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ABSTRACT

The accuracy of calibration will significantly affect the post
processing capability of light field imaging. The geometry of
the reconstructed scene is related to the parameters of light
field closely, involving the accuracy of decoded rays and am-
biguities from ray correspondences. Through exploring the
ray correspondence, we derive a transformation matrix to de-
scribe the projective distortion on reconstructed scene in 4D
light field. Based on our derivation, we simplify the light field
camera geometry as a 4-parameter model and calibrate its in-
trinsic parameters, including a linear initialization and a non-
linear refine process. The proposed light field calibration can
simply be implemented with a parallel bi-planar board. Ex-
periments on both simulation and real scene data validate the
performance of the calibration.

Index Terms— Light field camera, projective distortion,
intrinsic parameter, calibration

1. INTRODUCTION

The light field cameras, e.g. the plenoptic camera [1] and the
focused plenoptic camera designed by Georgiev [2], capture
both angular and spatial information of rays in 3D space. In
contrast to the principle of the conventional camera, its 2D
raw image can be decoded into 4D light field via its intrinsic
parameters [3], which is able to recover the 3D structure of the
real world scene from a single shot by point correspondence
[4]. However, the reconstruction process is still an ill-posed
problem, especially with unknown intrinsic parameters [5].
Due to projective distortion, imaging deviation and am-
biguous parameterization, to reconstruct the real world scene
accurately, one crucial step is decoding and calibrating light
field with reasonable rectification model. Prior work has
explored with the calibration of the intrinsic parameters.
Dansereau et al. [3] presented a 15-parameter plenoptic cam-
era model to relate pixels physical rays in the target scene.
While its initialization was similar to conventional camera
calibration on sub-aperture images, that may not guarantee
the convergence of the solution. Johannsen et al. [6] esti-
mated the intrinsic and extrinsic parameters for a focused
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plenoptic camera by direct depth estimating from the raw
image. Due to the ideal model that the geometric center
of micro image lies on its corresponding optical center of
micro-lens, there was non-negligible measurement error [7].
Bok et al. [8] formulated a geometric projection model to
calibrate the intrinsic and extrinsic parameters by utilizing
raw images directly, including linear initialization and non-
linear optimization. In this paper, we present a simple and
generic model to describe a light field camera base on two-
parallel-plane (TPP) model [9, 10]. Our goal is to rectify the
projective distortion of the reconstructed scene from 4D light
field.

Furthermore, in traditional multi-view geometry, multi-
ple cameras in different poses are defined as a set of uncon-
strained rays, which is also known as Generalized Camera
Model (GCM) [11]. In GCM, correspondences are estab-
lished by a set of rays intersecting at the same scene point
to constrain the poses of cameras. Similarly, the rays decoded
from a light field camera are equivalent to a camera array with
camera centers aligned regularly on the aperture of its main
lens [12, 13]. The ambiguous intrinsic parameters, which can
be regarded as the pose of multiple conventional cameras, dis-
tort the scene structure recovered from the 4D light field. It is
a special case of GMC. In this paper, we model the relation-
ship between the recovered points and the parameters setting
to calibrate a light field camera and eliminate the projective
distortion of the recovered scene structure.

In summary, our main contributions are listed as follows:

(1) We deduce a transformation matrix to describe the re-
lationship between the distorted points and the scene points
based on TPP model.

(2) We propose a method to rectify and calibrate a light
field camera, which includes a linear initialization to prove
the uniqueness for the intrinsic parameters and a cost function
to refine the result.

2. LIGHT FIELD PROJECTIVE DISTORTION

We use a TPP coordinate to describe a 4D light field, as shown
in Fig.1, including the camera coordinate X-Y-Z, a 2D coor-
dinate 2-y with origin lying on (0,0,0)", and u-v with origin
lying on (0,0, f)T, where f is the distance of the two paral-
lel planes in TPP model. It defines a unique ray + as 4 pa-
rameters which intersects at points (z,y,0)" and (u, v, f)T:
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7= (z,y,u,0)".

