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Abstract 
From spheres images we have developed a new method for camera calibration in order to 

calculate with accuracy its intrinsic parameters. We prove an interesting geometric propriety about 
ellipses extracted from sphere images. Taking into account the lens geometrical distortion introduced 
by the optical system and searching a precise points detection for spheres images, permit to obtain 
satisfactory results. 

1 Introduct ion 
Prior to the analysis of images obtained from a camera and digitization system, it is 

necessary, if one plans to use the system as a measurement device, to calibrate it. 
Camera calibration remains a crucial topic on which many searchers have already 

worked. Commonly, calibration involves two kinds of parameters: 
- intrinsic ones: related to the device geometry. 
- extrinsic ones: related to the relative pose of the calibration target and the device. 

A first approach consists in determining in one global pass, all these parameters from 
the matching of a set of points defined on the calibration target with their projections on 
the image plane [10] [6] [7]. Another one consists in computing successively intrinsic and 
extrinsic parameters, using particular geometrical properties as (for instance) those of 
vanishing points of orthogonal pencils of parallel straight lines in space [11] [7]. 

Generally, these methods, opposite to those of photogrammeters, do not take account 
of optical distortion phenomenons related to the camera lens. As they also are very sensitive 
to the detection accuracy of the image primitives used by the calibration process, they can 
produce poor results. 

We have chosen to keep the second approach, trying to limit its drawbacks. The 
calibration target is a mere sphere. The computation of the intrinsic parameters is done 
from multiple views of the same sphere. The image primitives are the ellipses that are the 
projections of the sphere limb points. 

Our method is based on a geometrical property of this kind of primitive (see 2.2.1). 
The choice of such images is justified by the following facts: 

- The great number of contour points belonging to one primitive permits its accurate 
determination. 

- Points belonging to the sphere limb are all situated at the same distance of the optical 
center and thus are enjoying the same sharpness for a given focus. 

- Moreover, this kind of primitives (as we shall see) permits to get partly rid of the 
distortion problems, if it is possible to consider that distortion is radial from the intersection 
point between the image plane and the optical axis. 

2 Mathemat ica l  background  
Our aim is to compute the four intrinsic parameters of a camera device. These are: 
- coordinates (u0, v0) of the intersection of the image plane with the optical axis. This point 

will be referred in the sequel as the 'image principal point'. 
- the ratio k = dy/dx of the digitization steps of the acquisition system. 
- the focal length f of the camera. 
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2.1 Computation method 
Let us recall that limb points of a surface are points where the tangent plane goes 

through the camera optical center. The computation is based on the following property of 
the limb points of a sphere: 

Theorem : The projection o f  the limb points o f  a sphere is an ellipsis the great axis o f  
which goes through the principal point (uO, vO ) ,  intersection o f  the optical axis with 
the image plane. 

The details of the proof of this assertion can be found in [12]. In fact, we use the 
equations of the two axes and minimize the product of the distances of the principal point 
to each of the main axes. This quantity (denoted prodist ) is expressed as following: 

1 (1) prodist = D y, - Exc = --~-~_n2(D (BD -AE)  - E (BE - C D  ) ) 

where (x,, Yc) are the coordinates of the ellipsis center, and (A, B, C , D , E )  are the 
coefficients of the ellipsis equation expressed in the camera frame 1. These are related to 
the coefficients (A' ,B' ,  C ' ,D ' ,E ' )  of the ellipsis equation expressed in the natural image 
frame 2 by the following relations: 

= B'/dxdy ~E = (E + B'u o + C v0)/dy 

= C'/dY ~ IF = F' + 2E'v o + 2D'u o + C'vg + 2B'uov o +A'u~ 

These relations permit to express prodist in terms of the intrinsic camera parameters, 
and of the coefficients of the ellipsis detected in the image. 

It appears that the last intrinsic para- _ ] ( B / D E ) - 1  
meter (the focal length) can also be analyti- f = " ~  ( A B L E )  2 
cally computed, 

3 Calibration problem solving 
The estimation of the camera intrinsic parameters will be done in two steps: 

3.1 First step: 
We shall compute first Uo, Vo, k = dy/dx by zeroing the product of the distances from 

the point (uo, v0) to the two main axes of the detected ellipsis. 

This product is zeroed if and only if N = D (BD - AE)  - E(BE - CD) = 0. We use a 
first order development of N quantity and iterative Newton-Raphson's approach. 

