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1 Virtual visual servoing based camera calibration

1.1 Principle

The basic idea of our approach is to define the pose computation and the calibration problem as the dual
problem of 2D visual servoing [[1,2]. In visual servoing, the goal is to move the camera in order to observe
an object at a given position in the image. This is achieved by minimizing the error between a desired state
of the image features pq and the current state p. If the vector of visual features is well chosen, there is
only one final position of the camera that allows to achieve this minimization. We now explain why the
calibration problem is very similar.

Let us define a virtual camera with intrinsic parameters £ located at a position such that the object
frame is related to the camera frame by the homogeneous 4 x4 matrix “M,. “M, defines the pose whose
parameters are called extrinsic parameters. The position of the object point P in the camera frame is defined
by:

‘P =°M,P

and its projection in the digitized image by:
p = pre(“P) = pre("M,"P) (D

where pre(.) is the projection model according to the intrinsic parameters §. The goal of the calibration is
to minimize the error between the observed data denoted pgq (usually the position of a set of features on a
calibration grid) and the position of the same features computed by back-projection according to the current
extrinsic and intrinsic parameters p (as defined in Equation [I). In order to ensure this minimization we
move the virtual camera (initially in “M, and modify the intrinsic camera parameters (initially &;) using a
visual servoing control law. When the minimization is achieved, the parameters of the virtual camera will
be ¢/ M, that is the real pose, and ¢ [

We will show in the next paragraphs how to perform this minimization using visual servoing an the
interests of considering this approach.

1.2 Visual servoing and calibration

The goal is to minimize the error ||p — pq||. We therefore define the error in the image e by the simple
relation:

€e=p—Ppd ()

The motion of the features in the image is related to the camera velocity v and the time variation of the
intrinsic parameters by:
. Opdr N op d¢

P= 5rat " oe at )

that can be rewritten as:
Ve
p=H,V with V = “)
3
Matrix Hy, is classically called interaction matrix or image Jacobian in the visual servoing community. It is
given:
—| 9o Op
Hp= | % 3| 5)
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If we specify an exponential decoupled decrease of the error e that is:
e=—)\e (6)
where A is a proportional coefficient that tunes the decay rate, we finally get:
V=-)H,"e 7

where H is the pseudo inverse of matrix Hy, (H = (H'H)'H” if H is a full rank matrix).

Comments about the choice of p. Any kind of feature can be considered within this control law as soon
as we are able to compute the image Jacobian Hp,. In [1], a general framework to compute g—ff is proposed.

On the other side %lg) is seldom difficult to compute as it will be shown in the next section. This is one
of the advantages of this approach with respect to other non-linear calibration approaches. Indeed we are
able to perform calibration from a large variety of primitives (points, lines, circles, etc...) within the same
framework. Furthermore, considering various kind of primitives within the same calibration step is also
possible.

1.3 Multi-images calibration

The intrinsic parameters obtained using one image may be, in practice, very different from the parameters
obtained with another image taken from another viewpoint, even if the same lens, the same camera, the same
frame grabber and the same calibration grid are used. It is therefore important to consider a multi-image
calibration process that integrates within a unique minimization process data from various images.

The underlying idea is to compute a unique set of intrinsic parameters that is correct for all the images
(i.e., for all the camera positions). Puget and Skordas considered this idea in [3]. They computed the final
intrinsic parameters as the mean value of the parameters computed for each images, the camera positions
are then recomputed wrt. to these new intrinsic parameters. Our approach is different. We consider a visual
servoing scheme that computes the motion of n virtual cameras and the variation of the [ intrinsic parameters
that have to be the same for all the images. For n images, we therefore have 6n + [ unknown variables and
> i, m; equations (where m; is the number of features observed in the ith image).

If p is the set of features extracted from i*" image, the interaction matrix used in the calibration process
is then given by the relation:

el ]
pl Vc2
-2
P :
| =H] ®)
N
with ) )
0 19}
= 0 0 8—‘2
o %2 . 0 %
H=| 7 ?ﬁ ©)
0 o %" op"
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Minimization is handled using the same methodology:

e
ve’ o
2 2
N T (10)
v :
. P" —Pg
.

1.4 Calibration from points
1.4.1 Camera model

In this section, we use the perspective camera model introduced in the 3D and vision related transformations
tutorial. Let us define by M = (X, Y, Z)T the coordinates of a point in the camera frame. The coordinates
of the perspective projection of this point in the image plane is given by m = (x,y)” with:

r=X/7Z
(1D
y=Y/Z

If we denote (u, v) the position of the corresponding pixel in the digitized image, this position is related to
the coordinates (z, y) by:
U = ug + Pz + dy
(12)
v =10 + pyy + 9y
where §,, and J,, are geometrical distortions introduced in the camera model. These distortions are due to
imperfections in the lenses design and assembly. §,, and J,, can be modeled as follow :

6u(®,y) = po @ kya (2% + y?)
(13)
8u(z,y) = Py Y kua (2% +9?)

