
T
he Epipolar Geometry Toolbox (EGT) was created
to provide MATLAB users with an extensible
framework for the creation and visualization of
multicamera scenarios as well as for the manipula-
tion of the visual information and the geometry

between them. Functions provided, for both pinhole and
panoramic vision sensors, include camera placement and visu-
alization, computation, estimation of epipolar geometry enti-
ties, and many others. The compatibility of EGT with the
Robotics Toolbox [7] enables users to address
general vision-based control issues. Two
applications of EGT to visual servo-
ing tasks are examined in this
article. We introduce the tool-
box in tutorial form, and
examples are provided to
demonstrate its capabilities.
The complete toolbox,
detailed manual, and demo
examples are freely available
on the EGT Web site [21].

EGT
The MATLAB [29] software envi-
ronment is available for a wide range of
platforms and designed around linear algebra
principles and graphical presentations for large datasets. Its
core functionalities are extended through the use of many
additional toolboxes. Combined with the interactive MAT-
LAB environment and advanced graphical functions, EGT
provides a wide set of functions for approaching computer
vision problems, especially with multiple views.

EGT facilitates the design of vision-based control systems
for both pinhole and central catadioptric (or omnidirectional)
cameras. EGT is fully compatible with the well-known
Robotics Toolbox by Corke [7]. Increasing interest in robotic
visual servoing for both six degrees of freedom (6-DOF) kine-
matic chains and mobile robots equipped with pinhole or

omnidirectional cameras fixed to the workspace or to the
robot motivated the development of EGT.

Several authors, including [4], [9], [18], [20], and [24],
have proposed new visual servoing strategies based on the
geometry relating multiple views acquired from different
camera configurations, i.e., the epipolar geometry [14].

We have observed the necessity of a software environment
to help researchers rapidly create a multiple-camera setup, use

visual data, and design new visual servoing algorithms. With
EGT, we provide a wide set of easy-to-use and

completely customizable functions for
designing general multicamera sce-

narios and manipulating the visu-
al information between them.

Let us emphasize that
EGT can also be successfully
employed in many other
contexts where single- and
multiple-view geometry is
involved, as, for example, in

visual odometry and in struc-
ture from motion applications

[22], [23]. For example, in [23],
an interesting “visual odometry”

approach for robot simultaneous localiza-
tion and mapping (SLAM) is proposed in which

the multiple-view geometry is used to estimate the camera
motion from pairs of images without requiring the knowledge
of the observed scene.

EGT, like the Robotics Toolbox, is a simulation envi-
ronment, yet the EGT functions can be easily embedded
by the user in Simulink models. In this way, thanks to the 
MATLAB Real-Time Workshop, the user can generate
and execute stand-alone C code for many off-line and real-
time applications.

A distinguishable feature of EGT is that it can be used
to create and manipulate visual data provided by both pin-
hole and central catadioptric cameras. These kinds of
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omnidirectional vision sensors, due to their wide fields of
view, have recently been applied in visual servoing [32].

The second motivation that lead to the development of
EGT was the increasing distribution of “free’’ software in
recent years, on the basis of the Free Software Foundation
[10] principles. In this manner, users are allowed, and also
encouraged, to adapt and improve the program as dictated by
their specific needs. Examples of programs that follow these
principles include the Robotics Toolbox [7] for the creation
of simulations in robotics and Intel’s OpenCV C++ libraries
for the implementation of computer vision algorithms, such as
image processing and object recognition [1].

The third important motivation for EGT was the avail-
ability and increasing sophistication of MATLAB. EGT could
have been written in other languages, such as C or C++, and
this would have freed it from dependency on other software.
However, these low-level languages are not as conducive to
rapid program development as MATLAB.

This tutorial assumes the reader has familiarity with
MATLAB and presents the basic EGT functions, after short
theory recalls, together with intuitive examples. We also pre-
sent two applications of EGT to visual servoing.

