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1 Introduction

Augmented Reality (AR) is the technology that enhances the user’s view of the real world
with computer-generated information. Considered a cutting-edge technology for computer-
user interface, AR opens many new applications in a broad range of domains, from enter-
tainment to military training. A comprehensive survey on AR could be found at [1].

One of the most challenged task in implementing AR system is registration. In order to
align the virtual objects to the user’s view of the world, AR systems need to accurately
track the position and orientation of the user’s head (or cameras). This process, known as
registration, need to be accurate, robust and fast.

Described as ”closed loop” system [2], vision-based emerges as the most potential solution
for registration among other techniques like magnetic, optical or mechanical tracker. In
[3], camera position is recovered based on frame-to-frame homographies. This algorithm
demands the existence of planar surfaces in the scene. Although this requirement seems
to be satisfied in most scenarios, the method may fail with the plain (non-texture) surface
for it strongly depends on the corner detection. Besides, the paper does not give a clear
solution to prevent registration error propagating through the sequence. Some approaches
employ fiducial points to help tracking. State et al. [4] uses 12 special color landmarks.
This system combines vision-based with magnetic tracker to reduce the registration error
down to 1 pixels. However, cumbersome initialization, involving placing landmarks and
calibration, and limitation of the magnetic tracker’s range makes this approach undesirable
for general use. Kutulakos and Vallino [5] develop a method based on affine transformation.
Without the need of camera calibration and require only few fiducial points, the system can
achieve the accuracy within 15 pixels for 640x480 images. The major drawback of the
algorithm is constraints of the affine space and the fiducial points must be visible at all
times. Seo and Hong [6] extends this algorithm to the perspective case and able to compute
shadow of the virtual object.

2 Objective

Our project is closely resembled to the work by [5]. Our concentration in this project will
be accurate rendering a virtual object into the scene. Although tracking is a essential part
of the project, we will relax this problem by running the tracking process separately and



allowing user’s intervention to correct tracking error. The coordinates of these points are
then used to setup the affine space. Virtual object is inserted into the scene by the algorithm
described in the paper. In this experiment, we try to:

• Verify result in [5].

• Justify necessity of accurate method for tracking fiducial points.

• Examine the effect of affine constraints on the result.

This report will give the implementation details of our experiment and discussion of the
issues above.

3 Implementation

3.1 Input data

Input data for the experiment is captured by both digital cam corder and digital camera and
saved as sequences of images (24 bps, 720x480 PNG format). The camera is placed in
the range 2-8 feet from the scene, focused on the region that is about one-foot wide. To
simplify the tracking task, we use the artificial scene with black textureless background and
yellow circular landmarks (figure 1).

Figure 1: Examples of test data. Camera is placed at 2 feet (top) and 5 feet (bottom) away
from the scene. Perspective distortion can be observed from the shape of the title deed card.



3.2 Landmark tracking algorithm

With the above relaxation in the input, we use the following approach to track the position
of the landmarks in each frame:

• Obtain the initial estimation of the landmarks position. This can be entered man-
ually or forwarded from previous tracked frame.

• Threshold the input image based on RGB values. The purpose of this step is to
segment the landmarks based on color.

• Find the connected component in this binary segmentation.

• For each landmarks, find the centroid of the largest component that is closest to
the initial estimation of its position. The centroid is reported as the location for
that landmark.
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Figure 2: (a) - thresholded image. (b) - the tracking result. Position of the landmarks
(indicated by * ) are computed by finding the centroid of each ellipse

3.3 Register virtual object

The virtual object chosen for this project is a Rubik cube. We arbitrary select four corners
of the Rubik as in figure 3.3. The location of these four points are manually entered for two
different frames. By solving equation 2 (appendix 1), the affine coordinate of the points are
found (see Matlab code in appendix 3).

Kutulakos and Vallino suggest using epipolar constraints to ensure the points are matched
in these two frames. In our implementation, we follow the algorithm in [7] (see appendix
2) to recover the affine fundamental matrix. However, due to error in finding correspondent
pairs and/or round-off errors, the result is not perfect. The simple alternation we use is
aligning the object with regard to the existing interest points in the scene.

3.4 Render virtual object

Once the affine coordinates of these four points are known, we can compute the position of
any point in the virtual object using equation (1). The paper also points out that using the
projection equation (4), virtual object can be rendered by using graphics hardware directly.

In our experiment, we do not take advantages of this powerful feature. To render the Ru-
bik cube, we compute the corners and draw each face with texture mapping (with Matlab
’warp’ function). Notice that, with particular configuration as in figure 3.3, other corners
are easily represented by a linear combination of these points. Besides, we do not calculate



the depth value for each pixel, therefore occlusion is not handled properly. However, we
use the viewing direction vector,ζ, ( equation 3) to determine the visibility of the surface.
Basically, a face is visible if the angle between normal vectorn of the surface and the
viewing directionζ is less than 90 degrees and greater than -90 degree. The normal vector
n is computed from cross product of two edges (all are represented in affine coordinate).
The face is drawn if the dot productn · ζ is positive and ignored if it is negative. Figure 3
shows couple image of the final result, few more are found in the appendix 2.

