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 Robot Design and Environments
 Conceptual Design
 Robust Design 
 Control-based Design 
 Design using new materials
 Reduction of energy consumption

 Robot Interactions with the environment
 Multi-Sensor Based Control
 Control of reconfigurable Systems
 Autonomous Robots

 Robot Perception of the environment
 Multi robots and multisensor perception
 Optimal Perception
 Observers and identification
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Sensor based control: History [ESPIAU87]
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Sensor based control: Basic concepts [SAMSON90,ESPIAU92] v
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Sensor/Vision based control: Basic bibliography
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Book, Book Chapter
Robot Control: Task function approach [C. Samson, M. Le Borgne, B. Espiau, Clarendon Press, 1991]
Visual servoing [K. Hashimoto 1993]
Robotics Handbook : Chapter 24 Visual Servoing and Visual Tracking [Chaumette, Hutchinson 2008] 
Robotics: Modelling, Planning and Control chapter 10 Visual servoing [Siciliano, B., Sciavicco, L., Villani, L., Oriolo, G. 2009]
Visual Servoing via Advanced Numerical Methods [G. Chesi, K. Hashimoto 2010]
Robotics, Vision and Control : Fundamental Algorithms in MATLAB [Corke, Peter, 2011]

Tutorials, workshop
Tutorial on visual servoing, S. Hutchinson, G. Hager, P.I. Corke, 1996, Tutorial at ICRA, Minneapolis, Minnessota, USA
IROS 2004 Tutorial on Advanced Visual Servoing , P. Martinet, E. Cervera, F. Chaumette, E. Malis, K. Hashimoto, 2004, Tutorial at IROS, 
Sendai, Japan
IROS 2002 Workshop on Visual Servoing , P. Martinet, E. Cervera, N. Andreff, F. Chaumette, 2002, Workshop at IROS, Lausanne, Switzerland
Visual servo control : Part I Classical Approaches, S. Hutchinson, F. Chaumette, 2006, RAS Magazine
Visual servo control : Part II Classical Approaches, F. Chaumette, S. Hutchinson, 2007, RAS Magazine

Many authors in robotics, Few authors in ITS

Fundamental article (Citations : 1681 (october 2016))
A new approach to visual servoing in robotics. B. Espiau, F. Chaumette, P. Rives. IEEE Trans. on Robotics and Automation, 8(3):313-326, 1992

Toolboxes
Visual Servoing Toolbox, E. Cervera and P. Martinet, 2003, Matlab Toolbox, Spain and France
VISP, E. Marchand, 2008, France
Robotics Toolbox, P.I. Corke, 2011, Matlab Toolbox, Australia
Machine Vision Toolbox, P.I. Corke, 2011, Matlab Toolbox, Australia
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Sensor/Vision based control: Basic approaches

8

Image Based Visual Servoing IBVS
• 2D Features are extracted from images (Points, lines, shape, moments, …)
• Photometric based features (Histogram, Entropy, …) 
• Information based (Mutual information, …)

Position Based Visual servoing PBVS
• 3D features are estimated from 2D features (Pose, Point, Line, plane, shape…)
• 3D features are estimated from pixels (Pose, Point, Line, plane, shape…)
• 3D feaures are directly given by the sensor system

Hybrid Based Visual Servoing HBVS
• Combination of 3D features with 2D features (2.5D, Stereo, …)
• Multi-sensors

Basically, a teaching by showing is often used in order to limit the impact of modeling errors 
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Navigation

Planning
Mission, route

Localization
Single, platoon mode

Obstacle
avoidance

Scheduling

Execution level

Control
Single, platoon mode

FDIR
monitoring

End user level

Reference
trajectory

Modified reference
trajectory

Navigation scheme
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Navigation scheme

Planning
Mission, route

Obstacle
avoidance

Control
Single, platoon mode

Localization
Single, platoon mode

Reference
trajectoryScheduling

Execution level
FDIR

monitoring

End user level
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Navigation

Online step

Exteroceptive
sensors

Proprioceptive
sensors

Itinerary 
Selection

& Execution

Localization

GIS

3D map based
Reference trajectory

Global
Lateral deviation
Angular deviation

Curvature
Curvilinear abscissa
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3D Map based navigation (absolute navigation)
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Exteroceptive
sensors

