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1. Introduction and Theory

1.1 Introduction

Acquisition of accurate three-dimensional models from a set of two-dimensional images is an important and difficult problem in computer vision. It is currently a subject of intense research.

Generally speaking, the following steps are involved in the process of 3D model acquisition from a set of images:

1) Feature extraction: In this process a set of distinctive image features such as lines and points are extracted to reduce the vast amount of data gathered from the 2D images. The types of geometric features that can potentially be extracted from the image include straight segments, curves, corner points, texture areas and so on. In this project we consider only straight segments and corner points for the sake of simplicity.

2) Feature Correspondence & Model Matching: Feature correspondence involves finding matching image features among a set of 2D images. The scope of this project does not involve feature (lines and points) correspondence. It is concerned primarily with the image triangulation problem described in step 4.

3) Camera Calibration:  This step uses the correspondence to determine the intrinsic camera parameters and to find more accurate camera poses. This is done as a relative transformation between the thee-dimensional model (world coordinate system) and each of the two-dimensional image data (camera coordinate system – we call the coordinate system of a 2 dimensional image with reference to the position of the camera, where from the image has been taken, as the camera coordinate system). To acquire 3D models from 2D images taken from different viewpoints, camera calibration is necessary to determine the parameters of the cameras that took the images. The camera parameters consists of two parts- 

a) Intrinsic camera parameters: focal length, scale factors and lens distortion.

b) Relative camera pose parameters: rotation and translation of the camera with respect to the different viewpoints of the 2D images.

Camera calibration techniques involve solving for both intrinsic and extrinsic camera parameters.

For the project we assumed that the camera calibration parameters were already known. There are a number of algorithms using which we can calculate the camera calibration using 2D data.

Due to inherent noise in 2D images the camera points determined from a single view are not reliable. Thus, it is desirable to use multiple views.

4) Multi image triangulation: Once the set of 2D images are calibrated we can reconstruct fairly accurate 3D models from them via multi-image triangulation. The 3D position of new features is computed and the positions of the old features are refined based on the updated transformation parameters.

1.2 Plücker Coordinates

Plücker coordinate is a useful, concise and efficient way of representing a line in 3-space. The Plücker coordinate system makes computations on 3D lines very simple.

The Plücker coordinate of a line L whose end points are represented by P (Px, Py, Pz) and Q (Qx, Qy, Qz) is represented as

L = (P – Q: P X Q), it is evident that a line in Plücker coordinate system is represented as 6 numbers.

Some useful deductions and manipulations using Plücker coordinates:

i) Two line L1 and L2 are the same if

L1 = s * L2 for some value s > 0,

If s is negative, then the lines point in the opposite directions.

ii) Two lines L1 = (U1:V1), L2 = (U2:V2) are parallel if 

U1 X U2 = 0.

iii) Two lines L1 = (U1:V1), L2 = (U2:V2) are coplanar if their mutual moment vanishes, i.e. U1.V2 + U2.V1 = 0

iv) We can tell whether two lines intersect, and if not then how they pass each other in space:

w = U1.V1 + U2.V2

If 
w = 0
L1, L2 Intersect


w > 0
L1, L2 pass Counterclockwise


w < 0
L1, L2 pass Clockwise

v)  [U X P-Vw: V.P] is the plane containing L and point (P: w) not on L. (P: w) is a representation of a point homogenous coordinate system. In a homogenous coordinate system 4 numbers represent each point.

vi) (V X N – Un: U.N) is the point where the line L (U: V) intersects plane [N: n] not parallel to L.

vii) (V1xV2: U1.V2) is the point formed by the intersection of line L1 (U1:V1) and L2 (U2:V2)

viii) (N1 x N2: N1.n1 – N2.n2) is the line formed when two planes P1 (N1:n1) and P2 (N2:n2) intersect.

We use the Plücker coordinate representation to find the relative poses among images, given the intrinsic camera parameters and only 2D image line correspondences across the images.

