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ABSTRACT

In this paper, we present a novel rectification method for two &
dimensional multi-camera array. Rectification and correci‘a ;
tion are important for free view-point imaging and multi-view &
coding in the field of image-based rendering (IBR). Our rectl-u-“
fication process consists of two step; intrinsic and directiona &
parameters trimming and orthogonal warping of image plane.
Experimental result show that the pixel error of our rectifica-
tion become less than 0.25 pixel. In consequence of this, that

Multl camera array Captured multl camera |age

Fig. 1. Camera array

precision of rectification has enough accuracy for such image [ | mutti camera image
based rendering techniques. @ Correspondence points
""" Connecting line among neighborhood
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1. INTRODUCTION ': ; i o 5 ? :
o At & .; rectification +._._ _._.+._._ -
This paper presents a novel correction method for geome ' ‘ : ;
ric distortion on two-dimensional multi camera array (2DCA) LS TR N 9 O S Y I
images which is shown in Fig. 1. The 2-D camera array is

set of huge amount of cameras which are thickly placed and Fig. 2. Locus of Feature Point
strictly aligned.

First of all, let's clarify the goal of this paper. When we  In the context of image rectification, these processes are
snap the scene by dense 2DCA, we can see lots of commayell researched in Computer Vision (CV) as a part of stereo
regions in the images. If the 2DCA is ideal condition, linesmatching problem since early times[5]. To rectify a stereo
which connect a points on image to the point on neighborhoodamera to have parallel epipolar line[6] and a trinocular cam-
multi camera images become square lattice (see in Fig.2 rigefa to have orthogonal epipolar one[7] are already studied
side). We call this points and linesotus of feature points  in CV field. Increasing the interest in IBR, LFR and Multi-

In this condition, we can find correspondence easily amongaseline stereo, the needs of camera array which consists of
images, and it is effective for Multi-View Coding (MVC)[1], more than four cameras images are also increasing.
Ray-Space[2], and Light Filed Rendering (LFR)[3]. For in-  The rectification method described in this paper belongs
stance, coding performance could be better on MVC and rene four (or more) camera’s 2DCA setup. Whereas the stereo
dering arbitrary viewpointimage[4] would become faster. Un+ectification methods have been maturate, methods of rectifi-
fortunately, to setup aligned array with high accuracy is im-cation for 2DCA did not have large attention, but some works
possible. It is because that cameras have individual charaeare reported. Vanish have presented a “Plane + Parallax rec-
teristic and difference, that is hard to correct and inevitabletification” for 2DCA[8]. This method approximate camera

In addition, setting the camera by human hand must have imodel as affine, hence successful condition is limited. Mat-
regular matters, so that cameras may be settled wrong direstimoto have shown a “Calibrated based camera rectification”
tion. For this reason, the corresponding points are messddr various camera setup[9]. Unfortunately, this method relies
like Fig.2 left side. To conclude above story, our research ainhardly on camera calibration[10] accuracy while exact cam-
is that we rectify the random motion of points into the fixedera calibration is difficult. Deng have proposed a “Light field
grid by image correction. In this paper, we call this geometriaectification”. This method is suitable for our camera setup
error compensatiorRectification except for one critical assumption. It is that they use “one*
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era position, same intrinsic parameter, and orientation param-
eter. This condition limits that the system can capture only ;%
still image. Therefore enough studies have not tried to our | |
rectification case, such as using multi-camera with 2-D cam- |
era setup. ¢ 4
Our method is divided into two steps; all cameras’ in- Lepgtﬁ"ﬂ'm.._,_ ~4
trinsic and directional parameter conforming step and image ' Lo
plane othogonalization step. At first step, we align the cam- d
era intrinsic parameter and directional parameter by using in-

machine controlled camera platform for setting precise cam-  camea

v
- : / 7
finite correspondence points, and then all cameras become Reference plan Im’age (ij)=(we, hc)
same condition except for camera position parameter. Next \deal Camera Array Setup \deal Image Condition

step, we change the direction of optical axis on camera array
to have the condition that the orientation becomes orthogo-
nal for camera array plane. As a result of rectification, the Multi camera image
distance from ideal case become 0.25 pixel, and consequence

we can make out that the result will come out sufficient for v
LFR and Ray-Space construction.

