
RECONSTRUCTION ACCURACY FOR VISUAL CALIBRATION METHOD 

Marc Elipot1,2, Nicolas Houel2, Philippe Hellard2, Gilles Dietrich1 
1- ECI – LAMA, Université Paris Descartes, Paris, France 

2- Département Recherche Fédération Française de Natation, Paris, France 

KEY WORDS: camera calibration algorithm, reconstruction error, motion analysis 

 
INTRODUCTION: Motion analysis is a common technique in biomechanics and sport 
studies. Since Abdel-Aziz and Karara (1971), the direct linear transformation (DLT) is the 
most widely used method to analyse human movements. More recently, Drenk et al. (1999) 
proposed a modified DLT method, called DLT double-plane method (DLT DP), which 
involves two parallel control planes (rather than a whole 3D structure). With these two 
calibration methods, a set of coefficients is calculated. This set summarise indirectly the 
internal and external parameters of the camera. Kwon et al. (2002) and Elipot et al. (2008) 
have respectively shown that, in aerial and underwater conditions, the DLT DP method can 
reduce the reconstruction error. 
Bouguet (1999) presented an alternative method to calibrate camera. In this method, called 
visual calibration (VC), camera internal and external parameters are directly calculated. 
Bases on the pinhole camera model, the visual calibration aim to solve the following 
equation: 

 (1) 

 
Nevertheless, reconstruction accuracy of the visual calibration has never been identified. The 
aim of this study is to identify the reconstruction accuracy of the visual calibration and to 
compare this calibration method to DLT and DLT DP for the reconstruction of points placed 
inside (without extrapolation) or outside (with extrapolation) of the calibrated space. 

METHODS: Two mini-DV cameras, with a sampling frequency of 25 Hz, have been used in 
this study and placed as shown in the figure 1. 



 
Figure 1: Experimental set up 

The calibration procedure has been realised for the DLT and DLT DP methods using a 
calibration frame of 2×1×1 m with 69 calibration points. The calibration procedure for the VC 
has been realized in two steps: 1- the internal parameters of the cameras (fu, fv, u0, v0 and α) 
have been inferred from images of the planar calibration rig (a checker board pattern). 2- the 
external parameters of the cameras (R and T) have been inferred from an image of the 
calibration frame. 

Different configurations of calibration points have been used (depending on the algorithm 
used). These configurations are summarised in the table 1. 

Space reconstruction accuracy has been calculated from equations 2 and 3 given by Kwon 
and Casebolt (2006): 
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where (Xk, Yk, Zk) are the known object-space coordinates, and (Xr, Yr, Zr) are the 
reconstructed object-space coordinates,  is the reconstruction error for a given control 
point, and RMS is the overall reconstruction error. As shown in the table 1, for the condition 
without extrapolation (i.e. 0% extrapolation), reconstructed points are inside the calibrated 
space. For the condition with extrapolation, reconstruction accuracy is checked with points 
placed 25, 50, 75, 100 cm (on the x axis) outside of the calibrated space (i.e. from 25% 
extrapolation to 100% extrapolation). 

 

 



Table 1: Configuration of the calibration points used 

 Algorithm Configuration of calibration points 

DLT full set of points (c.) 
DLT DP set c. split in two planes (front and back plane) 

VC set c. 

Without 
extrapolated 

points 
VC DP set c. split in two planes (front and back plane) 

points in a. are used to calibrate 
DLT points in b. (outside of the calibrated space) are used to 

check the reconstruction accuracy 
points in a. are used to calibrate (split in two planes) 

DLT DP points in b. (outside of the calibrated space) are used to 
check the reconstruction accuracy 
points in a. are used to calibrate 

VC points in b. (outside of the calibrated space) are used to 
check the reconstruction accuracy 

points in a. are used to calibrate (split in two planes) 

With 
extrapolated 

points 

VC DP points in b. (outside of the calibrated space) are used to 
check the reconstruction accuracy 

 

RESULTS: All the results are summarised in the table 2. 

