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Abstract, Today, off-the-shelfl dignal cameras are haod on tools for conducting vissal
Imspectsons in surveying and mapping related activities or in structural inspection of industrial
objects, Dense poiet clouds of the inspectad objoct surface are of typical data required and thear
accuracies are alvo become more demanding. Deriving these data are off particalar interest of
this paper instead we work on overlapping images for generating those omes. An imaging
geometry of stereo images isexploited farther 10 reveal some drean backs of the normalized stereo
imaging configurations. We utilize a photogrammetric collinearity condition 10 model physical
reality of the imaging process. A sequence of coordinale axes rolations on both images s
rearranged as well as peeserving normalized images resolutions 1o be equal 10 the sowrve ones
Also based upon the prescribed resolutions, an efficient imdirect resample is performed %0
micrpolate grey valucs of the wp«l images, To ascertain reliabality of the mathematically
developed method, C++ programening codes were written and implemented in the solution. It
reveals that & nuisance ssch as y-parallas is complciely climismmted. Therclore, by ising our
method, the normalized images can be wsed in the dense point ¢louds producton in a high quality
and efficiency.

1. Introduction
In our ongoing research project conducting acrial and terrestrial photography, there i a need 1o inspect
three dimensional object through stereoscopic viewing [1] for a variety of photogmmmetric image
processing tasks [2.3], Stercoscopic viewing is established by rectifying two overlapping images of the
saume rigid scene undergo projective transformations [4]. Then, a resampling is performed to produce an
image pair that has the comresponding epipolar lines coincide and be parallel 10 x-axis of images.
Nonetheless, barely any captured images are ready for viewing geometry due to cumbersome image
processing tasks. An alternative method s sought to be more intuitive and simple 1o make images are
geometrically ready for stercoscopic viewing.

The epspolar rectification enables disparitics between two images is only in the x-axis direction or
Ise on the same rows. Many algorithms are relied on a homographic or a fundamental matnx [5] 10
estimate the correspondence point and minimize perspective distortion. A more accurate algorithm using
a so called three step image rectification 1o minimize camera rotations had been invemed [6). Both
algorithms use homographic matrices on one or two images to rify the image, but an undesimble
distortion still occurs dwe to an exclusion of camera lens distortion model,
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A method called normalized images | 7] was mvented to resample epipolar imaEE) glh respect to
the world or object space reference system. The images are in epipolar geometry with respect to the
object space. Following this idea, this paper discusses 3 modified versson of their work by adi§E
additional parameters of systematic errors such as lens distortion. Dagital consumer grade cameras are
widely known to suffer instabilitics in their internal Jenses and electronics imaging system |8]. Recently,
quite similar works have been reported [9-11], but they use known Ground Coatrol Point coordinases
instead of an arbstrary coordinate frame. The next section explans some background knowledge
followed by a detailed clabomtion of how to obtain an aligned and rectified sterco images with an
arbitrary object space coorlinate system.

2. Methods
A relutionship between the originad stereo pair and its normalized pair is established by connecting the
perspective centre of the left image and its@ctified image (Ch) together with the right image and its
rectified one (C) respectively (Fre 1). It is assumed that the imterior parameters (ie., X,. ¥y, ),
exterior parameters (Xey, Yeq, Zey Mor the left image and (X¢, Vo, Z¢2) for the right image, as weas
camera calibration parameters (Le.. Ki, Kz Ko, Pi, Po, i, 22) are known. The epipolar geometry of a
is the geometry of the intersection of the image plases with the planes containing the baseline
B. It miersects each onginal image pla@} at the left epipole (¢ ) and the right epipole (¢:). The bascline
vector of Bx, By, and Bz componen@Jintersects each onginal image plane at the left epipolar line and
the right epipolar line respectively. Any point A(X, Y, Z) in the object spuce appears both on actual
images at a’y and a'; as well as on rectified ones at a, and a; s depicted in Fgure 1.

Figure 1. A relationship between original and nommalized stereo pair.

Alorementioned parameters above can be computed using an approximate bet fast method [12], or by a
rigorous methods such space resection [ 13] or relative orientation | 14], The collineanty condition |13]
stated that the object space point A, and its corresponding insage as well as normalized one are formed
a straight line to the perspective centre C) and C; of the original images. The equation o relate a point
from the original image to the object space and from the normalized image to the object space and their
rotational clements are as folkows [7);

F=% Y=Y I =RR'l*v yn =T (n
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B By Byf' = Xo=Xaa Ya—Ya Za—Zal' 2)
0= (wy +0)27% ¢ =tan"'(B,8"): K=rtan"'(B,[8] + B]]"*%) (3

Ry is the rotation matrices normalized images where R is a rotsion masrix of original image [13).
The baseline component vectors are required to rotate and align oniginal images to the normalized ones.
The process can be viewed as a two steps of rotation, The first steps, the viewing directions of the
original images are rotated to a perpendicular with the normal direction of the X-Y axes of the object
space plane. This yviekds a true pamllel with Z axis of object space system. The secomd steps, it makes x-
y axes of once rotated image align with the X-Y axes of the object space system. The result is a
normalized stereo pairs of Ny and Ny which their x axes are paralle] with the X axis and their y axes are
parallel with the Y axis. A combination of these three elementary rotations nto the baselne rotation Ry

yiclds:
@K sink O)[cosd o -uu
Rb=RxR¢Rn=[-s!nl( cosK Ql!”; "0 s 1t slng-l 4
0 0 ¢ 0 cos¢ —sinfl cos

