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INTRODUCTION: Direct Linear Transfonnation (DLT) method suffers from an intrinsic 
hortcoming: non-orthogonal camera calibration and object space reconstruction. This is due 

to the fact that the eleven DLT parameters are basically deriVed from a set of ten 
independent camera parameters and thus are mutually dependent. Alternative algorithms 
such as MDLT have failed to gain popularity due to the complexity and inconsistency in 
performance. The purpose of this study Is to develop a non-linear orthogonal camera 
calibration algorithm with the capability to correct the optical distortion errors. 

METHODS: A 15-parameter non-linear camera calibration method, Direct Solution Method 
(DSM). was developed based on the following relationships between the object space 
coordinates and the image plane coordinates of a given control point: 

u -u" -!:ut =-d . t zl (x-x,,)+/22 (y- Yo)+I23 (Z-Z,,) [1] 
u 

IIl(X-X,,)+t1z(Y- yJ+t13 (z -zo) 

v-vo -/).,v=-d,.· f31 (X-X,,)+132(Y- YO)+t33 (Z-Z.,) , [2] 
t ll (x - x.,) + tl2 (y- y,,) + tu (z - zo) 

where (u, v) = image coordinates of the control point, (uo, vo) :::: image coordinates of the 
principal point of the camera, (MI, M) :::: optical errors in the image coordinates, (x, y, z) = 
object space coordinates of the control point, (xo• Yo, zo) =position of the camera, (du, dv) = 
scaling/unit conversion factors, and t11 , ••• , ~ = elements of the transfonnation matrix from 
the object space reference frame to the image plane frame. The transformation matrix is a 
function of three Eulerian orientation angles: 
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The optical error terms add 5 additional parameters (k1 ••• ks) to the system, yielding a total of
 
15 independent internal and extemal camera parameters: uo, VD' ><0, Yo. "4>, dUI dv, $, e, 'V, and
 
k1 - ks. A minimum of 8 non-coplanar control points (2*8 = 16 equation,s) makes the system
 
sufficiently determined. The Newton method, commonly used in solVing a system of non

linear equations, was used in the proposed calibration algorithm. A complete set of partial
 
differential equations were developed ih this stUdy to build the Jacobin matrix.
 
A series of 9 single-camera calibrations (1-4: camera fixed with varying zoom settings; 5-9:
 
zoom fixed with panning) were performed using the new algorithm and results were
 
compared with those of the 16-parameter DLT method. A separate 6-camera calibration was
 
also performed to assess the reconstruction error.
 

RESULTS AND DISCUSSION: In all calibration trials, the DSM successfully generated
 
orthogonal calibrations. while the 16-parameter DLT method exhibited non-orthogonality. The
 
mean calibration error was similar between DSM (0.38 ± 0.11 pixels) and the DLT method
 
(0.38 ± 0.10 pixels). The new algorithm provided stable solutions for all 16 parameters in all 
trials. Trials 1-4 revealed consistent camera angles while trials 5-9 generated consistent 
principal point coordinates, and scaling factors. The optical error correction terms (:<=; 10.6) 

improved the calibration accuracy significantly. A relatively large variability was observed in 
the optical error correction parameters when compared with other internal camera 
parameters. A slightly larger reconstruction error was observed in the DSM (0.25 cm) than in 
the 16-parameter DLT method (0.22 cm) from the 6-camera calibration trial. 