Proprioceptive
sensors

GIS
Itinerary 
Selection

& Execution

Topological
Indexation
Extraction 
of features Augmented GIS

Topological
Representation
sensory memory

Memory based navigation (relative navigation)
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Memory based navigation (relative navigation)
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Pinhole
Camera

Catadioptric
systems

Camera with
fisheye lenses

Different kind of cameras
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A unified model for camera Single view point system : 
Classification

F’

F

F

F’

Planar

Elliptical

F

Parabolic

F’

F

Hyperbolic

Log/polar retina

[Geyer00]
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A unified model for camera

F’
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Single view point system : 
Classification

[Geyer00]
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A unified model for camera Single view point system : case of point
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Case of fisheye camera Fisheye camera model :  definition

Pinhole camera Fisheye camera
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Case of fisheye camera Fisheye camera model

Mapping :

[T. Pajdla97,Hartley00,Zhang98,Ma2006…]
[Fitzgibbon01] [Hartley07][Li05] [Basu95] [Devernay01]

Mapping :

Pinhole based models

Captured rays based models

[Kingslake89] [Fleck94,Stevenson95] [Ray94] [Smith92]
[xiong97,kannala04,schwalbe05,Scaramuzza06] [Kumler00] [Bakstein02]
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Case of fisheye camera Generic camera model : Unified Spherical Model

For fisheye camera 
[Courbon07]
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Case of fisheye camera 
an Enhanced Unified Model

Enhanced Unified ModelUnified Model

[Khomutenko RA‐L16][MEI07, Courbon07-12]
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Case of fisheye camera 
an Enhanced Unified Model [Khomutenko RA-L16]

Projection surface
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Supervised learning step: building of the sensory memory
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Key images selection Building the sensory memory

Learning step (first arc, first two nodes)
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Use of a regular mesh [PERSSON04]
Cubic interpolation of the image surface

Global descriptor : vector of the interpolated grey level
pixels at the position of the control point

Control point distribution (one example)
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Differents modules Initial localization

How to find the closest image in the database ? 

Local descriptor : interest points detected by 
Harris Stephen detector

Use of patches 11x11

Matching done by using the centered cross correlation score ZNCC

Use of the number of matched point to compute the similarity between 2 images
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Differents modules

How to find the closest image in the database ? 

Evaluation of the approach [ICRA08] using three image databases regarding 3 main criteria:
Used memory size, percentage of success, computation time for localization

Several approaches were compared : GONZ [GONZALES02], PHLAC [LINAKER04], 
CUB, SURF, SIFT, HARRIS, CUBHAR

Initial localization
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Epipolar constraint can be expressed by :

For pinhole model

Scaled euclidian reconstruction

From five couples of points
E can be estimated

Outliers are rejected by
using RANSAC

[Nister04]

X m

X ¤
m

m p m ¤
p

One line localization
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Sensorymap (CS)
Initial localization
Sensor based control
Vizualization of the environment
Human interface

Topological map level 1 (CT1)
Image network representation
Navigability
Commandability
Plannification

Topological map level 0 (CT0)
High level representation : corridor, 
routes, ..

Case of vision Sensory memory
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SOVIN A global software environment for topological navigation in wide spaces
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SOVIN A physical database organized in three levels

Physical database
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SOVIN An efficient database interface for on line and real time applications

Database interface
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[Courbon 2008]
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SOVIN A generic library (generic visual sensor) for visual algorithm processing

Generic image
processing library
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[Courbon 2008]
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SOVIN An efficient Human Machine Interface for managing applications

HMI
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[Courbon 2008]
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Applications and projects in LASMEA AGV using visual memory

04 05 06 07 08 09 10 1103

AG
V

P
ro

je
ct

02

WACIF

OMNIBOT

BODEGA CITYVIP

SAFEMOVE FACT CITYHOME

Drone

BRI

R‐DISCOVER

ARMEN
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Indoor applications : WACIF project (2002‐2005)

Autonomous Robot for Telepresence navigation, localization, learning, 
warning and communication capabilities

 Study and development of a demonstrator like a personal 
robot fully integrated in the context of « wireless home »

 An innovant domotic HMI dedicated for software useful  
for human, family and home applications

 Telepresence and telesurveillance tasks 
home supervision through any wireless point,  abnormal 
event detection in family environment (intrusion, noise, …)

