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Fig 6.3, Line extraction results. Image of a line on a paracatadioptric image is a great circle. 

6.1.2.2. Finding a putative set of intersections correspondences by matching angles   
             between two sets of intersections. 
 
Table 6.1 summarize all the possible matches of any intersection in first image found in the 
second image and vice versa. A non-zero value means a possible match. Notice that an 
intersection has been removed if it has no possible match in other image. Angle Tolerance was 
chosen equal to 2 degrees. 

                            Index  of Intersections in Second image           
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e 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 
2 0 0 0 0 0 0 0 0 0 0 1 1 0 0 
3 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
4 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 1 1 0 0 0 0 0 0 0 0 0 0 
6 0 0 1 1 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 1 0 0 0 0 0 0 0 1 1 
8 0 0 0 0 1 0 0 0 0 0 0 0 1 1 
9 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
10 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
11 1 1 1 1 0 0 0 0 0 1 0 0 0 0 
12 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
13 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 0 1 1 0 0 
15 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 1 0 0 0 0 0 0 0 1 1 

 

Table 6.1. The value 1  in row i and column j means that the difference between the angle of intersection i in the first 
image and intersection j in the second image is less than Angle  Tolerance(2 degrees). 
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6.1.2.3. Improving the set of putative intersections correspondences by using Cross   
             Correlation as similarity measuring function 
 

Table 6.2 is giving the correlation coefficients of every possible matches of the table 6.1. Notice 

that the maximal values are still very small. This may reflect the fact that cross correlation is not 

a suitable similarity measuring function for our method. Fig 6.4 shows some examples of the 

patches which were used for computing the correlation coefficients.  
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9 0 

10 0.2 

11 0 

12 0 0.1 

13 0.1 0.1 

14 0 0.2 

15 
16 0.1 0.1 

Table 6.2. The correlation coefficients of possible matches of the table 6.1 

 

 

 



Chapter 6: Results                                                                                                                                       47 

 

 

Fig 6.4, In each row, the first column on the left shows a patch from the first image and the rest of columns are four 
different orientations of a patch belong to an intersection in the second image. During the correlation, an averaging 

filter was also applied on the patches to improve the result of the function. 

The Correspondences shown in Figure 6.5 were obtained after checking mutual consistency and 

antipodal consistency of the putative correspondences of table 6.2.  This result is summarized in 

table 6.3. 

  Pairs Of Correspondences 
Index Of Intersections In The First Image 5 9 10 12 13 14 15 16 
Index Of Intersections In The Second Image 4 7 6 9 8 12 2 14 

Table 6.3. Final Intersection Correspondences 
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Fig 6.5. Final intersections correspondences 

 
6.1.2.4. Computing a set of putative corresponding lines from the set of putative 
corresponding intersections 
 
In section 5.2.5 of chapter five, we used the same example to explain this step of the algorithm. 

Due to space restrictions, we do not repeat the result of this step again. Figure 6.6 shows the 

putative line correspondence computed by first suggested method of this step. Notice that for 

this particular example, there is no mismatch between correspondences. This can not be always 

true. 

Fig 6.6. The line correspondences computed by using matching frequency matrix (method 1). Each color 
represents a correspondence 
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6.1.2.5. Computing R by running RANSAC on the set of putative lines or  
               intersections correspondences 
 
As it was explained in section 5.2.6 of chapter five, by running RANSAC on the set of putative 

intersections or lines we can compute R and R* respectively. The outputs of RANSAC for these 

two matrixes for our example are: 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0.8411     0.4832-    0.2429    
0.1868-    0.6810-   0.7080-   
0.5076-    0.5502-    0.6631    

*R

     ⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

0.9678      0.0982     0.2318    
0.0664      0.7886    0.6114-   
0.2428-     0.6071      0.7567   

R

 

For these particular catadioptric images, RANSAC finds all the correspondences as part of 

inliers and it is not necessary to use R or R* for further matching.   

