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CHAPTER 1

INTRODUCTION

1.1 Background and Statement of Problems

One of the crucial problems in computer graphics is how to handle an
overwhelming complexity of the screen. A highly detailed scene can give more

attractive and realistic look but lower performance.

Normally, polygon representation is used in rendering a 3D model. A typical
complex scene might contain millions of polygons. In addition, graphic applications
such as games usually require high rendering performance as well as real-time frame
rate. As a result, the need of reality in the computer-generated image field is

increasing rapidly.

The computational time for rendering an image represented by polygons is
proportional to the number of polygons used. However, a creator still puts more
polygons in a scene owing to the advancement of graphics hardware. The more
polygons, the more computational time is required to capture the details of 3D image.

However, pixels may play an important role in this part of innovation.

The number of pixels used in rendering an image changes very little for the
last ten years. Generally, to render a computer-generated image with good quality
occupies the resolution of 1024x768 pixels. In addition, this resolution cannot be
increased, since a human has a limitation of visual perception. In fact, if the

computational time depends on the resolution, the rendering speed will be promising.

Many techniques have been-invented to manage the tradeoff between speed
and quality of rendered images. - Most techniques propose either new model

representations or new rendering algorithms.
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Figure 1-1: Billboard of a tree [1].

Billboard is one of the various image-based model simplification methods,
which have advantages of simplicity and fast rendering speed. Typically, one
billboard represents one 3D model as shown in Figure 1-1. The image of billboard is
placed over the position of a model and is rendered as a texture mapped square-
shaped polygon. Usually, a billboard is placed far away from viewers. The image of
billboard is precomputed. Some billboards can generate their images by re-projecting
original 3D models at any point in time. The image-based property of the billboard
enables linear rendering time with its screen contribution. However, this technique
has some limitations. Billboard cannot represent all geometric structure of a 3D
model. For example, a user has the limitation of viewing direction since only 2D

image is presented.

Polygon technique, on the other hand, uses triangles to approximate 3D
geometric models. Triangular shape is also an easy, simple form for computation.
Thus, polygon representation method is versatile. As a result, most graphic hardware
in the market supports this method. Although, hardware helps to accelerate polygon
rendering, the time spent for such process depends the number of polygons.
Therefore, the polygon representation method consumes a constant rendering time
independent of the image resolution.

The goal of this research is to find a 3D model representation and rendering
method, which computation time is linearly proportional to the screen resolution.
This research proposes how billboard can be enhanced to produce high quality
images. The new representation for the model, called enhanced billboards, is a series
of images. Each image consists of a color map, a transparency map, a normal map
and a depth map, or displacement map [2]. The images of enhanced billboards are
projected from different directions of the model. An example of enhanced billboards
is shown in Figure 1-2. Previous simplification techniques for generating billboard
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typically stored only some parts of the source model, and therefore, much of the
information was lost. A new ray-height-field intersection algorithm to render the

enhanced billboards is developed to achieve this goal.

(1 (2) (3

Figure 1-2: Horse model. (1) An enhanced billboard. (2) Front part of horse model.

(3) Complete horse model.

1.2 Objectives

The objective of this study is to present an enhancement of billboard for highly
detailed 3D object that can be rendered in real-time. The method can render
silhouette and self-occlusion of the models correctly with correct lighting and
shadowing. Moreover, this method has Level of detail characteristic. Thus, there is

no need to use different versions of model resolution in rendering.

1.3 Scope of Study
1. The system is 2.8 GHz PC with 512 MB of memory, using a GeForce
FX6800 with- 128 MB of memory.or higher.
2. This method can be ‘used with ‘arbitrary polygonal models (> 10,000
polygons).
3. This method can renderin real-time (> 24fps).
4. This method use GPU that support Shader model 3.0 or later.

1.4 Research Procedure
1. Review literature
Related-theories
- The Fundamental Graphics theories

- The Surface mapping theories



- The Rendering theories
Previous research studies, articles, books, online information technology.
Design an algorithm.
Program development
Monitoring and evaluation
Implementation

Analysis

N oo g o~ DN

Deliverables and conclusion

1.5 Expected Benefits
1. This method can render complex 3D models in real-time.
2. This method can render models with correct silhouette and surface self-
occlusion in any viewing directions.
3. This method can be used for real-time application such as games and
virtual reality.

1.6 Thesis Structure

This thesis has six chapters - introduction, theory, related works, enhanced
billboards algorithms and implementation, experimentation and results as well as

conclusion.

The first chapter provides rationale background, objectives, scope, research
procedure, benefits, research structure and publications. Chapter 2 gives a brief
description of the rendering theories, the ray-height field intersection algorithm and
the graphics hardware pipeline. Chapter 3 discusses on previous works regarding 3D
model representation and rendering. In chapter 4, the proposed enhanced billboards
algorithm is presented with implementation detail. Chapter 5 shows the experimental

results. The last chapter is the conclusion.

1.7 Publications

Some parts of this research had been published in the international conference
proceedings, the 14-th International Conference in Central Europe on Computer
Graphics, Visualization and Computer Vision 2006 (WSCG 2006) which was held on
January 29 — February 1, 2006, Plzen, Czech Republic. The paper title is Enhanced



5

Billboard for Model Simplification. The authors are Phongvarin Vichitvejpaisal and

Pizzanu Kanongchiayos.
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CHAPTER 2

THEORETICAL BACKGROUND AND RELATED WORKS

This chapter reviews some fundamental theories in computer graphics
rendering. The basic local illumination shading algorithm, ray casting algorithm and
ray-height-field algorithm, as well as programmable graphics pipeline of the hardware
are mentioned. The related works are in the field of mesh simplification. The
mapping techniques used to increase the model details and billboard improvement

methods are also presented.