After exploring the basic vector notation in EGT, we pre-
sent the pinhole and omnidirectional camera models together
with EGT basic functions. We then present the setup for mul-
tiple-camera geometry (epipolar geometry) and investigate
two applications of EGT to visual servoing together with sim-
ulation results. We compare EGT with other software pack-
ages. EGT can be freely downloaded at [21]. It can be used
under Windows and Linux and requires MATLAB 6.5 or
higher. The detailed manual is provided in the EGT Web
site, with a large set of examples, figures, and source code
for beginners.

Basic Vector Notation
We here present the basic vector notation adopted in EGT. All
scene points Xw ∈ R

3 are expressed in the world frame
Sw =< Ow xw yw zw > (Figure 1). When referring to the pin-
hole camera frame S c =< Oc xc yc zc >, they will be indicat-

ed with X c . Moreover, all scene points expressed with respect
to a central catadioptr ic camera frame Sm =
< Omxm ymzm > will be indicated by Xm. For the reader’s
convenience, we briefly present the basic vector notation and
transformation [25]. Refer to Figure 1 and consider the 3 × 1
vector X c ∈ S c . It can be expressed in Sw as

Xw = R c
wX c + t c

w, (1)

where t c
w is the translational vector centered in Sw and point-

ing toward the S c frame (Figure 1). The matrix R c
w is the

rotation necessary to align the world frame with the camera
frame. For example, we may choose R c

w = Rroll,pitch,yaw =
Rz,θRy,φRx,ψ . The homogeneous notation aims to express
(1) in linear form

X̃w = H c
wX̃ c ,

where X̃w = [Xw
T 1]T , X̃ c = [X c

T 1]T . The 4 × 4 matrix
H c

w is referred to as homogeneous transformation matrix

H c
w =

[
R c

w t c
w

0T 1

]
.

Analogously, a point Xw can be expressed in the camera frame
by the following transformation:

X̃ c =
[

R c
w

T −R c
w

Tt c
w

0T 1

]
X̃w . (2)

Consider now the more general case in which two camera
frames, referred to as actual and desired, are observing the same
point Xw . From (1)

Xw = Rd
wXd + td

w, (3)

Xw = Ra
wXa + ta

w, (4)

Substituting (4) in (3), it follows 
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Figure 1. Main reference frames notation and vector representation in EGT.
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Xd = Rd
w

T
Ra

w︸ ︷︷ ︸
Ra

d

Xa + Rd
w

T (
ta
w − td

w

)︸ ︷︷ ︸
ta
d

. (5)

Equation 5 will be very useful in EGT for the analytical com-
putation of epipolar geometry, where it is necessary to know
the relative displacement ta

d and orientation Ra
d between the

two camera frames.

Pinhole and Omnidirectional Camera Models
EGT provides easy-to-use functions for the placement of pin-
hole and central catadioptric (or omnidirectional) cameras.
Their imaging model has been here implemented to allow
users to manipulate the visual information. In this section, the
fundamentals of perspective and omnidirectional camera mod-
els are briefly reviewed. The reader is referred to [5], [14], and
[17] for a detailed treatment. To fulfill the purposes of this
tutorial, some basic EGT code examples are reported together
with the theory.

Perspective Camera
Consider a pinhole camera located at Oc , as in Figure 2.
The full-perspective model descr ibes the relationship
between a three-dimensional (3-D) point (in homoge-
neous coordinates) X̃w = [X Y Z 1 ]T expressed in
the world frame and its projection m̃ = [ u v 1 ]T onto
the image plane according to

m̃ = K���X̃w,

where K ∈ R
3×3 is the camera’s intrinsic parameters matrix

given by

K =
[ ku f γ u0

0 kv f v0

0 0 1

]
.

Here, (u0, v0) are the pixel coordinates in the image frame of
the principal point (i.e., the intersection point between the
image plane and the optical axis zc ), ku and kv are the num-
ber of pixels per unit distance in image coordinates, f is the
focal length (in meters), and γ is the orthogonality factor of
the charge-coupled device (CCD) image axes (skew factor).

