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Abstract

The process of mapping 2D textures to a 3D model is an important step to make 3D models more
realistic and more informative. This process is an essential step in many applications of the 3D

graphics, such as virtual reality, 3D medical application and video games.

This thesis tackles: Automatic texture mapping of uncalibrated cameras, 3D-3D registration,
Automatic spectral texture mapping to 3D model, lightning, 3D Digitizers, mesh triangulations,

spectral analyzing tools and model manipulation.

We give an overview of some of the possible approaches we investigated to achieve the
automatic 2D-3D registration “Texture mapping” along with a discussion on the difficulties in
those approaches. In the second part of the 2D-3D registration section we propose our algorithm

and the solution for the automatic 2D-3D registration.

The 2D-3D registration algorithm solves the problem of calibration by using feature points
obtained from the spectral image and the scanner RGB image. The algorithm depends on finding
the transformation matrix that can reorient the 3D model to match the position in which the
spectral image was taken from. The algorithm showed very good results along with fast

processing time “less than 2 seconds”.

To obtain the 3D model we used Vivid9i Digitizer to scan the real model, and thus we had to
rotate the model 90 degrees on each scan to get a full representation of that model. Those scans
needed to be merged and that what the 3D-3D registration algorithm does, it merges the different
scans of the model into one complete model. This algorithm is semi-automatic where the user
has to choose five different points on both of each two scans and the algorithm will compute the
transformation matrix to merge them together. The algorithm results were very good with fast

and easy use for the user.

Finally we added more features such as mesh triangulations, lightning, spectral analysis tools and
model manipulation to increase the usability of our research. We integrated the use of Vivid9i
scanner into the software along with ability to export the triangulated textured mesh into

different types of 3D formats.

Keywords: 2D-3D registration, Automatic texture mapping, spectral images, 3D-3D

registration, 3D Digitizer, mesh triangulation.
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Chapterl: Introduction

In this chapter we will talk about our motives, give a brief background on the thesis and the main

problem that this thesis address, we will also give a brief summary of chapters.

1.1 Motivations.

So far the study of spectral images has been focused on 2D images obtained from spectral
cameras. Our main objective in this thesis is to open the possibilities of studying the spectral
images in real time 3D view. We proposed the use of the 3D scanner to obtain the model and the
use of Nuance LCTF spectral camera to obtain the spectral images. This approach will allow the
researchers interested in color field to simulate the model in a 3D virtual environment. This
approach will also allow observing the real time changes on the spectral images when they

interact with the virtual lightning system we integrated in this project.

The use of a spectral camera from another position other than the calibrated RGB scanner
camera gave birth to a new problem. The problem is mapping the spectral images to the 3D

model.

One of our objectives in this thesis is to make the use of the 3D spectral imaging practical by
introducing an automated process for mapping the spectral images to the 3D model. This

objective motivated us to create the 2D-3D registration algorithm.

1.2 Background.

The main problem in the automatic 2D-3D registration is finding correspondent pixels on the
spectral image for each of the vertices on the 3D model. In other words if we projected a vertex
from the 3D model using perspective projection then where this ray will hit on the spectral image
plane. This problem is due the difference in the positions between the spectral camera and the 3D

scanner.

A simple solution for the problem will be in placing the camera in the exact location where the

scanner camera took the image for the model. But this solution is far from being practical since



there are many variables need to be taken into consideration. These variables can be summarized
in the focal length of the camera, the resolution and the model position in the resultant image.
Another problem with this solution is the near impossible for positioning the camera in the exact
same place after removing the scanner itself and since any small change will lead in errors in the

mapping process.

Other solutions can be accomplished using manual registration. In manual registration the user
will have to interact with the software in order to compute camera parameters and then maps the
texture to the model. Though this method solves the problem but still it has withdraws such as

the loss of texture information and the user dependency.

1.3 Main contributions.

Our main contribution in this field is the new method for automating the mapping of spectral
texture to a 3D model without losing the texture information. We implemented this method into
3D Spectral Imaging System. This system made it easier, automated and much faster to take
spectral images from different angles and different positions and map them to the 3D model
automatically. The system supports SPB format “SPectral Binary images” and automatically

converts, registers and maps the texture to the 3D model.

The system has many tools to control the Vivid9i scanner, manipulates the model, changes the
lightning of the 3D model and a 3D-3D registration. The 3D-3D registration merges two or more
scans for the same model into one complete 3D model. This functionality is implemented with

semi-automatic transformation.

The system also allows the users to navigate through the spectral image channels and view each
channel as a separate texture to the 3D model. The user can export their work into three different

3D file formats; DirectX .X, Wavefront .Obj and VVD Konica Minolta File formats.

1.4 Summary of chapters:

Chapter 2 talks about some alternative methods, their advantages and withdraws. It also briefly

describes our proposed algorithm and solution for automating the texture mapping process.



Chapter 3 talks about the first part of our algorithm and discuss the following subjects in details
and with their mathematical concepts: Image preparation and enhancement, Image registration:
Finding feature points and correspondence and Computing the transformation Matrix and

applying the transformation.

Chapter 4 talks about the 3D — 3D registration in details and discuss the underlying mathematical
concepts. Chapter 5 talks about the mesh triangulation, lightning system, face normal
computation and their mathematical concepts in details. It also talks about the other features

portrayed in the software.

Chapter 6 discusses the results of our research, the challenges and how the system can be
enhanced in the future. Chapter 7 talks about the conclusion of our research and what was

accomplished in this thesis.



Chapter?2: Related work

3D modeling is an essential part of many applications such as Virtual Reality VR, Virtual
Museum, Urban scenes, 3D games, and many other applications. However in order to increase

the realism of any model a texture maps have been used to achieve this realism.

There are many ways to produce 3D model such as 3D modeling using a graphics designer to
produce such model, 3D reconstructions techniques and 3D scanning. The later method “3D
scanning “ is by far the most sophisticated method for creating realistic 3D models by using 3D

Scanners “Digitizers” to obtain the actual model [1],[2],[3],[4],[5].

The use of texture maps on 3D models has become an essential process of any 3D modeling
System [6],[7]. Texture mapping is usually done by a graphic designer in non critical system
such as Virtual Reality “VR” and video games. But for critical systems where the texture
mapping should be 100% accurate such as medical applications and in large projects the need for

automation of the process becomes a must.

However the process of automating the texture mapping in robust way is yet to be achieved. The
main problem in texture mapping is in knowing which pixel on the texture image corresponds to
which vertex on the 3D model. Many methods and algorithms have been proposed to achieve the

automation of texture mapping [8],[9],[10],[11],[12],[5].

In this thesis we propose a 2D-3D texture mapping algorithm that can automatically map spectral
texture to a 3D model. Our algorithm is based on feature points to find the transformation matrix
that can change the 3D model pose to match the spectral image. Finding the pose allows us to
use the same camera parameters of the scanner calibrated camera and this will let us map the
texture without losing the spectral information. Unlike our method some methods used feature
points for texture mapping by flattening the 3D model and wrapping texture images
[13],[14],[15],[16]. However we used the transformation matrix to change the model position to

match the texture.

Simultaneous 2D images and 3D geometric model registration for texture mapping utilizing

reflectance attribute[17] is an attempt to achieve this automation by using reflectance images that



produced by the 3D scanner. They took the edge points of both the reflectance and color images

and then they aligned the edges by using the iterative pose estimation.

The reflectance images in [17] are actually a collection of the strength of the returned laser
energy at each pixel, and since the scanner images and the reflectance images were obtained
from the same scanner this means they are already aligned. So the returned time provides the

depth and the strength provides the reflectance measurement.