2.1 Theoretical Background

2.1.1 Basic Local Illumination Shading

In order to render an image, at least three information of the object are needed,
which are object position, object surface property and normal vector of the object
surface. For each point on the diffuse surface, the light intensity is computed using
the formula (2.1). The diagram of shading is shown in Figure 2-1 [3].

L(w, ) =K(nel) (2.1)

@=]

e

Figure 2-1: The diagram of shading.

L(a)r) is the light intensity that is seen by the user in direction ()

k, is the diffuse reflectance property.

n is the normal vector of the surface.



| is the light vector.

Light intensity for the diffuse surface depends on the angle between the

normal vector and the light vector.

2.1.2 Ray-Casting Algorithm

Ray-casting algorithm [3] is used in rendering images. In rasterization,
polygons are projected from a scene to screen pixels, while ray-casting algorithm cast
ray from each pixel, to find intersection point with the polygons in the scenes. That
intersection point is rendered on screen. The algorithm is as follows:

1. For each pixel

a. Cast ray into the scenes
b. Find the intersection of ray and polygons in the scenes

c. Compute color using shading algorithm

Figure 2-2: The ray-casting algorithm [3].

2.1.3 Ray-height-field Algorithm

Ray-height-field algorithm [3] uses ray-casting algorithm to render the models
that are represented as height -maps-or depth maps. - Height map stores the height
information as gray scale image. This method casts ray to find intersection with the
height map. The algorithm is as follow

1. For each pixel

a. Cast ray to find the intersection with the height map
b. While ray does not hit the height map
i. Linearly stepping the ray in the viewing direction
c. Compute color using shading algorithm
The algorithm performs the ray intersection test with the height map using

linear step search. If the step is too large, it is possible that the algorithm may miss
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the details in the height map. On the other hand, if the step is too small, rendering the
height map may take very long.

Figure 2-3: A Depth map of a horse model.

2.1.4 Programmable Graphics Pipeline

Recently, Graphics processing unit (GPU) [4] allows users to program its
graphics pipeline. Figure 2-4 shows an overview of the graphics pipeline. First, the
vertices are the input of the pipeline. These vertices are then assembled and
interpolated. GPU allows its user to program 2 parts of the pipeline by Vertex shader
and Pixel shader. Vertex shader handles incoming vertices. It can manipulate all the
properties of each vertex, position, color, normal, texture coordinate and
transformation. The modified vertices are then assembled and interpolated, resulting
in fragments, which are passed to the Pixel shader. The Pixel shader manipulates the
interpolated fragments. The fragments are tested with a depth test and a stencil test

before being rendered on screen as pixels.

Colored Vertices
After Transformation

Interpolation,

Primitive Assembly Rasterization .
- Texturing

Figure 2-4: The hardware graphics pipeline [4].



2.1.5 Image Comparison

Image comparison [5] is an error metric used to measure how two images are
different from each other. There are many image comparison techniques. Some
methods are based on comparing color of pixels one by one. The others also use
distance between pixels in the computation. Usually, all the pixels are put into the
computation. The output is the average intensity difference of the two images.

This research uses pixel-by-pixel comparison basis. It is straightforward to
tell the difference between two images by looking at the number of different pixels on
the images and the amount of intensity difference between corresponding pixels.
Each pixel in the two images is tested to find the color difference between each other.
The comparison is performed in CIE Luv color model because this model can
compute the intensity difference. If the color is stored in RGB color format, it has to
be converted to CIE Luv format. The formula for finding the average intensity

difference between two images is as follow.

pixels

z \/((Lli — Ly )"+ (U —uy )+ (v — vy )2)

Average intensity difference = — - (2.2)
pixels

pixels is the number of the object pixels in the image.

Ly is the L component of the pixel i in the first image.
L, is the L component of the pixel i in the second image.
Uy is the u component of the pixel i in the first image.
Uy, is the u component of the pixel i in the second image.
Vi is the v component of the pixel i in the first image.
Vs, is the v _component of the pixel i in the second image.

The average intensity difference has the range between 0 to 580. The value
580 is the difference between the red color and the blue color. These two colors are

the most distinct colors.



2.2 Related Works

2.2.1 Mesh Simplification

Some example methods for rendering highly detailed objects with fewer
polygons are mesh simplification [6-7]. These techniques reduce the number of
polygons rendered on screen. Numbers of polygons are reduced by edge collapsing or
vertex removing algorithm. Thus, the quality of the model is lower than the original.
The results may be rough models with discontinuity. Some of the key visual details
such as the nose of a face can be lost. These techniques depend on the property of the
input model, such as topology or connectivity. Thus, different algorithm has to be
used for different style of the model. Another drawback is that these methods have to
store many resolution versions of the model. These will increase the cost of storage
and introduce pop-up artifact when changing the resolution of the model. Progressive
mesh [8, 9], shown in Figure 2-5, is invented to solve the pop-up problem. It has an
auxiliary data structure to smoothly add and collapse vertex of an object. Thus, it can

continuously increase or decrease the quality of the model unnoticeable.

Figure 2-5: Progressive mesh [8].

2.2.2 Bump Map

Bump map [10-12] is one of the first methods for adding the bumpy look to
surfaces. Bump map uses the same amount of polygon, however, it alters the normal
property of every points on the surface. Bump map uses normal map to change the
original surface normal. The changed normal is then used in lighting calculation.
Figure 2-6 (1) shows a 3D encoded normal map. The X, Y and Z components map to
the R, G and B channel of the image respectively. Figure 2-6 (2) shows rendered
image using bump map technique, which uses only two polygons. The image has

correct lighting. However, its geometry still looks flat. Therefore, the same plane of
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surface with different normal is seen as different surface shape. Unfortunately, it
cannot produce self-occlusion of the surface nor correct silhouette.

(2)

Figure 2-6: Bump map. (1) Normal map. (2) Bump map model [13].

