VVolume Visualization of Large Tetrahedral Meshes
on Low Cost Platforms
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Abstract

In this paper, we present an interactive system for visu-
alization of three-dimensional scalar fieids. The system
has bheen desigrned in order to overcome some of the
problems posed by very large volume data sets. The
adopted solution exploits an efficient mulfiresolution
data structure based on a tetrahedral domain decompo-
sition. The mesh to be rendered can be selectively re-
fined over avcas that the nser considers more critical, on
the basis of either field values or domain locations. The
system suppors diffevent vendesing techoigues, such as
isosurface fitting and Direct Volume Rendering (DVR).

1 Introduction

Space requirements and rendering time for a tetrahe-
dral mesh are proportional to its resolutiomn, i.e., to the
demsity of s tetrabedra, and, thms, to the density of
the underlying point set. When a tetrahedral mesh is
oo large, data simplification can be used in order to
bring it to a more manageable size prior to visualiza-
tion [3, 1, 8, 7, 6, 11].

Tn many cases, it is very useful to apply simplification
selectively, e.g., only in a portion of the domain, or only
in the proximity of interesting ficld values. This process
is ngnally called selective refinement.

Mesh simplification, however, is too time-consuming
to be perfurmed on line. A more recent approach con-
sists of decoupling the simplification phase from the
selective refinement phase. This has led to multireso-
jution meodels, which have been developed in the two-
dimensional case for triangle meshes {see, e.g., a sur-
vey in [A]). Basically, such models encode the simpli-
fication steps as a partial order, from which a virtu-
ally continuous set. of meshes at different Levels Of De-
tail (LODs) can be extracted, hased on efficient graph
{traversal strategies.

Here, we present a volnme visualizabion system,
called TAn2 ( Tetrahedra Analyzer 2), which is based on
a multiresolution model which specializes for the three
dimensional case the model proposed in [4, 9], called the
Multi- Tesselation {MT}).
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TAn2 exploits multiresolution not only for reducing
data complexity uniformly, but also for varying the res-
olution through data domain. Selective refinement can
be baged either on the levels of the isosurfuces to be
rendered, or on a spatial location within the demain.
These features allow the user to focus on those areas
that are considered more critical.

One of the major ebjectives of TAn2is to enable & low
cost PC platform to perform those tasks that are nowa-
days the Tealm of more costly graphics workstations. We
assume a PC architecture equipped with 512MB RAM
and a graphics board having a sustained thronghpus
at least of 1M shaded triangles/sec. We consider an
application which manages datascts hased on a tefre-
hedral decomposition of the 3D space, with scalar data
associated with the mesh geometry, and supports Direct
volume Rendering (DVR), isosurface fitting and cross-
slice rendering at a reascnable degree of interactivity (10
fps). Under the above assumptions, a standard volume
visualization system could only work with a mesh not
exceeding either 350K vertices when doing isosurface
rendering, or 3K vertices when doing DVR, (see [2] for
details). On the contrary, TAn2 can manage meshes of
up t¢ 12M vertices by using user-driven selective refine-
ment prior to visualization. A more detailed descrip-
tion, presenting also the underlying data structure and
the selective refinement technigues on which TAn?2 is
hased, can he found in (2],

2 The TAn2 system

The architecture of the TAn2 (Tetrahedra Analyzer 2)
system has been designed to overcome some of the prob-
jems arising interactive visnalizing very large volume
data sets. The solution adopted in TAn2 is based on a
multiresolution structure that describes the whole data
set in an implicit and very compacl way, and supports
selective refinement efficiently [2]. From such stracture,
smaller subsets of data are extracted and rendered. The
amount of data extracted for rendering and their level
of resolution (possibly variable over the domain) are se-
lected in such a way to give the largest mesh that can be
rendered nnder the given time and resource constraints.
The systern has been implemented in C+4 and runs
under both Windows and Linux.

TAn2 system provides both visnalization thromgh iso-
surfaces, cross sections and Direct Volume Bendering
(DVR) on uniform or varieble LOD. In isosurface ren-
dering mode, one or more isosurfaces may be displayed



at a time; data visnalized can be enriched by introducing
cross section plancs (sec Pigare 3). The VVER approach
adopted is based on a depth-sorting and a composition
of tetrabedral cells [10, 12],

In all rendering modalities (isosurfaces, cross planes
and DVR), appearance parameters such ag colors and
transparency values ave determined by means of a user-
defined Transfer Function {TF). The Transfer Function
defines how field values are mapped into color and trans-
parency values that will be used in rendering. The TF
is defined in terms of RGBA components throngh linear
interpolation of the RGBA valnes spectfied by the user
at a finite set of field values. The system containg a
visual interactive tool for editing transfer functions (see
Fignre 2).