Autonomous navigation strategy 

Wireless communication and services 
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy

Room1

Room2

Topological representation 
Predefined trajectory
Graph representation
Visual memory concept

Room3 Starting point

Ending point

HS = HOME Space

RSi = Room Space i

HS =
P

i RSi

Hypothesis : knowledge

Topological representation step
is a part of the knowledge

we get from the 
HOME environment
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy

Room1

Room2 1ª 2

1ª 3

2ª 3

Topological representation 
Predefined trajectory
Graph representation
Visual memory concept

Room31ª 1

2ª 1

Predefined trajectory step
is totally supervised

using robot teleoperation 
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy
Topological representation 
Predefined trajectory
Graph representation
Visual memory concept

Room1

Room2 1ª 2

1ª 1

1ª 3

2ª 3

Room3

2ª 1

1ª 2

1ª 3

2ª 1

1ª 1
2ª 3

ABC

D

A

B

C

D
Graph representation step

is deduced from
the previous step
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy
Topological representation 
Predefined trajectory
Graph representation
Visual memory concept

Room1

Room2 1ª 2

1ª 1

1ª 3

2ª 3

Room3

2ª 1

Visual memory concept
is used for navigation

Along the teleoperated
trajectories a set of 

key images is selected

1ª 1
im1

im2

im3im4

im5

im6

im7

im8

im9
im10

im11

im12

1ª 2

1ª 3

2ª 1

1ª 1
2ª 3

ABC

D
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy
Topological representation 
Predefined trajectory
Graph representation
Visual memory concept

Room1

Room2 1ª 2

1ª 1

1ª 3

2ª 3

Room3

2ª 1

From the graph a
Visual route is generated

E : Ending point

Visual memory concept
is used for navigation

1ª 2

2ª 1

1ª 3

Visual route
S E

1ª 2

1ª 3

2ª 1

1ª 1
2ª 3

ABC

D

E

S

S : Starting point
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy
1ª 2

1ª 3

2ª 1

1ª 1
2ª 3

ABC

D

E

S
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Indoor applications : WACIF project (2002‐2005)

Global navigation strategy

Control 
Law

Motor

control

Visual route selection
With wireless HMI

S
E

Models 
tracking

Localizatio
n in mosaic

Model

selection

-+

Mosaic

Models
selection

Mosaic 
Construction

Models 
Localization

Teleoperation with 
wireless HMI

Ceiling images are 
used

Learning : Off line 

Re-run of trajectory : On line 

Functional decomposition
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Indoor applications : WACIF project (2002‐2005)

Objective & Organization – Current activity

Navigation using visual memory
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Indoor applications : OMNIBOT project
From omnidirectional vision to mobile robot control

Development of a complete perception and control approach 
for mobile robot using omnidirectional vision

Control

Control
Law

Sensor design

Calibration

Image
Procesing

Desired
Image

Kinematic
screw
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Indoor applications : OMNIBOT project
From omnidirectional vision to mobile robot control

Development of a complete perception and control approach 
for mobile robot using omnidirectional vision : 

Sensor design and Calibration, 
Image processing and Visual servoing

Image

Image processing

Desired features 
(s*)

+
‐

Current features (s)

s
Control law

r
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Indoor applications : OMNIBOT project

H. Hadj Abdelkader [05]
Navigation with omnidirectional visual memory : 

[ICRA07] 
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Indoor applications : OMNIBOT project

Omnidirectional Visual 
Servoing from Polar Lines
[Hadj 06]



Philippe
Martinet

PPNIV’16
Rio de Janeiro

November 1st, 2016
Sensor Based Navigation

Introduction Illustrations ConclusionVisual
geometry

Generic
Models

Topological
Navigation

76

Indoor applications : ROSACE project

General framework : 

Vision based memory
navigation strategy : 

3 steps :

1. Visual memory building

2. Localization into the visual memory

3. Navigation into the visual memory

Using a fisheye camera
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Indoor applications : ROSACE project

Localization
Vision based memory
navigation strategy : 

Localization into the visual memory

a- Global localization
b- Selection of key images
c- Relative pose computation

Using a fisheye camera
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Indoor applications : ROSACE project Using a fisheye camera

Global localisation (6.5s) 306 matchings
Visual route (280 key images) – Matching mean=108