2.2.3 Displacement Mapping

Displacement mapping [14-17] actually perturbs the surface position.
Nevertheless, it uses high amount of micro-polygon, thus not suitable for real time
application. These approaches are usually used by ray tracing and global illumination
algorithm, of which rendering time is not the main limitation. The solution to storage

problem of the displacement map is continuously developed.

The Relief mapping [13], shown in Figure 2-7, and per-pixel displacement
map [18] cast ray to intersect with the displaced surface. These two methods are quite
similar. Their results are indistinguishable. The per-pixel displacement map method
uses sphere tracing to step the ray. This technique is guaranteed to intersect the
surface at the right position, but it must store a distant map, for ray to jump, in 3D
texture, resulting in high storage space. In addition, the lower bound of the number of
steps used is still high. On the other hand, Relief map uses linear search combined
with binary search to find the intersection point. This-method may miss some high
frequency in the displacement map, but it is quite fast and viewers can hardly notice
the artifact. It can render surface self-occlusion correctly, however it cannot display

silhouette.
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Figure 2-7: Relief mapping [13].

2.2.4 General Displacement Map

General displacement map (GDM) [19]and view-dependent displacement map
(VDM) [20] in Figure 2-8 use five dimensions storage. These methods can quickly
find the coordinate of the displaced surface. Instead of casting ray to the surface, these
methods store the pre-compute distance information of the displaced point to the
original point. These data must be stored at all 3D positions in the displacement
region and at all viewing directions, thus they use 5D data structures. Thus, the GDM
and VDM require large data storage and must be compressed. They can render

correct silhouette.

Figure 2-8: General displacement map [19].

2.2.5 Billboard Cloud

Billboards [21, 22] were proposed to render a forest scene. These methods use
a group of billboards, each being the sliced image of some group of trees. These
methods have the problem with limited viewing region, which makes them more

suitable for a bird eye’s view of the forest. The Billboard Cloud Technique [23] also
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uses a number of billboards, each representing some portion of the model. The
billboard cloud is rendered as a conventional texture mapped polygon. Because it
uses a plane to approximate nearby geometry, the billboard cloud results in cracks in
the image. The cracks are caused from the approximation in each plane of the

billboard as seen in Figure 2-9.

e Regular texcell Silhouette texcell

' T80\ %

7 billboards 45 billboards

Figure 2-10: Billboards Cloud [23].



CHAPTER 3

PROPOSED ENHANCED BILLBOARDS

In this section, a modeling technique using enhanced billboards for
representing arbitrary polygon models is described. The data structure of the
enhanced billboards is shown in section 3.1. The algorithm to construct enhanced
billboards from polygon mesh is described in section 3.2. The rendering algorithm for
enhanced billboards is shown in section 3.3. Finally, methods to increase the quality
of the rendered image using enhanced billboards are shown in section 3.4.

3.1 Enhanced Billboards

Enhanced billboard is a representation of a static 3D model.  This
representation is extending from the Billboard clouds mentioned in section 2.2.5.
Enhanced billboards has an additional height map used for storing the location of the
3D model.

An enhanced billboard b with its plane p consists of a color map, a

transparency map, a normal map and a depth map. These maps are stored in two
images. One image stores the color map in the RGB channel and the transparency
map in the alpha channel. The other image stores the normal map in the RGB channel
and the depth map in the alpha channel. Color and normal of projected polygon

poly is stored in color map and normal map respectively. Depth map stores the
distance between poly and p. Transparency map informs which pixels of b contain

projected poly .
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There are some initial conditions for projecting a polygon to an enhanced
billboard.

1. poly can be stored in b, if and only if the dot product of the normal vector
of poly and the normal vector of p is less than zero.

2. b cannot store overlapping polygons in the same billboard. Thus, the
polygons that are occluded by some other polygons when projected to p have to be
stored in another enhanced billboard.

3. If the distance between poly and p is more than the limited depth value
€aepin» D CANNOL store that poly . This prevents the varying depth of each billboard
that will result in inconsistency in rendering time.

The bounding box of B is computed from the height map of b and store

with b. This bounding box will be used during rendering time.

‘Y

i
I
b |
i
o
b § 1
' | L
i

Figure 3-1: The first five enhanced billboards of the horse model.

3.2 Building Enhanced Billboards

This section shows how a polygon model is represented as a set of enhanced
billboards. The planes of enhanced billboards are chosen to minimize the number of
enhanced billboard needed to capture all the polygons in the model. The algorithm to

choose the planes of enhanced billboards is based on using the normal vectors of the

polygons.
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F = {poly,, poly, ..., poly, |
The algorithm is as follow.

1. Repeat until F =0.

2. Build an array A of view plane. Each element a,of A is a view plane

located around the input model and its normal vector is point to the center of the

model. The dots shown in Figure 3-2 represent the view plane.

3. Project the model to all &;.

4. Assign a' be the a, which has the most number of polygons projected
on it.

5. Assign plane p, be the plane of a'.

6. Assign S be the set that stores all the polygons which can be projected
to p,.

7. Assign S" be the set of polygons in S, which each poly has the
distance between poly and p;smaller than the limited depth value e, -

8. Assign S'' be the set of polygons in S', which each poly does not
occluded by others poly .

Q. Orthogonally project all polygonsin S*' to p, .

10.  Assign p, be the plane of enhanced billboard b, .

11. Delete all poly in F that are the members of S"'.

12. l—i+1

This results in a series of enhanced billboards representing some portions of
the model from different viewing directions. - By using all enhanced billboards, the

complete model can be reconstructed.
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Figure 3-2: The projection cameras around the horse model.

3.3 Rendering Enhanced Billboards

Because an enhanced billboard is treated as a height map, a ray-height field
intersection algorithm can be used to render enhanced billboards. The algorithm
utilizes the programmability of the graphics hardware to do per-pixel ray-height field

intersection. The algorithm is as follow.

