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ABSTRACT

Camera calibration and images rectification are hg@oessary steps in most 3D reconstruction metheiig
image acquisition. This paper proposes an evalugtiocedure for camera calibration methods forctse of
3D reconstruction using rectified multi-stereo ireagThe evaluation is based on the accuracy aoktttdication
and of the 3D reconstruction which are directlyatedl to the calibration precision. Three methods thus
compared: Faugeras-Toscani, Zhang and a robudiratidin algorithm. The procedure can be applied for
computer vision systems with an arbitrary numbecarheras and for any other calibration method. Wvs
that, although the three methods provide signitigadifferent intrinsic and stereo system parametgimations,
the rectified images of the planar target that we for evaluation are relatively coherent and leadlose 3D
reconstruction errors.
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1. INTRODUCTION Rectifying a stereo image pair consists of findiwg

3D reconstruction of real objects is one of the tmos transformations projecting both images onto theesam
widely known computer vision applications. Many Plane so that each pair of conjugate epipolar lines
techniques are described in the literature. In this becomes collinear and parallel to one of the image
paper, we are interested in 3D reconstruction with axes, generally the horizontal one. The main
several images, using a technique known as multi-advantage of rectification in stereo applicatioss i
stereo reconstruction. Two steps are necessary tghat the matching is performed in 1D along the same
achieve the reconstruction: calibration of the came  line instead of in 2D.

[Fau01] and rectification of the image pairs [SHa01 This paper proposes an evaluation procedure for
Camera cal!brathn aims at estimating the parameter .gymera  calibration methods based on images
of the relationship binding the 3D world reference rectification and 3D reconstruction in the case of
space and the 2D camera coordinates system. Ity ti.stereo. Among the camera calibration
consists of est|mat|ng the |ntr|n§|c and e>§tr|n5|c algorithms proposed in the past years, we decide to
parameters representing respectively the intemalfocys on three methods: Faugeras-Toscani [Fauss,
camera characteristics and the camera pose in th?:au87], Zhang [Zha99, ZhaOO] and a robust
world reference. calibration method [Gue06].

Permission to make digital or hard copies of alpart of 2 CAMERA CALIBRATION

this work for personal or classroom use is gramtigdout

fee provided that copies are not made or distribtite In this section, a brief description of the adopted
profit or commercial advantage and that copies lieiar camera model is given. We also give a short
notice and the full citation on the first page. Topy description of the three compared and evaluated

otherwise, or republish, to post on servers or|to camera calibration methods.
redistribute to lists, requires prior specific p&sion

and/or a fee. 2.1 Camera M odel
Copyright UNION Agency — Science Press, Plzen, CZech We focus on the pinhole camera model, which is
Republic. widely used in computer vision. It assumes that the

camera performs a perfect perspective transformatio
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P from the 3D scene coordinate[sx y Z] to  camera calibration methods and examine this
. . problem in particular.

image plane coordlnatés V):

Zoliner and Sablatnig [Zol04] investigate the
[/7u v ,7]T =P [X y z 1]T 1) performances of the three most widely used plane-

based calibration algorithms.

. T
where /] is an homogeneous factor arH is the  Gonzalezet al. [Gon05] presente a comparative

transpose operator. The PPM a 3% 4 matrix, is analysis of eight camera calibration methods incihi
i _ they focus specifically on the stability of the @
defined as the produd? =Q [R | t] where o rametersfi) the stability of the intrinsic parameters

Q and [R | t] are respectively the intrinsic and when the camera setup is constant and the cablbrati
pattern is displacedi) the stability of the extrinsic
extrinsic matricesR is an 3% 3 orthogonal matrix  parameters when the pattern is stil and the
representing the camera orientation atd the configuration of the camera varies. The conclusibn
position vector of the camera in the 3D space. Moretheir study is that the result of the camera patarae
details on this model can be found in [Fau01]. estimation depends on the location of the calibrati

. . pattern in the acquired images. In the case oftaahs
2.2. The Calibration Methods camera setup, intrinsic parameters values should