The main method used in [17] consists of three stages:

1-Extract possible observable reflectance edges on 3D reflectance images and edges along the
occluding boundaries based on the current viewing direction.

2- Establish correspondences between 3D edges and 2D intensity edges.

3- Determine the relative relationship iteratively based on the correspondences.

The method that was used in [17] depended on 3D edges to find the match with 2D intensity
images. However this is not the case in our algorithm since we used 2D-2D correspondence to

determine the optimal pose of the model.

Another approach to map texture from uncalibrated camera to a 3D model such as [18] uses the
same idea as [17] in which the feature extraction occurs directly between the 3D model and the

texture images.

The use of spectral images as texture to our 3D model allows us to observe the spectral images in
3D space, and thus allows us to manipulate the lightning and the model in real time manner [19].
Few systems have dealt with 2D-3D spectral imaging for example [20] proposed a full system
for obtaining 3D model in historical buildings. The spectral textures were mapped to them using
region matching. Yet in our algorithm we used feature points to find the optimal pose in which if

it was projected it will give us the spectral image pose.

With the use of the 3D Scanner to obtain the 3D model the 3D-3D Registration problem rise to
surface. The 3D Scanner can only obtain a partial region of the model and thus force us to take

more than one scan of the same model from different positions. These scans will result in more



than one separated surfaces of the same model and they need to be merged into one complete

model.

Many approaches were proposed to solve the 3D-3D registration problem for instant [21]
proposed a method for aligning the 3D model scans. This method is based on Iterative Closest
Point (ICP) algorithm, originally proposed by [22]. Another approaches for solving the 3D-3D
registration proposed by [23][24], the main problem in 3D-3D registration is in finding the
transformation matrix that can transform on mesh to another. And that’s what [23] main purpose
though the searching algorithm to find these transformations is used. In [24] the semi-automatic
approach to find the 3D feature points and their correspondences was used to obtain the
transformation matrix. The approach in [24] is similar to our approach except in the way the user
can find the feature points. We used 2D images and left the user to interact with the software to

find the feature points then we searched for the equivalence for these points in the 3D model.

In this thesis we also addressed the lightning in 3D scene and their effects over the 3D Spectral
images. One problem in lightning in 3D virtual scenes is when taking the texture images you
should consider light changes in all directions. Some solutions for this problem were proposed
by [25][26], by using Color Alignment based on chromaticity consistency, Color Alignment
based on Illumination sphere. However in our work we used spectral images and for this we kept
the illumination constant by rotating the model itself instead of the spectral camera to avoid the

lightning problem.



CHapter3: 2D - 3D texture mapping

In this chapter we will discuss in details the methods and algorithms used to complete the 2D-3D
texture mapping. We will also explain and discuss the underlying principles and methods which

lead to those results.

3.1 problem formulation and different investigated solutions

The main problem in this research is finding the texture coordinates that map each vertex on the
3D model to its correspondence pixel on the image plane, in other words texture mapping the
model using an obtained image without camera calibration, and this is what the 2D-3D texture
mapping algorithm does.

To understand the algorithm we need to revisit the problem in details. First we should imagine a
3D model projected using perspective projection through a pinhole camera placed on the
following position:

1- The Lens center is placed at a positive point on the Z axis and it is called Viewpoint O.
2- The optical axis is aligned along the Z axis toward the negative direction.
3- The image plane is perpendicular to the Z axis and is placed at a distance of the focal
length from the viewpoint toward the negative direction to eliminate the inverse case.
For more information on the Vivid9i perspective projection see [27].

Now that is said we can make a graph to illustrate the situation as in figure 3.1.

Q(X\Y,Z)is a
point on the
mesh to be
projected

Q on the
image plan
/
L--@

Viewpqs /
Focal Length .
—» F <+—— Z Axis

Imagellane

Figure 3.1: The perspective projection through a pinhole camera.



In the previous illustration “figure 1” we can see how the model is projected through the scanner

camera. And since we know the Viewpoint O coordinate, focal length F and mesh points position

Q; we can predict where the projection of Q will be on the image plane through the projection

formula:

L fe-0X
@Q-0)z

_f@-oy
Y=T0-0)z

Where:

7

(3.1)

(3.2)

f is the focal length.

Q a vector and it’s the mesh point position.

O a vector and it’s the viewpoint.

Z a vector and it’s the projection direction or where camera is placed.

Y is the up vector.

Zxy - .
ZxY] where “x” refer to cross product operation

X is the gaze vector and its equal to X =

and | | refer to normalizing the vector.

X y is the projection coordinate on the image plane.

However this formula works on the image taken from the scanner camera since we know the

parameters. But we cannot use this projection formula on the images taken from the spectral

camera since we don’t know the viewpoint or the focal length of the spectral camera.

To solve this problem we investigated tow approaches:

1-

The first approach is to compute the camera parameters and find the viewpoint and the
focal length of the spectral camera and then apply the projection formula.

We can achieve this by finding a two feature points on the RGB scanner image and their
correspondence on the spectral images. The RGB scanner image and the spectral image

will be referred to as the reference and target images respectively.



After getting the feature points we can apply the projection formula as follow to get the
camera parameters:

First we get two feature points refPointl(x,y) and refPoint2(x,y) on the reference image
plane and get from which vertices on the mesh they were projected. Let us call these two

points Q1 and Q2 respectively.

Next we find the correspondent points tarPoint1(ul,v1) and tarPoint2(u2,v2) on the target
image. Now let us assume that these points were projected from the same points Q1 and

Q2 respectively. So we will get the following formula:

£ - 0)x
X1 = (QI——O)Z (33)
)

To be able to use the raster u v coordinates from the reference and target points we
should convert them into projection plane coordinate as the following:

X1 = DX * Uy — DX * 0X

(3.5)

Y1 =Py *0y — Vg ¥xpYy

(3.6)

Xy = PX * Uy — PX * OX

(3.7)

Y2 =Py *0y — VU *py

(3.8)

Where:

ox is image width/2

oy is image height/2

px is always 0.0074;
py is always 0.0074;
And Z is always (0,0,-1)



And Y is always (0,1,0)
And X is always (1,0,0)
Q1 will be (X1,Y1,Z1)

Q2 will be (X2,Y2,72)

O will be (Ox,0y,0z)

The formula will be:

fXI_fOx

= - - 3.9
X1 0, — 7, (3.9)
fyl_foy
=— 3.10
Y1 0, — 7, ( )
fXZ_fOx
== 3.11
fYZ_ny
= 3.12
Y2 0, — 7, ( )
By solving for Ox,0Oy and Oy we get the following:
Xox Yy * Xy — Xy %Xy %Y — Y, *x10 ¥ Xy + X1 X, %Y,
0, :( 2*V1 1 2 ¥ X1 ¥ 1 =) 1 2 1% Xy *x 15) (3.13)
X2 ¥Y1 — X1 *Y2
¥ 0, —y1 X1 +x1 %Y,
Oyzyl x ~ V1 ¥4 1% I (3.14)
X1
* * [ — * Y. k[
_ Vi *)Y2 2= Y2*)1 1 (3.15)
Yo xY1 =y, %0, +y, x 0y, —y; * Y,
* X1 —f*0, +x1x2Z
OZ:f 1 f X 1 1 (3.16)

X1

Now this approach will work, however in this approach will lose some texture data since

this will only change the location of the texture on the mesh. In other words some parts of

10



the texture will not appear on the mesh since we just moved the location of the texture on

the mesh.