1. For each enhanced billboard b, , the bounding box B of b, is constructed

in screen space. b, is rendered with all of the sides of its bounding box, which

guarantees that all geometry represented in the enhanced billboards will be rendered.
2. For each texel ton the bounding box,

2.1 Construct ray Ray that has the origin at eye location and has the

direction toward t.

2.2 Traverse Ray through the depth map of b, with the step size
d along the Ray direction until one finds a depth value close to the current depth with
some threshold value e . Let (u,v) be the coordinate of the depth map at this
intersection. If Ray travels pass b, and does not find any depth value. t is rendered

as transparent pixel.
2.3 Retrieve the color and the normal information from the color map

and normal map of b, using (u,v) . This information is used to compute shading of t.
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In Figure 3-3, the ray hits the depth map at the circle and reports a hit. Figure

3-4 shows the pseudo-code of the algorithm.

Viewer -(?

i

Depth
0.0
o 8
L)
Q e
[ ] .
600 §
e\ 8
[ > 2
ol ¢ o
Lo F o
1.0 o

Figure 3-3: The ray-casting diagram.

Render Enhanced Billboards
Input: enhanced hillboards images
Output: picture rendered on screen
e = hit range, maxStep = number of step
For each enhanced billboards
Build bounding box of enhanced billboards
For each texel on the plane of box
start = texel position
dir = direction from eye position to start
d = 0; hitd = 0; hit = false;
step = /2 / maxStep
For 1 to maxStep
ray = start + dir*d
depth = GetDepthMapValue(ray.xy)
if (ray.z > depth) and (ray.z — e < depth)
hit = true; hitd = d; exit loop
d=d + step
if (hit)
hitpos = start + dir*hitd
Render_L.ight(hitpos)
else
render as transparent pixel

Figure 3-4: Pseudo-code of the algorithm for rendering enhanced billboards.
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In Figure 3-5 (1), a horse model is rendered using only one plane. Some parts
of the geometry are missing. Figure 3-5 (2) shows the horse model rendered with all
bounding box planes. Thus, all geometries in the enhanced billboard can be shown.
In the view direction, three sides of the box are visible at most, the top and the two
sides. The bottom of the box does not need to be rendered because the bottom plane

shows the rear side of the polygons.

Figure 3-5: Horse billboard. (1) Horse model rendered with one size. (2) Horse model
rendered with all three size.

3.4 Solving Holes Artifact

There may be holes containing in the rendered image using enhanced
billboards (Figure 3-6). There are two reasons why holes exist in a rendered image.
The first one is because when a model is projected to the enhanced billboards, some
polygons in the model are so tiny that their projected areas are less than a pixel. The
second one is because of the render algorithm. Since the algorithm uses linear step
ray intersection test, if the step is too coarse, the algorithm can miss the test and report
a non hit. If the step is too fine, the algorithm-runs very 'slow. The line fragments in
Figure 3-6 are not rendered because the algorithm reports no hit. _This problem
depends on the view direction. The view in Figure 3-6 (1) does not show much of the
holes, but in Figure 3-6 (2), the holes are clearly visible. It is difficult to identify

where holes will be shown.
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(1) (2)

Figure 3-6: The holes artifact.

In order to solve the holes artifact, the hit range threshold e is increased to
cover the gap in the ray step size. By experiment, when e is doubled to 0.02 to fill

the holes, a resulting image is actually coarser than the original one, but this is hardly

noticeable. However, if e is increased further, the silhouette of the model image

apparently does not work properly.

Another method to fill the holes artifact in a rendered image is to use a coarse
mesh, which is constructed from the original model. It represents the overall structure
of the model and ignores the details. The enhanced billboards are rendered first and
then the coarse mesh. The coarse mesh fills the pixels that are not rendered by the
enhanced billboards. By experiment, the coarse meshes usually have polygons 10
times smaller than the original ones. Figure 3-8, (1) shows the horse model rendered
with enhanced billboards. Figure 3-8, (2) illustrates the coarse polygon model of the
horse. Figure 3-8, (3) shows the horse model rendered using both the enhanced

billboards and the coarse polygon mesh.

This hybrid method performs pretty well. 1t can fill holes and the quality of the
image is still high. The running time in rendering is not much more different from
that of the enhanced billboards alone. The pixels rendered by low quality coarse
mesh, are hardly distinguishable from the pixels rendered by enhanced billboards.

This is because the holes spread all over the image and do not group together.
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(1) (2)

Figure 3-7: Hit range threshold. (1) Hit range threshold e = 0.01. (2) Hit range

threshold e =0.02.

(1) (2) )

Figure 3-8: Enhanced billboards with coarse-mesh.



CHAPTER 4

EXPERIMENTAL RESULTS

This section shows the experimental results of the proposed enhanced
billboards. The number of tested model is 30. The running time and the average
intensity difference to the original model are also provided. The resulting images of

all the models with rendering information are shown in Appendix A and Appendix B.

4.1 Testing Environment

The rendering technique described in this research is implemented using High
Level Shading Language (HLSL). HLSL is included with DirectX library. It is used
to write the Vertex and Pixel Shader. The programmability of the GPU is used for
casting rays through enhanced billboards. The program is implemented with Visual
C++ 2003 and DirectX 9.0 with Shader model 3.0. The testing system is a 2.8 GHz
PC with 512 MB of memory, using a GeForce FX6800 with 128 MB of memory. The
method is tested with a variety of polygon models, containing around 5,000 to 50,000

polygons. The number of the tested model is 30.

Two programs are built. One is enhanced billboards projector. It accepts a
polygon model as input and its output are images of enhanced billboards. The other is
enhanced billboards renderer. This one is used to render the enhanced billboards. It
is a real-time application of which user can interact by moving the model and the

camera freely. The resolution of the output screen can be modified.

