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Abstract

The stereo geometry establishment based on the precise sensor modeling is prerequisite for accurate stereo 
data processing. Ground control points are generally required for the accurate sensor modeling though it is 
not possible over the area where the accessibility is limited or reference data is not available. For the areas, the 
relative orientation should be carried out to improve the geometric consistency between the stereo data though 
it does not improve the absolute positional accuracy. The relative orientation requires conjugate points that are 
well distributed over the entire image region. Therefore the automatic conjugate point extraction is required 
because the manual operation is labor-intensive. In this study, we applied the method consisting of the key point 
extraction, the search space minimization based on the epipolar line, and the rigorous outlier detection based 
on the RPCs (Rational Polynomial Coefficients) bias compensation modeling. We tested different parameters 
of window sizes for Kompsat-2 across track stereo data and analyzed the RPCs precision after the bias 
compensation for the cases whether the epipolar line information is used or not. The experimental results showed 
that matching outliers were inevitable for the different matching parameterization but they were successfully 
detected and removed with the rigorous method for sub-pixel level of stereo RPCs precision.
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1. Introduction

It is necessary to generate epipolar resampled images to 
extract precise topographic information from high-resolution 
stereo satellite data. Conventionally, GCPs (Ground Control 
Points) are used to improve the sensor modeling accuracy as 
Fraser and Ravanbakhsh (2009) showed that one GCP can 
be helpful to achieve one-pixel level of positional accuracy 
for GeoEye-1 data through RPCs (Rational Polynomial 
Coefficients) bias compensation approach. But the results can 
be different depending on the satellite data.

Precision of the sensor modeling between the stereo data 

should be secured even for target sites where the access is 
limited or any other reference data is not available. Without 
any ground control, it is not feasible to improve absolute 
positional accuracy of the data but it is possible to improve 
the relative accuracy. In other words, the consistency between 
the RPCs of the stereo data can be improved even without any 
GCP. This procedure is called the relative orientation. In the 
approach, the conjugate points are required to generate quasi-
GCPs by the space intersection, followed by the reprojection 
of the quasi-GCPs back to the stereo data to analyze the 
errors in the image space. The relative orientation is the bias-
compensation of the RPCs by minimizing those errors (de 
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Franchis et al., 2004; Ghuffar, 2016; Gong and Fritsch, 2017; 
Oh and Lee, 2018). 

The main ingredient of the relative orientation is the 
conjugate point set that are well distributed over the entire 
image region without outliers. The automatic conjugate point 
extraction is required because the manual operation is labor-
intensive. In this study, we applied the method consisting 
of the key point extraction, the search space minimization 
based on the epipolar line, and the rigorous outlier detection 
based on the RPCs bias compensation modeling. Key point 
extraction is carried out using Harris corner detector (Harris 
and Stephens, 1988) which performs well with simple 
implementation. The similarity computation is based on the 
normalized cross correlation with Fourier transform (Oh et 
al., 2011). 

The focus of the study is minimization of the search space 
and the outlier detection. The base search space is defined 
by the iterative ground-space projection using RPCs with the 
ground height range. But the projection based on RPCs has 
errors depending on the satellite with that the search space 
should be expanded. Another important information in the 
stereo data is the epipolar geometry. We generated epipolar 
line corresponding to a key point and we used the closeness 
to the line for another threshold to filter out mismatches. It 
is possible that some match points still survive the search 
space minimization. Therefore we applied the rigorous data 
snooping method (Baarda, 1968) to detect and remove the 
points. We tested different parameters for the conjugate point 
extraction for Kompsat-2 across track stereo data.  

This paper is structured as follows: the proposed method 
will be explained in Section 2; experimental results are 
presented in Section 3; the summary and conclusion follow 
in Section 4..

2. Methodology

The proposed method includes the key point extraction, 
the search space minimization based on the epipolar line, 
and the rigorous outlier detection based on the RPCs bias 
compensation modeling.

Fig. 1. Flow chart of the study 

2.1 Key points extraction

Harris Corner Detector is a corner detection operator to 
extract key corner points (Harris and Stephens, 1988) by 
improving Moravec's corner detector. Given input image 
I, the derivatives are computed for the structure tensor as 
shown in Eq. (1) that the Harris response R is computed from 
as Eq. (2). Then, the local maxima is sought as corners within 
a 3 by 3 window. Finally, a percent threshold of the local 
maxima is used to extract the corner location. 

                                                    (1)

                 (2)

M is the structure tensor,  are the derivatives of the 
input image I, W is the window size over the area , R is 
the corner response measure, k is an empirically determined 
constant,  are eigenvalues of M.

2.2 Search space minimization

As depicted in Fig. 2, a point p is extracted in the left image 
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and the conjugate point q would be located somewhere in 
the right image. Searching q in the entire image should be 
not only time-consuming, but it increases the possibility of 
mismatches. Therefore it is important to minimize the search 
space. In the study, we utilized two geometric constraints; 
the ground elevation range and the closeness to the epipolar 
line. The epipolar line is generated using the projection of a 
left image point into the ground space with certain elevation 
range, followed by the projection of the ground points into 
the right image space (Oh et al., 2011).