Faugeras and Toscani [Fau86, Fau87] proposed gnegretically not change. However, in practice sthe
calibration method based on an estimation of the 5,65 vary from one calibration process to another
Perspective Projection Matrix (PPM) using an image \yhich constitutes a problem. In the case of a fixed

of a non-planar pattern. It uses both linear and camera and pattern, with variation of the camera
nonlinear approaches. One image and at least six no configuration (focus and/or zoom) the extrinsic

coplanar feature 3D points, manually selected or horameter values are not constant as they should be
automatically detected on the acquired image, are

needed. Salvi et al. [Sal02] present a detailed review of five

) . . of the most known calibration techniques. The
Zhang [Zha99, Zha00] described an algorithm which 5 thors regroup some criteria to evaluate and to
requires at least two different views of a planar comnare calibration methods. These criteria are

pattern. An even more accurate calibration is ggqentially based on the measurement accuracy of 3D
obtained using a large number of views (twenty Or 5n4 2p points. A set of 3D points in the reference
more). The displacements of the pattern between thescene  with known coordinates, are reconstructed
views are not necessarily known. using a stereo system. The dispersions between the
The algorithm detailed in [Gue06] for camera estimated 3D positions (respectively estimated 2D
calibration is based on a robust estimation of the positions on image plane) and the real known
PPM. The target used is a 3D cube with different Positions (respectively projections of the real
colored faces. A manual selection of two adjacent positions of the 3D points detected on the image
faces on the acquired image allows the system toPlane) are calculated. The proposed criteria cunsti
automatically detect the six vertices associated to@ good evaluation and comparison of the calibration
these faces and thus initialize the PPM using themethods because the accuracy of the calibration is
Faugeras-Toscani algorithm. A refinement of the directly related to the 3D reconstruction one.

PPM estimation is then achieved by minimizing the |, ihis paper we propose a new procedure to evaluat
distance between the projected cube edges and thg,q compare camera calibration methods. Our
image contours. The estimation of the camera procedure uses a planar pattern with known
parameters can be improved by acquiring additional 4imensions, however, it's position in the reference

images taken at different positions in the camed f  gcene js not necessarily known. The evaluation and
of view, provided the same two adjacent faces are comparison is performed with new and accurate

seen. This estimation involves a nonlinéar citeria based on images rectification and 3D
optimization technique (Levenberg-Marquardy). reconstruction of a set of coplanar points on the

. . ) planar target.
2.3. Calibration Methods Comparison:
Related Works 3. EXPERIMENTS

Objective evaluation of camera calibration algorith 3 1 Calibration Procedure

is affected by the lack of criteria to compare finel In order to compare the three methods, Zhang, tobus
estimation of camera parameters obtained by thecgjinration and Faugeras-Toscani, we install aowisi

different methods. Few authors compare existing system composed of three horizontally fixed
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mvBlueFOX® cameral with image
resolutiorll024% 768. The three cameras are placed
on an approximate arc circle in order to convemge o
a focus zone. We do not assume that the focal@fxes
the three cameras are coplanar (see Figure 1).

R e R e b

Figure 1. The vision system composed of three Figure 2. Sampleimages of the calibration
fixed cameras. patterns. (a) a cubefor therobust calibration, (b)
a planar target for Zhang calibration, and (c) a

I . N 3D target for Faugeras-Toscani calibration.
For the Zhang calibration algorithm, two calibrago g g

are performed, using respectively 10 and 30 images
per cameraCamera Calibration Toolbox for Matlab

is used. In the case of the robust calibration, 9
images per camera are acquired. A first calibraison
performed using a single image per camera with the: e
coloured cube roughly placed in the centre of the | =g :_
field of view of the three cameras. A second 'uf
calibration is performed with 8 additional imagds o

the cube positioned in order to cover the wholtfie

of view of the camera. A minimization is then
performed with the 9 images [Gue06] from each of
the three cameras. Faugeras-Toscani calibration
method is performed using a single image per
camera.

Figure 3 shows the three acquired images of our tes
pattern for the rectification comparison.