2- The second approach to solve this problem can be done if we place the target image over
the reference image. In this case we will get a new point on the projection plane and a

new a point from the mesh that match our new projected point from the target image as in

figure 3.2:
QX)Y,Z)isa
point on the
4 mesh to be
rojection d | j
g Ojn ” projected
. Q,
/ image plang ney point ol —_.
1
o mésl'1 tobe
_ I . ! !
g e plolectid |
© |- @ projéctiof of ol
- on the / ,'l / ,'/
image plgne L /
1 !/
Viewpol } S
Focal Length ’
v Z Axis
ImagePlane

Figure 3.2: Merged image plans in perspective projection.

So the problem now can be solved if we found a transformation matrix that can be applied to
point Q in order to give us Q’ which its projection will give us (x’,y’). So to write the
transformation matrix we will consider only X rotation and Y rotation since we assumed that the

reference and target images have been scaled to match each other.

The Z rotation can be easily controlled during the camera shot, and this will make it easier by

solving for less unknowns.

Ry X R, = Ry, (3.17)
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[1 0 0 0 cosf 0 sinfd 0
0 cosp —sinp O X 0 1 0 0 _
0 sing cosp 0 —sinf 0 cosf O
L0 0 0 1 0 0 0 1
[ cos 6 0 sinf 0
—singsinfd coso  —sing cosf O
—sinfcos¢@ sing cospcosf 0
0 0 0 1

Now if we have to formulate the problem in terms of mathematics we have the following

formula:

QT = Q' (3.18)

Where Q is the mesh vertex, T is the transformation matrix of X rotation and Y rotation and Q’ is
the transformed vertex. However we don’t know the Q’ and we don’t know the transformation
matrix, so it’s impossible for us to solve this formula as it is. So we can use the projection

formula again to solve this problem.

. fT -0)X
. fT - 0)Y
Y = er-07 (3:20)

Where x’,y’ are the target image correspondent points and T is the transformation matrix.
However this equation is non linear equation and it can be solved by many methods for example

optimization methods.

One reason for not using this method is the computation time required to solve this equation

using optimization methods and the difficulty in solving it.
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3.2 The proposed method and the mathematical concepts

The proposed method is the solution for finding the transformation matrix T that if it was
multiplied by a vertex and projected onto the target image plane it will be projected on the

correspondent point that is equivalent to the reference point.

Now to look at the solution let us observe figure 3.3:

Q(X,YZ)isa
] point on the
> mesh to be
A (x,y) is the projection ¢ projected

projection o Q on the Y200

Q’ on the image plang Loint o

( ney Pom,t on ....

image ﬁ fane ] mg¢sh tobe

LY
pl‘O]’eCtEd 1
1 1

1
- 1 o !
1

_d- “ 1 (]
_-- _4“' I, 'l,l ,
44 - ’
_______ 17\ [ A
______ " ] ",
- ’

________ [ I
_____ ats - 17 17
==-=- 7

Focgf Length 4
— 3 F I Z Axis
Viewpoint O
0’ ,
@

_:Wane

Figure 3.3: Angles calculation in merged image plans through perspective projection.

Let us assume the transformation matrix T is composed of X and Y axes’ rotation. We need to
find the rotation angles of X and Y by finding 6, 6’ and then finding the delta theta of these
angles and so we do for ¢, ¢’ and finding delta phi. After getting these angles we can rebuild the
transformation matrix and then apply the transformation by multiplying each vertex in the mesh

“3D model” with this transformation matrix.

The computation of these angles are discussed later in this chapter in section 3.3.3 Computing

the transformation matrix and applying the transformation.

The results of 2D-3D Registration algorithm are shown in the next figure 3.4:
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Figure 3.4: this figure shows spectral image registered to the model on the left in compare with RGB scanner image registered

to the mesh. The color differences are due the bad lightning when the spectral image was taken however the spectral texture

was successfully registered to the mesh as shown in the pictures.

The holes in the two meshes are during the 3D scanning process and have nothing to do with
registration process. And the small difference in the geometry is due the angle from which the

screen shot was taken since these two shots have been taking from different views.

For more information on 3D projection and transformation see [28].
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3.3 The 2D-3D Registration Algorithm

The proposed algorithm consists of the following parts:

1- Image preprocessing and enhancement.

2- Image registration: feature points detection and correspondence points.

3- Computing the transformation matrix and applying the transformation.

The following diagram “figure 3.5” shows algorithm workflow and how all the parts interact

with each other:

Initialize the
Device and get
3D Mesh
Cloud

Convert Spectral
Image to RGB

A

Let refer to the
image by R

h 4

Convert Mesh from

Read OBJ File and
Triangulate the mesh

VVD to OBIJ format

from squads to
triangles

Get camera
calibration data from
the device

Get Spectral Image

Scale the Spectral image to
match the scanner image
taken from the 3D mesh

Project the 3D object on the
screen and draw the texture
on the model using the
scanner RGB Image

Generate Texture
Coordinates for the
mesh based on the
scanner data

Find feature points on both
the spectral and the scanner

RGB image and match the
points to find the
correspondence

e

Preview the 3D
mesh after
applying the

-
texture

coordinates

A

Compute the transformation
matrix from the points you
found

Transform the mesh using
the transformation matrix

Figure 3.5: show the interaction between the system parts.

and apply the spectral
texture to the mesh
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3.3.1 Image preprocessing and enhancement

First to be able to use the enhancement methods we need the two images to be scaled to match

each other. We already assumed that the transformation needed is only rotation not scaling, so

we had to scale one image to another. To do this, a drawing area detection algorithm was

proposed.

The algorithm for finding the drawing area of the images is as follow:

1-

2-

We have to use a background behind the image consisted of one color, this can be easily
done using a black paper behind the model when taking the pictures.
Then we have to remove that back color from the image using threshold which can be
done in this algorithm:

Detect first pixel color and set the back color=first pixel color

Foreach pixel p in Image I

If p.Color — back color=0 or threshold then
p.Color=White
end if

end foreach
by doing this we remove these colors from the background of both images.
Now search in columns order until you first hit the non white colored pixel and save its x
coordinate
Search in rows order until you first hit the non white colored pixel and save it as y
coordinate
Serach in columns order but start from the last column to first column and save the first
non white colored pixel
Search in rows order but start from the last row to the first until you find the first non
white colored pixel
Construct a rectangle for both of the images around the detected drawing area.
Find the width and height ratio differences between the two rectangles and scale the

target rectangle to match the reference rectangle

16



9- Initialize a new image with the size of the reference image and align the target rectangle
that holds the target drawing area in the same position where the reference rectangle left
top corner is.

10- Pass the image after applying gamma correction function on the image to the feature

points detection algorithm

Figure 3.6: Shows the scaling and gamma correction in action where on the left is detected area of the spectral image ''the
target image'' and on the right is the detected area of the reference image ''the scanner image'', on the right bottom is the

resulted scaled image after the aligning and gamma correction and its ready to be passed to the image registration

algorithm.

Note: for the code of this part of the algorithm please refer to the Developer Manual.
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3.3.2 Image registration: feature points detection and correspondence points
The feature points’ detection is the most crucial part of the algorithm. To find the feature points a

new algorithm was proposed and it’s based on the intensity of the image colors.

The algorithm takes each pixel in the image and selects the neighbors of this pixel by building a
square around it. Then we sum the intensity values for all the pixels in this square, we also build

similar squares around this square in all directions and sum each square intensity values.

Now assuming that I(x,y) is the centered pixel of the square then we get

m+x,m+y

Scenter = Z 1@, 5) (3.21)

i=x,j=y

Where s is the summation of this square and m is the square dimension

m

SNeighbor Square = Z INeighbor Square (l']) (3-22)
1

Figure 3.7: this figure shows the start pixel with its square surrounding it, it also shows the surrounding squares.

