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Image resampling according to epipolar geometry is an 
important prerequisite for a variety of photogrammetric 
tasks. Established procedures for resampling frame images 
according to epipolar geometry are not suitable for scenes 
captured by line cameras. In this paper, the mathematical 
model describing epipolar lines in scenes captured by line 
cameras moving with constant velocity and attitude is 
established and analyzed. The choice of this trajectory is 
motivated by the fact that many line cameras can be 
assumed to follow such a flight path during the short 
duration of a scene capture (especially when considering 
space-borne imaging platforms). Experimental results from 
synthetic along-track and across-track stereo-scenes are 
presented. For these scenes, the deviations of the resulting 
epipolar lines from straightness, as the camera’s angular 
field of view decreases, are quantified and presented. 
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I. Introduction 

Line cameras have been introduced for their potential in 
capturing high-resolution imagery, which can be used for 
ortho-photo generation and updating spatial databases [1]. 
Space-borne line cameras with up to one-meter resolution from 
commercial satellites could bring more benefits and challenges 
to traditional topographic mapping using aerial images [2]. For 
example, epipolar resampling of images captured by a frame 
camera is an established process, which is readily available in 
current photogrammetric workstations [3]. On the other hand, 
resampling scenes captured by line cameras according to 
epipolar geometry is not a trivial task. The difficulty of 
resampling these scenes can be to a certain degree attributed to 
the complicated nature of the perspective geometry of line 
cameras and the shape of the resulting epipolar lines.  

Kim [4] investigated the epipolar geometry of scenes 
captured by line cameras moving in a trajectory, where the 
position and heading components are described by second -
order polynomial functions, while the roll and pitch angles are 
represented by first-order polynomials. The author concluded 
that the epipolar lines in scenes captured from such a trajectory 
are not straight lines. The fact that the resulting epipolar lines 
are not straight makes the normalized image generation of such 
scenes extremely difficult if not impossible. This is due to the 
fact that normalized image generation aims at transforming the 
original scenes in such a way that the epipolar lines coincide 
with the rows or columns of the output imagery [5]. 

In this paper, the epipolar geometry associated with scenes 
captured by line cameras from a system traveling with constant 
velocity and attitude along its trajectory is analyzed. Such a 
trajectory is investigated for two reasons. First, we would like 
to investigate if such a trajectory would lead to straight epipolar 
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lines. Second, it closely resembles the flight path of the 
onboard space-borne platforms of imaging systems. The next 
two sections contain background information regarding the 
epipolar geometry of frame images and the imaging geometry 
of line cameras. These are followed by a comprehensive 
analysis of the epipolar geometry of scenes captured by 
imaging systems moving with a constant velocity and attitude. 
Finally, experimental results from synthetic data, conclusions, 
and recommendations for future work are presented. 

II. Epipolar Geometry of Frame Cameras: Background 

Before going into the details of the epipolar geometry 
associated with line cameras, let us start by a brief review of the 
epipolar geometry of imagery captured by frame cameras. 
Figure 1 shows two frame images that have been relatively 
oriented (i.e., the relative relationship between their image 
coordinate systems is similar to that at the time of exposure). The 
symbols O and O’ are the perspective centers of the left and right 
images at the time of exposure, respectively. Following are some 
definitions, pertinent to epipolar geometry [3]. 

Epipolar plane: The epipolar plane for a given image point p 
in one of the images is the plane that passes through that point 
and the perspective centers, O and O’. 

Epipolar line: The epipolar line can be defined in two ways. 
It can be defined as the intersection of the epipolar plane with 
the image/focal plane. Such an intersection produces a 
straight line. Alternatively, the epipolar line in the right image 
can be represented by the locus of all possible conjugate 
points to a selected point in the left image. Such a locus can 
be derived by changing the height of the corresponding object 
 

 

Fig. 1. Epipolar geometry of relatively oriented frame images.
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point along the light ray connecting the perspective center 
and the image point under consideration, shown in Fig. 1. It 
should be noted that no digital elevation model is needed to 
determine the epipolar line. 

The coplanarity condition [6] can be used to determine the 
equation of the epipolar line. The underlying concept of the 
coplanarity condition is that the following vectors, shown in 
Fig. 1, are coplanar: 

• The air base vector connecting the two perspective centers 
(B); 

• The vector connecting the point of interest p in the left 
image with its perspective center (U); and 

• The vector connecting the corresponding point in the right 
image with its perspective center (U′). 

