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2). For example, Catia® from Dassault
Systémes is a well known software suite that allows to design complex industrial products with 3D
views.

Figure 2: Modeling a 3D part with a CAD software. FreeCAD - www.freecadweb.org

Industrial objects acquired with a 3D scanner can be reverse engineered so as to find their design
primitives. Injected in CAD software, the virtual representations of the objects can then be modified.

The users have commonly access to virtual reality through their computer screen. Immersive display
environments, such as caves and image walls, were also developed to put the user at the center of a

Shttp://www.3ds.com/products/catia/welcome/
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The work described in this thesis was developed in the context of the Collaviz project [Dupont et al., 2010].
The aim of the project was to design a collaborative platform for the remote scientific visualization. It
had to allow scientists working on remote sites to share, discuss and interact with simulation results. The
output of the simulations performed on a high performance computer cluster were pushed to a common
central server. Then, each of the members of the collaborative visualization session could ask for a specific
post-processing operation, which produced a 3D mesh. This mesh was then transmitted to each of the clients
to enable the interactive visualization. The users could then collaborate by sharing common annotations
or viewpoints on the 3D data and discuss through a chat system. The Collaviz project was decomposed
into 8 sub-projects. The aim of the sub-project in which this thesis took place was to develop solutions for
the remote scientific visualization of meshes. Consequently, we built tools to stream and visualize
efficiently such models. The Collaviz platform was designed to allow the users to access their data under
different network and terminal conditions. This is why, as explained in the following, we had to resort to
3D data adaptation.

Figure 4: An example of a scientific visualization mesh. Colors at vertices allow to visualize the temperature
on the surface of the object.

In all the previously described application domains, the needs of precision have never ceased to rise. For
example, the meshes generated for the simulation have an increasing number of cells in order to get results
that are close as possible to what is happening in the real process. For other fields such as digital heritage,
the precision of 3D capture devices is also improving, thus producing larger data.

As a 3D surface mesh is a discrete approximation of a surface composed of polygons, increasing the
precision means increasing the number of polygons. The more polygons a mesh contains, the bigger the
mesh data is. The application domains, like remote scientific visualization for the Collaviz project, require
this data to be stored and sometimes transmitted over networks. Data storage and transmission have an
economic cost. Some meshes are today so big that their storage and transmission represent a significant
cost. Mesh compression can help to reduce these costs.

The diversity of the computing devices used to visualize, or more generally process large meshes, is also
challenging. A large scientific visualization mesh that needs a graphic computer cluster to be visualized
cannot be directly rendered on a smartphone. Between these two systems, there is a tremendous difference
of available storage, central memory, CPU and GPU resources. The same problem arises for the network.
The amount of available bandwidth of an optic fiber connexion and the bandwidth of a DST. connexion are
not of the same order. Yet, the user may want to access his data in all these different conditions. To allow
the universal access, one must resort to adaptation.

3D data adaptation consists in transforming an input set of 3D objects into alternative modalities to
achieve the best visualization experience according to network characteristics, device capabilities and user

4
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a. Single-rate decompression
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b. Progressive decompression
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¢. Random-accessible decompression
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d. Progressive random-accessible decompression
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1.2 depicts the geometry and the connectivity information of a simple mesh.

The optional attribute information associates scalar or discrete properties to the mesh elements
(vertices, edges, faces and cells) useful for the applications. For example, a color, defined by three
floating-point numbers can be associated to each vertex or face. Textures coordinates, stored as two
floating-point numbers per vertex, allows to apply a 2D texture to a 3D mesh by creating a mapping
between the image of the texture and the surface of the mesh. Vertices normals, defined by three
floating-point numbers, allow to render a mesh with lightening effects.

a. b. c.

Figure 1.2: Tllustration of the connectivity and the geometry of a mesh. a. A simple mesh. b. A mesh with
the same connectivity as the first mesh but with a different geometry. ¢. A mesh with the same geometry
as the first mesh but with a different connectivity.

Figure 1.3: Textured mesh with its associated 2D texture.
A 3D mesh can be either surfacic or volumic as show on Figure 1.5.

Surface meshes do not contain cells. They only define surfaces that can be closed or not. Most of the
models used in video games and animation films are surfacic because only the exterior shape of the
model is used to render them. A surface mesh is said to contain boundaries if some of its edges are
adjacent to only one face as depicted on Figure 1.4.

Volume meshes have their inner volume filled by their cell elements. They are often used in 3D computa-
tional simulations. For instance, finite elements methods decompose a volume domain in elementary
cells and apply iteratively the physic equations to all these elements until the convergence is obtained.
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D’Azevedo, 2000] demonstrates
the efficiency of these two types of polygons according to the shape of the surface to represent.

