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Abstract. Vanishing points can be used to exploit the parallel and orthogonal 
lines in 3D scenes thus the cameras’ orientation parameters for vision processing. 
This paper proposed a vanishing point detection and estimation method in the 
dual image space. First, edge line segments are extracted. Second, based on the 
point-line duality theory, lines are transformed into points in the dual space 
where the transformed points belong to the same vanishing point form collinear 
clusters. Third, vanishing points are estimated by grouping and fitting straight 
lines across those clusters. The novel points of our method are: 1) automatically 
grouping the edge line segments that are the support of a vanishing point; 2) 
calculating the vanishing points by fitting straight lines in the dual space. 
Experiment results validated the proposed method. 

Keywords: Vanishing Point, Dual Space, Line Detection, Homography. 

1 Introduction 

Parallel lines in the 3D space are projected into the 2D image space forming the so 
called pencil-of-lines. The intersection point of a group of convergent lines in the image 
plane is called a vanishing point which is actually the projection of a point-at-infinity 
corresponding to the aforementioned parallel 3D lines. The related convergent lines are 
called the support of the vanishing point. Vanishing points are widely used in parsing 
3D scene structures. In 1, a 3D reconstruction approach from a single image was 
proposed using vanishing points. In 2, Foroosh et al. described how 3D Euclidean 
measurements could be made in a pair of un-calibrated images using vanishing points 
when only minimal geometric information is available. Vanishing points also play key 
roles in estimating the camera parameters for camera calibration. To quickly and 
accurately detect the vanishing points, three main problems need to be solved: i) 
detecting edge line segments in the image, ii) clustering of the lines belong to a pencil 
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(or the convergent lines), and iii) estimating the intersection of the lines of a cluster. 
Sometimes ii) and iii) are intertwined. 

Common clustering methods first create a partition of the image then tally the lines 
that pass through each region. Line clusters are found by identifying the regions with 
peak counts. Different methods varied in ways of dividing the images. For example, 
Almansa et al. 4 partitioned an image into “vanishing regions” such that the probability 
that a random line of the image meets a vanishing region is constant for all regions. In 
the work of Tuytelaars et al. 5 and Rother 6, a partition method was used such that the 
projection of each vanishing region on the Gaussian sphere has a quasi-constant area. 
The recent work by Li et al. 3 suggested replacing the 2D partition by two 1-D 
partitions thus greatly improved the detection speed. The partition based methods are 
appropriate for cases where the vanishing points are close to the image center but facing 
difficulties in dealing with vanishing points at infinity. Schmitt et al. 11 used the 
intersection point neighborhood instead of image plane partition for clustering. The 
issue of point at infinity is handled in an ad hoc way by substituting the intersection 
point of two parallel lines (at infinity) by one or two faraway points between the 
parallel lines. 

Other methods perform line counting in some transformed space, often Hough space 
or Gaussian sphere. Barnard 7 first proposed a vanishing point detection method based 
on the Gaussian sphere in 1983. Antone et al. 14 simplified the idea and used three 
orthogonal planes in place of the Gaussian sphere. Based on Barnard’ work, Lutton et 
al. 8 proposed a method using the Hough transform to calculate the vanishing point. 
Ebrahimpour et al. 10 used the start and end points of the lines to find the vanishing 
points though Hough transform and K-means clustering. Using the Gaussian mixture 
model (GMM) of vanishing points and vanishing lines, Akihiro Minagawa et al. were 
able to solve the line clustering problem and vanishing point estimation problem 
simultaneously 9. The joint point and line random process was modeled in GMM and 
the MAP solution was found using the standard EM algorithm which produced line 
clusters, vanishing points as well as vanishing lines all at once.     

Most of the previous algorithms either rely on the camera calibration information 
(e.g. those based on Gaussian sphere) or encounter singularities when dealing with 
points at infinity (e.g. the partition or GMM methods). In this paper, we propose a new 
vanishing point detection method based on dual space theory. Our key observation is 
that pencil-of-lines appear in the dual space as collinear points. Thus vanishing point 
detection and calculation are solved jointly as robust line fitting in the dual space. 
Straight line segments belong to distinct vanishing points are automatically classified. 
There is no need of any form of line accumulation. Furthermore, points at infinity are 
naturally represented.  