In the case of multi-image calibration (Zhang almel t
robust methods), the pattern is relocated for each
view and a PPM is obtained for each position. Fégur
2 shows the patterns used for each method. Both the Figure 3. Therectification test images.
Zhang and the Faugeras-Toscani calibration referenc
points were obtained using the corner detector . . :
proposed in thdatlab Toolbox, which automatically No_te that these images were not |nvolygd n the
detects the corners of the black and white squames calibration process. The test pattern rectificatisn
the patterns. We used the non-linear method ofcomputed for each camera pdl, j),j 123 Using
Faugeras-Toscani proposed by GonZalezompute  the Fusielloet al. [Fus00] compact algorithm.

the intrinsic and extrinsic parameters. - _ _ _
The rectified images using this method are acquired

3.2. Rectification Procedure virtually by a new computed stereo rig, in whicle th

- original cameras are rotated.
We use a planar pattern containijlx 21 black g

and white squares to test the obtained calibrations ~ The rectification using this algorithm requires
cameras calibration of the original stereo rig idey

to obtain the two image transformations. We think

! http://www.matrix-vision.com that this is a good candidate to asses the quatity
camera calibration algorithms: if the PPMs given by
the tested algorithms are accurate enough, the same

2 http://www.vision.caltech.edu/bouguetj/calib_ doc/
% http://mozart.dis.ulpgc.es/Gias/josep/source_ dude
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point on the left and right images will be projette image pairs. The global estimation of the intrinsic
onto the same line in the rectified images; if nibt, parameters is then biased.
will be projected onto different lines. b g2 e e v

Z | 10| 27.30| 3.22 | 19.61| 16.71
30| 584 | 252 | 6.67 | 5.01

The same automatic detector proposed inMa#ab
Toolbox is used to detect the intersection between the

black and the white squares. The innk®x19 F 1 2.83 3.32 5.08 3.74
squares produce, for each image acquired by a R 11 169 | 264 | 375 | 2.69
camera i,(i = 1,2,3) a set of n=400 organized 9| 530 | 11.21| 7.33 | 7.94

Table 1. Rectification Mean Square Error of the
_ _ threecalibration methods: Z, F, and R

p,'( and p,i on the images acquired by a camera pair respectively stand for Zhang, Fauger as-Toscani,
and Robust methods; nb isthe number of image
, , pairsfor agiven pair of cameras used for
second axig,e. V, =V, . parameter s estimation.

points p,i( = (u,'( V,'() After rectification, all points

(i,]) should be on epipolar lines parallel to the

To evaluate the rectification errors, we compute th

L i Rectification errors are usually due to an inadégua
Rectification Mean Square ErroRNISE) € for

position of the calibration pattern out of the came

each image paifi, j) as: focus, which leads to blurred images.
1 ken- 2 We apply a robust algorithm to det_ec_t and remove
di= = ZJ(V:( _Vli) (2 those image pairs. For each stereo fai) , and all
N o the m calibration image pairs, we estimate the

In the case of multi-images calibration, the RMSE i constant. We look for outliers of the baseline
computed over all the coupldgd,, p,) over all the estimatese.g. values which are more tharbir away
from the mean ¢ is the estimated standard
deviation of the baseline). We then suppress the
To compare the accuracy of each calibration method,corresponding calibration image pairs, and estimate
we compute the global mean eridrassociated with  again the extrinsic and intrinsic parameters. We

images.

the three cameras system as: reiterate until no image pair is removed.
1 i<j 700 —
= i) . ;
= 3 -ze (3) E_ &00
i,j=123 s 500
<
ﬁ 300
3.3. Rectification Results and Discussion 0
R 01234567 89 101M12131415161718192021 222324252627 282930 31
The RMSE errors are shown in Table Z, F, andR Stereo Image Pairs

respectively stand for Zhang, Faugeras-Toscani, and Figure 4: Plot of the basdine values B , for the
Robust methodsib is the number of image pairs for t

a given pair of cameras used for parameters
estimation.

30 image pair s estimated with Zhang method,;
points: baseline values; continuousline: the
baseline mean; discontinuouslines: the
All the experiments show large error values except mean+ 150 deviations, the two outlier values

for the calibrations using one image per camera (th correspond to the pairs2 and 6.
robust method and Faugeras-Toscani one), and for
one of the stereo pairl.3) with Zhang method. Figure 4 shows the plot of the baseline values

. . . . (points), of the baselinenean (continuous line), and
This is a quite surprising result since the camera

parameters estimation using several images is known? f thgrrle;:\_f_l.?? de:_v |at;on?hﬂ|s§;)ntmuous;rl]|(;;s)
to improve the calibration accuracy and thus ound at the first iteration for the zhang me g

minimize theRMSE. In fact, both the robust method 30 images for camera pei2) .

