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Introduction and Overview  

This paper presents new methods for the interactive 
visual analysis of automotive engineering simulation 
data sets. Visual analysis can amplify the engineers’ 
cognition of simulation results and facilitates the 
generation of useful knowledge from raw data 
attributes. 

Understanding the complex relationships in the data 
helps engineers perform typical design tasks and 
solve common problems while designing complex 
subsystems found in modern automobiles. In this 
chapter, we first provide a brief description of the 
problem domain, the design process in automotive 
engineering. 

Automotive Engineering  Design 

The design process in automotive engineering is 
cyclic. Engineers virtually never start from scratch. 
New designs often evolve by making changes to 
previous ones. In an iteration, the effects of changes 
and new design ideas are evaluated and the design is 
refined based on the knowledge gained. 
Traditionally, new designs are evaluated by building 
physical prototypes and performing measurements 
on test bed systems. There are several problems 
associated with development cycles involving 
prototype testing. Intense market competition 
requires that development costs are reduced and 
new designs reach production in a short time. 

Unfortunately, prototype production is expensive 
and time consuming. Furthermore, there are certain 
physical attributes that cannot be directly measured 
on test beds, or only with insufficient accuracy, or 
only with limited spatial or temporal resolution. For 
example, direct and accurate measurements of gas 
temperature and flow velocity in the combustion 
chamber is not even remotely trivial. 

Visualization and Interactive Visual Analysis 

The engineer needs to define the design parameters 
such, that given the tolerances and the system’s 
sensitivity to those parameters, the produced results 
always lie within the target range. Computational 
data analysis methodologies, such as statistics, data 
mining, or machine learning are often used to 
analyze simulation data sets. Statistical methods and 
genetic algorithms are often used in optimization 
tasks. While computational methods are widely used 
and necessary, they are not always sufficient. They 
typically require that problems and interesting data 
features can be precisely defined from the beginning. 
The results of automated analysis of complex 
problems may be difficult to interpret. Exploring 
trends,patterns, relations, and dependencies in time-
dependent data through statistical aggregates is not 
always intuitive. 

Analysis using Data Aggregation and Derivation 

Abstract 

Computational simulation has become instrumental in the design process in automotive engineering. 
Virtually all components and subsystems of automobiles can be simulated. The simulation can be 
repeated many times with varied parameter settings, thereby simulating many possible design choices. 
Each simulation run can produce a complex, multivariate, and usually time dependent result data set. 
The engineers’ goal is to generate useful knowledge from those data. They need to understand the 
system’s behaviour, find correlations in the results, conclude how results depend on the parameters, 
find optimal parameter combinations, and exclude the ones that lead to undesired results. 
Computational analysis methods are widely used and necessary to analyze simulation data sets, but 
they are not always sufficient. 
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Time-series data are regularly collected and analyzed 
in a wide range of (scientific) domains. Acquiring 
values of a physical quantity via simulation or 
measurement over time produces time series data.  
then the response is perceived instantaneous. If the 
response takes longer, but less than 1 second then 
the delay is noticed, but the user’s flow of thought 
remains uninterrupted. If the response takes longer 
than 10 seconds, then users find it difficult to focus 
their attention and their flow of thought is 
interrupted. Actually, these findings resonate with a 
much older study by Miller, indicating that the pace 
of human cognition has not changed significantly for 
decades. An interesting analogy can be drawn 
between the three levels of complexity in analysis 
and the three time constraints in human-computer 
interaction. The users’ actions in level one analysis 
are spontaneous; they move a brush and observe the 
changes. The cycle time of the analysis loop is very 
short and many iterations are done in a short time. 
The user expects instantaneous response from the 
computer, so that the exploration remains fluid. At 
level two, the users’ actions are more complex. When 
they choose to open a new view, they need to think 
about the type of view and the data attribute. When 
brushes are combined, they need to consider 
possible logical operators to use. The pace of action 
becomes slower, and slower computer response can 
be acceptable. Nevertheless, if the system does not 
respond within one second, then the user’s cognitive 
process is interrupted. At analysis level three, the 
user can trigger the computation of new data 
attributes when he or she realizes that those can 
advance the analysis. 

Cross-Family Correlations 

Up to now, families of function graphs have been 
depicted in separate views. We have used the CMV 
system to compare multiple families. That is not 
always sufficient. The hydraulic model must be 
developed based on the energy conservation of the 
complete system (hydraulic power unit composed of 
engine and hydraulic pump, the accumulator, and 
the valve system composed of the valve actuator and 
the valve itself). The complete hydraulic valve 
actuator model is simulated. From among the 
approximately 600 simulation runs, we are looking 
for the runs where energy consumption is low. The 
data contains three families of function graphs: valve 
lift, actuator volume and actuator pressure. We can 
depict them using three function graph views.   