 

Notice that there are several possible solutions for converting the matrix R to the Euler angles. In 

order to check the accuracy of the result we select two approaches. The first approach is to 

multiply the inverse of R matrix with the real rotation matrix of the imaging system (ground 

truth). The result should be close to the Identity Matrix as follows: 

 

 

MatrixIdentity
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⎢
⎢
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⎡

=∗∗ −−

0.9859    0.1474-   0.0790-   
0.1453     0.9889    0.0315-   
0.0828     0.0195     0.9964    

0.9701    0.0513    0.2371-   
0.1061    0.7893    0.6048    
0.2182    0.6119-   0.7603    

0.9659            0      0.2588    
0      1.0000              0     
0.2588-             0      0.9659    

1.0000              0         0         
0         0.7660    0.6428-   
0          0.6428     0.7660    

)(1540

K
dR  means d degrees rotation around axis K. The second approach is to verify the result visually 

by removing the effect of the rotation on the second image by applying the same rotation in 

opposite direction on the projection of the image on unit sphere. The following figure shows the 
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result. The small error may reflect the error in the detection of lines during the line extraction 

step and also the error introduced by orthogonalizing the rotation matrix. 

 

Fig 6.7. The result after eliminating the rotation of the imaging system on the second image. 

 

 

Fig 6.8. Superposition of first image and the second image after eliminating the rotation. The small error is due to 
error in the line extraction step and also orthogonalizing the rotation matrix. 
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6.2. Results on Real Images 

6.2.1. Moving from Virtuality to Reality: Curse of intersections! 

Before presenting the result on real images, we would like to mention one disadvantage of 

working with intersections as salient points which is high number of intersections even for a 

simple scene such as the scene shown in fig 6.9. One may notice that the number of intersections 

is equal to the number of all possible selections of two lines from the set of lines in an image. 

This number increases very fast with the increase in the number of lines and can result in 

massive computational time during the correlation step. This is another motivation for looking 

for a more suitable similarity measuring function than Cross Correlation.   

 

Fig 6.9. Curse of intersections: approximately 30 lines were detected in each image. The number of intersections with 
an angle bigger than 30degrees is 182 for the left image and 202 for the right image. Considering only intersection 
angles, with a tolerance of one degree, there are 1266 putative correspondences (around 600 after neglecting antipodal 
matches). 

However to evaluate the performance of the method on real images, we reduced the number of 

lines by feeding the algorithm with simple images consisting only prominent lines in the image 

such as images of fig 6.10.  
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Fig 6.10, Using simpler images in order to reduce the number of lines. There is a rotation around Z axis 
between two views. Top: original images. Middle: simple images consisting only prominent lines of the image 
of the box. Bottom: final detected lines  
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Figure 6.11 shows the result of applying our algorithm on real images. Except one outlier, the 

rest of matches are correct. This result is the best result among four trials with different window 

sizes (20, 30, 40 and 50). 

Fig 6.11. Rresult of applying our method on a real image. Except one outlier (black colour), the rest of matches are 
correct. 

The rotation matrix and one possible Euler angles combination for this pair of images are: 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

1.0000      0.0067-     0.0068    
0.0095      0.7620      0.6476-   
0.0008-     0.6476       0.7620    

R

     

41.9013-      0.2256-      2.3752-  , === zyx RRR

 

which are representing almost a pure rotation around z axis and one can visually confirm the 
rotation by looking at both images. Unfortunately we do not have the real rotation of the imaging 
system but we tried to rotate the imaging system merely around its z axis.  

Our implementation of the method suffers from using Cross Correlation, a very weak similarity 
measuring tool for comparing patches. During our experiments we found that this function fails 
to detect correct patches when there is a considerable displacement and deformation between 
corresponding patches between two images. Fig 6.12 shows the result of two experiments on 
both synthetic and real images. Notice the considerable amount of displacement and deformation 
between views. The number of correct correspondences in the case of synthetic images is higher 
thanks to the higher accuracy in extraction of lines. 
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Fig 6.12.  The result of experiment on the images with considerable displacement and deformation between two 
views. 

 



 

 

Conclusion 
 

This work was an opening effort on line matching in catadioptric images. In this work: 

 

-  The relation between normal vector of the great circle of any 3D line represented in the first 

unitary sphere coordinate system and its corresponding vector expressed in the second system 

was derived and it was shown that it is not possible to match lines by only knowing a set of such 

correspondences. 

 

- Usage of line intersection points as salient points for matching lines in catadioptric images 

were proposed.  

 

- The angle between constructing lines of an intersection was used as a measure for finding a 

putative set of intersection correspondences (Angle Consistency). 

