÅThe path found (line in bold)



Potential fields

ÅThe robot isa point in spacethat movesunder 
the influenceof an artificial potential produced
by the goal configurationand by the obstacles

ÅThe final configurationgeneratesan actractive
potential whichpullsthe robot towardsthe goal

ÅThe obstaclesgenerate a repulsive potential
whichpushesthe robot awayfrom them

ÅThe sum of attractiveand repulsive potentials
generatesa force whichmovesthe robot 
towardsthe goal, while avoidingobstacles



Potential fields

World map Hyperbolicattractive
potential function

Repulsive potential
function

Exampleof attractiveand repulsive potential



Potential fields

Total potential
function

U = Uatt+Urep

Curvesof the total
potential function
and the trajectory

found

Matrix of the 
gradientvector

orientations



Potential fields

Å Differentiablepotential functionU with a localminimum 

in the point qgoal

U(q) = U(q)att + U(q)rep

U(q)att Attractivepotential function

U(q)rep Repulsive potential function

Å For eachpoint q in space, the motion directionisgiven

by the force functionF



Potential fields

Criteriafor choosingthe attractive potential

Å Functionwith a localminimum in the point qgoal

parabolicpotential

where

Euclideandistance

so that

Fatt (q) = -x(q - qgoal)



Potential fields

Criteriafor choosingthe repulsive potential

Å Creatinga protectivebarrieraroundthe obstacleregion, to avoid
robot contactwith the obstacles

Å The repulsive force shouldnot affect the robot motion whenit is far 
from obstacles

Where is the minimum distancefrom the object



Potential fields
For a given configuration space and desired
goal, place potentials on obstacles and goals

Given current configuration of the robot q
1. Sum total force vectors F(q) generated by the potential fields.
2. Set desired robot velocity (v, w) proportional to the force F(q)



Potential fields

Problemof localminima of the resultingfunction:

they can occurwhenthe sum of repulsive forcesnullifiesthe 
attractiveforce in pointsdifferent from qgoal



Path Planning for topological maps

Example of path on a topological map:

Â Follow the wall on the right;

Â Turn right;

Â Follow the wall on the right;

Â Stop in front of the doors;

Â Enter the door and turn left

Â Follow the wall on the left;

Â Stop when reached the desk;



Path Planning for topological maps

The problem of Path Planning is finding a path on the graph 
from the Startnode to the Goal node

G
S

The path found is translated into commands for the robot



Path Planning for topological maps

Rules for translating a path in a sequence of commands:

Á For the Startnode, the commandgeneratedis follow the wall on the right or  

follow the wall on the left, dependingon the order of the adjacentnodeto reach.

Á For the intermediate nodesof type Angle, the commandgeneratedischangewall

on the rightor changewall on the left.

Á For the intermediate nodesof type Door, the commandgeneratedisgo straight if

the robot doesnot haveto enter the adjacentroom or enter the door and turn 

left (right) if the robot hasto enter the adjacentroom and it hasto follow the wall

on the left (right).

Á For the other intermediate nodes, different from the goal node, the commandis

follow the wall.

Á Whenthe robot reachesthe Goalnode, the commandgeneratesisStop.



Path Planning for topological maps

S
G

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;
3) follow the wall on the right;
4) change wall on the right;
5) enter the door and turn left;
6) follow the wall on the left;
7) stop when the goal point of 

interest is reached. 



Path Following

Å It hasthe role of makingthe robot follow the paths
generatedby the PathPlanner

Pianificatore delle
Traiettorie

Generatore delle
Traiettorie

Controllore Attuatori

Path
Planning

Trajectory
Planning

Controller Actuators



Path Following

ÅPathplanning: it findsa sequenceof points in 
spacethat the robot hasto reach(path)

(x1,y1q1ύΣ Χ (xi-1,yi-1qi-1), (xi,yiqiύΣΧ (xn,ynqn) 

ÅTrajectoryplanning: it findsthe trajectoryand the 
time law that the robot hasto follow between
eachcoupleof points(not necessarilya linear 
trajectory)

ÅController: it makesthe robot executethe 
trajectoryfound by the trajectoryplanner