How Plücker coordinates are used for finding the points in a 3D view

A 3D line can be considered as an intersection line between any two planes. While we know the points on the 2D image with respect to the global coordinate system (we transform all the image lines and points obtained from all the images to be aligned with the camera position of the first image, and call it the ‘global coordinate system’), we can easily obtain the Plücker coordinate of a line in the image as we know the coordinate positions of the end points of the line. We can also obtain the Plücker representation of the plane formed by the line and its focal point. For multiple 2D images we get multiple such planes for the same 3D line. We can then get the actual 3D model line by the intersection of all these planes formed.
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Fig 1: Images 1, 2 and 3 have the image of the same 3D line L in their 2D image. A plane can be drawn by joining the end points of these image lines – L1, L2 and L3 with the focal point of their respective images, forming the projection planes P1, P2 and P3. These 3 planes would intersect in space at the original 3D line L.

But unfortunately the 2D images in are not devoid of noise. Hence in reality the projections planes, P1, P2 and P3 as shown in Fig 1 do not all intersect to form a straight line. So, we need to average over the plane intersection to get a best-fit 3D line.

In the project implementation we took 2 images at a time and found the intersection of the projection planes. So, we would have ‘nC2’ 3D lines formed from ‘n’ images.

2. Implementation

This project was implemented using C++. The choice of the language of implementation was driven by the fact that there are available libraries in C++, which could be used for matrix calculations like finding ‘eigen’ values, etc. We used the C++ svlib library for the matrix calculations in this project. 

Once the Cartesian co-ordinates of the 3D model had been calculated, we used VRML [3] to plot the points. 

The following assumptions were made while implementing the project: 

1. The pictures contain closed geometrical shapes (e.g.: squares, rectangles, triangles)

2. The camera did not rotate while taking pictures.

3. The movements of the camera were in two directions (in the x and z direction only).

4. The origin of the model is at the point where the camera was placed while taking the first picture.

2.1 Co-ordinate systems

There are several co-ordinate systems in play during the calculations involving the construction of 3 dimensional models from 2 dimensional pictures. Each picture has a co-ordinate system associated with it, called the camera coordinate system. But to do the calculations we need to have all the points in one co-ordinate system.

Any point on a picture has its (x, y) co-ordinates and the origin (0,0) is assumed to lie at the bottom left hand corner of the picture. Since we know the focal length of the camera, we can assign the focal length as the third dimension. Therefore the three dimensional co-ordinate systems associated with each picture have the origin at the left hand bottom corner of the focal plane parallel to the plane of the picture.

The global co-ordinate system was assigned as the co-ordinate system associated with the first picture. Hence the co-ordinates of each point on any picture taken, was translated to the global co-ordinate system. To do this the movement of the camera is measured in two directions (x and z). The movement measurement is then used to translate all the points to the global co-ordinate system. (We are restricting the movement of the camera in the directions x and z only)
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2.2 Class Diagram

The design of the system has a layered approach where a class in the upper layer uses the functions of the classes in the lower layer. The upper most class is the View class, which holds a list of pictures and also holds the final 3 dimensional co-ordinates of the 3-D model, which are generated by the algorithm. Each Picture class in turn holds a list of lines that form that picture and also the information of the movement of the camera relative to the position at which the picture was taken. Each Line class holds the co-ordinates of its end points and finally each Point class holds the x, y, and z co-ordinates of itself (both local as well as global).
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Following is the description of each class and its main functions.

Class “View”: The View class holds a list of Pictures. It also holds the list of the final 3-D lines, which are generated by the algorithm.

compute3DLines(): This function calculates the Plücker representation of the 3 dimensional lines from the co-ordinates of each point.

compute3DPoints(): This function first calculates the intersecting point of a plane and a line. All calculations in of the intersecting points in this function are done with Plücker co-ordinates.  The Plücker co-ordinates of a point are calculated in three different ways with different combinations of intersection lines and planes. 

computePlanes(): This function is used to calculate the mean over a number of planes to find the best estimate plane.

Class “Picture”: The Picture class holds the camera parameters and a list of lines from the picture this class represents. It also contains the distance the camera has moved from its first position. This information is used to convert the points and lines from all the pictures to the global coordinate system

transform(): This function provides the translation information to each line so that it can orient itself to the global co-ordinate system. It calls the transform function of each line in the picture.

getPlaneCord(): This function calculates the coordinates of the plane associated with each line. The plane consists of the start and end points of the line and the focal point of the camera. 

convertLinesToPlucker(): This function calculates the Plücker representation of each line with the Cartesian co-ordinates of the start and end points of each line.