Fig. 2. Search space minimization

First, we have the information on the ground elevation 
range which can define the search space in the right image. 
In other words,  p in the left image is projected to the ground 
space of certain height range, and then projected into the 
right image space for the search space. The positional error 
of the projection should be considered.

To this end, we need the sensor modeling of high-
resolution satellite data as presented in Eq. (3) that enables 
the corresponding image coordinates computation given 
ground point coordinates. 

                                                 (3)

with 

where X, Y normalized image coordinates, U, V, W 
normalized ground coordinates,  latitude, longitude, 

ellipsoidal height, l, s image coordinates,  
offsets for latitude, longitude, ellipsoidal height, image 
sample, line), and  scales.

The computation of the ground coordinates from image 
coordinates can be carried out using Eq. (4). In the equation, 
the normalized horizontal ground coordinates U, V are 
iteratively computed. 

                                    (4)

    

    

    

 

where, U0, V 0are the initial normalized ground coordinates.

2.3 Normalized cross correlation 

Since the geometric and spectral difference between the 
stereo satellite images are rather small and the epipolar 
geometry is well established, there is no need for SIFT (Scale 
Invariant Feature Transform) or other sophisticated and 
computationally expensive feature matching method. The 
well known normalized cross-correlation can be used for 
the stereo image matching using Eq. (5). Normalized cross 
correlation is an area-based matching. The image intensity 
within  window area is used to measure the similarity.  

 area around a point p in the left image is selected and 
compared with  areas in the right image for matched 
point q . 
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(5)

L is the transformed image patch in the left epipolar image, 
and R is the right image patch within the search region, both 
are in the size of  ; L, R     average of all intensity value 
in the patches.

A problem is the high computational cost such that FFT 
(Fast Fourier Transformation) can be utilized (Oh et al., 
2011). R  can be computed using FFT over the search area in 
the right image. Decomposition of the numerator of Eq. (5) 
gives Eq. (6) where each part can be computed using FFT.

       (6)

The decomposition of the denominator yields Eq. (7). 

 is computed once for each p, the other 

terms can be computed using FFT.

 
                                                                                                (7)

2.4 RPCs bias-compensation 

RPCs from the image providers include errors such that 
the coefficients should be improved by compensating the 
biases. Eq. (8) shows the RPCs bias-compensation based on 
the affine modelings.

                                                    (8)

where A, B are coefficients for shift, drift and systematic 
errors, l, s are computed image coordinates (reprojected 
coordinates) and l', s' are bias compensated image coordinates 
(the matched point coordinates). 

2.5 Outlier detection 

The image matching should include some mismatches. 
Therefore in this study we utilized the outlier detection 

based on Baarda’s data snooping (Baarda, 1968). RANSAC 
is a technique to estimate parameters of a model through 
iterations from a large set of observations that contain outliers, 
but this method rigorously examines each observation in a 
small set of observations. The observation equation can be 
formed as Eq. (9) and the quadratic form of residuals after 
solving the equation can be computed as Eq. (10). Eq. (8) is 
used to set up Eq. (9) where unknown vectors  includes the 
coefficients A, B. 

                                             (9)

where,  is observation vector, M is the design matrix,  is 
the unknown vectors (the coefficients in case of Eq. (8)),  
is the error vector with standard deviation of unit vector  
and weight matrix P. 

                                                                       (10)

Inclusion of an outlier in the observation equation extends 
Eq. (9) to Eq. (11) and the quadratic form of residuals becomes 
Eq. (12). 

                              (11)

where,  is the outlier value, 

                                                 (12)

The test statistics for the outlier detection is carried out as 
Eq. (13).

 and 

                                                                                          (13)

3. Experiment

3.1 Test data 

We tested two Kompsat-2 images (each covers 15x15 km) 
over Daegu in South Korea with one meter level spatial 
resolution. The test area consists of urban, agriculture, 
and mountain features. The images were acquired in Dec. 
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31, 2009 and Feb. 07, 2010, respectively that they show 
radiometric dissimilarity due to different acquisition dates. 
The convergence angle between the two images is 19.75 
degrees which is relatively smaller than the optimal range 
30~50 degrees. 

Table 1. Specification of tested data

Product 
level Level 1R

Acquisition 
date 2009-12-31/ 2010-02-07

ID #1 #2

Image size 
[pixels]

Sample 15,000 
Line 15,500

Sample 15,000 
Line 15,500

Incidence/
Azimuth 14.15°/256.17° 5.8°/91.7°

GSD
(col/row) 0.77/0.83m 0.77/0.82m

3.2 Key point extraction

Harris corner point extraction was applied to image #1 
using  after the Gaussian smoothing. We used a 
loosened local maxima threshold such as 10% to extract key 
point locations. Therefore, total 173,200 dense key points 
were extracted well distributed over the entire image region. 
Much dense points are extracted over the urban area. Smaller 
thresholds should produce much less and more key points in 
the rural and urban area, respectively leading to the biased 
point distribution. Therefore we adopted the approach of a 
loosened threshold with sampling the result for better key 
point distribution on the image. For the study, we sampled by 
selecting every 100th point for 1,732 points as shown in Fig. 3 
that shows the well-distribution of the points. 