After we got the sum of all squares surrounding the start pixel square we divide the summed

value of the start square S¢epser With each of the surrounding squares Speignpor squares

D = —Scenter (3.23) If D is larger than threshold for all the surrounding squares then we

SNeighbor Square

mark this square S..,ter as a feature point, by marking the center pixel. We then assign a value

18



for this pixel in relative to its neighbors’ values. The threshold is selected by given a start up

value and increasing this value until we end up with only three highest D values.

We repeat that operation for all the pixels in the image, finally we save the candidates feature

points.

We do that operation for both of the reference and target images. The last step in the operation is

to establish correspondence between the reference feature points and the target feature points.

The correspondence is established through the closest match between both the Euclidean
distance and assigned values for each of the feature points detected. The feature point that has

the closest Euclidean distant plus the closest value in the assigned values for the feature points is

considered the correspondence of a point.

Reference Picture Target Picture
P0=270,Y=130 P0=260,Y=120

buttond | [ bumon: | [ Fast

Figure 3.8: shows the algorithm results after finding a feature point and its correspondence in the both target and
reference images, however in this illustration the requested number of points to be found is one, since that all what we

need for the registration.

Now after we found the feature point and its correspondence we can compute the transformation

matrix and then apply the transformation.

19



Note: for the code of this algorithm please refer to the Developer Manual. For more information on Image Registration and

feature points’ detection see [29][30][31]

3.3.3 Computing the transformation matrix and applying the transformation

In section 3.2 of this chapter we discussed the mathematical concept behind 2D-3D registration

algorithm. Here we will discuss the computation of the angles, so let us take a look at the

following figure 3.9:
QX\Y2Z)isa
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& (x’,y’) is the projection g projected
projection of, Qon the o
Q’ on the image plang ney l" oint o
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Figure 3.9: Angles calculation in merged image plans through perspective projection

Now to find the angles let us first define the main points:

1-
so its equal to (0,0,0z-f).
2- sis equivalent to (x,0,0z-f)
3- s’ is equivalent to (x’,0,0z-f)
4- O is the viewpoint and its (0,0,0z)
5- pis the reference feature point
6- p’ is the target correspondent point to p.

I is the image plane point that reside on the optical axis which is aligned with the Z axis
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Now we compute the angles:

First we compute the distance between I-s and 1-O then we compute the distance between I-s’.

So we have now the following triangles I s O and I s> O, we know that I-s is perpendicular on I-

O and so the side s-O is the hypotenuse of the triangle. And so for the triangle I s O we do the

same.

Is =/(x =0+ (0- 0y +((0z - f) - (02— )y’

zs’=\/(96’—0)2+(0—0)2+((02—f)—(02‘f))2

10 =/(0—0)2 + (0 - 0)% + (0z — (0z - f))?
Os =+Is?2 + 102
0s' =+/Is"* +10?

Now we can get theta by trigonometric functions as follow:

Is

sinf@ = —
0s

sing’ = =2~
Os/

A =0-0'

Now we got delta theta we should find delta phi:

Ps=/(x —x)?+ (0 - y)* + ((0z - f) — (02 — f))?

P's’ = \/(x’ —x)2+(0-y)2+((0z—f) - (0z— )’

0s = /(0 —x)2 + (0 — 0)% + (0z — (0z — [))?

0s' = \/(0 —x)2+(0-0)2+(0z— (02— f))2

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)
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Op = VPs? + 0s? (3.36)
Op' =+ Ps'* + 0s'? (3.37)

Now we get phi by trigonometric function:

ing = 25
sing = - (3.38)
., _ Pst
sing’ = 2= (3.39)
Ap=¢p—¢' (3.40)

After getting the delta theta and delta phi now we can construct the transformation matrix:

cos A8 0 sin Af 0

_ | —sinApsinAf cosAp  —sinApcosAb O (3.41)
—sin/Af cosAp sinAg cosApcosAf8 0
0 0 0 1

Now we can iterate through all the vertices in the mesh and multiply them by the transformation

matrix V';_V; x T (3.42) .

To compute the texture coordinates we use the projection formula of the scanner which is

derived from the perspective projection formula as the following:

_fv'-0)x

X =" oyz (3.43)
V' —0)Y
1o o

We got now the x y projection coordinate, so we have to convert them into raster u v coordinates

= 3.45
u o + ox ( )
-y
v=—+0 3.46
o (3.46)
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Where px, py are the pichX, pitchY and the ox, oy are the centerX, and centerY respectively.

Finally we have to scale these values between 0 and 1 so the DirectX can use them by:

u
= 3.47
U image width ( )

v
V= (3.48)

image height

The overall computation of applying the transformation and finding the texture coordinates in
pseudo code:

Input: Mesh, Feature and Correspondent Point FP

T=compute the transformation matrix (FP)
For each vertex V in Mesh

V’=VT
_ fvi-0)x
T (vi-0)z
_ fwvr-0)y
T wi-0)z
x
u=—+ox
px
-y
v=—0
py y
u, = ;
image width
r_ v
- image height
V’.Texture Coordinate.u=u’
V’.Texture Coordinate.v=v’ Figure 3.10: the result of the algorithm shows the spectral image as a
texture to the mesh

Note: for the source code of this algorithm please refer to the Developer Manual. For more information on DirectX

programming see [32][33][34]
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Chapter 4: 3D — 3D Registration

In this chapter we will discuss the process of registering one scan of the model to another scan of
the model. The process of scanning the model is usually done by scanning the model from
different angles then merges these scans into one complete model. We mean by registering one
model to another is translating, rotating and scaling a model to merge one scan model with

another. For example in the scanning process we usually take different scans of the same model

to cover all the sides of the model as in the following figure 4.1:

Figure 4.1: Two 3D scans for the same model from

different perspectives

The idea behind the registration process is to
match one of the scans to the other to produce
a complete model as in the following figure

4.2:

Figure 4.2: Registered model composed of more than one scan
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4.1 problem formulation:

To achieve the registration between the two models we need to understand the concept in more
mathematical way. So let us assume we have two vectors in 3D Euclidean sub space, and these
two vectors exist in the world space which is 3D Euclidean system. We need to transform one of

these points to overlay the other as in the following figure 4.3:

Figure 4.3: shows two vectors V and V’ reside in the 3D Euclidean system, it also shows their sub spaces

The transformations needed to change vector V to overlay vector V’ are translation, rotation and
scaling and thus we need a transformation matrix of 4x4 to be multiplied with vector V to

produce vector V’.

V’=VT where V is the vector in the target mesh and V’ is the vector in the reference mesh and T

is 4x4 transformation matrix. T = “4.1)
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4.2 Finding the transformation matrix:
To solve the 4x4 transformation matrix T let us multiply the vector V by the transformation
matrix T; so we will get:

V' =VT (4.2)

Tl 1 Tl 2 Tl 3 T14
TZ 1 TZ 2 TZ 3 T24-

vz Xy, o o, TW Y2 *3)
Thoi Tay Taz Taa

XTi1 + YTy +ZT31 + Ty = X' (4.4)

XTyp +YTyy + ZTsy + Typ = Y' (4.5)

XTys + YTys + ZTss + Tys = Z' (4.6)

XTyy + YTpy + ZTay + Tpp = 1 4.7)

Now we got four linear equations with 16 unknowns assuming we already know V and V’. So
what we need now is to get four vectors on each of the reference mesh and the target mesh and

establishing the correspondence between all of these vectors.