Class “Line”: This class holds the start and the end point of each line, the Plücker co-ordinates of the line, the Plücker co-ordinates of the plane joining the line to the focal point of the camera and also the Plücker co-ordinates of two lines joining the start and the end points of the line to the focal point of the camera.

transform(): This function calls transform function of the start and the end points. It provides the points with the information of the movement of the camera. The points then transform their local co-ordinates to the co-ordinates of the global coordinate system.

convertToPlucker(): This function calculates the Plücker co-ordinates of the line using the global co-ordinates of the start and end point of the line.

Class “Points”: The ‘Points’ class holds two sets of 3 dimensional points. The first set of co-ordinates contains the location of the points with respect to the origin of the picture from which it has been taken, the local coordinate system. 

Class “ThreeDLines”: This class holds the Cartesian coordinates of the final 3-dimension line.

computeSource(): This function calculates the Cartesian coordinates of the start point of the line.

computeDestination(): This function calculates the Cartesian coordinates of the end point of the line.

2.3 Error removal by averaging

We have tried three different ways of finding the final 3 dimensional Cartesian co-ordinates of start and end points of lines in an image by averaging at different levels to remove errors. 

Method 1:

The Plücker representation of a 3 dimensional line L (P1, P2) (where P1 and P2 are the start and the end points of the line L) in the model is found by intersecting the planes the image of the same line makes with the focal point of the camera in two different pictures (l1 and l2). 

In this method 

Step 1: The Cartesian co-ordinates of the start and the end points of l1 and l2 are translated to the global co-ordinate system. 

Step 2:  The Plücker co-ordinates of the projection planes of l1 and l2 are calculated.

Step 3: The projection planes are intersected with each other to get the Plücker co-ordinates of the 3 dimensional lines in space. We get a representation of line L from a combination of two images. (Hence for an image set of 3 pictures we would get three different Plücker co-ordinates of a line L)

Step 4: Next for each set of 3D lines obtained in the earlier step we calculated the Cartesian co-ordinates of the points P1 and P2 by intersecting two 3 dimensional lines (which we know intersect from the images).

Step 5: The final points are calculated by averaging the corresponding Cartesian co-ordinates of the points in each set.

                                        (x,y,z)                    L2
                                         L1

The final 3D Cartesian coordinate of a point is found as the intersection point of 2 three dimensional lines L1 and L2

/** Code for calculating the Cartesian co-ordinates of the start and the end points of a line by intersecting two 3d lines L1 (U1:V1) and L2 (U2:V2). Object l1 and l2 are instances of the two intersecting 3D lines. The array pluckerCord[6] holds the Plücker representation of the line. Formula is [V1xV2: U1.V2]  **/

double temp3 = (l1->pluckerCord[0] * l2->pluckerCord[3] ) +


         (l1->pluckerCord[1] * l2->pluckerCord[4] ) +


         (l1->pluckerCord[2] * l2->pluckerCord[5]);

/*x*/source[0]=(( l1->pluckerCord[4] * l2->pluckerCord[5]) –

                  (l1->pluckerCord[5] * l2->pluckerCord[4]) ) / temp3;

/*y*/source[1]=(( l1->pluckerCord[5] * l2->pluckerCord[3])-

                 (l1->pluckerCord[3] * l2->pluckerCord[5]) ) / temp3;

/*z*/source[2]=(( l1->pluckerCord[3] * l2->pluckerCord[4])-

                (l1->pluckerCord[4] * l2->pluckerCord[3]) ) / temp3;

Method 2:

First the Plücker co-ordinates of the lines were found using steps 1,2 and 3 of method 1.

Step 4: For every 3d line we calculate the Plücker co-ordinates of the plane the line makes with its rays, the projection plane. Using different combination of the pictures available we have as many planes for a single line as we have number of pictures.

Step 5: The Cartesian co-ordinates of the start and end point of each line can be calculated by finding the intersecting points of the projection plane of one line with another 3 Dimensional line.