and Zhang's method (except for thfl3) camera Ty outlier values are detected for the stereo @nag
pair) failed to properly estimate the PPM for some pairs 2 and 6. After aberrant image pairs removal,
Zhang calibration is performed with only 28 images
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per camera, Zhang calibration with 10 images is given by the mean of the focal axis of each camera
performed with 10 images, replacing the aberrant (see [Fus00] for more details).

pairs by other unaberrant pairs, and the robust

calibration with 9 images is performed with 7 image

(also two aberrant pairs are removed). The obtained Method F Z R
results after outliers' removal are shown in Table f 7.83 8.13 8.40
;1 (mm)
D] gz | & | o | M f, (mm) 7.89 8.03 8.32
Z|10] 333 | 338 | 1.95 | 2.88 f, (mm) 7.62 8.03 8.12
28 | 3.27 2.93 1.63 | 2.61 B,, (mm) 206.33 23811 226.03
R| 7 1.59 241 3.44 2.48 12
Table 2: RM SE values after removal of the B,; (mm)| 406.64 475.32 445.32
aberrant image pairs. :
B, (mm)| 196.89 250.26 232.88
The RMSE values (about 3 pixels for 768 pixels  Table4: Focal and baseline values (Z: Zhang, F:
image height) are now 2 to 8 times smaller. The Faugeras-Toscani, R: Robust).

Zhang method using 28 imageM (= 2.61), the

robust method using 7 imageMl (= 2.48) and the . ) . i
robust method using a single imagé € 2.69) show Up to fche variation in gsnmatlon of the baseline
similar accuracy whereas the Faugeras-Toscanior'e”tat'O” _and_ focal axis of each_ camera, the 3D
method provides greater errold € 3.74). In case of reconstruction is Fhus expressed in a same global
multi-image calibration (the Zhang and the robust 'eférence system, independently of the chosen eamer
method), we have as many PPM estimations as imagé&2liPration method.

pairs. For each calibration method and for each

camera pair, we select the PPM corresponding to the Methods (R,2) (R,F) (Z,F)
smallestRMSE to perform the 3D reconstruction of

X 2.89 25.56 28.90

our test pattern grid (Figure 3). Table 3 shows the| (1 7) y 1.33 71.20 | 70.02

observed minimunRMSE for each camera among all z 7.89 88.33 | 79.33

the calibration image pairs. Zhang and the robust X 1.05 2926 2515

methods show similar accuracy. (1,3) y 0.30 78.12 74.50

z 1.88 88.33 76.56

e e’ e*® M X 058 | 29.26 | 30.12

z 1.53 1.96 1.03 1.50 (2.3) y 031 | 7812 | 68.15

R 1.06 1.88 1.83 1.59 z 3.86 81.74 | 90.22
Table 3. Minimum RMSE among all the Table 5. The mean absolute difference of 3D

calibration image pairsfor each camera pair. reconstruction obtained from the three different

parameters estimation, for each camera pair.

3.4. 3D Reconstruction Table 5 shows, for each camera pair, the meaneof th
Table 4 summaries the estimations of the cameraabsolute difference in position, expressed in
focal lengthsf and of the baseline3 of the 3 camera  millimeters between the 3D reconstruction of thiel gr
pairs for each calibration method. Note that, alffo  pattern points obtained from Zhang (calibrationhwit
the RMSE are low and the rectifications are coherent, 28 images pairs), Faugeras-Toscani and the robust
the 3 methods exhibit significant differences in method (calibration with 7 image pairs). Faugeras-
intrinsic  (focal length) and extrinsic (baseline) Toscani reconstruction is far from the two othditse
parameter estimations. robust method and Zhang's reconstructions

The question arises: what is the influence of these€SSentially differ on thez axis. The smallest
differences on the 3D reconstruction? difference occurs for the (13) pair which

. , corresponds to the most convergent camera pairs.
For a camera paft, j), 3D reconstruction of the

400 points of our grid pattern, obtained from the
rectification applying Fusielloet al. algorithm
[Fus00], is expressed in a global reference system
where the origin is the middle of the baseline, e
axis is parallel to the baseline and the focal ais

