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Abstract

Straight lines in 3D scenes and their images, allow to estimate the camera
projection matrix and radial distortion, using theDLT-Lines calibration
methodology. In this paper we detail theDLT-Lines and analyze the effect
of image resolution based on a synthetic setup having calibration ground
truth. More precisely, we consider noise in the 2D data of thesynthetic
setup, i.e. induce uncertainty in the estimated calibration parameters, and
thus assess the benefit of augmenting the camera resolution.

1 Introduction

Laser range finders and color-depth (RGBD) cameras make the process of
acquiring 3D data of a scene simpler. In particular, these sensors allow to
obtain 3D lines/points on the scene that can be matched with lines/points
imaged by a standard (RGB) video camera. These matchings have been
shown to be useful for the calibration of networked RGB cameras [4, 5].

A set of 3D-to-2D point correspondences and the Direct Linear Trans-
formation (DLT) permit to estimate the camera intrinsic parameters, ori-
entation and position in a global frame [2]. In case of havingjust image-
lines containing the images of the 3D points, calibration isstill possible
using the so calledDLT-Lines methodology [5]. Considering theDivision
Model for radial distortion, introduced by Fitzgibbon [1],DLT-Lines also
allows the calibration of cameras with radial distortion [5].

Given thatDLT-Lines is based on 3D and 2D data (see example in
Fig.1), it is prone to measurement errors both in the 3D and 2Ddata
sources. In this paper we use the uncertainty caused by the 2Dnoise
on the calibration process, to help assessing, numerically, the benefits of
improving the camera resolution.

2 Camera Model and DLT-Lines

The perspective camera model describes the mapping of the 3Dspace to
the 2D projective plane [2]. According to thepin-hole camera model, a
scene point in homogeneous coordinatesM = [X Y Z 1]T is imaged as a
point m = [u v 1]T :

m
.
= P M = K [R t]M (1)

where
.
= denotes equal up to a scale factor,P is a 3×4 projection matrix,

K is a 3× 3 upper triangular matrix containing the intrinsic parameters
of the camera,R is a 3×3 rotation matrix representing the orientation of
the camera andt is a 3×1 vector representing the position of the camera.
The rotation and translation are defined with respect to a fixed absolute
(world) coordinate frame.

Thepin-hole parameters can be estimated using image lines and scene
points [5]. The projection of a 3D lineLi on the camera image plane can
be represented by the cross product of two image points, in projective
coordinates,li = m1i×m2i [2]. Applying the multiplication bylT

i on both
sides of Eq.1, leads tolT

i P Mki = 0 whereMki is a 3D point in projective
coordinates lying inLi. The properties of Kronecker product [3] allow to
obtain a form factorizing the vectorized projection matrix:

(MT
ki ⊗ lT

i ) vec(P) = 0. (2)

ConsideringN ≥ 12 pairs(Mki, li), one forms a matrixB, N × 12, by
stacking theN matricesMT

ki ⊗ lT
i . TheDLT-Lines calibration data is illus-

trated in Fig.1. It consists of paired 3D points and 2D lines.Alternatively,
given a 3D lineLi and its projection represented by the image lineli, any
3D point lying on the 3D lineLi can be paired with 2D lineli. On the
other hand, any image lineli can be paired with any 3D point lying on
Li, i.e more than one image line can be paired with a 3D point. Theleast
squares solution, more precisely the minimizer of‖B vec(P)‖2 subjected

(a) Image acquired by the camera to calibrate

(b) Calibration data, 3D lines

Figure 1: DLT-Lines calibration methodology based on 2D-to-3D lines
and points correspondences. The image data (a) consists of line segments
(red) represented by points (blue stars), while the scene data is formed by
3D lines/points (b). Calibration involves estimating camera pose,[R t],
intrinsic parameters,K, and radial distortion,λ .

to ‖vec(P)‖ = 1, is the right singular vector corresponding to the least
singular value ofB.

Note that the pin-hole camera model, as presented on Eq.1, does not
contain yet the radial distortion. To include radial distortion, we use
Fitzgibbon’s Division Model. As proposed by Fitzgibbon [1]an undis-
torted image point, ˆmu = [uu vu]

T is computed from a radially distorted
image point ˆmd = [ud vd ]

T asm̂u = m̂d/(1+λ ‖m̂d‖
2), whereλ repre-

sents the radial distortion parameter. Fitzgibbon model allows to define a
line l12 as the cross product of two points:

l12 =





u1d
v1d

1+λ s2
1



×





u2d
v2d

1+λ s2
2



= l̂12+λe12 (3)

wheresi is the norm of distorted image pointi, s2
i = u2

id +v2
id , the distorted

image line is denoted asl̂12= [u1d v1d 1]T ×[u2d v2d 1]T and the distortion
correction terme12 = [v1ds2

2− v2ds2
1, u2ds2

1−u1ds2
2, 0]T . Applying Eq.3

on Eq.2 leads to the following equation:
(

MT
k12⊗ (l̂12+λe12)

T
)

vec(P) = 0, (4)

which can be rewritten as

(Bki1+λBki2) vec(P) = 0 (5)

whereBki1 = MT
k12⊗ l̂T

12, Bki2 = MT
k12⊗ eT

12 andMk12 denotes thekth 3D
point projecting to the distorted linel12.