Matrix ��� = [R | t] ∈ R
3×4 is the so-called external para-

meters camera matrix, which contains the rotation R and the
translation t between the world and the camera frames.
According to the commonly used notation, in the case of no
camera rotation, the optical axis zc of pinhole cameras is par-
allel to the yw axis of Sw . We then define

R = (
Rx,−π/2R rpy

)T

t = − (
Rx,−π/2R rpy

)T
t c
w .

In order to directly obtain the 4 × 4 homogeneous matrix
Hw

c , the function f_Rt2H is provided
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Figure 2. The pinhole camera model. The 3-D point Xw is 
projected onto m through the optical center Oc. Note that m
is expressed in the image plane coordinates (u, v) (pixels).
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Figure 3. Example 1. (a) A pinhole camera is positioned in t = [−10,−5, 0] in the 3-D world frame and rotated by π/4 around
the y axis. (b) The 3-D scene points are projected onto the image plane. Note that in this case K = I for simplicity.
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>> H=f_Rt2H(R,t).

Note that with the use of f_Rt2H, the position t of a pin-
hole camera is specified with respect to the world frame,
while the rotation R is referred to the pinhole camera frame axes.
During the testing phase at the University of Siena, this
choice was appreciated from students of Robotics and Vision
classes that addressed it as very intuitive.

Example 1. 3-D Scene and Pinhole Camera Placement
Consider now a pinhole camera rotated by R =
Ry,π/4 ∈ R

3×3 and translated by t= [−10,−5, 0]T :

>> R=rotoy(pi/4);
>> t=[-10,-5,0]�;
>> H=f_Rt2H(R,t);

In EGT, the camera frame and the associated 3-D camera
can be visualized with functions f_3Dframe(H) and
f_3Dcamera(H), respectively, where H is the 4 × 4 homoge-
neous transformation describing position and orientation of
the camera with respect to Sw

>> f_3Dframe(H,1); %camera frame
>> hold on
>> f_3Dcamera(H); %3D pinhole camera
>> axis equal, grid on, view(12,34)
>> title(�3D setup - EGT Tutorial - Ex.1�)

A plot of the 3-D view is given in Figure 3(a). All the
functions have further options. See the EGT Manual [21]
for details.

We can also place a set of N 3-D points X i
w =

[X i, Y i, Z i] (e.g., the rectangular panel vertexes) defined as

Xw =
[X 1 X 2 · · · X N

Y 1 Y 2 · · · Y N

Z 1 Z 2 · · · Z N

]
∈ R3×N

by the use of function f_scenepnt(X)

>> Xi=[-3, 3, 3, -3];
>> Yi=[ 3, 3, 3, 3];
>> Zi=[-3, -3, 3, 3];
>> Xw=[Xi; Yi; Zi];
>> f_scenepnt(Xw);
>> f_3Dwfenum(Xw); %enumerate points

The perspective projection m = [u, v]T of points Xw is
obtained with f_perspproj(Xw,H,K):

>> [u,v]=f_perspproj(Xw,H,K);
>> plot(u,v,�rO�)

Projection of scene points is represented in Figure 3(b).

Note that while the above example describes the place-
ment of 3-D points Xw , EGT is also able to build scenes with
more complex 3-D objects returning surface points and nor-
mals (see function f_3Dsurface in [21]).

Central Catadioptric Camera Model
Catadioptric cameras combine reflective surfaces (mirrors) and
lenses. Several types of catadioptric cameras can be obtained
simply by combining cameras (pinhole or orthographic) and
mirrors (hyperbolic, parabolic, or elliptical) [5].

They are classified according to whether or not they satisfy
the single-viewpoint constraint, which guarantees that the
visual sensor only measures the light through a single point.
Note that this constraint is required for the existence of
epipolar geometry and the generation of geometrically correct
images [12], [28].