An accurate reconstruction should also preserve the
planarity of the grid pattern points. To compare &
reconstructions, for each camera pair, we compyte b
Principal Component Analysis the best plane fitting
the reconstructed points. Timaean of the distances

of reconstructed points to thptane (mdp), expressed
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in millimetres and shown in the first line of Talde 5. REFERENCES

is a measure of the planarity of the reconstructim [Fau0l] Faugeras, O. D., Luong, Q. T., and
noticeable difference can be found between theethre Papadopouk) T. The Geometry of Mu|t|p|e |mage5:

obtained reconstructions. The Laws That Govern the Formation of Multiple
A last criterion to evaluate the accuracy of the 'Mmages of a Scene and Some of Their Applications.

calibration estimation is the estimated area of the | h€ MIT Press, 2001.

reconstructed squares, each with known value equal@u86] Faugeras, O. D., and Toscani, G. The
to 900MTR. calibration problem for stereo. Proc. of the

International Conference on Computer Vision and
Pattern Recognition (CVPR), pp. 15-20, June 1986.

Methods F z R [Fau87] Faugeras, O. D., and Toscani, G. Camera
mdp 2.69 2.39 2.49 calibration for 3d computer vision. International
mds 28.94 21.18 21.26 Workshop on Machine Vision and Machine

Table 6. Values of mdp and mdsfor the three Intelligence, pp. 240-247, 1987.

methods and for the three pairs. [Fus00] Fusiello, A., Trucco, E., and Verri, A. A

compact algorithm for rectification of stereo pairs
The second line of Table 6 shows for each calibrati  Machine Vision Applications, Vol. 12, No. 01, pp.
method themean difference between realsguare 16-22, 2000.
areas and corresponding estimations over the entirdGue06] Guerchouche, R., Coldefy, F., and Zaharia,
T. Accurate camera calibration algorithm using a
robust estimation of the perspective projection
and § the corresponding estimated one, after 3D matrix. Proc. of SPIE Mathematics of Data/lmage

grid (mds). Let I, be the real area of thid” square

reconstruction: Pattern Recognition, Compression, and Encryption
with Applications IX, Vol. 6315, 2006.

1 =l [Gon05] Isern-Gonzélez, 1., Cabrera-Gamez, J.,

mds = Z:(ri -e) 4) Guerra-Artal, C., and Naranjo-Cabrera, A. Stability

19x19 = study of camera calibration methods. VI Workshop

en Agentes Fisicos, WAF'2005, | Congreso Espafiol
The mds values show that Zhang and the robust Informética, 2005.
methods are more accurate. [Sal02] Salvi, J., Armangué, X., and Batlle, J. A
comparative review of camera calibrating methods
with accuracy evaluation. Pattern Recognition, Vol.
4. CONCLUSION 35, No. 7, pp. 16171635, 2002.

In this paper, we proposed an experimental proeedur [Sha01] Shapiro, L. G., and Stockman, G. C.
to evaluate calibration methods for image computer Vision, Prentice Hall, 2001.

rectification and multi-stereo 3D reconstructiorséd [Zha99] Zhang, Z. Flexible camera calibration by
on the accuracy of the rectification and of the 3D yjewing a plane from unknown orientations. Proc. of
reconstruction of a known object. This procedune ca |nternational Conference on Computer Vision
be applied for all stereo systems with unlimited (jccv), vol. 1, pp. 666-673, 1999.

number of cameras. [Zha00] Zhang, Z. A flexible new technique for

Three calibration algorithms have been evaluated:camera calibration. IEEE Transactions on Pattern
Zhang, Faugeras-Toscani, and a robust method. Weapalysis and Machine Intelligence, Vol. 22, No. 11,
demonstrated that, in the case of multi-image py 1330-1334, 2000.

calibration, the existence of aberrant images [70|04] Zoliner, H., and Sablatnig, R. Comparisdn o

considerably affects th_e_accuracy_of calibratiore W methods for geometric camera calibration using
then developed an efficient technique to detect andpjanar calibration targets. Digital Imaging in Madi

remove those image pairs in order to exclude themyng Education, Vol. 179, pp. 237-244, 2004.
from the calibration process.

Experimental results show that although the three
methods provide significantly different estimatiafs
the camera's intrinsic and the stereo system
parameters#6% for the focal lengths, antB% for

the baseline), the rectification and 3D reconstounct
errors remain close.
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