Below is the organization of the paper: Section 2 describes the vanishing point 
calculation theory in dual space. Section 3 illustrates the vanishing point detection 
algorithm. Section 4 shows the experimental results. Section 5 summarizes the paper 
and discusses some directions for future work. 
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2 Vanishing Point Calculation Theory in Dual Space 

According to the duality principle, lines in the image space correspond to points in the 
dual space. Lines meet at one point in the image space are equivalent to collinear points 
in the dual space. For a quick explanation, we express the 2D line equation as: 
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with the line parameters (x, y, 1). For this representation to hold, the parameter c cannot 
be zero which in practice can be achieved by a translation of the image and later 
compensated by applying the inverse translation to the resulted vanishing points. 

This paper takes advantage of the principle that the intersecting lines in the image 
space form a set of collinear points in the dual space. Therefore the problem of 
calculating intersection of lines is converted to the problem of fitting a straight line 
across a set of collinear points in the dual space as shown in Figure 1.  

Based on the above observation, a new kind of vanishing point detection algorithm 
is proposed in this paper. First, detect edge line segments in the image space. Second, 
calculate the line equations of those lines and transform them into the dual space. Third, 
group dual points and fit lines in the dual space. The coefficients of the resulting line 
equations are the wanted vanishing points. Using the homogeneous point 
representation, this method deals with the vanishing point at infinity nicely. 

           

(a) Intersecting lines in image space    (b) Collinear points in dual space 

Fig. 1. Pencil-of-lines in image space and the corresponding collinear points in dual space 
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3 The Vanishing Point Detection Algorithm  

3.1 Line Segments Detection 

In most of the vanishing point detection algorithms, the first step is line detection. 
Among the line detection approaches, Hough transform 12 and Line Segment Detector 
(LSD) 13 are widely used. In this paper we adopted the LSD method for line detection. 

Using polar form for lines:     

       θθρ sincos yx += ,                             (3)   

we represent a line in the dual space by  
T
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To avoid the case of zero denominator, i.e. 0=ρ , the image is shifted initially so that 
none of the lines of our interest passes through the (shifted) image origin. The inverse 
shifting is later applied to the obtained vanishing points. 

                 

(a) Checkerboard image      (b) Lines in image space         (c) The collinear point clusters 
in dual space 

Fig. 2. Checkerboard image and its collinear dual 

In Figure 2, line segments detected by LSD are shown in (b). The vertical and 
horizontal directions in (a) become the red and green collinear point clusters in (c). 
Each point cluster in the dual space corresponds to the almost collinear edge segments 
of the checkerboard. The spread of the cluster is due to the inaccuracy in the LSD 
process. So the points in dual space do not completely focus at one position but appear 
scattered. 

3.2 Grouping the Dual Points and Getting Vanishing Points  

Usually the parallel lines of the architectural buildings are in three axial directions, 
forming 2 to 3 vanishing points by the camera’s perspective projection. In the dual 
space, the appearance is 2 or 3 collinear point clusters. In this paper, we propose 
RANSAC and Gustafson-Kessel (GK) 1617 methods for grouping the dual points and 
use RANAC to fit lines in each group.  

RANAC and GK each has its respective advantages and disadvantages. RANSAC 
is fast but hard to determine the threshold which may produce wrong groupings. GK is 
relatively more accurate but slow especially when using random initialization. 
Deciding the number of groups may also be problematic sometimes. In this paper, we 
combine these two methods as follows: we use RANSAC as an initialization step, and 
use GK to refine the grouping iteratively. Afterwards, we use RANSAC again within 
each group to find the straight lines. Below is the pseudo code: 
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Let the detected line equations be  

1,2,3 1,2,3 1,2,3 0a x b y c+ + =                            (5)    

Then, the three vanishing points are (a1,2,3, b1,2,3, c1,2,3)
T respectively. Notice the 

homogeneous formulation here. It allows for dealing with the vanishing point at infinity. 