‐ ErrImageMax:longest distance between an 
image point and its position in desired image
‐ Errpoints:Mean distance between those points

Current Image Desired Image

When errImageMax reaches 20
we decide to change key image
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Indoor applications : ROSACE project Using a fisheye camera

[Courbon08]
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Indoor applications : ROSACE project Using a fisheye camera

J. Courbon [07] Automatic Guided Vehicles
robot control using a fisheye lens

Autonomous navigation using a visual memory
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Outdoor applications : MOBIVIP project

Experimental data
Compiegne city center
(BODEGA/MOBIVIP)

Reference
Trajectory

and 

Image features
(3D points)

Visual memory

urban context
[Royer04]
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Outdoor applications : MOBIVIP project urban context

Perception

Key images
And

features

Current 
images

and
features

Reference
Trajectory

and 

localization

Localizat ion using monocular camera [Royer04]
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Outdoor applications : MOBIVIP project urban context

Perception and control [Royer06]

2006: Inner city of Clermont‐Fd2006: Les Cezeaux Campus CFd



Philippe
Martinet

PPNIV’16
Rio de Janeiro

November 1st, 2016
Sensor Based Navigation

Introduction Illustrations ConclusionVisual
geometry

Generic
Models

Topological
Navigation

84

Outdoor applications : CITYVIP project urban context

General framework : 

Vision based memory
navigation strategy : 

3 steps :

1. Visual memory building

2. Localization into the visual memory

3. Navigation into the visual memory

[ICRA09]
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Outdoor applications : CITYVIP project urban context[ICRA09]

Localization
Vision based memory
navigation strategy : 

Localization into the visual memory

a- Global localization
b- Selection of key images
c- Relative pose computation
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Outdoor applications : CITYVIP project urban context[ICRA09]

Testbed
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Outdoor applications : CITYVIP project urban context[ICRA09]
Experiment Loop 1200 m – 35 edges

Navigation 1700m (26 minutes, 1400 keys images, 54 edges)
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Outdoor applications : CITYVIP project urban context[ICRA09]

Experiment

Lateral error:
‐mean: 23 cm 
‐standard deviation: 30 cm.

Navigation stops after 
1700m for security reasons
(small number of matched 
points)
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Outdoor applications : CITYVIP project urban context[ICRA09]

Video

Using vision only
Clermont-Ferrand
LASMEA-GRAVIR

Cityvip 
Clermont-Fd 2008

Topological
navigation

using 
visual memory
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Indoor applications : drone project Flying robot
[IROS09]

Visual
Route 

ground
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Indoor applications : drone project Flying robot
[IROS09]

Using vision only
Clermont-Ferrand
LASMEA-GRAVIR

CEA 2009
Fontenay-aux-Roses

Topological
navigation

using 
visual memory
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Applications and projects in IRCCyN/LS2N AGV using sensory memory

13 14 15 16 17 18 19 2012

AG
V

P
ro

je
ct

11

ROBOTEX

VALET (Platoon,Parking)

VASCO

ALFS

I‐CARs

SIM‐CITIES
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I-CAR project
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Mapping strategy (ITSC15)

Memory :  around 4Mo/km
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Global
Optimization

Mapping strategy (ITSC15) 



Philippe
Martinet

PPNIV’16
Rio de Janeiro

November 1st, 2016
Sensor Based Navigation

Introduction Illustrations ConclusionVisual
geometry

Generic
Models

Topological
Navigation

96

Enhanced localization using multi-maps localization
Localization (ITSC15)
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ROS based architecture



Philippe
Martinet

PPNIV’16
Rio de Janeiro

November 1st, 2016
Sensor Based Navigation

Introduction Illustrations ConclusionVisual
geometry

Generic
Models

Topological
Navigation

98



Philippe
Martinet

PPNIV’16
Rio de Janeiro

November 1st, 2016
Sensor Based Navigation

Introduction Illustrations ConclusionVisual
geometry

Generic
Models

Topological
Navigation

99

Autonomous Navigation (ITSC16)
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Conclusion
 Defining control in sensor space (with associated semantic

level)
 Avoiding accumulation of modeling errors
 Sensor based control is effective in mobile robotic
 Sensor based control is a good alternative to path planning
 Sensor based control allows to be more reactive in dynamic

environment

 We need to work hard to show results in real world with
long life learning ability, try and see, and make decision…

101