 

- It was shown that how the orientations of lines can be used to remove the cyclo-rotation of the 

image around an intersection points. 

 

- The necessary equations for adapting boundary of a patch to the geometry of the catadioptric 

image were derived. 

 

- Cross Correlation similarity measuring function along with adapted patches to the geometry of 

the catadioptric image were employed to remove wrong matches. 

 

- The fact that if two intersection points are correspondence, their antipodal points should also 

match was employed for further removal of wrong matches (Antipodal Consistency). 

55 
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- For the case of a pure rotation, after driving the suitable “fitting function”, it was proposed to 

run ransac on the set of putative corresponding lines or intersections to compute the rotation 

matrix. 

 

Also an automatic line matching method was proposed for the case of pure rotation or short rang 

motion of the imaging system. During the experiments it was found that the high number of 

intersections could dramatically increase the computational time of the correlation step. Due to 

time restrictions, thorough study of similarity measuring functions was skipped and the simple 

cross correlation function was used to find the similarity between patches. As a result the 

performance of the method decreases when there is a considerable displacement and deformation 

between corresponding patches. 
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Future work 

 
In this chapter we mention some issues which can be the subject of further work in order to 

improve the result of our method. We also mention some areas which should be searched for 

finding general methods of line matching in both perspective and catadioptric images. 

 

Some issues on our proposed method: 
 

 Our method is highly dependent on the line extraction step and it is very sensitive in 

error in the detection of lines. This Error results in error in the position of intersections. 

Since CC computes the correlation between patches which are centred on the 

intersections, the error in the position of these intersections can easily defeat the naïve 

cross correlation function. Improving the accuracy of line extractor algorithm can be a 

solution. 

 

 Another solution for the above problem is to find a more suitable similarity measuring 

technique such as SIFT. In fact CC is not a good choice for catadioptric images where 

the image deformation is a serious problem. CC can be a good choice for the cases 

where the change in the illumination is small. However significant perspective and 

lighting changes can cause large changes in the intensities of corresponding patches in 

two images and result in the failure of matching. 

 

 In our current implementation of the proposed method, the matching is performed on all 

possible intersections between lines. This causes what we called “curse of intersections”. 
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One solution can be to find real intersections by measuring the “corner response” of the 

intersections. One good “corner response” measuring function has been proposed in 

[18]. 

 
 

Some suggestions for extending the proposed method to the 
case of long range motion: 
 
In the long baseline case, we are particularly interested to match the patches which belong to a 

real surface in 3D scene (for example patch number 1 and 2 in the figure 8.1). The reason is that 

the patch which belongs to a real plane in the scene will be different from its corresponding 

patch by a homography distortion and the content of the patch (the part of the scene behind the 

patch) remains the same while the scene behind the other patches is changing as the imaging 

system moves. Therefore a similarity measuring function which is not very sensitive to 

perspective distortion (such as a content-based similarity measuring function) can give good 

result for matching such patches. This can be a good idea to extend our proposed method to the 

case of long range motion as follows: 

 

To extract all four patch around each intersection point to feed into similarity measuring 

function, we need to adapt each patch not only to the geometry of the catadioptric image but also 

to the orientation and angle between two constructing line of the intersection(similar to the 

patches in fig 8.1). During the comparing a pair of intersections, all 16 possible matching 

comparisons between patches should be considered. In other words, every patch of first 

intersection is compared with all patches of second intersection and maximum correlation 

coefficient is found. The final score is the maximum of four maximums.      
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Fig 8.1. Adaptation of 4 patches to the geometry of the catadioptric image as well as to the 
orientation and angle between two constructing line of the intersection. For simplicity, only two 

patches among four patches of an intersection are shown. 

 

As a final remark, it can be shown easily that angles consistency and antipodal consistency are 

not properties of intersections when the motion of the system is a long rang motion. 

 

In chapter four, section 4.2.2.4 we also initiated the idea of matching lines for the case of long 

range motion with known rotation matrix. The idea is to remove the effect of the rotation on the 

image by applying the same rotation in opposite direction on the projection of the image on 

unitary sphere.  It can be shown that in this case corresponding lines become parallel. Exploiting 

this property can be the subject of future work for line matching in catadioptric images. 
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