P1

P2

P3

P5P4
P6

P7

Y

x1

y1
q1

Pathplanning

Robot X



Trajectoryplanning
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Hardware architectureof a mobile robot

Powerdrivers
Robot

(actuatorsand 
encoders)

Axescontrol 
boards

AD/DA 
Converter

CPU
Control

Voltagesto 
motors

Encoder signals

PC

Reference 
voltages



Controller

Actuatorcontrol:

ÅPosition control: it consistsof settinga position to 
reach. 
The robot controller findsthe velocitiesand the 
accelerationsto set to the motorsfor reachingthe 
desiredposition (inverse kinematics).

ÅVelocitycontrol: it consistsof settinga velocityand 
an accelerationto the wheelmotors.



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

Kd

Kp

+

+

+
Motor

V
Robot+/-qd

+/-qd

ep

ep

q

qKiҝ

V = Kpep + Kdep+ Kiҝep
.



Path Following

ÅIt isnot alwayspossibleto follow the 
path plannedby the PathPlanner

ÅProblemsto face:
ÅNon omnidirectionalmobile bases

ÅUnexpectedobstacles



Path Following

ÅOmnidirectionalmobile base:

Å Can movein anydirection

Å Can follow the trajectorygivenby the PathPlanner



Path Following

Å Non omnidiretional mobile base:

Å Cannotmovein anydirection, due to its structure(e.g. car-like robot)

Å Can not alwaysfollow the trajectorygivenby the PathPlanner



Path Following ςobstacle avoidance

The problemof unexpectedobstacles:

Åunexpectedobstaclesare detectedby the robot 
throughultrasoundsensorsor laser ranger

Å the robot controller hasto modify the trajectory
to follow, in order to avoidobstacles

Åobstacleavoidancetechniques:

Å Basedon occupancygrid

Å Basedon potential fields
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Localization

Localizationmethods

ÅDead Reckoning- Odometry

ÅActive beacons

ÅNatural and ArtificialLandmarks



OdometryςDead Reckoning

Å It isbasedon countingthe robot wheelturns
(measuredby the encoders) duringnavigation

Å It providesa goodaccuracyfor small movements

ÅThe error tendsto cumulate in time with the 
distancerun (poor accuracyfor long distances).

ÅThe odometricinformation is rettified by using
alternative localizationmethods.



OdometryςDead Reckoning

x

p

pΩ

p = (x,y,q)

y

pΩ = (xΩ,yΩ,qΩ)

Exampleof odometrycalculation(for small movements)



OdometryςDead Reckoning

In a time intervalT, the right and left wheelencodersmeasurean 
increaseof NL eNR, respectively

Cm = pD/n Ce

where

Cm = conversionfactor that translatesthe encoder stepsin 
linear distancerun by the wheels

D= nominalwheeldiameter

Ce = encoder resolution

n = reductionratio betweenmotor (wherethe encoder is)

and wheel



OdometryςDead Reckoning



OdometryςDead Reckoning

The distancerun by the right and left wheels, DSL 

eDSR, can be computedas

DSl/r = Cm NL/R

The distancerun by the robot centre DSis:
DS= (DSl + DSr)/2

while the robot orientationangle increasesof 
a= arctg(DSr -DSl)/2L

where2L is the distancebetweenthe wheels
(ideallymeasuredasthe distancebetweenthe 
pointsof contactof the wheelson the terrain)



OdometryςDead Reckoning

The newrobot position pΩ is:

qΩ = q+ a

xΩ = x + DScosa

yΩ = y + DSsina

where(x, y, q) wasthe position of the robot centre p



OdometryςDead Reckoning

Odometricerrorsare of two types:

ÅSistematicErrors, due to:
Å different diametersof the two wheels
Å actualsizeof wheelsdifferent from nominalsize
Å misalignmentof the wheels
Å encoder resolution

ÅNon sistematicerrors, due to:
Å movementson uneventerrains
Å movementson unexpectedobjects
Å wheelslippagedue to 
Å high accelerations
Å slippingterrains
Å externalforces(obstacles)



OdometryςDead Reckoning

The unidirectional square path experiment.
a. The nominalpath.
b. Either one of the two significant errors Eb or Ed

can cause the same final position error.