In [3], Baker et al. derive the entire class of catadioptric
systems verifying the single-viewpoint constraint. Among
these, EGT takes into account catadioptric systems consisting
of pinhole cameras coupled with hyperbolic mirrors, and
orthographic cameras coupled with parabolic mirrors.

In [11], a unified projection model for central cata-
dioptric camera systems has been proposed. In particular,
it was shown that all central panoramic cameras can be
modeled by a particular mapping on a sphere, followed
by a projection from a point on the camera optical axis
onto the image plane.

In order to maintain in EGT a physically meaningful
graphical representation, we decided, without losing
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Figure 4. The panoramic camera model (pinhole camera and
hyperbolic mirror). The 3-D point Xw is projected at m
through the optical center Oc, after being projected at Xh

through the mirror center Om.
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generality, to represent the central panoramic cameras not as
spheres in the space but rather with the pairing of a CCD
camera with a parabolic or hyperbolic mirror.

The imaging model for a pinhole camera with hyperbolic
mirror is now described. Consider the basic scheme in Figure
4. Note that in this case, all frames (for both the camera and
the mirror) are aligned with the world frame. Three important
reference frames are defined: 1) the world reference system

centered at Ow whose vector is Xw ; 2) the mirror coordinate
system centered at the focus Om whose vector is
X = [X ,Y,Z ]T ; and 3) the camera coordinate system cen-
tered at Oc , the vector of which is X c .

Henceforth, all equations will be expressed in the mirror
reference frame if not stated otherwise.

Refer to Figure 4, and let a and b be the hyperbolic mirror
parameters

(z + e)2

a2
− x2 + y2

b2
= 1

with eccentricity e = √
a2 + b2 . The transformation to

obtain the projection m in the pinhole camera frame (see
Figure 4) is given by

m = K
1
2e

(
Rm

c

(
λRm

w
T (

Xw − tm
w

)) + tm
c

)
, (6)

where λ = (b2 (−eZ ± a||X||))/(b2Z 2 − a2X 2 − a2Y 2)

is a nonlinear function of X. K is the internal calibration
matrix of the CCD camera looking at the mirror. The
mirror center expressed in the camera frame is tm

c ; it cor-
responds to [0, 0, 2e]. Rm

c is the matrix representing the
rotation between camera and mirror frames. Analogously,
tm
w and Rm

w represent the mirror configuration (rotation
and orientation) with respect to the world frame.

In EGT, a central catadioptric camera is defined by
specifying the homogeneous transformation matr ix
between mirror and world frames:

Hm
w =

[
Rm

w tm
w

0T 1

]
.

Example 2. Catadioptric Camera Placement
In EGT, a panoramic camera can be placed and visual-
ized. Let us place the camera at t=[-5,-5,0]� with
orientation R ≡ Rz,π/4 . EGT provides a function to
simply visualize the catadioptric camera in the 3-D
world frame as in Figure 5.

>> H=[rotoz(pi/4), [-5,-5,0];
>>         0 0 0,    1     ];
>> f_3Dpanoramic(H);

Moreover, for assigned camera calibration matrix K
K=[10^3   0   320;

0   10^3  240;
0     0    1 ];

the projection of a 3-D point Xw=[0,0,4]�, in both the
camera (m) and mirror (Xh) frames can be obtained from

>> [m,Xh] = f_panproj(Xw,H,K);
>>
m =
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Figure 5. Example 2: (a) A panoramic camera is positioned in
[−5,−5, 0]T in the 3-D world frame and (b) the 3-D point
Xw = [0, 0, 4]T is projected to the pinhole camera after being
projected in Xh.
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4.1048e+002
2.4000e+002
1.0000e+000

Xh =
6.0317e-001
3.7881e-017
3.4120e-001
1.0000e+000

Graphical results are reported in Figure 5 and
more accurately described in the EGT Reference
Manual. More examples can be found in the
directory demos.