The coplanarity condition can be expressed by the 
determinant or the triple product in (1). 
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where BX, BY, BZ are the components of the air base vector B 
with respect to the object coordinate system; R(ω, φ, κ) is the 
rotation matrix associated with the left image coordinate 
system; R(ω ′, φ′, κ ′)  is the rotation matrix associated with the right 
image coordinate system; xp, yp  are the coordinates of point p 
in the left image; x′p′, y′p′ are the coordinates of the 
corresponding point in the right image; and c is the camera’s 
principal distance.  

One should note that the three vectors in (1) should refer to 
the same coordinate system (i.e., the ground coordinate system). 
Given the left image point coordinates, the interior orientation 
parameters, and the relative orientation parameters, the only 
unknowns in (1) would be the coordinates of the corresponding 
right image point (x′p′, y′p′). Expanding the determinant (or the 
triple product) in (1) will lead to a linear equation in (x′p′, y′p′), 
which is the equation of the epipolar line in the right image. 

III. Line Cameras: Imaging Methodology and Stereo-
Coverage Scenarios 

Before discussing the technical details of the epipolar 
geometry of line cameras, we will briefly present some 
background related to line cameras. The next subsection 
explains the imaging methodology of line cameras and how it 
is different from that associated with traditional frame cameras. 
This will be followed by an explanation of various options of 
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stereo-coverage using line cameras. 

1. Imaging Methodology 

Digital frame cameras capture the image data using a two-
dimensional CCD array in the focal plane. The limited number 
of pixels in current digital imaging systems will not allow for 
the capture of digital frame imagery with geometric resolution 
and ground coverage similar to those of analog frame imagery. 
Line cameras can be used to obtain large ground coverage and 
maintain a ground resolution comparable with scanned analog 
photographs. These cameras capture a one-dimensional image 
(narrow strip) per snapshot. Successive coverage of contiguous 
areas on the object space is achieved by moving the line 
camera (airborne or space-borne) along its trajectory while 
having an open shutter. Such an imaging scenario would yield 
a sequence of one-dimensional images. The final scene over an 
area of interest is obtained by stitching together the resulting 
one-dimensional images. It is important to note that every 
image is associated with one exposure station, and therefore 
each image has its own set of exterior orientation parameters. 
In this paper, a clear distinction is made between the two terms, 
scene and image [7]. An image is defined as the recorded 
sensory data associated with one exposure station. In the case 
of a frame image, the recorded data is captured from one 
exposure station, and consequently it constitutes a complete 
image. In the case of a line camera, there are many one-
dimensional images. Each image has its own exposure station. 
On the other hand, a scene is defined as the recorded sensory 
data associated with one (as in frame images) or more exposure 
stations (as in line cameras) that maps a two-dimensional area 
in the object space in a short time period. According to the 
previous definitions, an image and a scene are identical terms 
when dealing with imagery captured by frame cameras. On the 
other hand, a scene is a collection of consecutive one-
dimensional images captured by a line camera. 

Consequently, it is important to distinguish between scene 
and image coordinates when dealing with imagery captured by 
line cameras. As shown in Fig. 2(b), i and y are the scene 
coordinates, while in Fig. 2(a), xi and yi are the image 
coordinates within image number i. It is important to note that 
d in Fig. 2(a) is the distance of the linear array from the 
principal point. Since the linear array has a width of one pixel 
and no sub-pixel accuracy is considered along that direction, 
we have xi = d, which can be zero or very close to zero for the 
cases of IKONOS, SPOT, and the nadir-looking linear array of 
a three-line camera. For the forward and backward looking 
linear arrays in three-line cameras, d is different from zero. To 
maintain a height-base ratio of one, this distance is usually 
chosen to be half the principal distance. 

 

Fig. 2. (a) A sequence of 1D images (b) constituting a scene. 
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2. Stereo Coverage Scenarios 

One of the main objectives of photogrammetry is to derive 
three-dimensional coordinates from two-dimensional 
images/scenes. This objective is achieved by intersecting 
conjugate light rays associated with corresponding points in 
overlapping views. Therefore, the availability of different 
views or stereo coverage of the area of interest is essential for 
deriving three-dimensional coordinates from two-dimensional 
imagery. In line cameras, stereo coverage can be achieved 
using one of the following scenarios. 