Su(u,v) = — (u —ug) kgu <(u§u°>2 T <U;;0)2>
0y(u,v) = — (v —9) kau ((up;m)Q T (ﬂpzj}oy)

The six parameters to be estimated are thus {p,, py, 1o, vo, kud, k4, }- But in a first time,we will only con-
sider the five parameters &,q = {pz, Py, U0, V0, kud }-

or:

(14)

1.4.2 Deriving the interaction matrix

We have to compute the interaction matrix Hp, that links the motion p = (7, ©) of a point p = (u, v) in the
image to (v, £,q). For one point, this Jacobian is given by:

op 0
Hp, = { ar agsd ] as)
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where g—‘; is a 2 x 6 matrix and % is a 2 x b matrix. Considering a calibration with n points, the full image
Jacobian is given by the 2n x 11 matrix:

H=H,, H,, ..., Hp) (16)

One of the interest of this approach is that it is possible to consider the background in visual servo-
ing. The image Jacobian % that relates the motion of a point in the image to the camera motion is quite
classical [[1,2] and is given by:

op pe O 1+ kuq (32% + y?) 2kyary
® L, (17
0 py 2kyqry 1+ kya (22 + 3y?)
with
-z 0 5wy —(1+2%) y
Ly, = (18)
0 —+ ¥4 1+y> —ay -z
Furthermore, from (I2)), differentiating v and v for §,,4 leads very easily to:
op z (14 kua (224 y?)) 0 1 0 z(z®+y?
= 19)
0
éud 0 y (1 4 kud (.%'2 4 y2)) 0 1 y (.’IJ2 + yQ)

We are now able to write the relation that links the motion of a point in the image to the camera motion
and the variation of the intrinsic camera parameters.

Let us finally note that, if we do not want to consider distortion within the camera model, this equation
can be simplified and we replace % by:

r 010

gpz (20)
¢ 0 y 01

Wlth€ - (p:t7py7 uo, UO)

Considering the model with the five parameters &4, = (pz, Dy, Uo, V0, kdy ), the expression of distortion is
given by equation[I4] According these equations, the new interaction matrix is easily obtained from :

pe O

B
(,TI; - Lo Q1)

0 py

with

Nf=
o
Nf&

vy —(1+2%) y
L, - 22)
1492 —xy —x

o
|
NJ=
Nfe
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and :

2 2
ou U—u V=0
g = 1+ ha (3( o)+ (5) >

Ou _ 2k i, ((U*UO)(U*UO)>

ovg py?

ou U—Uy 3
_ —ug

Ips _x+2kd“< pe )

ou (u—wup)(v—00)

Opy deu Py

e = (- ((522)+ (52))

. of ((u—UO)(Qv—vo))

Jug D

ov u—1ug 2 v—1g 2
avo:H"fdu((pz) +3(py)>

o zkdu (u—uo)ng—vO)

Opz D 5
Ov _ v—v9

e =t ((52) "+ (52))

(23)

1.5 Camera calibration in ViSP

Camera calibration tools are avalaible in the vpCalibration class. Each instance of this class contains all
the informations that are requested to calibrate one image :

e a list of 3D points and their corresponding 2D coordinates in the image,
e current camera parameters for the different models that are estimated,

e member functions to compute camera calibration,

e static member functions to compute multi-view camera calibration.
Here is an example of use of this class for a single-image calibration:

vpCalibration calibration;

//Add 3D points (in meters) and their 2D corresponding coordinates in the image (in pixels)
//in the calibration structure (X,Y,Z,u,v)

calibration.addPoint (0, @, 0, vpImagePoint (55.2, 64.3) );
calibration.addPoint (0.1, O, 0, vpImagePoint (245.1, 72.5) );
calibration.addPoint (0.1, 0.1, O, vpImagePoint (237.2, 301.6) );
calibration.addPoint (0, 0.1, 0.1, vplImagePoint (34.4, 321.8) );
vpCameraParameters cam; //Camera parameters to estimate
vpHomogeneousMatrix cMo; //resulting pose of the object in the camera frame

//Compute the calibration with the desired method,

//here an initialisation with Lagrange method is done and after

//the virtual visual servoing method is used to finalized camera calibration

//for the perspective projection model with distortion.
calibration.computeCalibration (vpCalibration: :CALIB_LAGRANGE_VIRTUAL_VS_DIST,cMo,cam);


vpCalibration

20
21

DT Y N T
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//print camera parameters
std::cout << cam << std::endl;

For a multi-images calibration, you just have to initialize a table of vpCalibration|objects (one for
each image of the calibration grid) and use the static function :

vpCalibration::
computeCalibrationMulti (vpCalibrationMethodType method, //Desired method to compute
//calibration
unsigned int nbPose, //Number of views (size of table_cal)
vpCalibration table_call], //Table of filled vpCalibration
//structures
vpCameraParameters &cam) //Camera parameters to estimate
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