Epipolar Geometry
In this section, the EGT functions dealing with
the epipolar geometry are presented.

Epipolar Geometry
for Pinhole Cameras
Consider two perspective views of the same

scene taken from distinct viewpoints O1 and O2, as in Fig-
ure 6. Let m1 and m2 be the corresponding points in two
views, i.e., the perspective projection through O1 and O2

of the same point Xw , in both image planes I1 and I2,
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Figure 6. Basic epipolar geometry entities for pinhole cameras.
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respectively. The epipolar geometry defines the geometric
relationship between these corresponding points.

Associated with Figure 6, in the following, we define the a
set of geometric entities [14], [17].

Definition 1. Epipolar Geometry
1) The plane passing through the optical centers O1 and

O2 and the scene point Xw is called an epipolar plane.

Note that in a N -points scene, a pencil
of planes exists (one for each scene
point X i

w ).
2) The projection e1 (e2) of one camera

center O1 (O2) onto the image plane
of the other camera frame I2 (I1) is
called epipole. The epipole will be
expressed in homogeneous coordinates

ẽ1 = [ e1x e1y 1 ]T

ẽ2 = [ e2x e2y 1 ]T .

3) The intersection of the epipolar plane
for Xw with image plane I1 (I2 )
defines the epipolar line l1 (l2). Note
that all epipolar lines pass through the
epipole.

One of the main parameters of the
epipolar geometry is the 3 × 3 fundamental
matrix F, which conveys most of the infor-
mation about the relative position and ori-
entation (t,R) between the two views.
Moreover, the fundamental matrix alge-
braically relates corresponding points in the
two images through the epipolar constraint.

Theorem 1. Epipolar Constraint
Consider two views of the same 3-D point
Xw , both characterized by their relative
position and orientation (t,R) and the
internal calibration parameters K1 and K2.
Moreover, let m1 and m2 (homogeneous
notation) be the two corresponding projec-
tions of Xw in both image planes. The
epipolar constraint is

mT
2 Fm1 = 0 where F = K2

−T[t]×RK1
−1

and [t]× is the 3 × 3 skew-symmetric matrix
associated with t. The epipolar geometry is
reviewed extensively in [14] and [17]. 

Example 3.
Epipolar Geometry for Pinhole Cameras
The computation of epipolar geometry with
EGT is straightforward. Consider a two-
view scene as in Figure 7(a), where the first
camera is placed at t1 = [−10, −10, 0]T

with orientation R1 = Ry,π/4 and the second is coincident
with the world frame, i.e., t2 = [0, 0, 0]T with orientation
R2 = I. Pinhole cameras can be shown, and their homoge-
neous transformation matrices H1 and H2 can be obtained
with f_Rt2H as described in the “Perspective Camera” sec-
tion. Two feature points in X1

w = [0, 10, 10]T and
X2

w = [−10, 5, 5]T are observed and projected in m1
1, m2

1
and m1

2, m2
2 onto the two image planes, respectively.

IEEE Robotics & Automation Magazine DECEMBER 200532

Figure 8. Epipolar geometry for panoramic camera sensors.
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In EGT, the computation of epipoles and the fundamental
matrix is obtained through the function

>> [e1,e2,F]=f_epipole(H1,H2,K1,K2);

while the epipolar lines are retrieved with

>> [l1,l2]=f_epipline(m1,m2,F);

Note that l1 (l2) is a vector in R3 in homogeneous coordi-
nates. In Figure 7(b), both image planes are represented
together with feature points, epipoles, and the corresponding
epipolar lines. In this case, for the sake of simplicity, it is
assumed that K = I.

Epipolar Geometry for Catadioptric Cameras
As in the pinhole cameras, the epipolar geometry is here
defined when a pair of views is available. Note, however, that
in this case epipolar lines become epipolar conics. The reader
is referred to [11] and [27] for an exhaustive treatment.