• One linear array and across-track stereo coverage using roll 
angles: Stereo coverage can be achieved by tilting the camera 
sideways across the flight direction (different roll angles), as 
shown in Fig. 3(a). This technique has been adopted in SPOT 
and KOMPSAT-1. A drawback of such stereo-coverage is the 
large time gap between scenes constituting the stereo pair. 
Consequently, changes in the object space and/or imaging 
conditions might be expected between the stereo-scenes [1], [8]. 

• One linear array and along-track stereo coverage using 
pitch angles: In this case, the camera is tilted forward and 
backward along the flight direction (different pitch angles), as 
Fig. 3(b) shows. This type of stereo coverage is used in 
IKONOS [9]. This method has the advantage of reducing the 
time gap between the scenes constituting the stereo pair. 

• Three-line cameras and along-track stereo coverage: In 
this case, three linear arrays are used to capture backward-
looking, nadir, and forward-looking scenes, as demonstrated in 
Fig. 3(c). Continuous stereo or triple coverage can be achieved 
along the flight line with reduced time gap. However, different 
radiometric qualities exist among the captured scenes. This 
method is implemented in MOMS and ADS40 [10], [11]. 
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Fig. 3. Three scenarios showing the attainment of stereo coverage
in line cameras by using (a) roll angles in two flight lines,
(b) pitch angles in the same flight line, and (c) a three-line 
camera in the same flight line. 
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IV. Epipolar Geometry of Line Camera Scenes 

As mentioned earlier in the introduction, Kim [4] 
investigated the epipolar geometry of scenes captured by line 
cameras moving in a trajectory, where the position and heading 
components are described by second-order polynomial 
functions and the roll and pitch angles are represented by first-
order polynomials. The author concluded that the epipolar lines 
in scenes captured from such a trajectory are not straight lines. 
In this research, we will be investigating the epipolar geometry 
of line cameras moving along their trajectory with constant 
velocity and attitude. Such a flight path is a subclass of the one 
investigated by Kim [4]. The main objective of this 
investigation is to see whether such a simplification would lead 
to straight epipolar lines. Before going into the details of the 
epipolar geometry for such a trajectory, we will outline one 
principle that distinguishes the epipolar geometry of line 
cameras from that associated with frame cameras. 

The main characteristic of scenes captured by line cameras is 
the fact that each individual image in the scene has its own 
perspective center. This nature will affect the epipolar geometry 
in line cameras as follows: for a given point in the left scene, 
there will be multiple epipolar planes in the right scene. Hence, 
the epipolar line cannot be simply defined as the intersection of 
two distinct planes as for frame cameras. To illustrate this issue, 
Fig. 4 shows a schematic drawing of two scenes captured by a 
line camera. In this figure, one can see that for a given image, 
point p in the left scene with O as the corresponding 
perspective center, there will be several epipolar planes. More 
specifically, there will be as many epipolar planes as the 
number of involved images/perspective centers in the right 
scene. In this case, the epipolar line will be defined as the 
intersection of several epipolar planes with the corresponding 
image lines (i.e., the epipolar plane and the image line sharing 
the same perspective center). Therefore, one should expect that 
the nature of the change in the exterior orientation parameters  

 

O

Epipolar
lineLeft scene

Right scene
U

Bi

r'2

V'
O'i

U'O'0
B0

p

U

V'

r'2

Fig. 4. Non-straightness of epipolar lines in scenes captured by a line 
camera due to the non-coplanarity of vectors (V′, U, r′2).  

 
during the scene capture will affect the shape of the resulting 
epipolar line. 

1. Epipolar Geometry for Constant Velocity and Attitude 
Trajectory 

The motivation of investigating the constant velocity and 
attitude trajectory is that satellite scenes are usually acquired in 
very short time intervals (e.g., about one second for an 
IKONOS scene). Therefore, the line camera can be assumed to 
travel with constant velocity and attitude during the scene 
capture. Another motivation for investigating this trajectory is 
to test whether it will lead to straight epipolar lines. 

