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ABSTRACT

One of the main goals of scientific visualization is the development of algorithms and appropriate
data models which allow interactive visual analysis and direct manipulation of the increasingly
large data sets which result from time-dependent 3D simulations running on massive paral-
lel computer systems or from measurements employing fast high-resolution sensors. This task
can only be achieved with the optimization of all steps of the visualization pipeline: semantic
compression and feature extraction based on the raw data sets, adaptive visualization map-
pings which allow the user to choose between speed and accuracy, and exploiting new graphics
hardware features for fast and high-quality rendering. The paper presents some of the recent
advances in those areas of scientific visualization showing examples from computer aided en-
gineering in the automotive industry like Lattice-Boltzmann based flow simulation and pre-
and postprocessing in crash-worthiness analysis, as well as volume visualization of chemical and
medical datasets. It will be demonstrated that the proliferation of 3D graphics adapters for
the PC and increasing network bandwidth will bring web-based visualization techniques to new
application domains while at the same time high-end graphics solutions continue to be required
for productive work in virtual reality installations.

1 Introduction

The ever growing size of data sets resulting from industrial and scientific simulations and mea-
surements have created an enormous need for analysis tools allowing interactive visualization.
Although processing speed and graphics hardware performance are still improving dramatically,
additional very specialized algorithmic innovations and methodical developments are necessary
in order to yield the overall performance improvements end users are demanding. Therefore,
scientific visualization which started as an interdisplinary activity of engineers, physicists, math-
ematicians and other computational scientists grew into a research field of its own right during
the last decade. Today, scientific visualization is well established within the field of computer
science bridging the gap between simulation and computer graphics by means of dedicated con-
ferences, journals and reputable research groups.

Formally, we describe scientific visualization as the process of generating a visual represen-
tation of the information contained in abstract data fields resulting from computer simulations



or sensoric measurements. The standard model of this process comprises a pipeline of three
stages (see Figure 1). The filter stage is a preprocessing step converting the raw input data into
visualization data which is usually reduced by operations like sampling, slicing, cropping, etc.
The mapper stage performs a mapping of the abstract data fields into a visual representation
consisting of geometric primitives like points, lines, surfaces or voxels and associated graphical
attributes like color, transparency, texture, etc. The renderer, finally, uses this scene description
to generate images by means of 3D graphics APIs such as OpenGL or OpenInventor, possibly
exploiting 3D graphics hardware to achieve interactive frame rates. Many different mapping
algorithms have been developed for various scenarios. A crude classification of these methods
distinguishes between the dimensionality of the data set, the underlying data type, such as
scalar, vector, multivariate, and the supported grid structure, such as regular, curvi-linear or
unstructured. While the generation of graphs and images from 1D and 2D data is usually well
supported by traditional plotting software, advanced visualization techniques focus on data de-
fined on 3D geometry (e.g. displacement values on the finite element mesh of a car body) or
volumetric data (e.g. scalar 3D data given on Cartesian grids like from CT or MRI scanners or
vectorial 3D data given on unstructured grids like velocities from CFD simulations). Additional
complexity arises from time dependent data potentially given on grids with changing geometry
(like in crash simulations) or even changing topology (like in combustion simulation).
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Figure 1. The basics stages of the visualization pipeline and the problems and approaches
associated with visualizing large data sets.

Since those data sets are intrinsically huge, a lot of efforts have been undertaken during the
last years to come up with optimized visualization algorithms. The goal is to develop algorithms
which react to changes of mapping parameters (e.g. varying the iso-value of an iso-surface) by
regenerating within seconds the corresponding geometrical representation which can then be
rendered with several frames per second. Only with this type of real-time interaction and navi-
gation is it possible to analyze an unknown data set and to compensate for the information lost
during the projection of the 3D scene onto the screen. However, despite all the sophistication
incorporated into these methods, does it seem that the data sets are growing faster than algo-
rithmic progress is made. Therefore, all stages of the visualization pipeline have to be subject to
optimization in order to be able to match our goal. In the following, some ideas and examples
are described which demonstrate recent progess made in accelerating filtering, mapping and
rendering of the visualization pipeline.
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Figure 2. Feature extraction from scalar and vector data sets based on multiresolution analysis

2 Data compression and feature extraction by multiresolution analysis

It is obvious that visualization methods which essentially have to access each cell of a volumetric
data set containing millions of cells in order to derive a visual mapping might not catch up to
the goal of interactive processing. Thus, we have to reduce the number of cells which have to be
visually mapped, which means that we have to compress the data set in a preprocessing filtering
step. Since we strive to reduce the number of cells by at least an order of magnitude, only
lossy compression schemes will be employed. However, this does not always have to lead to a
significant loss of information. On the contrary, the compression scheme will be chosen in such a
way, that only redundant or irrelevant information (e.g. CT voxels containing air) is discarded,
while important features like high gradients, edges, etc. are retained or even emphasized. An
example for this is shown in Figure 2(b) where wavelet analysis was used to automatically
segment brain vessels from a CT angiography (Westermann and Ertl 1997). Tracing wavelet
maxima across various scales extracts the vessel walls and removes noise at the same time. A
similar idea was used to visualize relevant flow structures from an aerodynamics simulation of a
car (Westermann, Johnson, and Ertl 2000). Time surfaces are integrated from the velocity field
and their curvature is measured to separate principal streams. Successive smoothing removes
fine-scale fluctuations making the prominent features visible in the semi-transparent rendering
of a LIC volume as shown in Figure 2(c).