Let us now consider two catadioptric cameras (with
equal hyperbolic mir ror Q) with foci Om1 and Om2 ,
respectively, as represented in Figure 8. Moreover, let R
and t be the rotation and translation between the two mir-
ror frames, respectively. Let Xh1 and Xh2 represent the
mirror projections of the scene point X onto both hyper-
bolic mirrors. The coplanarity of Xh1, Xh2, and X can be
expressed as

XT
h2EXh1 = 0 where E = [t]× R. (7)

Equivalent to the pinhole case, the 3 × 3 matrix E is referred
to as the essential matrix [15].

Vectors Xh1, Xh2, and t define the epipolar plane with
normal vector nπ , which intersects both mirror quadrics Q in
the two epipolar conics C1 and C2 [26]. For each 3-D point
X i , a pair of epipolar conics C i

1 and C i
2 exist for the two

views setup.
All the epipolar conics pass through two pairs of epipoles,

e1 and e′
1 for one mirror and e2 and e′

2 for the second one,
which are defined as the intersections of the two mirrors Q
with the baseline Om1Om2 (see Figure 8).

Example 4. Epipolar Geometry for Panoramic Cameras
Camera and scene configurations similar to those in Example
3 have been set. Now we place eight feature points in the
space. By using the EGT function

>> [e1c,e1pc,e2c,e2pc] = f_panepipoles(H1,H2);

the CCD coordinates of the epipoles are easily computed and
plotted.

The CCD projections of all epipolar conics C i
1 and C i

2,
where i = 1, . . . , 8, corresponding to all 3-D points in Xw

are computed and visualized by

>> [C1m,C2m] = f_epipconics(Xw,H1,H2);

Figure 10. Example 4: Epipolar conics plot in camera planes (a) and (b). All epipolar conics, in each image plane, intersect at the
epipoles.
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Figure 9 presents the application of EGT to the computation
of epipolar geometry between central catadioptric cameras (A)
and (D). Note that the epipoles onto the mirror surface are
also visualized.

Epipolar conics in both the CCD image plane, together
with corresponding feature points, are shown in Figure 10(a)
and (b). The complete MATLAB source code is available at
the EGT Web site [21].

Estimation of Epipolar Geometry
Up to this point, the EGT functions we pre-
sented for the epipolar geometry computation
were based on the knowledge of the relative
position and orientation between the two cam-
eras. However, many algorithms exist in the lit-
erature to estimate the epipolar geometry from
the knowledge of corresponding feature points
m i

a and m i
d . A very important feature of EGT is

that some of the most important algorithms for
the epipolar geometry estimation have been
embedded in the toolbox code. In particular, we
implemented the linear method [16], the well-
known Hartley’s normalized eight-points algo-
rithm [13], and the iterative algorithm based on
geometric distance (Sampson) [14], as summa-
rized in Table 1. A complete comparison and
review of these methods has been reported in
[14]. The epipolar geometry estimation is one
of the most relevant features of EGT. The main
reason is that users can run simulations where
the fundamental matrix is estimated from noisy
feature points.

The basic EGT function to estimate the funda-
mental matrix F is

>> F=f_Festim(U1,U2,algorithm);

where U1 and U2 are two (2 × N ) matrices containing all N
corresponding features

U1 =
[

x1
1 x2

1 . . . xN
1

y1
1 y2

1 . . . yN
1

]
.

The integer algorithm identifies the type of estimation
algorithm to be used between those available according to
Table 1.

It is worth noting that these functions allow EGT to esti-
mate the epipolar geometry in real experiments as well as in
simulations.

Visual Servoing
When used together with a robotics toolbox, such as the
Robotics Toolbox (RT) by Corke [7], EGT proves to be an
efficient tool for implementing visual servoing techniques
based also on multiple-view geometry.
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Figure 11. Simulation setup for EGT application to visual servoing. EGT is
also compatible with Robotics Toolbox.
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The visual servoing controller proposed by Rives in [24]
(for pinhole cameras) and that proposed in [19] (for central
panoramic cameras) have been considered as tutorial examples
to show the main EGT features in a visual servoing context.