The effect of the two dominant 

systematic dead-reckoning errors Eb

and Ed. Note how both errors may 

cancel each other out when the test is 

performed in only one direction.

The effect of the two dominant 

systematic odometry errors Eb and Ed: 

when the square path is performed in 

the opposite direction one may find 

that the errors add up.



Active beacons

The localizationalgorithmisbased
on the triangulationprocedure:

Â A rotatingunit on the robot can 
measurethe anglesl1 ,l2 , l3 

Â By knowingthe position of the 
3 beacons, it ispossibleto 
derive the robot absolute
position (X,Y,q) by triangulation

Â Localizationsystemsbasedon activebeaconsare composedof a 
set of receiver/ transmitterdevices(beacons) whoseabsolute
position isknownand whichare detectableby a sensoron-board
the robot



Localizationsystemsbasedon maps

Å Localizationsystemsbasedon maps, or mapmatching, use 
oneor more sensorysystemsfor building a localmap.

Å The localmapiscomparedto a global mappreviously
stored.

Å If a matchingis found, the robot findsits position and 
orientation in space.

Å A mapcan be a CAD model or it can be built usingthe robot 
sensorysytem.



Localizationsystemsbasedon maps

To simplifythe problem, the current robot position 
estimatedby odometrycan be used.

Stepsof the localizationprocedure:

Acquisition of 
sensory

information

Local map
building

Matching between
local map and 

stored map

Position 
computation



Localizationsystemsbasedon maps

Mappingtechniques:

ÅCorrelation



Landmarks

Å Landmarksare characteristicshapesthat the robot can 
recognizeby usingits sensorysystems.

Å Landmarkscan be geometricshapes(e.g. boxes, lines, 
circles, ..) and they can containadditionalinformation (e.g. 
bar-code).

Å Landmarksare chosenso asto be easilyrecognisedby the 
robot.

Å The position and the characteristicsof 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:

Acquisition
of sensory

information

Landmark 
recognition

Matchingbetween
detectedlandmarks

and storedmap

Position 
computation



Landmarks

ÅLandmarkscan be dividedin

ÅNatural Landmarks: objectsalreadypresentin 
the environment, with specificcharacteristics
(e.g. lights, corridors, doors, etc.).

ÅArtificial Landmarks: objectsor markers
purposivelydevelopedand placedin the 
environmentto allowrobot localization.



https://www.youtube.com/watch?v=ftouPdU1-Bo

https://www.youtube.com/watch?v=gEy91PGGLR0

https://www.youtube.com/watch?v=ftouPdU1-Bo
https://www.youtube.com/watch?v=gEy91PGGLR0


According to the US NavyΩs UUV Master Plan, an Ψunmanned 
undersea vehicleΩ is defined as a:

Å Self-propelled submersible whose operation is either 

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

Å under minimal supervisory control and

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

Å 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. 

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

Å 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.

Underwaterrobots



Underwaterrobots



Underwaterrobot kinematics

Åfixed reference frame 
(inertial frame) 
Åmotion reference frame 

(body-fixed frame )

DOFs of a rigid body in 3D space: 6 DOFs:
Å 3 TRANSLATIONAL DOF: x, y, z
Å 3 ROTATIONAL DOF: roll, pitch, yaw



Underwaterrobot kinematics

DOFs of a rigid body in 3D space: 6 DOFs:
Å 3 TRANSLATIONAL DOF: x, y, z
Å 3 ROTATIONAL DOF: roll, pitch, yaw

Åfixed reference frame 
(inertial frame) I
Åmotion reference frame 

(body-fixed frame ) B



Underwaterrobot path planning



https://www.ntnu.edu/amos

Underwaterrobot path planning

https://www.ntnu.edu/amos


Underwaterrobot path planning

https://www.ntnu.edu/amos

https://www.ntnu.edu/amos


Underwaterrobot path planning

https://www.ntnu.edu/amos

https://www.ntnu.edu/amos


Underwaterrobot path planning

https://www.ntnu.edu/amos