                                       (x,y,z)                   L2   

                                            L1


The final 3D Cartesian coordinate of a point is found as the intersection point of the projection plane of line L1 and the 3 dimensional line L2

/** Code to find the intersection point of the projection plane of L1, P (N: n) and line L2 (U: N). The array pluckerCord[6] holds the Plücker representation of the line and the array plane[4] holds the Plücker representation of the plane. Formula for the point of intersection is 

(VxN-Un: U.N) where the plane P(N:n) not parallel to L(U:N). */

double temp = (pluckerCord[0]*l->plane[0])+

           (pluckerCord[1]*l->plane[1]) + (pluckerCord[2]*l->plane[2]);

/*x*/point[0]=

     ( ((pluckerCord[4]*l->plane[2]) – (pluckerCord[5]*l->plane[1])) -

        (pluckerCord[0]*l->plane[3]) ) / temp;

/*y*/point[1]=

     ( ((pluckerCord[5]*l->plane[0]) - (pluckerCord[3]*l->plane[2])) -

       (pluckerCord[1]*l->plane[3]) ) / temp;

/*z*/point[2]= 

     ( ((pluckerCord[3]*l->plane[1]) - (pluckerCord[4]*l->plane[0]) )-

       (pluckerCord[2]*l->plane[3]) ) / temp;

Method 3: 

First the Cartesian co-ordinates of the start and end points of all 3D lines are found by following steps 1,2, 3 and 4 in the earlier method. 

Step 5 - For each set of known coplanar points we get using a pair of pictures we calculated an average plane passing through these points. 

Step 6 - All these planes are averaged to get the Plücker co-ordinates of the final plane in the global co-ordinate space.

Step 7 - The Cartesian co-ordinates of the start and end points of a line on this plane is calculated by intersecting the plane with the rays the line makes with the focal point of the camera (The rays in the first picture is used).

2.4 Results

The algorithm was tried over three sets of pictures using all the three averaging techniques described above. The first method gave skewed planer structures where all the points of a geometrical object would not fall on the same plane. The same applies for method 2. Method 3, which averages the planes, provided the best results. 
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3. Errors and improvements

3.1 Errors in the current algorithm

Off the different methods used to find the final points the method, which averages the planes provided the best results.

The other two methods gave skewed planer structures where all the points a particular face of a geometrical object would not fall on the same plane as expected.

The plane averaging method did not however produce consistent results. Nor were the errors in any particular pattern. The algorithm was run on a "perfect" scenario where we assumed a cube existed in space and three snapshots were taken of the cube at three different distances. This scenario produced the expected results, which means that the algorithm is not wrong.
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The perfect scenario created by imagining a camera taking three snapshots of a square object head on, each time moving a known distance towards the object. The side view was by drawn on a graph paper and the lengths of the images measured. 

4.2 Improvement techniques

The inability of this project to produce consistent results lies in the error correction process. The averaging technique does not work and some other error removal process needs to be implemented to produce consistent results. 

We also investigated the error removal process explained by Yong-Qing Cheng in his thesis, pages 73-76. [2].

His method also did not produce correct or consistent results. We would also like to say here that we did not fully understand all the steps in the above mentioned error removal technique. The math described was too involved. 

To get a better and more consistent result of producing 3 dimensional models from 2 dimensional pictures one needs to explore the Plücker co-ordinate system in more detail and explore the mathematics possible using this co-ordinate system.
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Public:


vector<ThreeDLines*> threeDLines1;	


Picture* pictures[3];


vector<double*> Points;


vector<double*> finalPlanes;


vector<double*> finalPoints;





void compute3DLines();  	


void compute3DPoints();


void computePlanes(vector<double*>);
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Private:


Points* cameraPoint;


double rotation;


double translation_X;


double translation_Z;





Public:


vector<Line*> lines;


void transform();


void getPlaneCord();


void setCameraParameters(Points*,double, double, double);  


void convertLinesToPlucker();
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Public:


Points* source;


Points* destination;


double* pluckerCord;


double* plane;


double *lA; //ray line


double *lB; // ray line


double **errorMatrix;


void transform(double, double, double);


void convertToPlucker();
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Private:  


double *globalPoint;	





 Public:  


int *point;


void transform(double, double, double);


double getX();


double getY();


double getZ();


bool isEquals(Points* p);
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ThreeDLines





Public:


double* source


double* destination


double* pluckerCoord


double* unitEigenVector





coumputeSource(Line* l, ThreeDLine* l3)


coumputeDestination(Line* l, ThreeDLine* l3)





Utility





Public:


Static multiply(double** m, double** resultM)


Static add(double** m, double** resultM)


Static min(double* m)


Static average(double* p1, double*p2, double* r)
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