So assuming we found the four vectors and their correspondence we get another 16 equations

four equations for each four unknowns. However we solve now for the first four unknowns:

XiTy1 + YiToy + Z1T31 + Ty = X4 (4.8)
XoTi1 +YoTor + Z,T30 + Ty = X5 (4.9)
X3Tyy + Y3Toy + Z3T31 + Ty = X3 (4.10)
XyTi1 + YVaToy + Z4T31 + Ty = X'y (4.11)

We will use gauss elimination method and by subtracting (4.8) from (4.9), (4.10) and (4.11)

T (X1 = X))+ Ty (Y, = Yo) +T5:(Z, - Z,) =X'1 = X', (4.12)
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Ty (X1 — X3) + To1 (Y, = Y3) + T5,(Zy — Z3) = X'y — X'3 (4.13)
Ty (X1 = X4) + Ty (Y, =Y + T51(Zy — Z,) = X'y — X' (4.14)
Let us assume the following for easier reference:

a=X,—X) . b=MWM—-Y,),c=0Z1—-2,),d=X1—-X,,e= X, —X3), f=(0 —Y3)
4.15)

9:(21_23), h:X’1_X’3, i:(X1_X4),j:(Y1_Y4) s k:(Z1_Z4) s l:X’1_X’4
(4.16)

Now by multiplying equation (4.12) by a and equation (4.13) by e and subtracting (4.13) from
(4.12)

eaTll + ebT21 + eCT31 = ed (4.17)
_aeT11 - afT21 - agT31 = _ah (4.18)
T,1(eb — af) + T31(ec —ag) = ed — ah (4.19)

Now multiply equation (4.12) by i and equation (4.14) by a and subtract (4.14) from (4.12)

iaT11 + ibT21 + iCT31 = ld (420)
—aiTy; — ijTyy — ikTyy = —il “.21)

Let’s assume that:
o= (eb—af),p=(ec—ag),q=ed—ah, r=_(ib —ij),s = (ic — ik), t = id — il (4.23)

And by multiplying equation (4.19) by r and equation (4.22) by o and subtracting (4.22) from
(4.19) we get:

roTy, + rpT31 = 1q (4.23)

—0rTyy — 0sT3; = —ot (4.24)
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Finally we get that:

T, = 4= 4.25
T (4.25)
And now by back substituting T34in (4.22) we get that
T+ %y 4.26
0131 D — o0s = (4.26)
otrp — to%s — orq + 0%t
Ty = (4.27)
D — 05
Now we continue the back substituting T, and T31in (4.14) we get:
‘ _otrp —to*s —orq+ 0’*t  rq—ot
D — 0s TP — 05
jotrp — jto?s — jorq + jo? + krq — kot
iy, + PO 2 T IR (4.29)
TP — 0S
ilrp — ilos — ijotrp + ijto?s + ijorq — ijo? — ikrq + ikot
7, = e jotrp + ij jorq — ij q (4.30)

rp — 0S
Finally we get the T, by substituting Ty, T>; and T3;in equation (4.8):

ilrp — ilos — ijotrp + ijto?s + ijorq — ijo? — ikrq + ikot iy otrp — to*s — orq + 0%t

! rp — oS ! rp — oS

rq — ot

rp — oS

Ty =

X{rp—X{05—X,ilrp+X,ilos+X,ijotrp—X,ijto?s—X,ijorq+X,ijo?+X,ikrq—X,ikot—Y,otrp+Y,to?s+Y orq—Y,0%t—Z,rq+Z 0t

(4.32)

rp—0S

Now we have solved the first system of equations and we got the first four unknowns and so we

will have to solve for the next 12 equations left.

However to make it easier for us we implemented a function to solve these 16 equations. The

function depends on our solution of the first four equations:
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So the function takes 4x4 matrix of coefficients of the same four unknowns and a 1x4 vector

containing the right side of the four equations:

SolvelLinearEquation (Matrix m,Vectord v)

The function returns 1x4 vector containing the value of the four unknowns.

Now we can use this function to solve our equations :
m.M11 =refVectorl.X;

m.M12 =refVectorl.Y;

m.M13 =refVectorl.Z;

mMl4 =1;

m.M21 =refVector2.X;
m.M22 =refVector2.Y;
m.M23 =refVector2.Z;
mM24 =1;

m.M31 =refVector3.X;
m.M32 =refVector3.Y;
m.M33 =refVector3.Z;
m.M34 =1;

m.M41 =refVectord.X;
m.M42 =refVectord.Y;
m.M43 =refVectord.Z;
m.M44 =1;

/ISolve for X

Vectord vec = new Vectord();
vec.X =tarVectorl.X;

vec.Y =tarVector2.X;

vec.Z = tarVector3.X;

vec.W = tarVector4.X;
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Vector4 coll =SolveLinearEquation(m,vec);

/[Solve for Y

vec = new Vectord();
vec.X = tarVectorl.Y;
vec.Y =tarVector2.Y;
vec.Z = tarVector3.Y;
vec.W =tarVector4.Y;

Vector4 col2 = SolveLinearEquation(m, vec);

/ISolve for Z

vec = new Vectord();
vec.X = tarVectorl.Z;
vec.Y = tarVector2.Z;
vec.Z = tarVector3.Z;
vec.W =tarVectord.Z;

Vector4 col3 = SolveLinearEquation(m, vec);

//Solve for W

vec = new Vectord();

vec.X = 1;
vec.Y = 1;
vec.Z =1;
vec.W = 1;

Vector4 col4 = SolveLinearEquation(m, vec);
Matrix T = new Matrix();

/l we finally here fill the transformation matrix T
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T.M11 =coll.X;

T.M21 =coll.Y;
T.M31 =coll.Z;
T.M41 = coll.W;
T.M12 = col2.X;
T.M22 = col2.Y;
T.M32 =col2.Z;
T.M42 = col2.W;
T.M13 = col3.X;
T.M23 = col3.Y;
T.M33 =col3.Z;
T.M43 = col3.W;
T.M14 = col4.X;
T.M24 = col4.Y;
T.M34 = col4.Z;
T.M44 = col4.W;

In the previous code refVector refers to V and tarVector refers to V’ and the numbers following
the name is the number of the selected vectors. However now we got the transformation matrix T
all what we need to do is multiplying eavh vertex or vector in the mesh with T to transform the

target mesh to the reference mesh.

31



Figure 4.4: Results after computing and applying the transformation matrix on two unregistered meshes
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4.3 Acquiring the reference and target vectors

To find reference and target vectors on meshes we let the user select them by choosing four

points on both of the images as shown in the following figure 4.5:

o ManualRegistration

Reference Mesh Target Mesh

Reference Image X 617 - Y 435 TargetImage X 47 - Y 299

Figure 4.5: shows the selection tool where user can select point on both target and reference meshes.

The user chooses the four points by using the mouse and clicking on the area that has a potential
feature point and then initiates the registration method. We then search for the vectors for which
their texture coordinates equivalent to those that the user chose. We search for these vectors in

the mesh files and their saved or computed texture coordinates.

We save the vectors for those points and start computing the transformation matrix as discussed

in section 4.2 of this chapter.

33



Chapter 5: Data files, Mesh triangulation,
Lightning System and other features.

In this chapter we will talk about the data files and their conversions, the triangulation of the

mesh, the lightning and other feature portrayed in the software.

5.1 Data files:

As we mentioned earlier in chapter 1 the Vivid9i provide us with the mesh cloud for the real
model. The mesh is saved by default in .CDK format Camera Data files these files contain one or

more scans of the same object as well as the texture images taken by the scanner RGB camera.