3.2 Second step: 
The computation of the focal length, if it remains simple in its analytical form, only 

depends of the ellipses coefficients. On synthetic images, one ellipsis is sufficient to 
determine exactly the focal length. If noise is added to these images, it appears that these 
coefficients and the whole focal computation is badly conditioned, and the result is not so 
good. Thus, the focal length is determined using the mean value of the focal lengths 
associated to each ellipsis. 

Moreover, we cannot really escape from the image distortion phenomena which is 
common to all optical systems. The data given by the constructor of the used system of 
lenses indicate a radial distortion. This radial distortion does not really affect the 
determination of the first three parameters; if it is clear that radial distortion leads to 
approximate curves, that are no more real ellipses, by an ellipsis equation, it must be noted 
that the distortion preserves the figure symmetry around the great axis that goes through 

1 orthonormal centered at the optical center. 

2 related to the camera frame by the relations:u = x/dx + uo, v = y/dy + v0, 
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(uo, v0). Consequently the approximating ellipsis we compute must share the axis of the 
ideal ellipsis (without distortion). This is proved (see 4.1.1) by experiments on synthetic 
images. 

If this distortion is not a prejudice to our method for determining u0, v0, k, the same 
can not be said for the focal length as the distortion modifies image dimensions. It is thus 
mandatory to correct the contour points before computing the focal length. We have 
developed a reliable software method to compute and correct the radial distortion from 
grid images. It is the one we use for correcting our spheres images. You can refer to [9] 
to find details about this work. 

The second factor that acts on the determination of the focal length is the localization 
of limb points. The next section explains the principle of their determination. 

3.3 S p h e r e  l i m b  Localization 
The commonly retained definition of contour points in a brightness image can be 

stated as following: 
Definition : 

Contours points in a brightness image are situated where the modulus o f  the 
gradient vector is: 
1 - big enough. 
2 - locally maximal in the gradient vector direction. 

Many interesting algorithms are based on this definition, in particular those of R. 
Deriche [5] or J.S. Chen [4]. The limb points being the points where the surface normal 
is orthogonal to the projection direction are de facto dark points where the grey level is 
small. We have tried to extract points corresponding to the beginning of the front of the 
camera output; these points are in fact maximal curvature points and we used R. Deriche 
gradient computation algorithm successively to the grey level image and then to the image 
of the gradient modulus obtained from the first pass. On this last image the local maxima 
are extracted. 

4 Experiments 
Experiments on synthetic images have been done in order to confmn the theoric 

approach previously developed. These experiments show advantages but also limits of the 
method. The experiments on real images permit us to validate our method. 
4.1 Synthetic images 

We have built synthetic 512x512 images as the projection of the limb points of a 
sphere whose radius value is 3cm, situated at 0.8m, lm and 1.2m in front of the camera 
and for respectively 1500 pixels, 2000 pixels, 2500 pixels focal lengths. The principal 
point position in the image is (uo, v0) = (255,255) and digitization ratio k = 1. The radial 
distortion ismodelled as [2]: 
x a = x(1 + klr 2 + k2r 4) with: (x, y) : coordinates of a point in the undistorted image 
Ya = Y (1 + k~r 2 + k2r 4) (:ca, y~) : coordinates of the same point in the distorted image 

r : distance from point (x,y) to the image center (u0,vo) 
k~,k2 : radial distortion coefficients. 

4.1.1 F i r s t  e x p e r i m e n t s  set :  s h o w i n g  t h e  n o  i n f l u e n c e  o f  r a d i a l  dis-  
t o r t i o n  on  Uo, Vo, k c a l c u l a t i o n  

The tables below show an example of great axis convergence for undistorted and 
distorted images with distortion coefficients kl = 104, k2 = 10 -12 , without noise and with 
an 1/10 pixel added noise on each image point. 
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without noise, without distortion 

f=1500 f=2000 f=2500 

uo 255.000 255.000 255.000 

v o 255.000 255.000 255.000 

k 1.000 1.000 1.000 

UO 

12 o 

k 

noise= l / l O px,without distortion 

f=1500 

255.090 

252.778 

1.000 

f=2000 f=2500 

258.803 258.626 

249.692 238.971 

0.999 0.999 

without noise,k1 = 10-6,k2 = 10 -x2 

U0 

V 0 

k 

f=1500 f=2000 f=2500 

254.999 255.000 

255.000 254.999 

1.000 1.000 1.000 

255.008 
I 

254.986 

noise=l/lO ox,ld = 10 -~, k2 = 10 -~2 

f=1500 

u0 254.867 

v 0 255.899 

k 1.001 

f=2000 f=2500 

254.772 255.239 

255.869 254.459 

1.001 0.999 

Considering these tables, we can notice that the results are not affected by the radial 
distortion either on noised or unnoised images, whatever the focal length used. However, 
on undistorted images (i.e. corrected images), the greater the focal length is the more 
important the noise influence is; this fact is explained by a smaller perspective effect for 
a long focal length than for a short one; the sphere image being thus nearly circular it is 
more difficult to determine the ellipsis axis and so the parameters computation accuracy 
decreases. 