Visual Servoing with Pinhole Cameras 
for 6-DOF Robots
In what follows, the algorithm proposed in [24] is briefly
recalled for the reader’s convenience. The main goal of this visual
servoing is to drive a 6-DOF robot arm (simulated with RT),
equipped with a CCD camera (simulated with EGT), from a
starting configuration toward a desired one using only image
data provided during the robot motion (Figure 11). The basic
visual servoing idea consists of decoupling the camera/end-effec-
tor rotations and translations through the use of the hybrid,
vision-based task function approach [9]. The servoing task is
performed, minimizing an error function ϕ that is divided into
both a priority task ϕ1, which rotates the actual camera until the
desired orientation is achieved, and a secondary task ϕ2 (to be
minimized under the constraint ϕ1 = 0), which has been cho-
sen in [24] to be the camera distance to the target position.

The analytical expression of the error function is given by

ϕ = W +ϕ1 + β(II6 − W +W )
∂ϕ2

∂X
, (8)

where β ∈ R
+ ; W + is the pseudoinverse of the matrix

W ∈ R
m×n : Range(W T) = Range( JT

1 ) , where J1 is the
Jacobian matrix of task function J1 = ∂ϕ1/∂X .

The priority task rotates the camera/end effector using a
well-known epipolar geometry property stating that when
both the initial and the desired cameras gain the same orienta-
tion, then all the distances between feature points m i and cor-
responding epipolar lines l′i are zero.

Figure 12 shows the simulation results of the algorithm
previously proposed for a scene with eight points. The dotted
points in Figure 12 show, in the image plane (K = I), the

migration of the features to the epipolar lines during the rota-
tion (first task). The crossed points correspond to the camera
translation (second task).

Figure 13 shows the control inputs (v c , ω c ) and the plot of
the norm of the error function e .

The MATLAB code of this simulation (SIM_Rives00.m)
is included in the directory demo_pinhole of EGT [21].

Visual Servoing with Panoramic
Cameras for Mobile Robot
While visual servoing with pinhole cameras has been deeply
investigated in the literature, fewer results exist for omnidirectional
cameras. Interesting contributions for mobile robots equipped
with panoramic cameras can be found in [6], [8], and [31].

We here briefly recall the application of EGT to the design
of a visual servoing technique for holonomic mobile robots
equipped with a central panoramic camera presented in [19].
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Figure 13. (a) Control inputs to PUMA 560; (b) norm of the error function e when β = 0 and when β = 1.
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The proposed strategy does not assume any knowledge about
the 3-D observed scene geometry and position with respect to
the camera/robot.

Consider a holonomic mobile robot and let q = (x, y, θ)T

be its configuration vector with respect to the world frame
< Oxyz >w (Figure 14). Let vx, vy be the translational veloc-
ities and ω the rotational velocity, respectively

ẋ = vx

ẏ = vy

θ̇ = ω. (9)

Suppose that a fixed catadioptric camera is mounted on the
mobile robot such that its optical axis is perpendicular to the
xy-plane. Without loosing generality, suppose that a target
panoramic image, referred to as desired, has been previously
acquired in the desired configuration qd = (0, 0, 0)T . More-
over, one more panoramic view, the actual one, is available at
each time instant from the camera robot in the actual position.

As shown in the initial setup of Figure 15(a), the
mobile robot disparity between the actual and the desired

poses is characterized by rotation R ∈ SO(2) and transla-
tion t ∈ R

2 . The control law will be able to drive the
robot disparity between the actual and the desired config-
uration to zero using only visual information. In particu-
lar, we will regulate separately the rotational disparity (first
step) and the translational displacement (second step),
shown in the upper center and upper right of Figure 15(b)
and (c), respectively.