Figure 4 shows two scenes captured by a line camera, where 
the right epipolar line corresponding to the left scene point p is 
sought. As discussed in frame cameras, the epipolar line can be 
determined using the coplanarity condition in (1). The major 
difference between frame and line cameras is the fact that the 
air base vector will change as the line camera moves along its 
trajectory. For a line camera moving with a constant velocity, 
the air base vector associated with a specific scan line/image i, 
Bi, can be expressed as 
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where X0, Y0, Z0 are the coordinates of the perspective center of 
the image containing the point of interest in the left scene; X′0i, 
Y′0i, Z′0i  are the coordinates of the perspective center 
associated with image i in the right scene; X′0, Y′0, Z′0  are the 
coordinates of the perspective center that corresponds to the 
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first image in the right scene; V′X, V′Y, V′Z  are the components 
of the velocity vector of the right camera’s trajectory; and BXo, 
BYo, BZo  are the components of the initial air base vector 
corresponding to the first image in the right scene. 

For a given point in the left scene, the components of vector 
U will be constant. On the other hand, the components of 
vector U′ in the right scene will depend on the change in the 
camera’s attitude from one scan line to the next. However, for a 
constant attitude trajectory, this will not be a factor. This vector 
will be defined as  
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where d is the distance of the linear array from the principal 
point, as seen in Figs. 2 and 3; yi is the coordinate along image i 
in the right scene, shown in Fig. 2; and r′11 to r′33 are the elements 
of the rotation matrix between the image and the object space 
coordinate systems. 

To derive the epipolar line equation, one can substitute (2) 
and (3) in (1), resulting in (4). 
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Using the determinant identity in (5), one can derive the 
equation of the resulting epipolar line by expanding the 
determinant in (4), which leads to (6): 
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It can be seen that the relationship between the scene 
coordinates (i, yi) in (6) does not represent a straight line due to 
the presence of the E2 term. This finding should come as no 
surprise since the scene coordinates (i, yi) are involved in two 
rows of the determinant in (4) (first and third rows, 
respectively). This can be contrasted to the determinant 
associated with frame cameras, where the scene/image 
coordinates are confined to the third row in (1). It is worth 
mentioning that Gupta and Hartley [12] derived a similar 
equation for the epipolar lines. They proved that epipolar lines 
are shaped like a hyperbola, where only one of the two 
branches is visible in the scene. Equation (6) provides a re-
interpretation of Gupta and Hartley’s equation where the 
physical meaning of the involved terms is presented. The 
remainder of this paper will investigate the factors that will 
affect the amount of deviations in the derived epipolar lines 
from being straight. In addition, special imaging configurations 
resulting in straight epipolar lines will be presented. 

A closer look at the E2 term reveals that it describes the triple 
products of vectors (V′, U, r′2) as shown in Fig. 4. The r′2 vector 
is the second column of the rotation matrix R′. This column 
represents the components of the unit vector along the scan line 
direction (0, 1, 0)T relative to the ground coordinate system. It 
can be seen that these three vectors will never be coplanar 
 

 

Fig. 5. Straightness of epipolar lines in ideal across-track stereo 
coverage configuration due to the coplanarity of vectors 
(Bi, U, r′2). 
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regardless of the stereo coverage configuration, as shown in 
Figs. 5 and 6. Therefore, the epipolar line will not be straight. 

2. Special Cases for Straight Epipolar Lines in Scenes 
Captured by Line Cameras 

There are some special cases that would lead to straight 
epipolar lines. These special cases will be denoted as the ideal 
across-track and ideal along-track stereo configurations as seen 
in Figs. 5 and 6, respectively. For the ideal across-track stereo 
configuration, the three vectors (Bi, U, r′2) are coplanar as 
shown in Fig. 5. Therefore, the epipolar lines will coincide with 
the scene rows (i.e., they will become straight lines). Ideal 
along-track stereo configuration requires the collinearity of the 
velocity and air base vectors, as shown in Fig. 6. Therefore, all 
epipolar planes (formed by the point of interest in the left scene, 
its perspective center, and the perspective centers of the right 
scene) will coincide, forming a unique epipolar plane. Thus, 
the intersection of such a plane with the scene plane results in a 
straight epipolar line. The previous requirements for having 
straight epipolar lines in along-track and across-track stereo 
configurations can be verified using (6) as follows. 