Some mesh connectivities are said to be regular because they are composed of the repetition of the same
pattern. If only few elements of the mesh do not have a regular connectivity, then the mesh is said to be
semi-regular. When the connectivity of the mesh does not contain at all regular structures, it is said to be
irreqular. Figure 1.6 shows examples of mesh connectivities with different regularities. The vertex degrees
of a regular triangle mesh are always six. And the vertex degree of a regular quad mesh is always four.
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1.2 in Equation 1.1, the following relations can be obtained:
4 4g+ f
V= ;
2 ;
e=3(v 2+2g): (1.4)
If the genus of the mesh is low and it has a significant number of faces, the equation 1.3 becomes:

f 2w

So, a 2-manifold orientable triangle mesh has about twice more faces than vertices.

Each edge is incident to two vertices. It is counted when calculating the degree of both vertices. So, the
average degree of a vertex in an 2-manifold orientable triangle mesh is equal to:

AverageDegree= 2e=v
Integrating the Equation 1.4, this expression becomes:
AverageDegree=6(v 2+ 2g)=v

Therefore, by considering that the mesh has a significant number of vertices and a low genus, we can conclude
that the average degree of the vertices of a 2-manifold orientable triangle mesh is 6.

1.3 Storing a mesh

As meshes are virtual objects processed by computers, data structures are needed to store them in memory
or disk. Criteria to choose a mesh data structure are its compactness, the types of meshes it can store and
the ability to perform incidence queries on the mesh elements. This section describes three basic mesh data
structure. For a short review on data structures that allow random-accessible and progressive access, we
refer the reader to the Section 7.3.3.
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3, progressive lossless mesh compression algorithms allow during decompression
to first obtain a coarse version of the mesh. This first level of detail is then progressively refined as more
data is transmitted and decompressed, until the input mesh is restored. The general goal of progressive mesh
compression algorithms is to achieve the best rate-distortion performance in the sense that each decoded
level of detail must be as close as possible to the original mesh with the minimum amount of decoded data.

Progressive mesh compression algorithms reduce the data size, which is useful in a context of storage and
transmission. The fact that the user can have an access to the data without having fully downloaded and
decompressed it is also interesting because it reduces the waiting time. Finally, the level of detail structure
embedded in the compressed data allows to choose the best resolution that can be smoothly visualized on the
user device. We therefore think that progressive mesh compression is an efficient tool for the adaptation
of 3D meshes to storage and transmission constraints.

The Chapter 3 shows that previous work on progressive mesh compression has focused on the compres-
sion of triangle surface meshes. However, a significant number of carefully designed meshes are composed
of polygon faces. In addition, many recent work focused on quad mesh processing. Moreover, for appli-
cations such as remote scientific visualization, meshes can contain not only triangular faces and the de-
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Tampieri, 1992].

Concave faces in a polygon mesh are difficult to render and, as a consequence, are often avoided. Our
compression algorithm can be configured to only generate convex faces. In this case, the first decimation
steps generate only convex faces. When it is no longer possible, the next decimation steps further simplify
the mesh by allowing the generation of concave faces. The aim of these last decimation steps is to generate a
minimal base mesh. During the decompression, the first LOD displayed to the user is the first that contains

only convex faces.
a. ? b. i(

Figure 4.5: Decimation of a patch with triangle faces. a. The active patch is in blue. b. v; is removed. f;
is marked as having a center vertex removed.
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Once the current patch decimation is over, the algorithm attempts to create other patches with faces not
marked as having a removed center vertex. The patch decimation order is not constrained. In our current
implementation, the algorithm starts from a random seed vertex and progressively traverses the whole mesh
by trying to generate new patches with adjacent vertices that do not belong to already marked faces. An
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Lee et al., 2012] showed that the rate-distortion performance of the original AD
coder [Alliez and Desbrun, 2001a] can be significantly improved by interleaving decimation conquests with
vertex global quantization operations (see Figure 4.17). The main rationale is that a precise level of the
initial quantization is not needed for low LODs which have very few vertices. The decimation contests are
encoded with the AD coder and the quantization contests are encoded with the Peng and Kuo geometry
coder [Peng and Kuo, 2005].

Lee et al. propose two methods to choose at each iteration whether to decimate the mesh or to quantize
its vertex positions. In the first method, denoted by optimal the decimated mesh and the quantized mesh
are generated with their compressed data. The two rate-distortion ratio are then compared. The chosen
operation is the one that yields the lowest ratio. This method provides the best rate-distortion performance
for all levels of detail but is computationally intensive. It requires to generate both meshes, to determine the
size of the encoded data and to measure the two distortions with the initial mesh. Therefore, the authors
recorded the choices made by their optimal coder on a mesh corpus to learn the parameters and of a
function gz (K g) that provides the best number of quantization bits according to the level of decimation:

0c(Kg) = round( log(Kg) )
where round() corresponds to the nearest integer rounding function. Kg is defined as:

volume of bounding box

G~ . .
area  number of vertices

= 1:248and = 0:954are reported as the best parameter values for the selected triangle mesh corpus.
We used these values in our experiments as a first attempt to prove that the adaptive quantization is also
suitable for polygon mesh compression.

A second method, denoted by quasi-optimal, was proposed to choose at each iteration whether to decimate
or to quantize. If the current g (Kg) value is lower than the current number of quantization bits, then the
mesh is quantized. Else, it is decimated. The authors experimentally demonstrated that the quasi-optimal
and optimal methods yield similar results. We implemented Lee’s quasi-optimal method to improve the
rate-distortion performances of our coder at low rates.