In the first step, the rotational disparity is compensated,
exploiting the autoepipolar condition [19]. This novel
property is based on the concept of bi-osculating conics
(or biconics, for short), computed on the image plane
from observed image corresponding features. It has been
shown [19] that when all biconics intersect in only two
points, then the rotational disparity between the actual
and the desired view is compensated. Figure 15(d) shows
the image plane biconics when the two cameras are not in
autoepipolar configuration. On the other hand, Figure
15(e) shows the image plane biconics when the cameras
are in autoepipolar configuration and all biconics intersect
in only two points.
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Figure 15. The visual servoing control law for panoramic cameras drives the holonomic camera robot from (a) the starting 
configuration centered at fa [(b) no common intersection between biconics exists], (c) through an intermediate  configuration
when both views have the same orientation (d) (biconic common intersection), and (e) towards the position fd [(f) until
s(t) = 0]. Images (b), (d), and (f) have been obtained with EGT.
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Once the rotational disparity is compensated, then the
second step is executed. This consists of a translational
motion in which the robot is constrained to move along the
baseline in order to approach the desired position [Figure
15(c)]. This translational control law can be designed on the
image plane constraining all current features to lie on the
epipolar conics and also constraining the distance between
current and desired features s( t) to decrease as the robot
approaches the goal [Figure 15(f)].

Figure 16 gathers some simulation results for the first step.
Figure 16(a) and (b) shows, respectively, the actual and
desired camera locations together with scene points. In Fig-

ure 16(c), we can observe the feature points (crosses) moving
from the initial position towards the epipolar conics. In Fig-
ure 16(d), it is shown that the angular velocity ω provided by
the controller decreases to zero. Figure 17 shows simulation
results for the second step. In Figure 17(a), the translational
velocities vx( t) and vy( t) are reported. In Figure 17(b), the
distance s( t) between all feature points goes to zero, as
reported in Figure 17(c), where crossed points (actual posi-
tions) go to the desired one (circles).

The MATLAB code for the autoepipolar property is the
ex5_autoepipolar.m and is included in the directory
demo_panoramic of EGT.
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Figure 16. Simulation results with EGT for the first step. The robot, (a) placed in the actual configuration, (b) rotates until the
orientation matches the desired configuration. This leads all feature in migrating to (c) the epipolar conics and (d) the angular
velocity to reach zero at the end of the first step, when all biconics intersect.
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Comparison with Other Packages
To the best of our knowledge, no other software packages for
the MATLAB environment exist that deal with the creation of
multicamera scenarios for both pinhole and panoramic cameras.

An interesting MATLAB package is the Structure and Motion
Toolkit by Torr [30]. This toolkit is specifically designed for fea-
tures detection and matching, robust estimation of the fundamen-
tal matrix, self-calibration, and recovery of the projection
matrices. The main difference between EGT and the Structure
and Motion Toolkit is that the work of Torr is specifically orient-
ed to pinhole cameras and is not designed to run simulations.

Regarding the visual servoing, it is worthwhile to mention
the interesting Visual Servoing Toolbox (VST) by Cervera 
et al. [2], which provides a set of Simulink blocks for the sim-
ulation of vision-controlled systems. The main difference is
that the VST implements some well-known visual servoing
control laws but does not consider either multiple-view
geometry nor panoramic cameras, which are the distinguish-
ing features of EGT.

Conclusions
EGT for MATLAB is a software package targeted to research
and education in computer vision and robotics visual
servoing. It provides the user with a wide set of functions for
designing multicamera systems for both pinhole and
panoramic cameras. Several epipolar geometry estimation
algorithms have been implemented. EGT is freely available
and can be downloaded at the EGT Web site along with a
detailed manual and code examples.
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Figure 17. Simulation results with EGT for the second step: (a)  the translational controller inputs guarantee the motion of the
robot along the baseline (the feature slide along the biconic); (b) then it stops when the distance s(t) between corresponding
features is equal to zero, i.e., (c) the robot is in the desired pose. 
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