This paper is organized as follows; In Section 2 we ad-
dress the camera condition and setup. We remark our rec-

Fig. 3. Ideal condition of rectified camera array
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]

/

HH

L]
tification method with detail in Section 3. The experimen- \\ ~Camera 2
tal result, which includes computer graphics simulation and N Camera 1 u
practical real camera arrays case, are shown in Section 4. Fi- Corresponding feature points
nally, in Section 5 we conclude by noting that this method is Fig. 4. Another Image Represantation

enough to construct ray-space.
R;(i = 1,...,n) and the normal vectop of camera array

2. CAMERA ARRAY RECTIFICATION plane are also same.

2.1. Pin-hole Camera Model 2.3. ldeal 2-D camera array in image domain

Throughout this paper, we assume camera as basic pin-hdle the case of capturing multi-camera images with ideal 2D
camera model[12], and we assume no lens distortion via resamera array, which ig.col x h.row matrix setup, the corre-
moving this distortion[13]. spondence points have following properties. When a 3D point
Following pin-hole camera model, the 3-D poiff is M project a pointm whose image coordinate {&; ;, v; ;)
projected to image plane point by projection matrix which  on the camera which place ét j) camera coordinate, cor-

has 11 degree of freedom (DOF); respondence points sequences from the same camera array’s
“row” exist in same image scan-line Also points sequences
m = K[R; T|M consisted from the cameras posited same camera array “col-

o ] N umn” exist in same image vertical ling(right side of Fig. 3).
where K is intrinsic parameterT is position parameter and Accordingly, the relationship amonig; andu, v is
R is orientation parametefs is upper triangular matrix and

has 5 DOFZI is 3D vector and has 3 DOIR is orthogonal Vil = Vi = ... = Uip,
3 x 3 matrix and has 3 DORR; T is 4 x 3 projection matrix ' '
to map 3D to 2D. Ul = U2,j = oo = Unyg,j-

In addition, if this camera array is placed at completely
square lattice grid, the disparitiesof neighborhood corre-
Binocular rectification makes the orientation of two cameraspondence points become same.
same, make it orthogonal to camera baseline, and also two

2.2. Ideal 2-D camera array in 3-D domain

cameras have same intrinsic parameter. On the contrary, in the d=1v1j—V2j =V2j —V3j = ... = Vew—1,j — Vew,j
camera array rectification, allcameras is satisfied about the
above assumptions, whetés the number of camera. In addi- do = ui1 — Ui = Uil = Ui2 = Ujch—1 — Uich

tion, camera orientation are orthogonal to camera array plane
P (Fig. 3). Thus, all intrinsic parameters;(: = 1,...,n)
are same, and vector of optical axis derived from orientatioWhereq is the aspect ratio of the camera array position.

(wij,vi5) = (w1 +id,v1 + j + dov)



2.4. Muti Camera Image Representation

In this paper, we represent multi camera images by two type.
One is multi image domain which is seen in Fig. 3. Another
one is xxx domain which is shown in Fig. 4. We choose
the type of representation which is more suitable for explana-
tions.

3. PROPOSAL RECTIFICATION METHOD

The proposal method consists of two parts; at first, we trim
all camera’s intrinsic parameter and orientation parameter as
same to cancel the individual difference, and next step, we
rotate the orientation of principal point vector ,which now all
camera orientation matrix are same, to make orthogonal to

base line of stereo camera

Fia. 5. Relation amgna imaage . plane afd

camera array plane.

3.1. Intrinsic and orientation parameter homogenization

A homography matrix{;; represents a projection of poifd
on a 3D plandI into the two image planes,;, m; at camera
i, j(i # J)

m; = Hijmj
H;; can be decomposed into, which the book [12] shows,

tnT
H;j = K;(R;; + T)Kj—l.
whereR;; is the relative orientation afandj (i is base orien-
tation), thusR;; = RiRj‘l. t is the translation vecto¥;, K;
are intrinsic parameter of each cameras the distance be-
tween plandl and camera baseline, ands the normal vec-
tor of planell(Fig. 5).

If the plane posits at infinity distance, the distaridze-
comesl — oo, thus the above relationship become simpl
and is represented by the homograpii§® on the plane at
infinity 1,

HY = KiRi; K; .

e

Fig. 7. Vanishing point from chess board

3.2. Vanishing Point and Infinity Point

Plane at infinity are well known as panorama mosaic method
for conjugating faraway landscapes scene[15] in recent decade.
This method use infinite correspondence points and overlap
images by perspective transform (see in Fig. 6). We use that
idea to rectify images as infinite points matching. Unfortu-
nately, we cannot always use such far scene for rectification
at anytime, thus we also use vanishing points from a plane
pattern.