4.5 Experimental results

To demonstrate the efficiency of our scheme, we implemented the encoder and the decoder in C+-+ using
the halfedge data structure of the CGAL library!. We divided the experiments in two parts. In the first
part, we experimented the compression of polygon meshes. In the second part, we studied the compression
of triangle meshes.

Thttp://wuw.cgal.org/
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Lee et al., 2012]. Figure inspired from [Lee et al., 2012].

For both type of meshes, we measured the performance of the approach by determining final compres-
sion rates and drawing rate-distortion curves. All results presented in this section were obtained with the
predictions described in Section 4.3. For the rate-distortion curves, we measured the distortion through the
METRO software tool [Cignoni et al., 1998], after triangulating each polygon through inserting a vertex at
the barycenter of its vertices and connecting it with all the polygon vertices.

We observed in our experiments that the computation times are approximately linear in the number of
vertices. A 10 M face mesh is compressed in 1 min 48 s and decompressed in 1 min 22 s on a desktop
computer equipped with an Intel Core i7 CPU clocked at 2.80 GHz and 8 GB of RAM.

4.5.1 Progressive compression of polygon meshes

This section presents polygon mesh compression results. The Figure 4.18 shows that the lifting scheme
presented in Section 4.4.1 clearly improves the rate distortion curve at low rates without increasing the final
compression rate. The rate-distortion optimization algorithm provides even better distortion at low rates
but increases the overall compression rate.

The Table 4.1 lists compression rates on polygon models depicted in the Figure 4.19. In order to compare
the effectiveness of our method against simple triangulation prior to compression (see Section 3.2.7), we
triangulate polygonal models by choosing for each polygon an arbitrary vertex as pivot and adding edges
between this vertex and all the others. The triangulated models are then compressed with the state of the
art progressive compression method specialized to triangle meshes [Lee et al., 2012]. We add to the obtained
compression rates the cost of the edge flag encoding required to restore the mesh initial connectivity after
decompression (see Section 3.2.7). This cost is computed for each mesh with the Shannon entropy of the
Boolean symbol sequence. The obtained values clearly improve over the trivial one. For our polygon mesh
corpus, the trivial method costs on average 4 more bpv than our method.
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to evidence the cost of the progressiveness. This cost is high for the simple models (Shark, Teapot, Tricer-
atops, Beethoven, Fandisk, Elephant) as their regularity gets rapidly worse during the decimation. Complex,
regular models (Neptune, Chinese lion, Gargoyle, Rabbit) are efficiently compressed. Our algorithm performs
well with irregular models (Horse, Fertility, Ramesses, Dinosaur) compared to the single-rate approach. It
even improves on very irregular models such as the VSA-remeshed [Cohen-Steiner et al., 2004] Lucy or the
Hippo models. The Figure 4.21 depicts the decompression of the Bimba quadrangle surface mesh. The
Figure 4.20 shows levels of detail generated by PPMC.

4.5.2 Progressive compression of triangle meshes

We now compare our coder with state-of-the-art compression methods specialized to triangle meshes. Fig-
ure 4.22 and 4.23 depict rate-distortion curves obtained with methods specialized to triangle meshes, and
our algorithm. Some of the results of these coders were already published in [Lee et al., 2012]. For our
algorithm, we provide a curve with the lifting scheme and a curve with the adaptive quantization algorithm.
We notice that several coders achieve better results in term of compression ratio and rate-distortion curves
than our algorithm. In particular, [Mamou et al., 2010] performs very well, at the price of high compres-
sion and decompression times (3 minutes for a mesh with 20,000 vertices). The approach of Valette et al.
[Valette et al., 2009] also provides very good results: the compression ratio are high and the rate-distortion
curve is excellent with the rabbit model, at the price of not guaranteeing the restoration of the initial connec-
tivity. The octree coder [Peng and Kuo, 2005] gives good compression rates but the distortion is high at low
rates. The rate-distortion optimized coder from [Ahn et al., 2011] also performs well in terms of compression
ratio but is weaker than our coder in terms of distortion at low rates. For triangle meshes, our algorithm
provides similar distortion at low rates than the approach described in [Lee et al., 2012]. It also yields better
compression rates as shown in the second part of Table 4.1. For the two presented triangle meshes, the
lifting scheme yields slightly better final compression rates than the adaptive quantization method. For the
irregular horse model, however, the rate-distortion performance is worse at some point.

65



C.
b.
d.
f /
i
e.
g. .
]
h.
k.
K m \
n 0.
~—
\
r.
—_—
g.

4.1 and their tessellations. a. Beethoven b. Bunny c¢. Triceratops d.
Teapot e. Elephant f. Shark g. Neptune h. Gargoyle 7. Lucy VSA j. Chinese lion k. Hippo [ Fandisk m.
Rabbit n. Dinosaur o. Venusbody p. Fertility ¢. Horse r. Ramesses.
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