Figure 3: Virtual Rubik cube is added to the scene. Top row - original inputs. Bottom row
- augmented images.

4 Discussion and Conclusion

Our experiment have not fully explored the whole paper, especially the use of affine coor-
dinate and projection matrix to enhance fiducial points tracking. However, we have suc-



cessfully tested the key idea and produced encouraged result. Few conclusions are made:

• The affine representation offers a clear and simple way to represent the virtual
object. The object can be well modelled in object coordinate system and pro-
jected into the image in an efficient homogeneous transformation. Furthermore,
the affine system provides enough information for graphics operations, such as
front and back of the surface or depth value of each pixel.

• It is expected to see a large drift and/or distortion of the virtual object with per-
spective input as shown in figure 4. To get the acceptable result, the camera should
be put at least 5 feet far away from the scene (5 times of the scene dimension).
4)

Figure 4: The Rubik is placed right on top of the monopoly card as it is in the left (weak
perspective). In the right image, notice a large gap between the edge of the card and the
edge of the (virtual) Rubik.

• Epipolar geometry between 2 images alone is not very useful in the object place-
ment step. We can get the accurate matching only when the selected points are
interest points or lay on some edges. A possible solution could be trifocal tensor.

• Error in tracking for fiducial points leads to ’drift’ or ’distortion’ of the virtual
object. The paper proposes Kalman filter for continuously updating the view
transformation matrix. However, the performance of this method has yet justi-
fied. Besides, another open question here is can we completely remove the need
for manmade landmarks.

5 Appendix 1

Below is the summarize of some affine properties used in Kutulakos and Vallino’s work.
Further details on affine space can be found in [8] and [7].

PROPERTY1 - PROJECTEQUATION: when the projection of the origin and basis
points in known in an imagesIm, we can compute the projection of a pointp from
its affine coordinates.
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where [up
mvp

m1]T is the projection ofp; b1,b2,b3 are the basis points;
[up

mvp
m1]T is the projection of the origin; and[xyz1]T is the homogeneous vec-

tor of p’s affine coordinate.

PROPERTY 2 - AFFINE RECONSTRUCTIONPROPERTY: The affine coordinate
of p1, ..., pn can be computed using (1) when their projection along two viewing
direction is known.
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PROPERTY3 - AFFINE IMAGE PLANE Let χ andψ be the vectors corresponding
to the first and second row ofΠ2×3 (in 1), respectively.

1. The vectorχ andψ are the directions of the rows and columns of the camera,
respectively, expressed in the coordinate frame of the affine basis points.

2. The affine image plane of the camera is the plane spanned by the vectorsχ
andψ.

PROPERTY4 - AFFINE V IEWING DIRECTION When expressed in the coordinate
frame of the affine basis points, the viewing direction,ζ, of the camera is given by
the cross product.

ζ = χ× ψ (3)

OBSERVATION 1 - PROJECTIONEQUATION Visible surface rendering of a point
p on an affine object can be achieved by applying the following transformation to
p: 
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6 Appendix 2 - More results

7 Appendix 3 - Compute Affine Fundamental matrix

1 function [ F ] = iAffineFundamental( xl,yl,xr,yr )
2 %IAFFINEFUNDAMENTAL Find the affine fundamental matrix from 2 set of
3 %correspondences.
4 % [ F ] = iAffineFundamental( xl,yl,xr,yr )



5 [xlnew,ylnew, TL] = myHartley(xl,yl);
6 [xrnew,yrnew, TR] = myHartley(xr,yr);
7

8 for i=1:length(xlnew)
9 A(i,:) = [ xrnew(i) yrnew(i) xlnew(i) ylnew(i) 1];

10 end
11 AA = A’*A;
12 [v e] = eig(AA);
13 e = diag(e);
14 [me mi]=min(abs(e));
15 f = v(:,mi);
16 f = f/ norm(f);
17 F = [0 0 f(1); 0 0 f(2);f(3) f(4) f(5)];
18 %F = reshape(f,3,3);
19

20 [u s v]=svd(F);
21 s(3,3) = 0;
22 F = u*s*v’;
23 F = TR’*F*TL;

8 Appendix 4 - Compute Affine Coordinate

1 function [X,Y,Z] = arFindAffineCoord(u1,v1,u2,v2,x1,y1,x2,y2)
2 %ARFINDAFFINECOORD - returns the affine coordinate of the points.
3 %Input for the function is the (image) coordinate of the point in 2 frame.
4 %and the affine basis (u,v).
5 % [X,Y,Z] = arFindAffineCoord(x1,y1,x2,y2)
6

7 A(1,:) = [u1(2:4)-u1(1)];
8 A(2,:) = [v1(2:4)-v1(1)];
9 A(3,:) = [u2(2:4)-u2(1)];

10 A(4,:) = [v2(2:4)-v2(1)];
11 for i=1:4
12 B = [x1(i)-u1(1) y1(i)-v1(1) x2(i)-u2(1) y2(i)-v2(1)]’;
13 C = A\B;
14 X(i) = C(1);
15 Y(i) = C(2);
16 Z(i) = C(3);
17 end
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