Let 7; and 7; intersect at point (X, Y, Z)™, we can get the
relationship between the rays and the point by triangulation:

[f 0 z—w *fxi-‘ {X-I
0 f yvi—v —fu -0 (1)
f 0 Tj — Uj —facj ’
0 f wyi—vi —fy;] 1
where (X, Y, Z)T can be solved iff % = :;7—"’

Moreover, X, Y and Z can be represented by the elements
of ¥; and 7} in two equivalent forms:
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If we change f into f’, the point (u, v, f) intersected by
7 becomes (u, v, f) and the rays’ intersection becomes X'.
Substituting it into Egs.2 and 3, we have:

X 1 0 0 0 X
R
1 0 0 0 1 1

where X' is in homogeneous coordinate. Let (u/, v') be (u
ug, v + vy ), we get X' from Egs.2 and 3:

] oV o] Y]

z1=lo o 1 ollz| ©®
1 00 o 1|1

Let (z/,y, v/, v") be (kyx,kyy, kyu, k,v), we get X’
from Eqgs.2 and 3:
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Fig. 1. TPP model with distance f. The origins of coordinate
x-y and wu-v lie on the axis Z. Two rays 71 and 7 intersect at
point (X,Y, Z)T.
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where k = (kg, ky, ky, ky). More importantly, Eqs.6 and 7
hold when k; /k,, = ky/k,.

Indeterminate parameters of a TPP coordinate system re-
sult in projective distortion on the scene structure according to
Eqgs.4,5, 6 and 7. As shown in the most left one of Fig.2, there
is a scene with a Lambert cube recorded by a TPP light field.
If the parameters f, (k,, k), and (ug, vo) are changed respec-
tively and the light intensity keeps constant, the intersections
of the rays will be transformed by P;(1<i<4). Therefore, the
cube will be distorted by the change of the parameters setting
of TPP (the right three of Fig.2).

As for a light field camera, every image pixel can be re-
garded as a ray passing through the coordinate on the image
sensor and the optical center of its corresponding micro-lens
[3, 7, 8] (in Fig.3). Due to the refraction of the main lens,
directions of rays deviate by the focal lens. Consequently, to
rectify the difference between the light field inside and out-
side the camera, we present a 4-intrinsic-parameter model to
constrain the rays based on the projective transformation.

3. RECTIFICATION MODEL

We describe a light field camera by 4 intrinsic parameters
equivalently, including the distance between the image sen-

Fig. 2. TPP light field recording a Lambert cube. The left one
is the original cube and the others are distorted cubes depen-
dent on TPP parameters.
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Fig. 3. The optical path of a plenoptic camera [1]. There are
two TPP coordinates inside the camera and in the real world
scene with different parameters.
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sor and the micro-lens array f, the diameter of micro-lens d,
and the offset of the optical center of the reference micro-lens
(up,vp) (in Fig.4). The coordinates of the optical centers of
the micro-lenses are presented as (id+ ug, jd+vg, f), with
label ¢ € Z, j € Z, thus the label of reference micro-lens is

(0,0).

Consequently, a ray 7 with a certain image coordinate
(z,y) which intersects at the optical center of its correspond-
ing micro-lens is constrained by the intrinsic parameters 2 =
(ug,vo, d, f). Then the intersection of the corresponding rays
X, is obtained by Eqgs.2 and 3. In addition, to simplify the
discussion, we assume that the layout of the micro-lens array
is square-like. For hexagon-like configuration, it is easy to
partition the entire array into two square-like ones.

More importantly, (ug, v, d, f) is not equal to the physi-
cal parameters. Otherwise there will be projective distortions
on the recovered rays’ intersections.

3.1. Linear Initialization

Given an arbitrary parameters setting 2" = (ug, v}, d’, '),
the distorted intersection X, is obtained. The relationship
between X, the undistorted intersections X., 2"/, and 2~
is:

fdd 0 wui—ug O X

_ 0 fdd vy—ve O Y.
SXd—PXC— 0 0 f/ 0 Zc 9 (8)

0 0 1-a/d fd/d||1

where P = Py (f") Py (uy—ug, v)—vo)P3(d' /d) are inferred
from Eqs.4, 5, 6 and 7.

Then we assume that the coordinate of the world coordi-
nate system X, is related to the TPP coordinate system X .
by a rigid motion and a zoom, X .= K(RX,, + t), with ro-
tation R € SO(3),t € R?, and K € R. Let’s denote the i*"
row of the rotation matrix R by r;. Then we substitute X in
Eq.8 by the rigid motion to get an Ax = 0 form:

y
I Z

(u 0y Vll)' X

xv u

Fig. 4. A TPP describes a light field camera. z-0,,-y is the
image coordinate and u-0,,-v is the micro-lens array plane
whose origin lies on the z-axis.
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where X'w =(Xw, Yw, Zw)" denotes non-homogeneous co-
ordinate.