In the enhanced billboards projector program, the array that used as projection
camera has the size of 36x18 elements. The projection cameras are distributed evenly
in all directions around the object. The enhanced billboards have the resolution of
512x512 pixels. The resolution of the billboard can be adjusted to suit the screen

resolution.

In enhanced billboards renderer, a depth map has one unit width and one unit

height. The ray length to perform the intersection test isv/2 . This is the diagonal of
the 1x1 unit depth map. The algorithm uses linear step search to find the intersection

of the ray and the height map, the number of steps is 100 and the hit range of each
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step is 0.01. Thus, 100x0.01 equal to 1 but the ray length is+/2. This can cause
problem since the number of steps is too coarse. Some parts of the ray can miss the
test. This problem can be solved by increasing the hit range threshold to 0.02 since

the test can cover all the ray length.

4.2 Experiment and Results

The test models are chosen to represent models that are used in real world
applications. The test models in this experiment have a variety of surfaces such as flat
surfaces, curve surfaces and bumpy surfaces. There are models that have many
surface occlusions or simple surface occlusions like sphere shape. There are models
that were built from curve editing tools, polygon tools and the 3D scan.

Figure 4-1 shows an example of the enhanced billboards of the horse model.
Figure 4-2 shows the horse model rendered using enhanced billboards. In Figure 4-2,
(1) the horse model is rendered with enhanced billboards. There is holes artifact in
the image. In Figure 4-2, (2-3) the holes artifact is solved by increasing the threshold
value by 0.01 and adding coarse mesh. Figure 4-2, (4) shows the original polygon
model. The original horse model has about 40,000 polygons. Its coarse mesh has
4,300 polygons. The storage size of all enhanced billboards is 1 MB while the
original model uses nearly 3.5 MB. The coarse mesh uses 365 KB. A significant
number of storage are saved. Figure 4-3, shows the storage size of ten high-resolution

polygon models and compares with theirs enhance billboards representation.

Figure 4-1: The enhanced billboards of the horse model.
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Figure 4-2: The horse model rendered using enhanced billboards.
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Figure 4-3: The storage size of original polygon models compare to enhance
billboards.

projected by the proposed greedy algorithm.

This research also does an experiment on the projection of the enhanced
billboards.

Figure 4-4 shows the enhanced billboards of a dragon model that are
Figure 4-5 shows the enhanced

billboards of the dragon model that are projected from the direction of the X axis, -X
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axis, Y axis, -Y axis, Z axis and -Z axis of the world coordinate. This method uses
greater number of billboards than the greedy method to represent the same number of

polygons. The greedy method is better both in term of storage size and rendering

time, because these factors depend on the number of billboards.

Figure 4-4: The greedy projection of the dragon model

Figure 4-5: The axis projection of the dragon model.
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Figure 4-6: The render speed of all the models (with and without coarse mesh) in
800x600 resolution.

From Figure 4-6, the running time of each model is nearly the same, if they
use the same number of enhanced billboards. The rendering time of the enhanced
billboard with coarse mesh and without coarse mesh are not much different from each

other.

The average intensity difference between enhanced billboards with hit range =
0.01 and enhanced billboards with hit rage = 0.02 is 0.66+4.56.

The average intensity difference between enhanced billboards with hit range =

0.01 and enhanced billboards with coarse mesh is 9.04+6.61.

The average intensity difference between enhanced billboards with resolution
800x600 and enhanced billboards with resolution 400x300 is 2.61+2.56.

The average intensity difference between enhanced billboards with resolution
800x600 and enhanced billboards with resolution 200x150 is 4.78+4.35.

4.3 Discussion

From the experimental results, enhanced billboards are usually limited by the
fill rates of the pixel shader, which uses many instructions. However, it scales well
with the resolution and renders efficiently at medium to high distance in any direction
with complete effects, such as parallax or silhouette. In contrast, the polygon

representation method does not scale according to the resolution. In addition, many
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distant polygons are rasterized to the same pixel, resulted as an alias in the rendered

image.

There might be a problem if the input model has two polygons that are
intersecting one another. The occlusion query will report that these two polygons are
occluded and are not chosen. The solution to this problem is to force these
intersecting polygons to bypass the occlusion test. Another problem is that some tiny

polygons, with projected area less than a pixel are also discarded.

Enhanced billboards containing little polygons seen as minute fragments in the
image are also ignored, since they have little contribution to the final rendered image.

This helped to increase the rendering performance.

The polygons are not projected if they are almost perpendicular to the chosen
direction even though they were facing forward. This was because the enhanced
billboard could not capture the information of almost perpendicular polygons. These
polygons covered a small area of the enhanced billboard and thus were not sufficient

for reconstructing the model.

The holes artifact can be solved either by increasing the threshold value or by
rendering enhanced billboards with a coarse mesh. However, using a coarse mesh
seems to be a more reliable method. An extra time for rendering the coarse mesh is
about 2-3 % of the original rendering time using the enhanced billboards alone. The
enhanced billboards show consistency in rendering time, since they are solely
dependent on the number of pixels. Moreover, the computation time drops
automatically when the user moves away from the object. Thus, enhanced billboards

have continuous Level-of-Details.



CHAPTER 5

CONCLUSION AND FUTURE WORK

This section concludes the thesis and provides some discussion on the

experimental results. Future works are also suggested.

5.1 Conclusion

This research presents a method for simplifying models by using a new
representation and rendering technique. The enhanced billboards, each representing
some portions of a model, store all information of the original model. The
information including a depth map, a normal map, a color map and a transparency
map is projected onto a plane by the greedy algorithm. The enhanced billboards are
rendered using the new ray-height field intersection algorithm. They can produce
effects such as parallax and silhouette in any viewing directions. The quality of the
enhanced billboards is comparable to that of the source model while the frame rate
does not depend on the number of polygons. The experimental data shows that the
speed increases while the resolution of the image decreases. The frame rate of the test

models appears to increase 4 times when the resolution is halved.