In order to use these files in DirectX we had to convert these files into different formats where
we can manipulate them to be finally used with DirectX. The CDK format was introduced by
Konica Minolta Company and it is a customized format for their softwares. However the CDK

format is not widely supported by other 3D softwares.

The Vivid9i SDK has a conversion tools that can convert the CDK format into another type of
format such as .VVD which is also from Konica Minolta Company. Yet this format comes with
one significant difference from CDK format; which supports the access to the internal data and

thus allowing us to access the vertex data.

Getting the vertex data means we can retrieve the mesh and of course convert it to any format we
wish to have. The format chosen for this software was Wavefront .OBJ files. These files are

plain text files, and they are very straight forward to deal with.

However the vertex data is not the only data we need from Vivid9i scanner. We also need the
texture coordinates and the faces vertices. One drawback about Vivid9i SDK is that it doesn’t
directly give you the texture coordinates. The SDK only gives the camera parameters that will

help you computing the texture coordinates.

To compute these coordinates we have to follow the scanner projection formula which is

mentioned in their SDK help file. The scanner SDK however has a very poor documentation and
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it took a considerable amount of time to solve its true functionality. The SDK is written in native

C and C++ libraries, with very poor comments on its functionality or use.

Now to convert from .VVD files into .OBJ file we need the following information to be

computed from the VVD files:

1-
2.
3-
4-

The vertex data.
Texture coordinates.
Faces vertices

Camera parameters.

The SDK helps in finding the vertex data, faces and camera parameters. So getting these data

allows us to construct .OBJ files. The file format of the .OB]J file is like the following:

1-

# refers to a comment line that will be usually ignored by the 3D softwares. We used this
comment to add the camera parameters data, and read it later from the software and
compute the texture coordinates.

V followed by x y z coordinates; this V refers to vertex and it holds the x y z coordinates
of the vertex data.

VT u v [w] refers to the texture coordinates which was not used in the conversion since
we left computing the texture coordinates outside the file conversion, for easier
manipulation later in the main software.

VN followed by z y z is the vertex normal and it is used to compute the light reflection on
the mesh surface. And this also wasn’t used in the file conversion since we wanted to
compute this in the main software.

F V1/VTI1/VNI ... Vn/VTn/VNn is the face or in other terms is the polygon. The number
followed each of these commands such as V, VT and VN is the number of the vertex in

according to its appearance in the file.

The output .OBJ file will be like this:

#height 480
#width 640
#sx 0.007400
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#sy 0.007400
#f 25.572695
#0x 320.000000
#oy 240.000000

#Z2 0.000000 0.000000 -1.000000
#0 0.000000 0.000000 14.812405
#Y 0.000000 1.000000 0.000000

v =5.557044 58.
v -5.832908 57.
v =5.553076 57.
v =5.274394 57.
£f123 4

£f 289 23

£f 29 3 65

119133
822115
799996
788145

-944.354937
-944.033533
-943.666385
-943.469538
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5.2 Triangulating the mesh

Polygons in DirectX are processed in terms of triangles. To draw a mesh we need to divide the

mesh in many connected triangles to form the model. As in the following figure 5.1:
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Figure 5.11: Triangulated mesh

However the Vivid9i gives us a polygon with squads and triangles; and thus will lead in errors

while drawing the mesh as in the following figure 5.2:

Figure 5.22: Shows triangles and squads obtained from the Vivid9i scanner.

37



To solve this problem we need to triangulate the mesh; so let us assume we have the following 9

vertices as in figure 5.3.

Figure 5.3: Shows a number of vertices on the mesh

So the faces of this mesh will be like the following:

F128
F283
F348
F456
F674
F4876
F5698
F5918

Now to triangulate these squads we have to divide each squad into two triangles, so we do the

following:
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1- We connect the first 3 vertices in the squad; for example the polygon F 4 8 7 6 will be
F487.
2- Then we repeat the polygon and connect the last 3 vertices so it will be F 8 7 6.
So the final result of F4 8 7 6 will be equal to F4 8 7and F8 7 6
And so on we do for all the squads in the mesh, finally the faces in the previous example will be

like this:

F128
F283
F348
F456
F674
F487
F876
F569
F698
F5901
FO18

Finally we obtain the triangulated mesh as in figure 5.4.

Figure 3: Show the mesh after Triangulation
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5.3 Lighting System
To simulate the lights in the real world we used lights’” physics to compute the light direction and

reflection on the surface of the mesh. This section is based on the DirectX SDK Documentation

[32]

5.3.1 Computing the surface normal

LIGHT SOURCE

e
P —= SURFACE NORMAL
a

LIGHT VECTOR
ele

SURFACE

Figure 5.5: lights reflection on the polygon surface.

To simulate the light we need to compute the face normal. And to do so we need to compute the

vertex normal to all the shared vertices.

Figure 5.6: shows two surfaces S1 and S2 sharing a vertex where Ns1 and Ns2 are the normal of the vertex with respect of
the surface S1 and S2. The Nv is the normal of the shared vertex and it has the same angle between Ns1 and Ns2.

Now we have computed the normal of the vertices as shown in the following figure 5.7 we then

need to compute the face normal.
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“Yertex normals

Figure 5.7: Vertices normal computed for the mesh

To compute the face normal we need to compute cross product of the two vertices on the

triangle.

Vi1 X
5.1

Finally we get the normal of face as shown in the following figure 5.8:

Mormal wector

Yertex 2\
Wartex 1/

Figure 5.8: Shows the Normal of the face on the triangle polygon.

/‘\fertE}{B

Frant face of polygan

V2=N

Finally the DirectX calculates the color and intensity values for the vertices and interpolates

them for every point across the surfaces.
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5.3.2 Light sources

The lights used in this project are two types of lights. The first is all Directional Light and the
second is Spot Light.

The all Directional light is a light that came from a very far place and now it hits the mesh
surface almost in parallel lines as in figure 5.9:
s

Directional Light e
o

Figure 5.9: Shows all directional lights hit in parallel the surface of the

mesh Figure 5.10: Show the mesh after applying

white all directional light to it
The spot light is a light that illuminate from a specific

location to a specific location as in the following figure 5.11:

ShineFrom-ShineAt Veactor

Figure 5.11: Show the spot light on the mesh, where we can the outer and inner cone of the spot light.
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5.4 other features
In the 3D imaging system many features have been added to enrich functionality of the system.

These functionalities will be discussed in this section and we will show the mathematical

concepts behind these functionalities as well as their use.

5.4.1 Model manipulation
In order to make the system more flexible we added model manipulation features. Such features
are scaling, rotation and translating. These features help the user to investigate the model from

all the direction as well as investigating the different effects on the model.

5.4.1.1 Scaling the model
The system supports two types of scaling:

1- Uniform scaling where the model is scaled with the same factor in all directions
2- Directional scaling where the model is scaled in one axis or more by some factor

different for each Axis.

To scale the model we need 4x4 Matrix containing the scaling factors vector F(Fx,Fy,Fz,1), then
multiplying this scaling Matrix S by each vertex in the model. The use of the 4x4 matrix is due

the need of translation later in other features.