On real images we shall be well advised to estimate the u0, vo, k parameters from not 
corrected images. 

4.1.2 Second experiments set: showing the influence of a points detec- 
tion on the focal length calculation 

This figure shows the contour obtained in a 
classical way, looking for local maxima with 
the Deriche algorithm used on the grey level 
image (internal contour) and the contour 
obtained by applying the Deriche algorithm 
to the modulus of gradient image (external 
contour). The two contours are superim- 
posed on the corresponding brightness 
image.A displacement of the contours can 
be observed toward the image borders. 

For each synthetic ellipsis point, we have added 3 pixels to its distance from the 
ellipsis center. Thus we obtain an image concentric to the initial image as showing on the 
above figure. 

The focal length computation is done by computing the mean value of the set of all 
the obtained values. So it appears a 2,5% error in comparison with the theoretical value. 
The noise influence is essentially on the standard deviation associated to the focal length 
mean value. As it could be expected, the smaller the standard deviation is, the shorter the 
focal length is, for the same reasons than explained above (about the perspective effect), 
because the focal expression is only depending of ellipsis parameters in the camera frame 
(whose accuracy is itself depending of a good knowledge of (u0, vo, k) ). 
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4.2 Real images 
Figure 7 presents the experimental layout. 

The used sphere is a snooker ball 
on the center of a mask surrounded by 
a circular neon lighting. We have 
chosen these lighting conditions to have 
uniform lighting and minimize diffu- 
sion on the limb points. For a fixed focus 
of the camera, multiple images of this 
sphere scattered around the optical axis 
direction were acquired. 
Figure 7: Experimental layout. 

4.2.1 Results 
The whole calibration process have been tested for three sets of sphere and grid 

associated images, i.e. for three focus distances and three focal length values. The following 
images show the axes convergence into (uo, vo). 

S1 [ $2 $3 

The following table sums u9 some obtained results: 

Sets u0 (pixels) v0 (pixels) k computed manufacturer 
focal length focal length 

(mm) (mm) 

S1 267,53 258,08 0,999 23,97+_3,12 -22,54 

$2 265,16 258,27 0,999 31,88+7,02 -29,85 

$3 263,88 263,77 1,001 38,09~_14,78 --40,47 

-computed focal length: value computed with our method. 
-manufacturer focal length: theoretical value given by ANGENIEUX. 
This last value is obtained using the set of tables given by the lens manufacturer 

(ANGENIEUX). From the value of the lens and the focus distance graduations, these tables 
give a theoretical focal length value. Of course, this value is depending of the reading 
accuracy on the graduations and can be only used as a point of reference. 

If we compare the computed focal length values with theoretical ones, these can be 
considered as correct concerning the mean value. However as for the synthetic images the 
longer the focal length is the greater the standard deviation is. 
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As we consider our method of radial distortion correction as reliable [9], we think 
that work has still to be done in order to increase the accuracy of the points detection in 
the images to improve the focal length determination accuracy. 

5 Conclusion 
This new calibration method, even if it is one more in a bunch of old and new ones 

[1], does not look so uninteresting. 
First, we have chosen to take advantage of image primitives that have been,  up to 

now, seldom used in camera calibration. The points of interest in a sphere image are 
numerous and share a common sharpness. The ellipsis equation (from where they belong) 
can be accurately computed. Moreover, the geometrical property used is relatively 
insensitive to the lens radial distortion. 

Our method allows to simply determine the coordinates of the point of intersection 
between the optical axis of the camera and the image plane (uo, v0) as well as the ratio of 

the digitizing steps (dy/dx). 
Focal length determination is more sensitive, even if its mathematical formulation 

is very simple. 
In fact, at least two factors are present to spoil the dimension and shape of images. 

Firstly, accuracy of contour points detection, secondly geometric distortion from 
acquisition system. If it is possible to correct the distortion, accuracy in computing limb 
points of a sphere is a rather delicate problem. Our approach, which could be improved, 
gives results that can be judged as good : they have been validated by comparison with 
theorical data. 

Finally, it can be said that the results of this new method to determine intrinsic camera 
parameters are satisfactory. One of its main advantages of the method is the simplicity of 
use both in real utllisation and mathematical formulation. 
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