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The problem

• Visual servoing
• Mobile robots
• Nonholonomy

The solution

• Epipolar Geometry
• Feedback linearization
• Unknown 3D scene and 

geometry (only projected
scene features)

Introduction
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Basics on pinhole camera model

(world frame). Consider the point 

A pinhole camera is located in       with frame 

Full-perspective model:
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Pixels per unit distance in image
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Basics on Epipolar Geometry (I)

• Two distinct views in 
and     .

• “baseline” =

• “epipole      ”
intersection  of baseline 
and image plane     ; 

“Epipolar constraint”
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Basics on Epipolar Geometry (II)

“Fundamental matrix F ” = keeps most of info on camera displacement

can be estimated from a set of 8 corresponding points (Luong,Faugeras ’98)

Basic epipole-servoing idea
Use current and desired image features to estimate epipoles 

that will be used to control the robot toward a desired position.
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Feedback linearization w.r.t. the epipoles (I)

MAIN IDEA:
Use input/output feedback 
linearization to control both 
outputs           and              
(image plane) to track some 
desired trajectories.

Control of nonholonomic robot

7“Epipole-based Visual Servoing for nonholonomic robots”



Feedback linearization w.r.t. the epipoles (II)

Hyp. 1 = Planar motion i.e. 

(i) , Only epipoles x-coordinates
vary!(ii) and

are coincident.

Hyp. 2 = Calibrated CCD camera with infinite FOV.
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I/O Feedback Linearization

1. Define an ouputs_error:

2. Exploits the kinematics of outputs (epipoles) and take its r-order 
derivative for which control inputs            appears linearly.
r is called relative degree.

3. It is then possible to find a control law that linearizes the dynamic 
of    such that where

I/O Feed.Lin
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Epipole kinematics (planar motion)
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Actual
robot 
position

Desired
robot 
position

General framework

Remark that we are only 
interested to the epipole 
x-coordinate.



I/O Feedback Linearizing Controller

Main result: Relative degree r of system is 2 and the I/O Feedback linearizing control
law is:

with Decoupling Matrix E :

Let moreover:

Being       and        the controller gains and                 the two desired output functions.

being and
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Proof:

(1)

(2)

The relative degree r is the sum of differentiation orders r1 and r2 of
both outputs for which inputs appears linearly. Then, from (1) and (2):

Decoupling matrix E is directly obtained from (1) and (2) and depends 
upon epipoles and also distance d(t) and f.
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Singularity of decoupling matrix

Input-output linearizing controller requires invertibility of :

i.e. singularity occurs when:

(a) d→ +∞ (see Remark 1)

Remark 1. It can be shown that the feedback linearization works even if
the unknown distance d(t) is substituted with a finite positive constant 
parameter .

(b) eax(t) = u0

Remark 2. Case (b) can be avoided imposing the trajectory of the
actual epipole goes to u0 after that the desired epipole reached u0.
Then the controller is stopped.
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Zero dynamics

Zero dynamics= “internal dynamics of the system compatible with the 
output being identically zero” 
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Ouputs vector=

then zero dynamics are:



Visual Servoing strategy

First Step : motion from      to           (feedback linearization)

Second Step: translational motion from           to      (feature-based)
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First Step (I)
Desired epipole trajectories

Used to apply the previously 
presented feedback linearizing 
controller.
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Td<Ta
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First Step (II)
Simulation results
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Second Step: feature-based translational strategy

1. Use the actual and desired feature points to compute their centroids, i.e.
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2. Translate until the mean distance Da from feature to centroid in actual image, 
is equal to Dd computed in desired image ,i.e.

where



Simulation results:full servoing
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Simulation results: iteration

Not perfect orientation at the 
end of first step (uncertainties in 
dynamic model,…).
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Experimental results
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Epipolar Geometry Toolbox (EGT)

All simulations have been realized with the EGT.

Epipolar Geometry Toolbox (EGT) for MATLAB (Mariottini,Prattichizzo - 2004)
provides a set of functions to:

• Create a 3D scene (features, surfaces,...);

• Position cameras in space (pinhole and panoramic);

• Color filtering and contour matching algorithms;

• Robust Epipolar Geometry estimation algorithms;

• Move robot with mounted on camera(s).

Download it at : www.dii.unisi.it/~gmariottini
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Epipolar Geometry Toolbox (EGT)

Epipole error (CFNS estimation 
algorithm)

Download it at : www.dii.unisi.it/~gmariottini
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Conclusions and Future work

X Novel epipole-based visual servoing for mobile robots with unknown 3D scene      
geometry;

X Two independent steps (I/O Feedb. Lin. in the 2nd) + Aligning;

X Stability analysis and simulation/experimental results;

→ More experimental results;

→ Keeping features in the camera field of view.

→ Work is in progress to extend the algorithm also for panoramic cameras;
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Next to come…panoramic sensors
…
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Catadioptric cameras
CCD camera

Mirror

“Dioptrics” = Science of refracting elements (lenses)
“Catoptric” = Science of reflecting elements (mirrors) 
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Cameras with curved mirrors

(a) Spherical       (b) Elliptic      (c) Parabolic     (d) Hyperbolic

Single viewpoint constraint = all rays reflected from the mirror meet only
in a point (central).

Observation 1: Convex hyperbolic and parabolic mirrors are the only that can be 
combined with a conventional camera to obtain a (single mirror) central panoramic 
catadioptric camera.
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Imaging model of panoramic sensors (I)
Hypotesis: hyperbolic mirror
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Goal:

1) From W to F:

where 

2) From F to mirror surface:

where

(1)

Note that (1) is not linear!
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3) From Xh to Xc:

4) From Xc

W.L.O.G. we assume that: 

In order to respect geometric constraints:

to u

Imaging model of panoramic sensors (II)
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. . . .

Epipolar Geometry for Panoramic Camera

epipolar
conic

epipole
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Bi-conics
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Bi-conics property for panoramic cameras

Camera Setup: different orientation Camera Setup: equal orientation 

General roto-traslation Pure Translation

Epipolar
conics

epipole
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Application to robot control (I)
The bi-conic property can be applied to 
calibrated panoramic cameras mounted 
on a robot in order to guarantee that its 
end-effector gains same orientation of the 
desired image.
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Application to robot control (II)
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Future work
→ Experimental results for bi-conic property.

→ Extend the algorithm also for uncalibrated panoramic cameras.

→ Implement a 3D visual servoing strategy for robot with panoramic 
camera mounted on.

→ …
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Thank you!
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