Table 2: RMS and maximum reconstruction errors for the four algorithms 

  RMS Error (mm) Max Error (mm) Max-to-RMS-ratio 
(%) 

Algorithm Extrapolation    

0% 9 26 290.2 
25% 9.8 12.5 128 
50% 14.1 20.5 145.3 
75% 18 20.6 114 

DLT standard 

100% 19.9 28.8 144.5 
0% 5 10.9 214.6 
25% 12.5 17.7 141.7 
50% 12.3 18 146.6 
75% 14.8 17 114 

DLT double-
plane 

100% 14.3 18 144.5 
0% 9.7 18.9 193.8 
25% 9.2 11.4 123.6 
50% 10.9 13.9 128.2 
75% 12.1 15.2 125.5 

VC standard 

100% 16 21.9 136.6 
0% 6 10.7 179.3 
25% 5.6 7.0 126 
50% 8.4 11.4 135.6 
75% 11.1 15.5 139.9 

VC double-
plane 

100% 19.2 19.2 134.6 



For the condition without extrapolation: The results show that, for the two algorithms and 
for the condition without extrapolation, the double plane method (DLT DP and VC DP) score 
smaller calibration errors for the RMS values and for the maximum errors values. Results 
also show that, without extrapolation, RMS errors for the DLT DP and DLT are respectively 
slightly smaller than the RMS errors for the VC DP and the VC. Nevertheless, maximum error 
observed for the VC and the VC DP are respectively smaller than those observed for the 
DLT and DLT DP. The max-to-RMS ratios are also smaller for the VC and VC DP. 

For the condition with extrapolation: The results of the conditions with extrapolation show 
that, for every level of extrapolation, except for 100%, the RMS and maximum values are 
smaller for the VC DP than for the VC. Also, the RMS and maximum values are respectively 
smaller for the VC DP and the VC than the values observed for the DLT and the DLT DP. 

DISCUSSION: The present data (Table 2) supports the conclusion that double plane 
methods provide more accurate reconstruction of points within the calibration space (0% 
extrapolation). The VC DP and the DLT DP allow an improvement of the reconstruction 
accuracy of respectively 41% and 43%. These results agree with those of Kwon et al. (2002) 
and Elipot et al. (2008). 
Reconstruction errors increase for the DLT and DLT DP method if the reconstructed points 
are placed outside of the calibrated space. More especially, the DLT DP appears to be much 
more inaccurate (191% more inaccurate) when the extrapolation is fixed at 75%. These 
results agree with those of Kwon et al. (2002) and Kwon and Lindley (2000). 

The VC DP may have slightly improved RMS reconstruction accuracy compared to the other 
methods, but it also create a more homogeneous space calibration. VC DP also improves 
reconstruction accuracy for points placed outside of the calibrated space. So the VC method 
is particularly convenient to study large movements or when it is impractical to build a 
calibration frame large enough to prevent any extrapolation. 

REFERENCES: 
Abdel-Aziz, Y.I., and Karara, H.M. (1971). Direct linear transformation from comparator coordinates 
into object space coordinates in close range photogrammetry. In ASP Symposium on Close Range 
Photogrammetry (pp. 1-18). Falls Church: American Society of Photogrammetry. 
Bouguet, J.Y. (1999). Visual methods for three-dimensional modeling. Ph. D Thesis. Pasadena, 
California Institute of Technology. 
Drenk, V., Hildebrand, F., Kindler, M., and Kliche, D. (1999). A 3D video technique for analysis of 
swimming in a flume. In R.H. Sanders and B.J. Gibson (Eds.), Proceedings of the XVII International 
Symposium on Biomechanics in Sports (pp. 361-364). Perth: Edith-Cowan University. 
Elipot, M., Houel, N., Hellard, P., and Dietrich, G. (2008). Comparaison de méthodes de calibration de 
camera pour l’analyse du mouvement en conditions sous-marines. In M. Sidney, F. Potdevin, & P. 
Pelayo (Eds.), 4èmes journées spécialisées de natation (pp. 127-128). Lille : Université de Lille. 
Kwon, Y.H., Ables, A., and Pope, P.G. (2002). Examination of different double-plane camera 
calibration strategies for underwater motion analysis. In K.E. Gianikellis (Ed.), Proceedings of the XXth 
International symposium on biomechanics in sports (pp. 329-332). Caceres: Universidad de 
Extramadura. 
Kwon, Y.H., and Casebolt, J.B. (2006). Effects of light refraction on the accuracy of camera calibration 
and reconstruction in underwater motion analysis. Sports biomechanics, 5, 95-120. 
Kwon, Y.H., and Lindley, S.L. (2000). Applicability of four localized-calibration methods in underwater 
motion analysis. In R. Sanders and Y. Hong (Eds.), Proceedings of the XVIII international symposium 
on biomechanics in sports. Applied program: Application of biomechanical study in swimming (pp. 48-
55). Hong Kong: The Chinese University of Hong Kong. 

Acknowledgements: 
The authors would like thank Caroline Moreau and Lou Counil for their contribution during the data 
acquisition process. 