2.1 Role of Multiresslutian within the System

Within the system, a compact multiresolution data
structure, the Multi-Tesselation (MT), is maintained,
which describes the whole data set in an implicit way.
This data stracture requires only about 36n bytes for
storing a model having 7 vertices at the highest reselu-
tion, and for supporting all multiresolution operations.
Tn [2], we show that the MT has a compression factor
of about 6 with respect to storing juat the mesh at the
maximum resolution with a standard data structure.
For the purpose of rendering, a current mesh is stored,
which is dynamically extracted from the MT by select-
ing just a subsed of the data. Rendering iz performed
based on the current mesh. The current mesh has a
suitable size to be rendered with the available wmemory
and with an interactive frame rate, depending on the
current viewing modality. The resolution of the current
mesh is either uniform or variable over the domain, and
is chosen bhased on the current viewing parameters so
as to provide the highest possible guality of displayed
images within the size constraints. In particular, the
system supports the following uses of multiresolntion:

e Iniform LOD: the resolution of the current mesh
used in rendering is uniform over the domain based
on an approximation error threshold specified hy
the user.

o Varinhble LOD based on spatial location in the do-
main: the nser specifies hoth an error threshold
and a focns volume, e.g., an axis-aligned hox. The
focus volume is nged as a sort of 3D magnifying
glags in order to explore a dataset by increasing
resolntion only locally.

e Variable LOD bosed on field woluer the current
mesh satisfies the error threshoid specified by the
user just in proximity of the isosurface values cur-
rently selected, while the resolution of the mesh in
areas that do not contain such values is coarser.

TAn2 accepts as input either a plain tetrahedral mesh
or a Multi-Tesselation. The construction of the Muiti-
Tesselation is performed off-line by an independent ap-
plication; we nse a simplification code based on edge
collapse described in [1].
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Figure 1: The architecture of the TAnZ2 system.

3 System Architecture

The architecture of the TAn2 system i depicted iz Fig-
nre 1 and consists of six moedules which are described
in the following paragraphs, The GUI Manager is re-
sponsible for rendering all GUT-related areas of the sys-
tem interface, managimg user interaction, and filtering
all mser inputs hefore passing them to other modules.

The interface of TAn2, shown in Figure 2, consisis
of one main window subdivided into two regioms. The
View region (on the left) is devoted to the visnalization
of the dataset. The 3D scene visualized in the View re-
gion is managed by the Rendering Engine. The Transfer
Punction region (on the right) gives an innovative uni-
fied GUI framework for the interactive setting of the
enrrent TF, the seleetion of isosurface thresholds, and
the selection of the error threshold for mesh extraction
from the MT.

The Transfer Function region contains a visual editor
to interactively design or modify the current TT, to set
ip the parameters for the selection of isosurfaces and
for the extraction of the current mesh from the MT.
Changes to cither the TF, or the isesurface valnes, or
the error threshold, are managed by the Transfer Func-
tion Manaeger with the help of the Mulliresolution En-
gine and of the Current Model Manager.

The Transfer Function Manager collacts all param-
eters set by the user, which are related to the current
TTF, to the curzent isosurface values, and to the current
error threshold. The Transfer Function Manager acts
as @ filter that vedivects the user specifications to the
appropriate modules which handle them.

The Multiresolution Engine ig driven by interac-
tively manipulating either the handle of the current
error threshold in the Transfer Function region of the
GUI, or the manipulator 3D widget provided to select
the spatial focus region. The GUI Maneger commu-
nicates any changes to the Transfer Function Monager,
which in turn invokes the Multiresslution Engine. Baged
on the new error threshold, the Multiresolution Engine
extracts a new mesh from the MT and sends it to the
Current Model Manager.



The Current Model Manager is devoted to the man-
agement of the current mesh: a dyvnamically modifiable
tetrahedral mesh that stores the model as extracted
from the MT, enriched with data needed in various vi-
stalization modalities {like isosurfaces, colors, etc), in
other words, it maintaing the ready-to-render model.
The Igosurface Engine computes new isosurfaces on
command of the Transfer Punction Manager, or new
cross sections following the requests of the GUT Man-
wger. These npdated surface meshes are maintained in
the Current Model Maonoger.

Thke Rendering Engine performs rendering either of
isosurfaces, or directly of the data set (possibly throngh
DVR}.