In addition, the hit range threshold value of 0.02 improves the average
intensity difference by 0.66+4.56 from the value of 0.01. This seems to be a little
improvement at first. However, the holes artifacts were solved effectively in some
models such as Shape2 and She. If the image rendered with the hit range value of
0.01 has a low average intensity difference, the one rendered with the value of 0.02
may not improve the difference. The best way is to adjust the hit range value to 0.02
when average intensity difference of the rendered image with the value of 0.01 is
high. The enhanced billboards with the coarse mesh, however, improve the average
intensity difference of the image by 9.04+6.61. This method shows the best
improvement in the correctness of the rendered image. The errors of the images could

be different when viewed in different directions.

The average intensity difference between the enhanced billboards and the

original polygon model is high in some models such as Body and Fan because of
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difference in shading algorithm. The constant terms used in both rendering styles
might have some different values. Thus, the quality of a rendered image could be
judged by the rendered images (see Appendix B). The average intensity difference
when using high-resolution images is higher than when using low resolution. This is
because in low resolution, the color differences were averaged to the nearby pixels,

hence lower the differences.

5.2 Future Work

The enhanced billboard technique can be easily extended to render shadow
using a shadow map. The shadow map algorithm is not different from the polygonal
model. First, the enhanced billboards are rendered from the light viewpoint and
stored as a shadow map using the same rendering algorithm as viewing enhanced
billboards. Then, the map is used during rendering time as in the polygonal model. In
addition, enhanced billboards can be used to speed up the ray intersection test for a
ray-tracing algorithm. Normally, this algorithm builds an accelerated structure, such
as a grid cell where the ray is located, to query all the geometric structures, which
occupy in the cell. However, enhanced billboards already represent the positions of all
geometric models, which located inside of the bounding box. Thus, there is no need

to build an auxiliary data structure.
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APPENDIX A.

This section shows the result rendering times of enhanced billboards from the

experiments. The number of the test models is 30.

Table A-1 shows the rendering time of the enhanced billboards with and
without coarse mesh. The rendering times are linearly scaled with the image
resolution. They depend on the number of pixels rendered on screen and the number

of billboards being used.

Table A-2 shows the average intensity difference between enhanced billboards
and the reference original polygon models. The average intensity difference has the
range 0 — 580. The differences on the tests are due to the differences in shading
algorithm between enhanced billboards and polygon method. The enhanced
billboards compute lighting per pixel basis and can give more accurate look while
polygon uses some approximation and interpolation in shading. The constant terms

used in both rendering styles may have some different values.
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Table A-1: The rendering time of the enhanced billboards with 3 different resolutions.

Render Speed
Rend(irr)ss)peed (fps) Render Speed (fps)
Model . . Medium Low Resolution
High Resolution Resolution
(200x150)
(800x600) (400x300)
1. Cylinder 6.20 30.10 125.33
2. Cylinder + 6.10 29.12 110.23
coarse mesh
3. Dolphin 6.89 26.45 96.70
4. Dolphin + 6.12 24.32 86.44
coarse mesh
5. Horse 4.27 21.45 111.34
6. Florse + 3.85 20.34 66.98
coarse mesh
7. Dragon 3.42 9.65 50.60
8. Dragon + 3,02 8.30 4536
coarse mesh
9. Moai 5.89 27.10 115.84
10. Moai + 5.72 26.30 111.42
coarse mesh
11. Sphere 4.63 27.80 105.30
12. Sphere + 437 23.43 85.62
coarse mesh
13. Teapot 4.23 22.34 77.32
14. Teapot + 3.84 19.30 65.30
coarse mesh
15. Torus 3.85 22.40 111.94
16. Torus + 3.60 18.98 80.33
coarse mesh
17. Woman 4.83 16.45 51.39
18. Woman + 452 14.35 48.32
coarse mesh
19. Cone 8.45 35.56 130.45
20. Cone + 7.24 30.30 110.34
coarse mesh
21. Face 2.58 9.38 65.06
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Render Speed
Re”d(ilg Ss)peed (fps) Render Speed (fps)
Model . . Medium Low Resolution
High Resolution Resolution
(200x150)
(800x600) (400x300)
22. Face + 2.30 8.90 62.5
coarse mesh
23. Hand 3.72 15.11 42.09
24. Hand + 3.58 13.32 38.20
coarse mesh
25. Head 4.60 12.20 31.39
26. Head + 4.20 11.09 29.04
coarse mesh
27. Face2 3.10 14.51 50.55
28. Face2 + 2,58 13.10 47.89
coarse mesh
29. Man 1.86 5.40 24.18
30. Man + 1.70 4.47 20.25
coarse mesh
31. Hand2 443 16.39 82.04
32. Hand2 + 3.76 14.14 77.02
coarse mesh
33. Shapel 7.80 31.84 108.32
34. Shapel + 6.25 29.5 94.53
coarse mesh
35. Shape?2 4.43 14.71 56.02
36. Shape2 + 2,59 12.74 54,67
coarse mesh
37. Shape3 4.23 13.94 42.35
38. Shagaap) 3.78 11.65 37.43
coarse mesh
39. Shape4 4.50 17.08 42.49
40. Shaped + 3.90 13.90 38.81
coarse mesh
41. Shape5 5.78 21.07 82.59
42. Shapes + 4.33 18.43 80.10
coarse mesh
43. She 4.25 18.66 45.6




34

Render Speed
Re”d(ilg Ss)peed (fps) Render Speed (fps)
Model . . Medium Low Resolution
High Resolution Resolution
(200x150)
(800x600) (400x300)
44. She + 3.45 17.84 43.11
coarse mesh
45, Tutan 5.68 27.18 92.99
46. Tutan + 4.66 24,62 91.00
coarse mesh
47. Face3 4.36 13.00 59.28
43. Faces + 3.50 10.59 54.25
coarse mesh
49. Leg 4.80 16.02 58.37
50. Leg + 3.84 14,56 46.98
coarse mesh
51. Tail 4.55 23.08 49.63
52. Tail + 3.66 18.14 45.56
coarse mesh
53. Monster 4.86 15.46 56.25
PaaVOnSIETSs 3.83 13.63 50.64
coarse mesh
55. Body 3.19 15.39 48.92
56. Body + 2,58 12.20 45.66
coarse mesh
57. Boat 5.38 62.34 150.09
58. Boat + 4.91 51.34 145.45
coarse mesh
59. Fan 3.36 36.33 102.34
60. Fary 2.83 28.97 95.74

coarse mesh
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Table A-2: The average intensity difference of the enhanced billboards and the

original polygon mesh.

