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Abstract

The use of virtual prototypes generated from engi-
neering simulations can be crucial to the efficient de-
velopment of innovative products. Performance pre-
dictions and functional evaluations of a design are pos-
sible long before results of real prototype tests are
available. In this article we present new results of
on-going research at the University of Erlangen and
at BMW in developing a virtual environment for car-
body engineering applications. They extend to a va-
riety of different fields such as structural mechanics,
aerodynamics, acoustics and air conditioning, to name
just a few. In each of these fields, the task at hand
is twofold: first to predict the physical behavior of a
complex technical system; second to use the analysis
results to effectively introduce the necessary engineer-
ing changes. Creating VRML scenes makes it possible
to use the Intra-/Internet as a communication plat-
form.

1 Motivation for a Virtual Environ-
ment

The concept phase of product development in au-
tomotive design is characterized by the need to evalu-
ate complex engineering scenarios under conditions in
which the relevant information is either only partially
available or the correctness of underlying assumptions
regarding the viability of certain technical solutions is
not yet proven.

Numerical simulation has always played a key role
in this context. Performance predictions and func-
tional evaluations are possible long before results of
real prototype tests are available. However, with the
rise in model complexity, data quantity, computing
performance and accuracy we increasingly find our-
selves lacking the tools, methods and metaphors to
deal with the information that is being generated.
This is supported by the observation at BMW that
currently about 30 percent of the efforts involved in
a typical simulation go into the preprocessing phase

and about 10 percent is taken up by the actual compu-
tation, while approximately 60 percent goes into the
analysis and communication of the results. Clearly
there is a strong incentive to reduce the last percent-
age by means of implementing insightful, intuitive vi-
sualization tools which allow effective communication
between engineers.

Previous research has shown that a virtual envi-
ronment can offer a wide variety of analytical post-
processing tools. For example, the Virtual Windtun-
nel project described by Bryson [1, 2] is one of the
first applications based on virtual reality techniques
that clearly shows the advantages of this approach
compared to traditional finite element analysis post-
processing methods. Ye [3] and Yeh [4] also use a
virtual environment for the visualization of finite el-
ement models which further illustrates the usefulness
of this technique.

The study of realistically simulated scenarios in
structural and fluid mechanics involves very large,
transient data sets. In the past it was far beyond the
available hardware capabilities to display those data
sets in real-time. However, due to advances in hard-
ware technologies and due to the efforts of a number
of researchers in the area of data reduction techniques
[5, 6], the visualization of these data sets became pos-
sible.

In earlier research by the University of Erlangen
and BMW we focused on the analysis of results
from a finite element solver and performed a time-
dependent real-time visualization of the crash perfor-
mance of a vehicle. This proved the value of providing
novel computer-human interface techniques for intu-
itive and interactive analysis of crash test simulation
data [7, 8, 9]. However, several weaknesses were iden-
tified: deficiencies in interactive performance, lack of
versatility in the configuration of the virtual environ-
ment and limited extensibility to new capabilities.

2 System Design Issues

Our system loads finite element models directly
which consist of various types of elements (volumes,
shells and beams), which are collected into groups.
All of the data is time-dependent and comprises, for
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Figure 1: Transformation of the finite element model into the virtual environment.

each time step of the simulation, nodes in global coor-
dinates and elements which reference the groups they
belong to as well as their constituent nodes (Figure
1). Our system follows an object-oriented design with
the data structured into a class hierarchy which is
partly derived from the element structure of the finite
element models themselves. Furthermore, it employs
data sorting methods to generate new local polygon
lists and creates a data structure suitable for the ani-
mation of all time steps.

2.1 Polygon Generation and Reduction

Shell and beam elements are converted into poly-
gons in a straightforward manner. In the case of sev-
eral solids representing a car component, an algorithm
was designed that eliminates identical polygons of the
adjacent solids that build up the component. For all
vehicle components originally modelled as solids, only
those polygons which define the outer surface are fi-
nally retained.

In order to meet memory requirements and to main-
tain frame rates of at least ten frames per second,
which is necessary to provide a sense of real time
interactivity, the polygon mesh of the model needs
to be simplified. Since it is important to keep the
shape of the model consistent over time, the simpli-
fication algorithm is applied to all time steps, identi-
fying and preserving those vertices which carry infor-
mation which is relevant to the simulation. Figure 2
shows how this technique reduces the mesh of an en-
gine mount in unimportant regions while maintaining
a fine mesh in the area of deformation (highlighted).
Our method is based on the algorithm of Schroeder
[5] and does not create new vertices. This is essen-
tial since we need to preserve scalar and vector-valued
data computed in the finite element analysis for each
vertex of the original set. Typically reductions in the
number of polygons on the order of 50 percent are
achieved.