 

The Figure 1 (a) The desired valve lift curves are 
selected by a combination of three line brushes. (b) 
The phase diagram simultaneously displays pressure 
and volume. A simple line brush excludes high 
energy consumption cases. (c) and (d): 
Corresponding pressure. 

Interactive 3D Visualization of Multibody 
Dynamics 

The focus of the previous chapters of this thesis has 
been on the exploration and analysis of data sets 
that include scalar dimensions and families of 
function graphs. Data has been plotted in a 
coordinated multiple views system in rather abstract 
views, such as scatter plots, parallel coordinates, and 
views displaying function graphs. Those abstract 
representations can be useful for many analysis tasks, 
especially if the data has no relevant spatial context. 
The analysis of a fuel injection system presented in 
Section is one such example. However, if the spatial 
context of the data is relevant, then the analyst can 
often benefit from spatio-temporal visualizations. 
There is a lot of work published on interactive 3D 
visual analysis in the context of automotive 
engineering. Much of the literature focuses on the 
analysis of computational fluid dynamics or particle 
simulation data. In this chapter we address a slightly 
different problem: the 3D visualization and visual 
analysis of rigid and elastic multibody systems. Such 
systems are commonly used to model and simulate 
certain components and aspects of internal 
combustion engines, but their visual analysis has 
perhaps received less interest to date. We describe 
an interactive and intuitive 3D visualization 
framework for the detailed analysis of rigid and 
elastic multibody simulation data. The proposed 
visualizations are iconic (glyph-based). We introduce 
glyphs representing vector attributes, such as force 
and velocity, as well as angular attributes including 
angular velocity and torque. 
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Glyph-Based Visualization of Rigid Body 
Dynamics 

AVL’s simulation model of rigid body systems does 
not use actual 3D models to represent the bodies. In 
fact, such geometry is often not available at all at 
that stage of the design process. The shapes of 
bodies are described by using a simplified set of 
contours. The contours represent the shapes of 
bodies that are relevant for the simulation. The rest 
of the shape is irrelevant for the simulation and 
remains undefined. This concept actually accelerates 
the modeling process, but makes the 3D visualization 
less straightforward, since there are no meshes to 
show. We propose glyphs to represent the bodies 
and connections; as well as the simulation results, 
including vector attributes (force, velocity, 
acceleration) and angular attributes. Traditionally, 
glyph based visualizations often display more than 
one data attribute in one glyph. Different visual 
properties of the glyph can encode different data 
attributes. For instance, the size and the color of an 
arrow glyph could encode two different attributes. 
Still we propose relatively simple glyphs that are 
used to visualize one attribute only. 

Scalar attributes 

A colored disk is a very simple glyph that can 
represent a scalar value by mapping it to color. Many 
of the simulation results are not scalars, but vectors. 
We offer two options to reduce them to scalars so 
that they can be visualized using colored disks. Either 
the length of the vector can be displayed by color, or 
one of the vector’s components. Despite their 
simplicity, colored disks have been found to be 
especially useful in visualizing magnitudes of forces. 
They provide a quick and simple way of locating the 
areas of extreme forces; something engineers 
perform very often as a first step when investigating 
chain drives. The colored disks in Figure are drawn at 
the contact points between chain links and the 
sprocket and they visualize the contact forces. There 
is one disk at each contact point. Additional 
attributes could potentially be encoded in the 
diameter of the disks, but we do not do that. The 
reason is the typical way engineers use the colored 
disk glyphs. They view the entire chain and look for 
extreme values. There are disks at each chain link, 
and they appear relatively small when the entire 
chain is visible. 

Vector attributes 

Probably the most straightforward way to visualize 
vector quantities is using arrows. Force, translational 
velocity and acceleration are often represented by 

arrows in physics, thus it comes natural to use them 
in our visualization framework, too. The direction and 
the magnitude of the visualized attribute are 
indicated by the direction and length of the arrow. 
The starting point of the arrow identifies the point in 
space where the vector acts. We offer 4 different 
drawing styles of arrow glyphs (flat head, cross head, 
3D cone head, and pyramid-shaped variants), each 
with several customizable parameters, shown in 
Figure. One can use different drawing styles for the 
simultaneous visualization of different vector 
attributes and avoid confusion. It is possible to 
visualize the complete 3D vector or only its 
components with respect to the body’s local 
coordinate system.  

 

Figure 2 :  Models of (a) flat head, (b) cross head, (c) 
cone head and (d) pyramid-shaped arrows. 