Enhanced billboards with

Enhanced Enhanced
hit range = 0.01 billboards billboards
with hit with coarse
Model range = 0.02 mesh
Resolution | Resolution | Resolution
Resolution Resolution
800x600 400x300 200x150 800x600 800x600
1. Cylinder 39.45 37.06 31.85 37.06 31.85
2. Dolphin 28.42 25.99 25.29 33.61 24.83
3. Horse 12.14 9.71 8.00 10.52 6.91
4. Dragon 22.79 14.33 10.22 24.74 4.97
5. Moai 32.49 26.56 22.38 26.55 19.80
6. Sphere 25.81 26.57 25.59 26.04 6.56
7. Teapot 28.20 18.51 11.78 11.67 5.96
8. Torus 58.09 56.71 50.96 57.64 51.80
9. Woman 124.50 121.23 118.73 126.98 124.52
10. Cone 5.56 5.81 5.16 5.48 3.33
11. Face 37.21 35.79 3361 40.88 16.24
12. Hand 27.38 24.65 21.73 28.23 21.68
13. Head 14.60 13.65 13.07 14.93 12.93
14. Face2 27.68 25.39 23.30 28.30 24.25
15. Man 51.26 46.83 41.98 50.51 37.66
16. Hand2 35.07 33.19 28.74 36.60 24.53
17. Shapel 21.22 17.66 13.82 21.73 9.39
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) . Enhanced Enhanced

Enhanced billboards with billboards billboards

Resolution | Resolution | Resolution | Resolution | Resolution

800x600 400x300 200x150 800x600 800x600
18. Shape2 11.57 11.51 11.22 11.44 2.88
19. Shape3 3.82 3.00 2.33 4.38 2.61
20. Shape4 8.16 7.79 7.62 7.99 0.79
21. Shape5 22.04 17.71 17.39 17.03 4.59
22. She 22.69 15.62 10.90 8.51 5.20
23. Tutan 13.78 9.89 7.06 14.50 7.88
24. Face3 12.29 9.74 7.97 13.09 7.16
25. Leg 21.36 21.71 23.00 23.30 19.30
26. Tail 12.21 12.42 13.56 12.99 10.47
27. Monster 81.63 77.70 74.41 84.95 69.46
28. Body 41.64 40.76 40.92 41.43 26.12
29. Boat 12.13 11.11 11.28 13.68 10.89
30. Fan 33.84 32.19 31.79 34.33 23.38




APPENDIX B.

This section shows the result images of enhanced billboards from the
experiments. The number of the test models is 30. The number of polygons, the file

size and the number of billboards being used are also provided.

Two figures are shown for each model. Figurel shows the model rendered
with four difference techniques. Figurel.l shows model rendered using enhanced
billboards. Figurel.2 shows enhanced billboards rendered using increase threshold.
Figurel.3 shows enhanced billboards rendered with coarse mesh. Figurel.4 shows
the original polygon model. Figure2 shows the model rendered with three different
resolutions, which are 800x600, 400x300 and 200x150 respectively. Figure2.1 shows
model rendered using enhanced billboards. Figure2.4 shows the original polygon

model.



1. Cylinder Model

38

Polygons in original model 4,200 polygons
Polygons in coarse model 78 polygons
Original model file size 234 KB
Coarse model file size 5KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-1.2: Cylinder model with different resolution.




2. Dolphin Model

39

Polygons in original model

26,000 polygons

Polygons in coarse model 1,700 polygons
Original model file size 2.01 MB
Coarse model file size 121 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-2.2: Dolphin model with different resolution.




3. Horse Model
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Polygons in original model

39,700 polygons

Polygons in coarse model 4,300 polygons
Original model file size 3.47 MB
Coarse model file size 365 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-3.2: Horse model with different resolution..




4. Dragon Model
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Polygons in original model 117,000 polygons
Polygons in coarse model 16,000 polygons
Original model file size 8.53 MB
Coarse model file size 1.28 MB
Number of billboards used in rendering 6
Summation of images size 1.20 MB

Figure A-4.1: Dragon model.

Figure A-4.2: Dragon model with different resolution.
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5. Moai Model

Polygons in original model 20,000 polygons
Polygons in coarse model 1,160 polygons
Original model file size 1.46 MB
Coarse model file size 81 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-5.2: Moai model with different resolution.




6. Sphere Model
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Polygons in original model 9,800 polygons
Polygons in coarse model 850 polygons
Original model file size 736 KB
Coarse model file size 62 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-6.2: Sphere model with different resolution.




7. Teapot Model
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Polygons in original model

14,300 polygons

Polygons in coarse model 950 polygons
Original model file size 1.24 MB
Coarse model file size 89.2 KB
Number of billboards used in rendering 6
Summation of images size 1.20 MB

Figure A-7.1: Teapot model.

Figure A-7.2: Teapot model with different resolution.




8. Torus Model

45

Polygons in original model 9,600 polygons
Polygons in coarse model 770 polygons
Original model file size 724 KB
Coarse model file size 53 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-8.1: Torus model.

Figure A-8.2: Torus model with different resolution.