If those two rotatons are combined, it would triansform the onginal image o the nommalized
position, The transformatifl must be doae twice for a stereo pair with using each of its extrinsic
parameter rotation where for the Jeft image Ryy = RpR] and Ryz = RyRY for the right one. If
distorticn free stereo images are used the value of the resulting y paralkax will be zero or neghigible.
However due to wtilization of consumer grades, off-the-shelves cameras, the exhibit leas distortion
should be eliminated during the process of sterco rectification. Using equatxon (1), the relationship
between the original and normalized image can be expressed by the modified collincanity equation as
[15)

X = xp = Ax = —c(ry Xy + ragYy = ryC){raxy + raayy = ryze) ™ (5a)
¥ = Yp = By w =c(ry Xy + rzz¥y = raz)(naxy + rzayy = re) ™ (5b)
Ax = FriK, + #riKy + Br%Ky + Py(r? + 28%) + 2P, 87 + a, % + a,¥ (5¢)
Ayd = JriKy + 9riky + Proky + Py(r® + 297) 4 2P, + 2P, 3§ (5d)
R=x=xg§=y=ypir= (2 + )05 (5¢)

Both x, y and xy. yx are image coordinates in metne unit (e, mm), Av, Ay are systematic lens
distortion errors from optical and clectronic components of the camera. Neglecting these terms will
cause o projected collinear ray on the image will deviae from its true position, Also, ru, ..., roare the
element of Ryy . or Ryz - In this paper it is assumed that the focal lengths for all type of images are
equal. This equation is applicd for cach image, and #t is usually easier to project the tessellation of the
normalized image back to the original image to determine the grey level,

The procedure 1o rectify according to the epapolar lime | 7] stants from the transformation T, (Figure
2). T) ensbles pixel addresses of the ongnal digital image to be transformed to a camera system and
vice versa. T; is the projective transformation between the onginal and rectified images. Equation 1 is
used to transform coordinates from an originad image 1o #s normaliasd counterpart or 1o transform
coordinates from the normalized image to the original image by using an inverse process of it. T defines
the ongin and size of the normalized digital image. First, the four comers of the original digital image
({0, 0), (max colummn, (). (max columa, max row), amx (0, max row)) are transformed 1o the pormalized
image coondinales through T, and T:. The origin of the normahzed digital image is cakulsted by
determining the maximum y-<coordinate, which determines row = 00, The minimum x coordinate defines
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column = 0, For the size of the normalized digital image, the maximum coordinate differences, dx .
and dy e, in x and y directions are computed.

Lesage = comtern wywiem () Rectified unage in camenn sywiem (aun)
y y
— %
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Figure 2. A relationship between the original and normalized stereo pair.

A change from the normalized mmage coordinates to normalized pixel coordinates is performed by using
the relationsifp dxes = resolution in x* direction, and dys.. = resolution in y' direction, Two options
arc available to determing the size of the normalized digital image. The first keeps the original resolution,
The created normalized digital image will have a different pixed size from the original one. The second
retains the oniginal pixel size, but ot has a different number of pixels (or different resolutions ). Ty involves
epipolar rectification between the oniginal digital image and the pormalized one. The transformation is
accomplished wsing indirect differential rectification [16] and each pixel tessellation is calculsed
through Ty, Tz, and T as illustrated in Figure 2,

3. Results and discussion 4]

Data for the demonstration are two unrectified stereo mmages (Figure 3) with known interior and exterior
onentation parameters. The algorithm sbove s implemented in C++, developad algonithms are
applicable for grey value images only, however they can be extended to input colour images,

Aller determining the ongin and size of the normalized stereo, tessellation grids of these images are
ready to be filled in by grey values from the originals which are done through T transformation. Bilinear
inlerpolation is chosen 1o resanple grey values. A pair of the nomalized images is created: the
preserving resolution pair (Figure 4 lefi-colunn) and the preserving pixel size pair (Figure 4 right-
column).

There is a possibility of the Joss of information on normalized images due to the choice of
interpolation method as well as resolutions and pixel sizes. The effect of the loss of nformation is
noticeable. Blumring effects in all patches are caused by employing the bilinear inerpolation method.
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However, the use of option preserving resolution (Figure 4 keft<column) may result in corrupted edge
information. It was revealed that the comupied edges can affect a process of stereoscope viewing. Hence,
this option is not recommended. The moemalized images from option preserving pixel size (Figure 4
right-column) also have drawbacks. The computatonal tme 1s much greater than that of the Liest option
Morcover, the resulting normalized image fike size generated using this option is bigger than that from
using the other one. However, this option would result the most accurate epipodar line locaton which
can produce a zero y parallax.

DSC 0037 jpg (Lot Iimage) DSC 0084 jog (Righe Image)

Figure 3, Input sterco pair

Figure 4. Two methods of normalizing stereo pair,

This method results distortion-less stereo images since it incorporates camera distortion parameters
while performing mmage reculication process. Another improvement of thas method is that two difleremt
resolutions of siereo image can be produced due 10 the £2 rotation. A chowee of preserving pixel size
would result a zero y-parallax and it is the most accurate epipolar line location. Furthermore, this method
can align epipolar limes with geodetic reference frame provided that sterco images” extenor onientation
parameters are supplied with GPS coordinates
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4. Conclusion

Epipolar rectification of a stereo pair with respect to the object space and by adding systematic emors of
lens distostion as well as electronic imaging defect terms is important in the digital image processing.
This method can align epipolar lines parallel 1o the axes of the any reference frame system. This method
successful and operational to climinate the y-parallax and to make the resulted epipolar line truly aligned
with the Y axis of the reference system. When the image s rotated. the net area becomes larger.
Maintaining the image resolution causes the pixel size larger, but maintaining a constant pixel sine
requires 2 higher resolution image, Fusthermare, a developad C44 program for precise stereo image
rectification is successfully implemented,
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