
Visualization of Uncorrelated Point Data

Von der Fakultät Informatik, Elektrotechnik und Informations-
technik der Universität Stuttgart zur Erlangung der Würde

eines Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigte Abhandlung

Vorgelegt von

Guido Reina

aus Ostfildern-Ruit

Hauptberichter: Prof. Dr. T. Ertl
Mitberichter: Prof. Dr. H.-J. Bungartz
Tag der mündlichen Prüfung: 16. 09. 2008

Institut für Visualisierung und Interaktive Systeme
der Universität Stuttgart

2008



2



Acknowledgements

During the making of this dissertation I have been helped and supported by
a number of people, for things big and small, related and unrelated to the
dissertation itself. So if anything, it has helped reduce the many delays the
final thesis has suffered. First of all my thanks go to Thomas Ertl for advis-
ing me and of course for having the patience to bear with the aforementioned
factors. I am also grateful to the second referee Hans-Joachim Bungartz for
encouragement and the painstaking review of this work. Thanks are owed to
the DFG (the German Research Foundation) for funding as part of SPP 1041
“Verteilte Vermittlung und Verarbeitung Digitaler Dokumente” (Distributed
Processing and Delivery of Digital Documents) and the SFB 716 “Dynamische
Simulation von Systemen mit großen Teilchenzahlen” (Dynamic simulation of
systems with large numbers of particles). I also want to thank the Landess-
tiftung Baden-Württemberg for funding in the context of project 688 “Massiv
parallele molekulare Simulation und Visualisierung der Keimbildung in Mis-
chungen für skalenübergreifende Modelle”.

Since there is much to acknowledge, thanks are in no particular order, since I
probably could not come up with one even if forced.

Regarding the work that is not part of the thesis, I want to thank Dirc Rose,
Simon Stegmaier and Daniel Weiskopf for giving me the opportunity to work
with them on a novel way of automatically bringing menu-based interaction
onto hand-held devices [RSR+03]. I want to thank my diploma thesis advi-
sors, Sven Lange-Last and Klaus Engel, also for helping me transforming the
resulting graph-oriented mainframe device management prototype into a pa-
per afterwards [RLLEE03]. Katrin Bidmon and Fabian Bös worked with great
enthusiasm on our time-based haptic interface for proteins [BRB+07]. It has
been a real pleasure working with all those people. I also enjoyed to digress
a bit from the main focus of this thesis every now and then and it certainly
helped putting things into perspective.

I want to thank Matthias Hopf for infecting me with the point-cloud-rendering
virus, lots of discussion about his point splatting, and finally for handing
down his framework for further refinement/abuse by molecular glyphs, which
would in the end set the main focus of this thesis. I guess if anyone is to blame
for the overall outcome of my research, it might be him. I also want to thank
Dirc Rose for some fruitful discussion about the first prototype of GPU-based
dipoles, which sometimes did not really want to work the way I wanted them

3



4

to.

Many thanks go to Katrin Bidmon and Sebastian Grottel, who both worked
closely with me on two of the central aspects of this thesis: extremely complex
raycast glyphs and time-based visualization as well as a complete overhaul of
the point-rendering framework. Katrin worked a lot with me for a represen-
tation of elliptic-profile tubes that finally could be handled on the GPU and
she did not falter once even though it always cost us more time than even we
had anticipated. Frank Enders provided us with the datasets we could test our
approach with as well as the needed expertise about the data and also gave us
access to the MedAlyVis1 code as to save precious time by integrating our ap-
proach directly into this application. Sebastian Grottel spent much of his time
programming for or with me starting from his diploma thesis aimed at extend-
ing the original code from Matthias to a complete and thorough re-design of
the whole framework. Too much discussion took place about so many aspects
of the framework (also used for benchmarking the critical aspects as described
later in this thesis) and the cluster visualization and analysis to be detailed
here.

Jadran Vrabec and Martin Horsch proved to be excellent colleagues as well as
Martin Bernreuther. The simulation code and results that most of the molec-
ular visualization builds upon were provided by them along with repeated
discussion which in the end pushed things forward considerably for all of us.
Thank you also for so much initiative, which is a rare and precious thing for
interdisciplinary collaboration.