E 0 0 0
<_|0 B 00
0 0 E O
0 0 0 1
V'scatea = SV ,where V is a Vertex and S is the scaling matrix 5.2)
XE] [ 0 0 0] (X
YE, L _ [0 E 0 0 Y
= x
ZF, 0 0 E o] |[Z
1 o0 o 1 '

To make the scaling uniform we set the Fx, Fy and Fz to an equal values; and thus will make the
model be scaled in all the directions with the same amount. However if we wanted a directional

scaling we set at least one of these factors to a different value.
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Figure 5.12: Shows the mesh after applying directional scaling along the X axis
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Figure 5.13: the model after applying uniformed scaling

5.4.2 Rotating the model

To rotate the model in the scene we can either rotate every vertex in the model where this will
rotate the whole model or we can rotate the world where the model resides. So in this case of

rotation we used the world transformation to rotate the model.
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DirectX define a scene by creating a world which is infinite 3D Euclidean coordinate where all
the models reside. Each of these models has its subspace inside this world coordinate. So if we
wanted to transform one model by itself we will use the model subspace. But however if we want

to rotate the whole scene we will use the world coordinates.

That is said we can define the rotation matrix R which is the rotation of Rx, Ry and Rz. To rotate

the world we multiply the world matrix by R as in the following figure 5.14:

7 Z

[

| Rn(0) -

e
X = X =

Y Y

Figure 5.14: Shows the Rotation effects on the world coordinates of the main scene.

The transformation matrix R is equal to Rx*Ry*Rz (5.3):

1 0 cosd 0 sinf 0 cosy —sinp 0 0
R = 0 cosp —sing 0‘ [ 1 0 0 sinyy  cosy 0 0
0 sing cos (p 0 —sinf 0 cosf O 0 0 0 0
0 0 0 0 1 0 0 0 1

Now we need three angles to compute the rotation of the world matrix, these three angles can be
given by user interaction by using the mouse. However after obtaining the rotations angles we

multiply the world matrix by R to get:W' = WxR (5.6)
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W31 W32 W33
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X
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W44 R4-1

Now we managed to rotate the world matrix but if we wanted to scale the world itself instead of

the model; then we should concatenate the R and S matrices together and also we should keep

the value of the World matrix saved so we achieve this by:

WI
W,11
W'z
W3

File Edit 3D Registration

8 e 0@
9
Rotate X | Ratat
w
Spot Light
=
L+
Turn Lights On/Off
)
Color All Directions Light
ey

All Directions Light

Figure 5.15: Shows the model after apply rotation and scaling to the world coordinate
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5.4.3 Translating the model
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The model translation is the process of repositioning every vertex in the model by a distance.

This process can be achieved either by applying it on the model or on the world coordinates.

To translate the model or the world coordinate we need 4x4 Translation matrix, this matrix is

then multiplied by the either the world matrix or mesh vertices.
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Or by multiplying each vertex by the Translation matrix T
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(5.8)

Now to keep the other transformation we had so far we need to concatenate the translation matrix

to the world matrix:

Wll W12 W13 W14- Rll
W24- X R21
W31 W32 W33 W34- R3 1
W4-1 W4-2 W4-3 W4-4- R4-1

S O -k O

o = OO
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Figure 5.16: Shows the model after it has been translated.
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5.4.4 Spectral Images &their tools

Spectral images are images where the reflectance light values are stored at different wavelengths,
so for each pixel there is a number of channels that represent the same pixel at different
wavelengths. The structure of the spectral images is like a 3D matrix where each layer represents

the light at different wavelengths as in the following figure 5.17:

F 8 ]
I
Y F 4 ]
F 1 A
Z (A
X

Figure 5.17: Shows the layers of the spectral images on the left, it also shows the spectral matrix cube on the right where
all the wavelengths are aligned behind each other.

Each layer in the spectral image is a representation of the light at some wavelengths. And the
number of layers ‘“channels” depends on the spectral camera and its settings, where every

channel refers to the steps at which the spectral range has been taken.

To view the Spectral image in RGB we have to convert all the channels altogether to produce a
full RGB image. The process of converting from spectrum to RGB is one way and you cannot

reconvert the RGB image into spectral image in an accurate way.
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To convert the spectral image into RGB we first should convert it into XYZ Color Space so we

get:

L
X = 5 F(A)S(A)I (1) o
1
Y= 7S 5(2)S(A)(2)dA
(5.11)
| , )
z=5J2()s(2)r(n)ar
(5.12)
N =J5(2)I(1)2
(5.13)

Note: see [35]

Where X Y Z are the tristimulus values for a color with a spectral reflectance S(1), and N is the
number of channels in the spectral image. x, ¥ and z are the standard observation functions. (1)
is the spectral power distribution of a reference illuminant. The integral part can be replaced with

summation so the equations will be:

1o
X:N . xl-Si Ii (514)
l
1T
y = NZ y.Si I, (5.15)
i
1.
Z = Nz ZiSi Ii (516)
l
N = 27i I, (5.17)

Now to compute the XYZ for all the pixels the algorithm will be:
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Input Spectral Image M, . X,y ,z observation functions, /(1) is the spectral power distribution

of a reference illuminant, Output 2D array of XYZ data structure.
Struct XYZ
double X,Y,Z
End Struct
Fori=1 ton
N+=y, * [;
End for
For i=1 to width
For j=1 to height

For w=1 to n: number of channels

X+=x,Sy1,
Y+=y,Swly
Z4+=7,Sy1y
End For
X=(1/N)*X
Y=(I/N)*Y
Z=(1/N)*Z

XYZ[i,jl=[X.Y.Z]

X=Y=7=0
End For

End For
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Now we have computed the XYZ tristimulus values we need to convert them to RGB color

model in order to construct the RGB image, so we can convert them by:
[rgbl =[XxY Z][M]?! (5.18)

Where r g b are the RGB values and X Y Z are the tristimulus values. M is the transformation

matrix calculated from the RGB reference primaries.

So for D65 reference white the inversed transformation matrix is:

2.04148  —0.969258 0.0134455
[M]™! =]-0.564977 1.87599 —0.118373
—0.344713 0.0415557 1.01527

(5.19)
So now the code and the algorithm to compute the RGB values from the XYZ space:

float[,] inv ={ { 2.04148f, -0.969258f, 0.0134455f },
{ -0.564977f, 1.87599f, -0.118373f },
{ -0.344713f, 0.04155571, 1.01527f } };

Color[,] RGB = new Color[widthl, height1];
float[] rgb = new float[3];
float sum = 0.0f;
for (inti = 0; 1 < widthl; i++)
{

for (int j = 0; j < heightl; j++)

{

for (int u =0; u <= 2; u++)

{

sum = xyzMatrix[i, j].X * inv[0, u];

sum += xyzMatrix[i, j.Y * inv[1, u];
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sum += xyzMatrix[i, j].Z * inv[2, u];
rgb[u] = sum * 255;
sum = 0.0f;

if (rgb[0] > 255)

rgb[0] = 255;

if (rgb[1] > 255)
rgb[1] = 255;

if (rgb[2] > 255)
rgb[2] = 255;

if (rgb[0] < 0)
rgb[0] = 0;

if (rgb[1] < 0)
rgb[1]=0;

if (rgb[2] < 0)
rgb[2] = 0;

RGBYj, j] = Color.FromArgb((int)rgb[0], (int)rgb[1], (int)rgb[2]);

}
}

To get a specific channel out of the spectral image then process is much easier. The spectral
image consists of many channels each of these channels or layers is actually an independent
image. To get a specific channel all what we need to do is extract the specific channel without
any modification.

The code and the algorithm to extract a specific channel will be:

input 3D matrix containing the spectral image data
input channel number cNo

output RGB array containg the selected image channel.