ConsideringN ≥ 12 pairs(Mki, l̂i), whereN = kmaximax, one forms
two N ×12 matrices,B1 andB2, by stacking matricesBki1 andBki2. As
proposed by Fitzgibbon, left-multiplying the stacked matrices byBT

1 re-
sults in a Polynomial Eigenvalue Problem (PEP), which can besolved
for example, in Matlab using thepolyeig function. It gives, simul-
taneously, the projection matrix, in the form ofvec(P), and the radial
distortion parameterλ .
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(a) Calibration Setup and image acquired by the camera

(b) Reprojection error,λ ∈ {0,−10−7} (c) Kerr, λ ∈ {0,−10−7} (d) λerr, λ =−10−7

Figure 2: Effect of image resolution inDLT-Lines. The setup is composed by a number of 3D line segments and their images (a). Two cases
considered, undistorted image (black circles) and radially distorted image (red dots), see (a)-right. The reprojection errors (b), and intrinsic errors
Kerr (c) are computed considering both the distorted (lines) andundistorted (dashed lines) cases. Radial distortion error, λerr is computed only for
radially distorted images (d).

3 Experiments

In order to test the effect of different camera resolutions in DLT-Lines, we
considered three synthetic cameras with standard resolutions and common
8mm lens in a 1/4[in] CCD (intrinsic parameters). The cameras are con-
sidered to be at the world origin and aligned with the world frame (R = I).
All image points are distorted using Fitzgibbon’s radial distortion model,
with λ ∈ {0,10−7}. Figure 2 illustrates the experimental setup (a).

Considering a 3D line segment,Li represented by two 3D points (see
Fig.2(a) blue dots), the corresponding image lineli is defined as a collec-
tion of two or more points selected from the imaged line segment (red dots
and lines, black circle and lines). The imaged line segment is computed
using the camera projection matrix. Gaussian noise is addedto the im-
age points after computing the projected image line, and before obtaining
multiple image lines, as cross products of pairs of distorted image points,
which form theDLT-Lines input. The camera projection matrix and the
distortion parameter are estimated usingDLT-Lines (see Eq.5), and the
noisy and distorted image lines according to Eq.4.

Figure 2 compares the performance ofDLT-Lines. The comparison
encompasses the mean reprojection error Fig. 2(b), the meanof the rel-
ative error of the estimated horizontal focal length Fig. 2(c)1 and, in the
caseλ = −10−7, the difference betweenλ and the estimated radial dis-
tortion parameter,λerr. The plots involve 100 calibrations for each noise
level (standard deviation, horizontal axis) and for each image resolution.
Figures 2(b) and (c), show that in our setup the calibration errors of dis-
torted and undistorted cameras are almost equal. In addition, the similar-
ity of the mean reprojection error plot, Fig. 2(b) withKerr plot, Fig. 2(c)
and λerr plot, Fig. 2(d), shows that the common cost function used in
nonlinear calibration, the mean reprojection error, is effectively a good
indicator of the accuracy of the calibration methodology.

4 Conclusions

In this paper, we assess the benefit of image augmenting resolution in the
precision ofDLT-Lines. The assessment consists of testing the calibration
methodology in a synthetic setup, encompassing a distortedor undistorted
imaging system configured at different resolutions. The results show that
the increase of image resolution improves the performance of DLT-Lines.

1The horizontal focal length relative error is defined asKerr = (K(1,1)−Ke(1,1))/K(1,1),
whereK is the camera true intrinsic parameters matrix,Ke is the estimated one andK(3,3) =
Ke(3,3) = 1. Ke can be obtained by decomposing the estimated projection matrix as Pe =
[Ke 0T ] [2]

In terms of future work, we plan to further explore empiricaland
theoretical rules stating the required precisions of the 2Dand 3D data
in order to obtain a pre-specified precision of the results ofDLT-Lines.
These rules will serve the purpose of building user interfaces helping the
in-situ calibration of networked cameras.
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