9. Woman Model

46

Polygons in original model

44,200 polygons

Polygons in coarse model 7,300 polygons
Original model file size 4.22 MB
Coarse model file size 690 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-9.2: Woman model with different resolution.




10. Cone Model

47

Polygons in original model 8,200 polygons
Polygons in coarse model 32 polygons
Original model file size 694 KB
Coarse model file size 5.96 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-10.1: Cone model.

Figure A-10.2: Cone model with different resolution.




11. Face Model

48

Polygons in original model

28,000 polygons

Polygons in coarse model 2,500 polygons
Original model file size 2.48 MB
Coarse model file size 294 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-11.2: Face model with different resolution.




12. Hand Model

49

Polygons in original model

12,300 polygons

Polygons in coarse model 770 polygons
Original model file size 935 KB
Coarse model file size 53.8 KB
Number of billboards used in rendering 6
Summation of images size 1.20 MB

Figure A-12.2: Hand model with different resolution.




13. Head Model

50

Polygons in original model

29,350 polygons

Polygons in coarse model 1,250 polygons
Original model file size 23.5 MB
Coarse model file size 95 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-13.2: Head model with different resolution.




14. Face2 Model
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Polygons in original model

35,000 polygons

Polygons in coarse model 2,900 polygons
Original model file size 3.2 MB
Coarse model file size 400 KB
Number of billboards used in rendering 9
Summation of images size 1.80 MB

Figure A-14.2: Face2 model with different resolution.




15. Man Model
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Polygons in original model

18,000 polygons

Polygons in coarse model

3,100 polygons

Original model file size 3.61 MB
Coarse model file size 157 KB
Number of billboards used in rendering 6

Summation of images size 1.20 MB

Figure A-15.2: Man model with different resolution.




16. Hand2 Model
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Polygons in original model

11,000 polygons

Polygons in coarse model 1,700 polygons
Original model file size 931 KB
Coarse model file size 172 KB
Number of billboards used in rendering 8
Summation of images size 1.60 MB

Figure A-16.2: Hand2 model with different resolution.




17. Shapel Model
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Polygons in original model

14,400 polygons

Polygons in coarse model 800 polygons
Original model file size 1.21 MB
Coarse model file size 91.6 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-17.2: Shapel model with different resolution.




18. Shape2 Model
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Polygons in original model 9,360 polygons
Polygons in coarse model 970 polygons
Original model file size 804 KB
Coarse model file size 120 KB
Number of billboards used in rendering 4
Summation of images size 800KB

Figure A-18.2: Shape2 model with different resolution.




19. Shape3 Model
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Polygons in original model

12,000 polygons

Polygons in coarse model 700 polygons
Original model file size 1.00 MB
Coarse model file size 112 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-19.1: Shape3 model.

Figure A-19.2: Shape3 model with different resolution.
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20. Shape4 Model

Polygons in original model 28,000 polygons
Polygons in coarse model 1,700 polygons
Original model file size 2.38 MB
Coarse model file size 162 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-20.1: Shape4 model.

Figure A-20.2: Shape4 model with different resolution.




21. Shape5 Model
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Polygons in original model

12,400 polygons

Polygons in coarse model 1,380 polygons
Original model file size 1.05 MB
Coarse model file size 194 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-21.1: Shape5 model.

Figure A-21.2: Shape5 model with different resolution.




22. She Model
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Polygons in original model

15,000 polygons

Polygons in coarse model 3,000 polygons
Original model file size 1.37 MB
Coarse model file size 270 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-22.2: She model with different resolution.




23. Tutan Model
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Polygons in original model 18,000 polygons
Polygons in coarse model 4,500 polygons
Original model file size 1.63 MB
Coarse model file size 434 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-23.2: Tutan model with different resolution.
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24. Face3 Model

Polygons in original model 13,300 polygons
Polygons in coarse model 3,500 polygons
Original model file size 1.04 MB
Coarse model file size 306 KB
Number of billboards used in rendering 3
Summation of images size 600 KB

Figure A-24.1: Face3 model.

Figure A-24.2: Face3 model with different resolution.




25. Leg Model
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Polygons in original model

19,700 polygons

Polygons in coarse model 1,270 polygons
Original model file size 1.50 MB
Coarse model file size 92.7 KB
Number of billboards used in rendering 4
Summation of images size 800 KB

Figure A-25.1: Leg model.

Figure A-25.2: Leg model with different resolution.




26. Tail Model
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Polygons in original model

10,000 polygons

Polygons in coarse model 1,200 polygons
Original model file size 815 KB
Coarse model file size 87 KB
Number of billboards used in rendering 3
Summation of images size 600 KB

Figure A-26.1: Tail model.

Figure A-26.2: Tail model with different resolution.




27. Monster Model

64

Polygons in original model

11,300 polygons

Polygons in coarse model 3,300 polygons
Original model file size 884 KB
Coarse model file size 251 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-27.2: Monster model with different resolution.




28. Body Model
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Polygons in original model

28,000 polygons

Polygons in coarse model 3,970 polygons
Original model file size 1.51 MB
Coarse model file size 301 KB
Number of billboards used in rendering 5
Summation of images size 1.00 MB

Figure A-28.2: Body model with different resolution.
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29. Boat Model

Polygons in original model 8,800 polygons
Polygons in coarse model 550 polygons
Original model file size 684 KB
Coarse model file size 42 KB
Number of billboards used in rendering 3
Summation of images size 600 KB

Figure A-29.1: Boat model.

Figure A-29.2: Boat model with different resolution.
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30. Fan Model

Polygons in original model 5,120 polygons
Polygons in coarse model 320 polygons
Original model file size 396 KB
Coarse model file size 26 KB
Number of billboards used in rendering 6
Summation of images size 1.20 MB

Figure A-30.1: Fan model.

Figure A-30.2: Fan model with different resolution.
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