The vanishing point is cross point of two parallel lines in
3-D scene on the perspective camera domain (Fig. 7). This
means that the cross-point on these lines is placed at infinity.

In practice, we cannot avoid noise effects at feature points
detection so that we cannot define one point as the cross point
of plane pattern. Following paragraphs, we are going to ad-
dress an optimization method for this problem.

Fig. 8 shows the optimization method. At first, we ex-
tract an observation feature pointg on chess board, and

In this case, we can ignore the translation effect, therefore, w&en we fit these points to ideal square grid pojnp{y ideal
can focus the relation of only intrinsic and orientation param9rid projection homography matri,. In this process, we

eter. Now we change this matrix representation as follow;
KiR; = H;7 K;R;.

This equation shows that if we multiply the?> to camera
image ofj, thej camera and camera’s parameter of orien-

tation and intrinsic become same. In a similar way, we apply

multiply this homography tg = {1,2,....n}\i. "\" means

exception of set. After that process, direction and intrinsic

characteristic on all cameras become same.

Note that thisH?; require four correspondence point at
infinity. It is because that a plane needs 4 point to make

square.

computeH,, matrix with Levenberg-Marquardt optimization
method[12] which is based on a Newton projection error min-

pOO
Hp,
Lo \
Hg
Observed points  Ideal grid  projective grid

Fig. 8. Vanishing point optimization
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of array aligned by >

imization method. That representation is written by square pyramid which is composed by a point of light source

pf = Hgpg. as an apex and a camera array plane as a bottom square, and

Above points ofH ;p, satisfy ideal trapezoid so that the cross:then the vqlume Is cut (.)ﬁ by the image plane of camera ar-
i ay. If the image plane is parallel to camera array plane, the

oint must be one, and then this point is used as infinite oirl . ' .
poo . P P cross-section of light pyramid becomes quadrate. Actually,
pg° oni camera.

Next step, we compute the infinite homographi§® by the cut-plane indicates the locus of feature points. On the con-

using these infinte conespondence points. the homograpfF2", °% 2502 T2 SEE R R SR VO D
H?¥ adjusting camerg to base cameraare solved by more ’ y dep

than four infinite correspondence points. Q|rect|on described in prey|ous_sub§ect|on. Consequently cut-
ting surface has perspective distortion. Therefore we change

pio = H ' pj° the direction of optical axis to cut with straightforwardness.

Fig. 10 shows a locus of a corresponding point with overlap-

After that, we compute this homography at eacbamera to ing d i with t - deal and distorted
projecti camera one by one. ping domain with two case; deal and distorted.

In this step, there is one notification that the correspon- BY the way, quadrangle, which consists of four non-parallel

dence infinite points have outliers in case, using natural inl-'nes' has two intersecting points in general. We call this inter-

finite points and vanishing points on chess board. In formepection “eplpqle of camera a”aY"- _Th's mtersechon is found
case, we cannot avoid miss matching in auto correspondenfd the extracting method of vanishing point over chessboard
detection. Also in latter case, we cannot avoid the large errgpMiiarly. For making tetragonal lattice, the two epipoles (ver-
of detection for vanishing point because these infinite pointical and horizontal one) must be projected to infinity respec-
estimation process is indirect method. Thus, we solve this h&|_vely. It is because that intersection of parallel lines place at

mography matrix by LMedSLeastMedan Square) method infinity to make square. More noteworthy is that there are as
[14] because of the robustness of outlier. many locuses as humber of corresponding feature points, so

that there are a lot of epipoles due to disturbing noise. Thus
we take on a center of mass as a representative epipole.

We write the horizontal epipole, = (e.0,e.1,1)T and
After the semi-rectification of previous subsection, the caminfinite onee/, = (1,0,0)7 by homogeneous vector. In a
era array has already had some regularity, except for the diresimilar way, horizontal things are, = (e, e,1,1)7 and
tion of image plane. Fig. 9 explains this condition. There is &/ = (0,1,0)”. Therefore the matri¥> which projects the