3.3 Calculating the Rotation Matrix and Focal Length from Vanishing Points 

The pinhole camera model is 
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Let r1, r2, r3 be the column vectors of R, (a1,2,3, b1,2,3, c1,2,3)
T the vanishing points of the 

three axial directions in homogeneous coordinates. We have: 
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In case only two directions are observed, the third one can be obtained by r3=r1×r2. 
Since these vectors are recovered up to a scale, they should subsequently be 
normalized. In practice, it is often safe to assume that the camera’s principal axes are 
orthogonal. Therefore we use the model 
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 Loop 
 Grouping the point clusters using RANSAC 
 Refine the previous grouping using GK method 
 Fit a straight line using RANSAC in the largest group 
 Output the straight line coefficients 
 Remove the inliers from the point clusters 

 Until no more meaningful groups can be found in the remaining points 
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Knowing r1 ·r2=0, we have, 
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where c1, c2≠0, i.e., the two vanishing points must not be at infinity which means that 
the camera must have certain tilt angle with respect to the object in the scene. We 
assume Cx=W/2, Cy=H/2 where W, H are the width and height of the image 
respectively. If all three axial directions are observed, then two additional estimations 
of the focal length are available from r3 ·r2=0, and r1 ·r3=0. We can use the average as 
the final estimation. We can use the homography matrix to rectify images as followed 
(10). 

1TH MR M −=                                 (10) 

The validity of the detected vanishing points can be judged by observing the 
orthogonality of the rectangular features in the rectified image. 

4 Experimental Results 

4.1 Dual Points Grouping 

We have tested the RANSAC method and the improved GK method to grouping dual 
vanishing points as follows.  
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       (e)                      (f)                  (g)                   (h)                   

Fig. 3. Visualization of RANAC and GK grouping. (a) is the input image. (b) is the converted 
dual points. (c) and (d) show the result of grouping by RANSAC. (e) show the process of 
grouping by GK initiated by the previous RANSAC. It represent the cluster covariance matrices. 
(f) is Visualization of GK grouping result. (g) is the result of grouping by GK. (h) shows the final 
fitted lines. The vanishing points are actually the coefficients of the line equations. 
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We can see from Figure 3 that the two methods have different grouping effects. 
Those lines at the upper right of (d) were grouped wrongly (colored in red but should 
have been green) due to the fact that in the dual space (c), they are close to the 
intersection of the red and the green groups. Notice that in (c) the red group is atop of 
the green group near the intersection. This grouping error did not happen in the GK 
method as shown in (f) and (g). Notice differently from (c), in (g) the green group is 
atop the red one. However the GK method failed to group the long line towards the 
right side (green one which should have been grouped as red). But this error somehow 
“makes sense” because the line indeed appears parallel to those green ones above it. 

4.2 Image Rectification 

In order to validate the detected vanishing points, the experiments of image 
rectification were carried out using the homography matrix given in (10). We compare 
our results with the homography matrices obtained from two other methods: 1) M and R 
provided by camera calibration with the MATLAB calibration toolbox, 2) M and R 
provided by camera calibration with the method implemented in OPENCV 15. Figure 4 
demonstrates that our method using a single image produces comparable results with 
those calibration methods using multiple images. Figure 5 provides two more 
rectification examples: one indoor image and one outdoor building image.  

        

          

(a) Original images   (b) By OpenCV  (c) By Matlab toolbox  (d) By our method 

Fig. 4. The image rectification experiment performed on checkerboard images 

       

(a) Indoor image  (b) Rectified by our method (c) Outdoor image (d) Rectified by our method 

Fig. 5. Image rectification experiment performed on indoor and outdoor images 

5 Conclusions 

In this paper, we proposed a vanishing point detection method by fitting lines in the 
dual space based on the point-line duality principle. This method can detect vanishing 
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points in distinct directions and group them automatically. Experiment results verified 
the validity of the proposed method. Image rectification experiments further confirmed 
the feasibility of calculating camera intrinsic parameters and rotation matrix using the 
detected vanishing points.  

One shortcoming of the proposed method is the shifting of the image in order to 
avoid zero denominators in the dual space transform. We plan to address this issue in 
the future. We also plan to device a more robust grouping algorithm in dealing with 
more complicated images. 
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