In the example of Figure 2, a uniform resolution mesh
has been extracted {the corresponding error threshold
is the one selected with the mulbtiresolution extraction
handle), and three different isosurfaces are fitted and
rendered {corresponding to the three iscsurface handles
shown) together with the mesh bonndary surface.

4 Resuits

In this scction, we show images and performance statis-
tits obtained from the TAn2 system on the Turbine
Blade dataset (106,795 vertexes, 576,676 tetrahedra),
a curvilinear mesh courtesy of AVS Inc. (tetrahedral-
ized by O.G. Staadt). Turbine Blade is a rather large
dataset, non-convex, containing many degenerate cells
(ie., having zero volume). It contains 41,920 boundary
eells. An estimate of the average size of the isosurfaces
fitted on this data set has been computed by considering
nine ficld values equally distribnted in the dataset fieid
range: the estimated average size is abont 70K faces per
ispsurface.

Meshes at uniform resolution have been extracted
from the multiresolution representation of the Turbine
dataset according o & constant error threshold. The
sizes of snch meshes are reported in Table 1, where
the error value is measured as a percentage of the field
range. Table 1 contains also results on isosurface genera-
tion from werieble LOD meshes constructed on the basis
of the field value. The valie of the resolution thresh-
old nsed in mesh extraction (¢ = 0.,0.1 and 1.0) are
measured as percentages of the dataset field range; the
corresponding mesh sizes are also reported. It has to be
noted that if the dataset contains an isosurface which
intersects a large number of mesh cells, then the cor-
responding verichble LD cannot be very concise, An
example is provided by the verigble LOD mesh corre-
sponding to the active isosurface of valite 160.28 and to
an error ¢ = 0. {see Tahle 1). Tu this case, the joint use
of a field-hased and of a spaiial domain-bascd focusing
filter can improve data reduction capabilities. While
under the configuration described above (£ = (., isosur-
face=160.28) we obtain a wariable LOD mesh composed
of 473K cells, we can easily produce a representation of
smaller size (in the range of 80K cells) by focusing on
a domain subvolume. The multiresolution extraction
timne is in general nearly interactive.

Finally, images representing the other two rendering
modalities are in Fignres 3 and 5. In the first one, we
show a cross plane cxtracted nsing a wariahle LOD {40k
cells ot of the original 576k) under a resolution error

threshold & = 2%. In the latter, we show s hybrid DVR.
image (integrated iscsurfaces plus DVR) on the same
varigble LOD.

5 Conclusions

The TAn2 system supports rendering of datasets that
are about six times larger than those that conld fit in
merory with a traditional system, and from 30 tc 4000
times larger than those that eonld be visualized inter-
actively (depending on whether we are doing isosurtace
rendering or DVR).

To our knowledge, T'An2 is the only multiresolution
volume visualization system able to deal with irregular
datasets and non-convex domains efliciently.
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[ Turbine

variakle resolution madels uniform resolution models

isosurface B tetra isosnrf. £ tetra | isosusf, 3 tetra | isosurf. £

threshold size size size % of field range
I37.38 ). 352,558 73,052 1.3 134,801 33,759 1. 40,611 14,298 9.1 233,84R [
160.28 Q. 473,625 141,378 &1 169,824 67,909 1. 46,048 24,017 0.5 117,696
18317 0. 263,311 28,718 0.1 100,798 18.081 1. 36,148 8,343 1.0 84,743
206.07 a. 180,938 8,286 a. 69,604 6.858 1. 28,637 3,167 5.0 37.518
217.52 0. 108,298 3,001 a.1 47,810 2,621 1. 22,188 1,518 10.0 23,778 i

Table 1: Resnlts of penerating isosnrfaces through the extraction of meshes at warioble resolution from the mul-
tiresolution representation of the Turbine dataset. The error is measured as a percentage of the field range, and
depends on the current selected isosurfaces (it is < 2 on tetrahedra contributing to the isosurface cells; any error on
other tetrahedra). Last two columns show sizes of meshes at undform resohition extracted from the multiresolution

representation of the Turbine dataset.
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Figure 2: The main window of the TAr2 system. £ = 10% in the external space).

The isosurfaces shown have been computed on a uni-

form EOD mesh (containing 183K tetrahedra) extracted

from the multiresolution representation of the Turbine

datasget.

Figure 5: An hybrid DVR (integrated isosurfaces plus
DVR) image of a Turbine wariable LOD (40k cells, £ =

Figure 3: An image of a Turbine variable LOD (40k
2% is shown.

cells, £ = 2%) with a cross plane.