Angular attributes 

The visualization of angular velocity and acceleration 
is somewhat more challenging. In computer graphics, 
orientation and angular velocity are commonly 
described by the axis of rotation (a vector) and the 
angle of rotation (a scalar) around that axis. To the 
contrary, the rigid body dynamics simulator we 
worked with represents the rotation with Euler 
angles, and the engineers expect to see those three 
angles in the visual analysis, too. Inventing a glyph 
that can visualize three rotational degrees of 
freedom in an intuitive and unambiguous way is not 
easy. Therefore, we have opted to visualize only one 
component of the angular velocity in the body’s local 
coordinate system with one glyph. Additional glyphs 
of the same type can be instantiated to visualize 
further components. Sectors One glyph that has 
proven to be intuitive is a sector. 
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Figure 3: Different ways to draw the spirals: (a) 
wireframe, (b) wireframe with circle, (c) filled, (d) 
helix, (e) pyramid, (f) ribbon. 

Interactive 3D Visual Analysis of Elastic Body 
Dynamics 

In this section we describe tools for the interactive 
3D visual analysis of elastic body simulations. The 
framework includes glyphs similar to those used in 
the previous section. Elastic bodies, unlike rigid 
bodies, do have actual 3D meshes associated with 
them. Therefore, we also propose methods for the 
visualization of simulation results directly in the 
context of those meshes. The methods described in 
this section have been integrated into the same 
application as the rigid body visualization. As 
detailed in Section, several 3D views can be opened, 
the views can be panned, rotated and zoomed, 
several visualization objects can be created to depict 
simulation results, and animations and movies can be 
created. It is possible to jointly analyze rigid and 
elastic body simulations. This is very relevant, 
because the motion of certain engine components 
(e.g., timing chain) is computed using rigid body 
simulation, while the motion of other components 
(e.g., the crankshaft) is computed using elastic body 
simulation. The components of the same engine are 
simulated using different principles. The two 
simulation models can be coupled during 
computation to represent the interaction between 
engine components. It is very important that the 
resulting multi-model data set can be jointly 
visualized and analyzed in the same 3D view. 

Visualization of Simulation Results 

The simulation computes results for the condensed 
mesh. The results on the condensed mesh nodes can 
be visualized by glyphs placed on the nodes. Several 
visualization objects consisting of glyphs can be 
created, analogous to the rigid body visualization 
detailed in Section. The results for the original FE 
mesh can be recovered using the information 
generated during the condensation. Data that are 
recovered to the FE mesh can also be visualized 
directly on the mesh. 

Torsional vibration is more visible. fication of the 
deformation in the cylindrical coordinate system is 
described by the following algorithm: - 

for each node i in the mesh 

p = original local coordinates of node i in the mesh 

q = p + di(t) 
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(rp, ϕp, zp) = cartesian to cylindrical(p) 

(rq, ϕq, zq) = cartesian to cylindrical(q) 

rs = rp + cradial(rq − rp) 

ϕs = ϕp + cangular(ϕq − ϕp) 

zs = zp + caxial(zq − zp) 

s = cylindrical to cartesian(rs, ϕs, zs) 

f = p + s + g(t) 

move node i to position f 

Summary 

Computational simulation is increasingly used to 
assess the quality and potential of new designs in the 
automotive industry, as well as in other application 
domains. The currently available computational 
power makes it possible to compute many repeated 
simulations of the same model with different input 
parameters, representing different operating 
conditions and design choices. The analysis of data 
sets produced by such multi-run simulations is 
especially challenging, because the data are relatively 
large, often time-dependent, and high-dimensional; 
both in terms of independent variables, i.e. 
simulation parameters, and dependent variables, i.e. 
result attributes. Computational analysis methods are 
widely used, but they are not always sufficient, for 
the analysis of such data sets; especially when trends, 
patterns, relations, and dependencies are explored. 
In this thesis we introduce new methods for the 
interactive visual analysis of automotive engineering 
simulation data sets. Section describes a novel data 
model for time-dependent, multivariate simulation 
data. We introduce a coordinated multiple views 
framework and novel visualization techniques for 
such data sets. The framework provides interaction 
features that support interactive analysis. In Section, 
we discuss the computation of derived data 
attributes. Tight integration of the computation of 
derived attributes into the analysis workflow is 
necessary when the system needs to support 
complex analysis goals that cannot be accomplished 
by traditional visual analysis methods of the original 
data set. Simulation data often has a relevant spatial 
context, which calls for (generally domainspecific) 
spatio-temporal visualizations. 

Analysis using Data Aggregation and Derivation 

We propose a three-level classification of complexity 
in visual analysis tasks. Levels one and two represent 
the current state of the art. More views are used and 
brushes are combined with logical operators. On a 

third level, advanced interaction (brushing) and 
attribute derivation are added. The third level 
requires advanced interaction and data manipulation 
features so that deeply hidden implicit information 
from complex data sets can be extracted. Based on 
our experience gained from several case studies, we 
present some typical, complex analysis tasks of data 
sets containing families of function graphs and 
discuss how the visual analysis framework can 
support them. 
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