Ideal along-track stereo configuration: This configuration 
requires the collinearity of the initial air base and velocity 
vectors (i.e., Bo = λ i V′, where λ is a scale factor). In this case, 
the determinants in (6) will be related to each other as  

.
,

34

21

EE
EE

λ
λ

=
=

                  (7) 

Thus, the locus of the epipolar line, (6), can be rewritten and 
reduced to 
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Since (λ+i) does not equal zero, the final equation of the 
epipolar line is defined by (9), which is a straight line. 

.032 =+ EyE i                (9) 

Ideal across-track stereo configuration: This configuration 
requires the coplanarity of the air base vector and the left and 
right linear arrays at a given epoch. From Fig. 5, it can be seen 
that such a requirement would lead to the coplanarity of the 
three vectors (Bi, U, r′2). Thus, the triple product in (10) is 
reduced to zero.  
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Using the identity in (5), the determinant in (10) is equivalent 
to (E1 + E2 i). Consequently, (6) reduces to the straight epipolar 
line described by 

.043 =+ EiE               (11) 

In summary, in the general case of a line camera moving 
with constant velocity and attitude along its trajectory, the 
resulting epipolar lines will not be straight. However, for some 
special cases, the epipolar lines will be straight. For across-
track stereo coverage situations where the left vector U, the 
right linear array, and the corresponding air base are coplanar, 
the resulting epipolar lines will be straight. In such a case, the 
epipolar lines will coincide with the scene rows as in (11). For 
along-track stereo coverage situations where the air base and 
velocity vectors are collinear, the epipolar lines will be straight 
and aligned along the scene columns as in (9). These ideal 
cases can be rarely realized in practice. Therefore, the 
remainder of this paper will be dedicated to analyzing the 
deviation from straightness of the epipolar lines beyond these 
ideal situations. In the next section, the non-straightness will be 
quantified by the maximum deviation within the resulting 
epipolar line from the straight line connecting the end points of 
that epipolar line. 

V. Experimental Result 

Several experiments have been conducted in this research. 
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Table 1. Experiments configuration and layout. 

AFOV 
Stereo observation Roll Pitch Heading 

0.93° 10.17° 19.28° 28.15° 

Along-track (pitch) 0° 26° 5.0° Exp.1 Exp.2 Exp.3 Exp.4 

Along-track (three-line) 0° 0° 5.0° Exp.5 Exp.6 Exp.7 Exp.8 

Across-track 26° 0° 5.0° Exp.9 Exp.10 Exp.11 Exp.12 

Along-track (pitch) 0° 26° 0.25° Exp.13 Exp.14 Exp.15 Exp.16 

Along-track (three-line) 0° 0° 0.25° Exp.17 Exp.18 Exp.19 Exp.20 

Across-track 26° 0° 0.25° Exp.21 Exp.22 Exp.23 Exp.24 

 

The objectives of these experiments can be summarized as 
follows: 

• Investigate the non-straightness of the resulting epipolar 
lines from different stereo-coverage imaging configurations; 
namely, across-track and along-track stereo coverage. 

• Investigate the impact of the amount of deviation from the 
ideal along-track and ideal across-track stereo configurations 
on the non-straightness of the resulting epipolar lines. 

• Investigate the non-straightness of the resulting epipolar 
lines from imaging systems with different angular field of 
views (AFOV). 

In these experiments, the non-straightness is quantitatively 
evaluated by determining the maximum deviation along the 
epipolar line from the straight line defined by the end points of 
that epipolar line. We simulated several stereo-scenes to 
resemble across-track and along-track stereo coverage, as shown 
in Fig. 7. The departure from the ideal situations has been 
realized by changing the heading angles between the two scenes 
constituting the stereo-pair. A total of twenty-four experiments 
 

 

Fig. 7. Layout of along-track and across-track stereo coverage.
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were tested and are represented by the shaded cells in Table 1. 
The principal distance of the imaging system has been changed 
to produce varying AFOVs in the range from 0.93° to 28.15°. In 
each of these experiments, three points are selected along the 
scan line in the left scene, as shown in Fig. 8(a). The epipolar 
lines were determined and plotted according to (6). Figures 8(b), 
8(c), and 8(d) show the epipolar lines for experiments 4, 8, and 
12, respectively. In these figures, the point with the maximum 
deviation from the straight line connecting the end points of the 
resulting epipolar line is annotated with a circle. The plots in Fig. 
9 show the maximum deviation value against the angular field of 
view for the various experiments in Table 1. 