In any compression scheme an error is introduced and the user has to be given control over
the threshold letting him choose between a fast visualization of a very crude approximation
of the data and an almost perfect representation of the data which took perhaps minutes to
compute. This requirement can only be met, if not only one compressed version of the data, but
a complete hierarchy of representations of the data set at different levels of resolution is available
or can be generated on the fly. There are various ways to derive such a hierarchy and they have
all been applied in visualization ranging from simple octrees to wavelets and multilevel finite
elements (Grosso and Ertl 1998). Even more, hierachical data structures are used in a variety of
modern numerical methods. In order to visualize these results they have to be interpolated to
standard grids before general purpose visualization packages can be applied. Examples where
this is hardly possible and completely new visualization algorithms have to be developed are
sparse grids (Teitzel, Hopf, Grosso, and Ertl 1999) or locally refined cartesian grids as they are
used in industrial Lattice-Boltzmann CFD codes (Schulz, Reck, Bartelheimer, and Ertl 1999).
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Figure 3. Adaptive and progressive visualization from hierarchical data representations

3 Adaptive and progressive mapping algorithms

Developing efficient algorithms for generating a multiresolution hierarchy of a volumetric data
set by compressing redundant information with respect to an error measure is only one side of
the visualization pipeline. On the mapping side we need just as efficient algorithms which can
take advantage of the hierarchical data structures. It turns out that this is by no means a trivial
task as in general the traversal of a hierarchy is slow compared to full grid algorithms which
have been optimized over years. However, ideally, a mapping algorithm exploiting the hierar-
chical representation of the data fields will automatically generate geometrical representations
at various levels of detail, thus allowing incremental and progressive rendering.

Examples of this are shown in Figure 3. On the left hand side, an octree hierarchy was built
from a scalar cartesian volume resulting from cryo-electron microscopy of a ribosom of Escheria
Coli. An iso-surface was reconstructed from various levels of the hierarchy depending on the
distance of the octree leaves from a momentarily defined focus point. Special attention has to
be paid to avoid holes in the iso-surface near level transitions. Real-time performance allows
to interactively investigate details of the iso-surface which would have not been possible for the
full resolution surface (Westermann, Kobbelt, and Ertl 1999). On the right hand side, several
levels of an adaptively refined tetrahedral mesh were generated from a high resolution regular
volume of the electron density of a molecule. Due to the enormous reduction in the order of
cells iso-surfaces can interactively be extracted from the unstructured mesh and progressively
refined while descending the hierarchy (Engel, Grosso, and Ertl 1998).

Besides the exploitation of hierarchical data structures for adaptive and progressive visual-
izations research still concentrates on generating new visual mappings for complex and derived
quantities. Figure 4(b) shows an example for the fruitful combination of various particle probes
for the interactive investigation of the air flow around a car body. While the rake of stream
lines gives the overall picture, the ribbons are helpful in understanding the A-frame vortex and
the glyphs carry additional information about the pressure mapped to the color (Rottger, Ertl,
and Bartelheimer 2001). One important result of front crash simulations is the information how
much force is transmitted by the longitudinal strucures and how much energy is absorbed by
those car body parts. A new way to visualize the temporal variation of the sectional forces
at various positions is by using an additional geometry called force tube and by mapping those
values to its radius and its color (Kuschfeldt, Holzner, Sommer, and Ertl 1998) (see Figure 4(a)).
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Figure 4. Additional geometry allows for efficient mapping of complex relationsships

4 Exploiting advanced rasterization hardware

Despite the advances in innovative algorithms for filtering data sets and mapping the relevant
entities to geometry and to visual variables visualization still requires hardware accelerated
graphics to achieve interactive rates. Driven by the mass market of computer games the per-
formance of graphics adapters has made fascinating progress during the last five years. Besides
new peak rates for geometry processing in the order of several millions of lit and shaded tri-
angles per second a drastic increase in rasterization functionality has to be noted. Especially
texturing and blending of semi-transparent pixels is a commodity now available in almost any
workstation and PC. Exploiting rasterization hardware for scientific visualization has brought
interactivity to several well-known but expensive methods like direct volume rendering and has
laid foundation for new approaches (Westermann and Ertl 1998). One example is shown in
Figure 5(b) where the pressure values of a CFD simulation are mapped to colored iso-contours
on several slice planes by means of a 1D texture map. Occlusion of the slice planes is reduced by
mapping uninteresting pressure values to transparent pixels. In Figure 5(a) transparency is used
in assisting the user to place spot welds on flanges of a crash simulation finite element model.
Distances between each of the elements are efficiently computed by a bounding box hierarchy.
Elements which are closer than a certain distance are colored as potential flanges and the rest
of the geometry is finally made transparent (Sommer and Ertl 2000).

5 Conclusions

As the size of data sets resulting from simulation or messurement will be continuously increasing
so is the need for interactive visualization techniques and tools. We have shown that multireso-
lution analysis is a promising approach for compressing data sets in order to arrive at a concise
visualization of the relevant features. The hierachical data structures also form a basis for adap-
tive and progressive visualization algorithms to be used in web applications. Exploiting the
wealth of graphics hardware functionality for new visualization methods is only at its beginning
and will allow for the analysis of huge data sets in virtual environments. Finally, optimal visual-
ization performance will only be achieved by a very tight adaption to the specific requirements
of the simulation. This demands for an even closer collaboration between the computational
scientist and the visualization expert in the future.



(a) Visualizing potential flanges of the back compartment of a car by (b) Stacked slice planes show-
rendering only nearby geometry opaque ing contours of the pressure,

transparency removes occlu-
sion of the vortex

Figure 5. Exploiting rasterization functionality like texturing and transparency
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