2.2 Adapted Virtual Environments

Currently our system supports a variety of interface
hardware and interactive functions and we are in the
process of addressing new fields of application. We
demonstrate the improved capabilities of our virtual
environment for interactive “ what-if 7 studies - giving
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Figure 2: Polygon decimation of the engine mount.

multidisciplinary engineering teams an intuitive sense
of the performance of a design as well as facilitating
the assessment of alternatives and helping to achieve
optimal solutions to conceptual design problems.

Our system is divided into a high-end VR part and
a VRML based part for Intra-/Internet access (Figure
3). We think of virtual environments being tailored
to a specific application in order to become Adapted
Virtual Environments (AVE) [10].

The high-end part includes a VR-lab, the workplace
environment and the projection environment. This
part of the system also contains methods for convert-
ing finite elements into geometry information and for
creating VRML files of selected objects. The devices
that are used in a particular user session are specified
at start-up. Several interface hardware devices are



Netscape Navigator allow the direct comparison of two
different design variants (Figure 4).
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Figure 3: Structure of the visualization system

currently supported, including a FakeSpace BOOM,
stereoscopic large-screen projection as well as the con-
ventional workstation display. In addition, the user
can choose between a CyberGlove, a 3D mouse or a
conventional 2D mouse and a keyboard for input.

This flexibility supports different usage scenarios -
from two or three engineers discussing details up to
design-build teams of ten people engaged in a project
meeting. A simple 3D menu is used to control the vi-
sualization. The animation may be stopped and run
forward or backward at a user-defined rate in incre-
mental steps.

From the comments of users we learned that stereo-
scopic viewing is a valuable feature in all environ-
ments. The best results were achieved with a two-
channel, large screen projection, where the viewers
wore simple polarized glasses that do not require a
transmitter and which allow the individuals to move
freely around in front of the screen. However, we
found test users somewhat apprehensive of the 3D
mouse as a navigational tool and work is continuing
in this area to provide the end user with an intuitive,
comfortable means of traversing the virtual space.

Since not every application needs the full band-
width of immersion, VRML files can be used for doc-
umentation and communication. The benefits in the
second part lies in the link between the expensive
high-end environment necessary for the scientific en-
gineering computations and the widespread available
low-cost workstations and PC’s. Embedding the cre-
ated VRML scenes in HTML pages and JAVA scripts,
which control the visualization in the web browser,
propagates the analyzed results to each involved en-
gineer. Two synchronized CosmoPlayers within a
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Figure 4: Visualization of two different design variants
in two synchronized CosmoPlayers within Netscape

3 Dynamic Analysis of Numerical
Simulations

Our virtual environment for car-body engineering
applications supports visualization methods for the
exploration of different time-dependent phenomena.
Crash test, sheet metal forming and vibration analy-
sis are based on deforming geometric elements (solids,
shells, beams), acoustic radiation is based on unstruc-
tured scalar volume elements.
3.1 Impact Dynamics

The crash test simulation results are calculated
by the non-linear, transient, dynamic finite element
solver PAM-CRASH. A single crash test data set con-
sists of about sixty discrete time steps each of which
contains about 400,000 finite elements representing
the geometry and a set of scalar values for each el-
ement. Geometry data and physical properties data
like stress, strain, acceleration or velocity are visual-
ized to illustrate the performance of the whole vehicle
or any subset of components (Figure 5).
3.2 Sheet Metal Forming

The simulation of sheet metal forming is used to
predict the distribution of residual stress and the dis-
tribution of thickness after the stamping. Further-
more the propagation of ripples during stamping as
well as their final position is obtained. As in the case
of crash simulation, geometry together with physical
properties is displayed (Figure 6). The main difference
lies in the complexity of the grid. The tailored blank
is made up of a time-dependent hierarchically refined
grid with new polygons generated in every time step.
The geometry of the die and the blank-holder surfaces
can be shared through all time steps by applying a
suitable translation matrix to reduce the memory re-
quirements. In the virtual environment we can create



Figure 5: Full car crash in the virtual environment.

a transparent press tool and offer dynamic insight into
the forming of complex geometries.

Figure 6: Sheet metal forming: the upper forming tool
has been moved

3.3 Vibration

Vibrational analysis is computed as a linear modal
eigenvalue simulation of the car-body structure. The
car structure consists of about 200,000 finite elements.
As opposed to the crash test simulation there is only
one complete geometry description which contains the
nodes and the element connectivities. Over the course
of the animation the vehicle vibrates with a user-
defined amplification factor and the engineer can ana-
lyze the simulation more clearly than by interpreting
complex displacement vectors (Figure 7).

Figure 7: The door vibrates with the user defined
amplification factor.

3.4 Acoustics

The noise level (or preferably the absence thereof)
in the passenger compartment is a feature of relatively
high customer value because it is easily noticeable.
This noise occurs when the volume of air that occupies
the passenger compartment is subject to a change in
pressure caused by the excitation of resonating com-
ponents (Figure 8). The acoustics simulation is cal-
culated on basis of the vibration analysis results.

Figure 8: The air pressure volume inside the passenger
compartment is colored by the scalar values.