3.3. Othogonalization of Camera Array



epipoles to infinity is as follow; Ay
T
ei = Pe;,i € u,v [PVl V|
In this representation, it has shifting and expanding ambigu- s
ity, so detail projection matri¥’* becomes : 9 9 V
b (
ehel] = Plewe, A2 o
(a)simulatedx5camera array (b) real5 x 5 camera array
10 1 a 0 euo Eno Fig. 11 Experimental environment
01 = b 10 Cul  Coul | - A ; ; —Average line
0 0 p1 p2 1 1 1 ° 13 ) [— Average grid
The parameters of are solved direct linear solution. Af- AN °
ter solving of P*, all corresponding point become parallelat . ’ - N
each direction, horizontal and vertical. It ,however, has still .
degree of freedom, such as mirroring, aspect ratio, zooming, \ / S Wiy
and shifting. Thus we define the mirroring cancel mattix 2 = . o
and correcting other factor matri¥ to define this latitude, Clsterofpaints =y Y eom
and are as follow. Fig. 12 Error function of rectification
m 0 0 each pitch isl cm. In this experiment, a chess board, which
A= 0 n O has35c¢cm x 20cm pattern, hadm distance from the array.
0 0 1 For compute the infinity points, we capture the plane pattern
which has? x 4 grid at 20 times{x 4 x 20 = 4, points).
s 0 shift, In the CG case, the orientation of each camera are settled
S=1|0 sa shift, with uniform distribution random numbef € 2°|) at pitch,
0 O 1 yaw, and roll coordinate. focal length as intrinsic parameter

on each camera has random difference upixels. The
wherem,n € {1, —1} is the flip control parametes,is scal-  error of extracted chess board points are modelized by Gaus-
ing parameter, andhift,, shift, are shifting parameters at sian noise, whose averagd)iand standard variation s, , o,
each u,v image coordinate. The parameterndb the as- along the image coordinatg v.
pect ratio of camera array, which is known on ahead. Morez >  Error Function

over, the aspect ratio of correspondence locus becomes S8 e rectification error is defined by pixel distance and written

for this array shape, so that this aspect ratio parameter is S§H detail in this section. Fig. 12 shows a sample of rectified

f[le_d. parametes andshifty, shift, are deterrr_un(_ad for max- feature projection points of a 3D scene. a feature point on the
imize a valid area of base camera. the flipping Paramet&fatternk(K = 1,2, ..., nmas) at camera ling and camera

m,n € {1, —1} are defined to preserve the original image.

Finall btain th i line j is written byw? ;, v ..
inafly, we can obtain the matrix Average image coordinate of lineatu is represented by
P— SAP* Uk e s = 5 L3, u;; and same ling andv is T ve =

—— >, vi ;- The normalized distance af v coordinate is
which change the image plane direction to front parallel. As avritten by £,,, E,,,
result, the final rectification homographiég for each cam-
erai are Mmas Jmos fmaz

1
Hi = PHz . u n N % i En: Ej : EZ :(uaue,J uz,])
4. EXPERIMENTAL RESULT 1 Nmae Jmaz imaa
, - E, = |- T n )2
4.1. Experimental Environment v TIET En % El (U ave — Vi)

We have evaluated our method by Computer Graphics (CG)
simulation and practical camera array. Fig. 11 shows sim4.3. Simulated and Practical Experimental Result

ulating condition and the real camera array for this experAtfirst, we show the simulated experimental result. The graph
iment respectively. In each experiment, the image resoluFig. 13 indicates noise-resistance rate of three case; ideal, us-
tion is 640 x 480, and field of view are36.8". The cam- ing direct infinite point method and using second hand vanish-
era array are consisted 8fx 5(i,4x X jmaz) CAMeras and ing point one. The vertical axis is the distance [pi¥efrom



4 Vanishing error ~=-=- .l ometric distance of after rectification beconte®5 pixel, it
Infinite error | — -+ — i . v " shows that it has enough accuracy in practical. As a contri-
g 3 [Idealerror — s ,;"'.‘,':".’" Y bution of this paper, we can produce the precisely rectified
5 bR multi-camera sequences. It helps IBR and MVC researchers,
g o who are eager to obtain fine multi-view materials, carry on
w there work.
Proposed method can rectify the 2D camera array images
1 el only by correspondence of natural feature points if infinite
’i,,,w“’" el e s points are depicted. However, the necessity of infinity be-
0 5 ; s ) comes week point of this method. It is because the process
Standard deviation o divides our procedure into two steps, as a result error opti-
Fig. 13. The relation between errors of pixels and variance ofization between those two steps does not work well. Thus,
noise by ideal and proposed method the limitation of optimization still exists. Therefore we will

research a new method requiring the no infinite points.
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