A closer look at the above figures reveals the following facts: 

• Along-track stereo coverage by changing the pitch angles 
and using three-line cameras produces epipolar lines with 
identical behavior, as can be seen in Fig. 9. This should be 
expected since these scenes have identical imaging geometry.  

• Along-track stereo coverage produces epipolar lines that 
are closer to being straight than those resulting in across-track 
stereo coverage. 

• As the stereo coverage configuration gets closer to the ideal 
cases (zero-heading change), the resulting epipolar lines 
become closer to being straight, as indicated by a smaller 
maximum deviation. This can be seen by comparing the plots 
in Figs. 9(a) and 9(b), where the deviation from the ideal cases 
is implemented through the heading changes of 5° and 0.25°, 
respectively. 

• Finally, as the angular field of view decreases, the epipolar 
lines become straighter. As mentioned earlier, the angular field 
of view has been decreased by increasing the principal distance 
while maintaining the same size of the scan line. 

The previous analysis allowed us to investigate the influence 
of the imaging system’s specification and trajectory on the 
shape of the resulting epipolar lines. Such an analysis is 
important for epipolar resampling since the resampling process 
aims at transforming the original scenes in such a way that the 
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Fig. 8. Three points selected in (a) the left scene, whose epipolar lines in the right scene are sought and analyzed in experiments (b)
4, (c) 8, and (d) 12. 
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Fig. 9. The relationship between the maximum deviation from the
straightness of the epipolar lines and the AFOV for
headings (a) 5° and (b) 0.25°. 
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epipolar lines coincide with the rows or columns of the 
normalized scene. Therefore, for line cameras, transforming 
non-straight epipolar lines into straight lines in the final 
normalized scenes will introduce some distortion. The amount 

of this distortion will increase as the deviations of the original 
epipolar lines from being straight increase. Therefore, it was 
important to investigate the factors that affect such deviations.  

VI. Conclusions and Recommendations for Future 
Work 

This paper outlined a comprehensive investigation of the 
epipolar geometry of line cameras moving with constant 
velocity and attitude. It has been shown that the epipolar 
geometry for such cameras is far more complicated than that of 
frame images. The epipolar line equation has been developed. 
This equation turned out to represent non-straight epipolar lines. 
However, there are two special cases that would yield straight 
epipolar lines. First, across-track stereo coverage yields straight 
epipolar lines whenever the air base vector at some epoch is 
coplanar with the linear arrays at the same epoch. In such a 
case, the epipolar lines coincide with the scene rows. Second, 
along-track stereo coverage yields straight epipolar lines 
whenever the air base and the velocity vector of the right scene 
are collinear. In this case, for a given point in the left scene, a 
unique epipolar plane will be defined across the right scene. 
However, such scenarios are rarely achieved in practice.  

The paper proceeded by analyzing the deviation from 
straightness in the resulting epipolar lines from imaging 
situations beyond those ideal cases. This analysis is motivated 
by the fact that normalized image generation aims at 
manipulating the original scenes in such a way that the epipolar 
lines are transferred to coincide with corresponding rows or 
columns. Thus, having non-straight epipolar lines would yield 
distortions in the normalized images. Therefore, it is important 
to investigate the factors that influence the deviation from 
straightness. It has been established that along-track stereo 
coverage yields epipolar lines that are closer to being straight 
when compared to those associated with across-track stereo 
coverage. Moreover, as the camera’s angular field of view 
decreases, the epipolar lines become straighter. Therefore, one 
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should expect that the epipolar geometry is easier to establish 
for space-borne imagery than airborne imagery. This is due to 
the fact that the former imagery has a smaller angular field of 
view. Scenes with zero angular field of view represent an 
extreme case, which would yield straight epipolar lines. This 
would be the case as the camera’s principal distance 
approaches infinity. It should be noted that for such scenes the 
imaging geometry is represented by a parallel rather than 
perspective projection. Therefore, future research will focus on 
investigating the epipolar geometry of scenes captured 
according to parallel projection. Moreover, the influence of the 
departure from parallel projection on the epipolar geometry 
will be investigated and evaluated. 
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