Typically the volume of air consists of about 20,000
volume cells and as a component begins to vibrate
a pressure wave is originating from it. An intuitive
means of visualizing the corresponding noise level be-
havior is the calculation of an isosurface from the air
pressure for every time step. The source of the change
in air pressure and the resulting noise level can be lo-
calized and the propagation of the wavefront can be
traced through the passenger compartment. Since our
input volume consists of a variety of cell types (tetra-
hedra, pyramids, prisms, and hexahedra), the stan-
dard marching cubes algorithm [11] for computing iso-



surfaces has to be extended. We partition all volume
cells into tetrahedra and apply a marching tetrahedra
type algorithm which also avoids ambiguities in the
surfaces.

4 Interactions

Our virtual environment offers a wide variety of dif-
ferent interaction mechanisms. Standard operations
like picking, dragging, and changing the transparency
of the components are realized and the animation can
be controlled by the 3D menu. Furthermore, scalar
values calculated by the simulation are displayed ei-
ther as color maps on the picked geometry or as a func-
tion of time and location drawn on a virtual sketch
pad appearing in the user’s peripheral field of view
(Figure 9).
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Figure 9: Display of a scalar value at one selected
element as a function of time on the sketch pad.

Another interactive feature is a cutting plane which
can be moved freely in virtual space and which slices
through virtual objects (Figure 10). Two methods
of calculating a cut are used: position-oriented (Eu-
ler) or geometry-oriented (Lagrange). The computa-
tion of the Euler cut involves performing polygon in-
tersection tests for the geometry for each time step.
Computationally, the Lagrange cut is the better so-
lution because the desired object is cut in only one
time step and the resulting intersection vertices are
then transfered to the other steps, giving the cut ge-
ometry the appearance of truly deforming during the
simulation. Both methods compute a time dependent
cutting plane, which is visible throughout the anima-
tion.

Since the data varies in time, the visualization will,
in general, be in motion. In the case of impact visual-
ization moving objects can be difficult to analyze, and
users must have the opportunity to lock onto what
they want to see. We provide the ability to attach
oneself to arbitrary objects in the scene, thereby ob-
serving only relative motion. This can provide the
user with, for instance, the crash test dummy’s per-
spective of driving the vehicle. In addition, individual
objects can be selected and moved freely during the

Figure 10: Cutting the engine mount with the trans-
parent plane.

animation. In the case of a side impact the engineers
are interested in the depth of intrusion caused by the
impacting vehicle. A plane can be attached to any
point of the original shape of the vehicle. For each
time step the depth of intrusion is calculated in ref-
erence to this plane and mapped as colors onto the
component’s surface (Figure 11).

Figure 11: Side impact: the depth of intrusion cal-
culated in reference to an interactive plane colors the
geometry.

In order to analyze the acoustic volume we provide a
dynamic pressure sensor, either in the shape of a plane
or a bar. The sensor can be moved inside the volume
to sample and display pressure values at a given loca-
tion changing with time (Figure 13). While the sensor
just visualizes local information next to the probe, do
isosurfaces give global information of the volume. A
dynamically positionable and propagating isosurface



Figure 12: The interactive isosurface probe propagates through the volume.

is available to explore the entire volume. From the
given starting point of the probe the isosurface prop-
agates through the passenger compartment (Figure
12).

Figure 13: The plane probe explores the scalar volume
inside the passenger compartment.

5 Conclusions

We presented a virtual environment for car-body
engineering applications which provides insightful, in-
tuitive visualization of virtual prototypes and allows
effective communication between engineers and man-
agement. Our system is being used at BMW for the
analysis of a wide variety of time-dependent numerical
simulations, ranging from crash-worthiness to sheet
metal forming, vibrations and acoustics. The main
advantage of the virtual environment is the intuitive
navigation and interaction with different types of FE
models relevant to the car body development process
chain. The option to generate VRML files allows low
cost workstations and the Internet to be used. This
opens the door for widespread communication net-
works to be established, a highly desirable feature
within a collaborative and multi-disciplined simula-
tion environment.

One key feature of our system is, that we are able to
load simulation files into the virtual environment di-
rectly and efficiently without any special preprocess-

ing and with on-the-fly polygon reduction. An av-
erage model consisting of 200,000 finite elements for
each of up to 60 time steps can be visualized with at
least 10 frames per second using a one-processor SGI
ONYX Infinite Reality with 2 GB of main memory.
Culling to the viewing frustum increases the frame
rate to about 20. Larger groups of engineers prefer
a large-screen stereoscopic projection for design re-
views while the fully immersive environment using a
Fakespace BOOM is optimal for detailed evaluation of
data involving only one to three individuals.

In the future, we will continue working on the in-
tegration of different simulation types into the sys-
tem, more intuitive interaction metaphors (GUI’s)
and scalability of the system to run on midrange com-
puting hardware. Furthermore, texture mapping and
iconic techniques such as “force tubes” [12, 13] are
also being explored as improved means for visualizing
scalar and vector quantities.
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