Color [,] RGB = new Color[widthl, heightl];
float[] rgb = new float[3];
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for (inti=0; i < width1; i++)
{
for (int j = 0; j < heightl; j++)
{
rgb[0] = matrix[cNo, i, j] * 255;
rgb[1] = matrix[cNo, i, j] * 255;
rgb[2] = matrix[cNo, i, j] * 255;

if (rgb[0] > 255)
rgb[0] = 255;

if (rgb[0] < 0)
rgb[0] = 0;

RGBYj, j] = Color.FromArgb((int)rgb[0], (int)rgb[0], (int)rgb[0]);

Figure 5.18: channel number 2 from the spectral image registered on the 3D mesh

54



Chapter 6: Experiments

In this chapter we will discuss the results of the thesis and the software accuracy, performance,

the advantages and the disadvantages of the methods and algorithms used in the software.

6. 1 the 2D- 3D Registration Results

The results we obtained from the 2D-3D Registration algorithm that was described in chapter 3,
can be checked by observing the texture mapped from the scanner camera and the scanner
parameters with the spectral camera texture that was mapped to the 3D model. The results show
that the texture mapping was successful, yet there is still small margin of error in the mapping if

we observed long enough. For example the next figure 6.1 compares the texture mapping of both

the spectral camera and the RGB scanner camera images.

Figure 6.1: spectral image registered to the model on the left in compare with RGB scanner image registered to the mesh.

Note: The color differences are due the lightning when the spectral image was taken however the spectral texture was
successfully registered to the mesh as shown in the pictures.

We observe from the two images (see figure 6.1) that there is a small error; this error is the result
of the feature points’ detection algorithm. The algorithm used can detect only patch of 3x3 or

more but not with pixel and sub pixel accuracy; and as a results the transformation of the 3D
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mesh lead to this inaccuracy. This error can be overlooked for non critical applications as this

error is unnoticeable.

To increase the accuracy of the registration we can further refine our feature points’ detection
algorithm to achieve better results. Using the same algorithm but with better feature points’

detector.

6. 2 3D-3D Registration

The process of the 3D to 3D registration was successfully accomplished using the
Transformation matrix, yet as anything else it has its draw backs. Let us observe the following

figure 6.2:

though the 3D-3D registration is
mathematically approved and error
margin should be up to zero, however
that’s not the case in this example. The
reason for such an error is the selection
of the feature points where the user has
to interact with the software to choose
the feature points on both of the
meshes. The result of the 3D-3D
registration depends on the selection of

points made by the user.

Figure 6.2: shows 3D-3D registration results. This mesh is composed

One solution for this problem can be
of two meshes.

achieved by tuning location using

cross correlation. We can use the normalized cross correlation to adjust the location of the
selected points and then we can get the location with sub-pixel accuracy. This solution is
mentioned in the Matlab 7.0 help files regarding the image registration procedure for fine tuning

the selected control “feature” points.
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6. 3 Spectral Analysis Tools

The spectral analysis tools in the software are yet very basic and need to be more developed. So
far the only tool that has been added was changing the spectral channel of the texture to the 3D
model. Other tools can be added to the software easily but for the lack of time they were

postponed for future work.

Example of the changing the spectral channel can be seen in the following figure 6.3:

Figure 6.4: Spectral Channel mapped to the 3D Model.
Other features in the spectral analysis menu are the conversion from spectral to RGB and apply
the texture to the model. The menu can extended by adding some options like choosing the light

source and the inversed transformation matrix M.

Other suggested features for future work can be the addition of the histogram of a specific vertex
texture in the model, where the user can click on a vertex and a pop up window with the

histogram on it showing the spectral wavelength on that specific vertex.
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6. 4 Model Manipulation

The added features of the model manipulation were the rotation, scaling and translation however
these are only the basic editing features for the software. We can add model deformation tools
which allow the user to edit the vertex location in the model. This feature will allow the user to
use the software not only to study spectral and generating complete textured model but it can

provide us with the tools to change the model shape.

This feature can be implemented easily, by selecting a specific vertex in the model and then drag

it by the mouse to a new location and redraw the model with these new changes.

6. 5 Data Files

The data files formats used in this projected are Wavefront .Obj file, DirectX .X files and Konica
Minolta .Vvd files. More 3D standard file formats can be added to facilitate importing/exporting

from/to other softwares.

The reason for not using other data formats in the project is the time consuming process of
implementing each importer/exporter of these files. The use of Wavefront .Obj format made it
possible to import and export from the program to other programs since this format is widely

used in most of the famous 3D modeling softwares such as 3DS Max and Maya.

Other formats are capable of holding more information about the object such as animation and
bones such formats are 3DS from 3DS Max, MD2 and MD3 from Quake 2 and Quake 3
respectively. These formats were not considered for they are out of scope of the software since

the use of the animation is not considered.
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6. 6 Controlling the Digitizer
One of the main facilities in this project is controlling the Vivid9i Digitizer, The feature allows
us to control the digitizer and initiate the scanning and automatically displaying it on the main

window viewer.

This feature is using the default scanning parameters in the scanner and it can be further

improved by allowing the user to control these parameters.

The adding of the parameters can be done by changing the VVDController.DLL library which
we built for controlling the digitizer using the digitizer SDK. This library can be first modified to
accept the coming parameters and then an interface can be build to change the parameter from

inside the main software.

6. 7 the Lightening System

The lightening system in the software consists of 2 different types of the lights; the first is spot
light and the second is all directional light. However these two lights systems are actually fixed
in some point in space. To study the effect of the light on the different parts of the model we can

rotate or translate the position of the model.

This translation and rotation can be avoided by letting the light itself moves in the scene instead

of waiting the model to move.
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Chapter 7: Conclusions

In this thesis we addressed some aspects of computer graphics; automatic 2D-3D Registration,
semi-automatic 3D-3D Registration, spectral images as texture for the 3D models and Lightning
system and other features for the software. The core of the thesis is the automatic 2D-3D
Registration where a spectral texture was automatically mapped on a 3D model without camera

calibration.

We used for the 2D-3D Registration an image processing technique which we developed for this
purpose. We first started with image enhancement then we detected a feature points on both of
the spectral and the RGB scanner images. We then transformed the model using the obtained
transformation matrix to be aligned in such if a specific vertex was projected on the image plan
then it will be on the exact pixel that correspond to it in the reference and target images of the
spectral and RGB scanner image. We also discussed in details the mathematical background

behind all the operations applied on the 2D-3D registration.

The spectral images were used in this project as texture for the 3D model. Different operations
were applied, such as conversion from Spectral reflectance values to RGB values and extracting
specific channel from the spectral images and applying it to the 3D model. We discussed the

theoretical background behind the conversion and the use of the spectral images.

In the 3D-3D registration we allowed the user to be responsible of selecting feature points on
both of the models. We computed the transformation matrix and aligned the two Models in order
to merge the two models into one model. We also discussed the mathematical aspect behind the

transformation.

We introduced a lightning system where the user can observe the light when it interacts with the
3D model. The light system includes Spot light and All Directional Light. We gave theoretical

background on the lighting system.

Other features introduced in this project and thesis such as the various data files that have been

used with this software. The data files varied from 3D files such as wave front .Obj files, DirectX
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.X files and Konica Minolta .VVD to SPectral Binary files .SPB files. We talked about the files

definition and how they were used in the software.

At the end of chapter 5 we talked about how we did the mesh triangulation and its theoretical
background. We also introduced other features in the software such as model manipulation:

scaling, rotation and translation and their mathematical background.

In this thesis we introduced the use of image registration and mesh transformation in texture
mapping in order to register a 2D image on 3D model without loss in the texture quality. The
results we obtained from this project and thesis were very good results, and yet as we discussed

in chapter 6 the results can further enhanced.

The features of the software were good implemented and they cover the basic needs for studying
3D spectral imaging. These features can be extended to more generalizing the software such as

for modeling, see chapter 6 for more information.
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