  

Fig. 3. Tested Kompsat-2 stereo data and the extracted 
keypoints (sampled points every 100th)

3.3 Conjugate point matching

The ground height range was computed as 0~332 meters 
from the RPCs that are used for the iterative image-ground 
projections. We established the search space corresponding 
to the height range with margins of RPCs positional errors. 
Kompsat-2 data have a reported horizontal accuracy of 80 
meters at 90% significance (Seo et al., 2008) such that we 
established the search space 300 pixels wider than the 
boundary determined by the ground height range. The 
closeness to the epipolar line was similarly set to 300 pixels.

We applied different window sizes for the key point 
matching such as 15, 21, 25, 31, 35, and 41 pixels. In addition, 
we tested two cases whether the epipolar line information is 
used or not. The number of matches is plotted in Fig. 4 for 
both cases. Fig. 4 shows that the number of matched points 
decreases from 1643 to 1360 for the case of not using epipolar 
information and the number of matched points ranges 
1325~1365 points for the case of using epipolar information. 
From the difference we can assume the discrepancy occurs 
because some points are filtered outside the epipolar 
threshold. Note that most points showed the distance to the 
epipolar line was about 106 pixels. 
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Fig. 4. The number of matches as the window size 
increases whether or not using epipolar information

In Fig. 5, the reprojection accuracy is shown that is 
 of Eq. (8) where l, s are the reprojected coordinates 

and  l', s' are the matched point coordinates. In both cases of 
epipolar information, significant errors are observed along 
the row coordinates both in #1 and #2 images while smaller 
errors are shown along the column coordinates. But using 
epipolar information showed better reprojection accuracy. 
Note that the errors show the inconsistency between the 
stereo data set. In Fig. 6 the error plot at the conjugate points 
for image #1 is presented for the two cases. We can observe 
that large error points in Fig. 6(a) have been removed in Fig. 
6(b). 

(a)

   (a)    
  (b)

(b)
Fig. 5. The reprojection accuracy matches as the window 
size increases. (a) without epipolar information, (b) with 

epipolar information

(a)

(b)

Fig. 6. The reprojection error plot as the window size 
increases for image 1 (a) without epipolar information, (b) 

with epipolar information
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Next, the reprojection errors were modeled using the bias 
compensation model Eq. (8). For outlier detection, we set the 
confidence level as 99.99%. The number of detected outliers 
are plotted in Fig. 7 and the reprojection accuracy after 
removing the outliers are shown in Fig. 8. The number of 
outliers significantly decreases as the window size increases. 
The case of not using epipolar information showed that more 
outliers were detected in the process. It is because points 
outside the epipolar line threshold were detected in this step 
as matching outliers. After removing the outlier points, the 
reprojection errors dropped to less than one pixel along both 
row and line directions. The result shows that the rigorous 
outlier detection was helpful even if the epipolar information 
was not used. 

(a)

(b)

   (a)   
  (b)

Fig. 7. Outlier detection as the window size increases. 
(a) without epipolar information, (b) with epipolar 

information

 

Fig. 8. The reprojection accuracy after removing outliers
 as the window size increases (same results for both 

epipolar cases)

The point distribution after removing outliers for matching 
window size 41 pixels are shown in Fig. 9 that shows survived 
and removed points with colors. 

Fig. 9. Extracted conjugate points (blue) and removed 
outliers (red) case of window size 41 pixels

Based on the relative orientation, the reprojection errors 
were modeled and compensated for the compensated RPCs. 
Fig. 10 shows the epipolar line discrepancy before and after 
the bias compensation. Fig. 10(b) shows that the conjugate 
point is far from the epipolar line in the case of the original 
RPCs. This shows the geometric inconsistency between 
the stereo data. However, after the bias compensation, the 
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conjugate point is well located on the epipolar line as can be 
shown in Fig. 10(c). In other words, the consistency between 
the stereo data has been improved. 

    

Fig. 10. Epipolar line before and after RPCs bias-
compensation (a) a point with epipolar line in #1 image, 

(b) corresponding epipolar line in #2 image (before RPCs 
compensation), (c) corresponding epipolar line in #2 image 

(after RPCs compensation)

4. Conclusion

This study investigated the automatic conjugate point 
extraction method including the key point extraction, the 
search space minimization based on the epipolar line, 
and the rigorous outlier detection based on the RPCs bias 
compensation modeling. The different matching window 
sizes were tested and the result showed that the number of 
outliers significantly decreases as the window size increases 
and the reprojection errors dropped to less than one pixel 
along both row and line directions after removing the 
outlier points. The epipolar information was helpful to filter 
some mismatches in the matching process even though the 
rigorous outlier detection could detect most mismatches. The 
outliers in the image matching was inevitable for the different 
matching parameterization but they were successfully 
detected and removed with the rigorous method for sub-pixel 
level of stereo RPCs precision. 
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