Stacking all recovered intersections in different settings
Z' to the matrix A, its right singular vector v corresponding
to its smallest singular value is selected as an initial solution
multiplied by an unknown scale factor A (v = Az). Let v;
be the i*" element of v (1<i<24). Utilizing the identity and
orthogonality of R, the parameters are recovered as follows:

v§+v§+vz

d= 5——5—=,
vE + v2 + 03

(10)
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R B
Moreover, Eq.9 indicates that the 4 parameters are suf-
ficient to constrain a rectified 4D light field where the rays
intersect at the undistorted scene points. Once there are e-
nough prior scene points X, and parameters settings X', the

solution for 2" is unique.

3.2. Non-linear Optimization

Moreover, with the initialization solved in sec 3.1, we mini-
mize the cost function E(-) on the recovered intersections X .
dependent on 2" to refine the solution in Eqs.10, 11 and12:

4 nj
B@)=)_Y Isin(@5:@;,) |+ Y [sin(@@) —0k.l, (13)
j=li=1 1<k,1<4
where @ ;(1<i<n;) are the directions of a set of parallel lines
formed by the recovered intersections (by Eqgs.2 and 3) with
their mean directions (j;:%z ; @j,i- Ok, is the prior included
angle between qj; and qj.

With an arbitrary parameters setting, there is a projec-
tive transformation between the recovered scene points and
ground truth. Specifically, the first term in Eq.13 constrain-
s the affine property of the recovered scene points, and the
second term constrains the similarity property [5].

A specific case of the cost function is illustrated in Fig.5.
Moreover, the four non-parallel directions are in different
planes. To minimize the cost function, the structure of a cube
without ambiguity can be constrained which is the same as
Fig.2 except for the euclidean property.
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Table 1. Parameters estimated with a parallel bi-planar board
with different poses on simulated data and the ground truth.

Parameters Data 1 Data 2 Data 3 GT
R/deg 0,0,0) 0,0, 0) (5,15, 38) —
t/mm (10,20,1000) | (20,40,900) | (10,20,1000) —

uo /pizel -17.0622 -18.0623 -18.0620 -20

vo/pizel -58.9686 -57.9689 -58.3191 -60
d/mm 39.7498 39.7860 39.7506 39.70
f/mm 1047.3021 1053.1209 1054.1388 1050

4. EXPERIMENTAL RESULTS

To verify the projective distortion model, we apply our rectifi-
cation method on simulated data and a self-assembly focused
plenoptic camera. In addition, we design a parallel bi-planar
board with grids (in Fig.5) to provide prior scene points in
the world coordinate system. As shown in Fig.7 and 8, the
focused images on the left are rendered with the calibrated
result, and the images on the right are rendered with the as-
sumption that the center of micro image lies on the optical
axis of its corresponding micro-lens.

First, we render the simulated raw images in MATLAB
where the micro-lens and the main lens are modelled as thin
lens. The results and ground truth with different priors and
pose are shown in Tab.1. The value of E(-) is shown in Fig.6,
which indicates that the optimization is convergent. Then we
shot a resolution test chart and rendered the images focused
on the same depth with different .2~ using the algorithm in
[14] (in Fig.7), which indicates that the rays’ directions ef-
fects the sharpness of rendered images.

Second, we calibrate a physical camera based on focused
plenoptic camera model. The rendered images with different
Z are shown in Fig.8. In addition, 2" influences the geo-
metric structure of the focused images from a 4D light field.
It is more visible in the bottom one, where the chess board
becomes more uniform after calibrated.
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Fig. 5. The parallel bi-planar board we designed to provide
prior scene points for calibration. The grids on the two planes
are in square layout and §) ; is perpendicular to g ;. The
distance between the two parallel planes and the distance be-
tween adjacent grids are known.

5. CONCLUSION

In this paper, we present a transformation matrix to describe
the projective distortion on the recovered scene points caused
by the uncertainty of parameters of a TPP model. Then we
apply the transformation to the light field camera and simpli-
fy the camera model as a 4-intrinsic-parameter system, where
the refraction of the main lens is substituted by the scale of the
micro-lens array plane. Finally, by rectifying the projective
distortion of the geometric structure of the scene, the intrinsic
parameters of a light field camera can be calibrated. Experi-
mental results show that our model is sufficient to rectify the
light field data, proving the uniqueness of the solution for the
intrinsic parameters.
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Fig. 6. The error maps from Eq.13. We keep arbitrary (ug, vo)
constant to plot four error maps about f and d.
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Fig. 7. The rendered images from our simulated data by ray
tracing.

Fig. 8. The rendered images -fromb‘the physical focused
plenoptic camera by ray tracing.
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