I really passed quality time with my several room mates over the years; I think
I might even be holding the record for most office switches in the whole insti-
tute. After some initial loneliness I joined forces with Manfred Weiler, first in
the smelly office in the old building, then in the aquarium in the new building,
always amused by the things you better had not done to OpenSG and volume
rendering in general. After that, I was exiled to the far end of the building
together with Joachim Diepstraten and Marcelo Magallon. Still wondering
whether Heihachi Mishima might be dead, I moved a couple of metres into
Katrin Bidmon’s and Dirc Rose’s office, where I found out what kind of things
you really wanted to do with our building and a polygonal model and on-site
photographs of it. The Bidmon/Reina configuration even survived the move
to the VISUS premises as well as the first re-arrangements therein a year after.
I’m not sure whether one of these combinations was particularly productive,
however I know I had fun. Which might have been a good reason to move this
chapter to the opposing end of the thesis, just in case.

I’m sure though that with Katrin I had it a lot easier with my constant struggles
with LATEX, since of course I always wanted to get the text out a bit differently

1a medical visualization framework developed at the Neurozentrum Erlangen-Nürnberg in the
context of project C9 in the SFB 603



5

from the way LATEX supposed would be good for me.

Fruitful discussions as well as much help that also went into the many small
things that sometimes group up and try to keep you from doing the work
you really needed to get done yesterday were offered, in no particular order,
by Mike Eissele, Thomas Klein, Magnus Strengert, and especially Christoph
Müller, who will be still working with me for a while on the huge high-res
display project for VISUS.

Special thanks go to my grandfather and grandmother (may she rest in peace),
who offered their unconditional support throughout all of my studies. And of
course to my friends outside the VIS institute who helped distracting me from
work when I could really use it: Oliver Hasprich, Florian Meister and Peter
Oberparleiter. Last but not least I thank Marion Freese for a wonderful time.

A special mention goes to those who proof-read (parts) of my thesis: Marion
Freese, Florian Meister, Katrin Bidmon, Sebastian Grottel, Steffen Koch, and
Magnus Strengert.

I’m quite sure I forgot many people, so I want thank those for all their help and
support and apologize while trying to blame it on the non-existing structure
of this section.



6



Abstract and Chapter Summaries

Abstract

Sciences are the most common application context for computer-generated vi-
sualization. Researchers in these areas have to work with large datasets of
many different types, but the one trait that is common to all is that in their
raw form they exceed the cognitive abilities of human beings. Visualization
not only aims at enabling users to quickly extract as much information as pos-
sible from datasets, but also at allowing the user to work at all with those that
are too large and complex to be directly grasped by human cognition. In this
work, the focus is on uncorrelated point data, or point clouds, which is sam-
pled from real-world measurements or generated by computer simulations.
Such datasets are gridless and exhibit no connectivity, and each point repre-
sents an entity of its own. To effectively work with such datasets, two main
problems must be solved: on the one hand, a large number of complex prim-
itives with potentially many attributes must be visualized, and on the other
hand the interaction with the datasets must be designed in an intuitive way.

This dissertation will present novel methods which allow the handling of large,
point-based data sets of high dimensionality. The contribution for the ren-
dering of hundreds of thousands of application-specific glyphs is a Graphics-
Processing-Unit(GPU)-based solution that allows the exploration of datasets
that exhibit a moderate number of dimensions, but an extremely large num-
ber of points. These approaches are proven to be working for molecular dynam-
ics(MD) datasets as well as for 3D tensor fields. Factors critical for the perfor-
mance of these algorithms are thoroughly analyzed, the main focus being on
the fast rendering of these complex glyphs in high quality. To improve the vi-
sualization of datasets with many attributes and only a moderate number of
points, methods for the interactive reduction of dimensionality and analysis
of the influences of different dimensions as well as of different metrics will be
presented. The rendering of the resulting data in 3D similarity space is also
addressed. A GPU-based reduction of dimensions has been implemented that
allows interactive tweaking of the reduction parameters while observing the
results in real time.

With the availability of a fast and responsive visualization, the missing com-
ponent for a complete system is the human-computer interaction. The user
must be able to navigate the information space and interact with a dataset,
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selecting or filtering the items that are of interest to him, inspecting the at-
tributes of particular data points. Today, one must distinguish between the ap-
plication context and the modality of different interaction approaches. Current
research ranges from keyboard-and-mouse desktop interaction over different
haptic interfaces (also including feedback) up to tracked interaction for virtual
reality(VR) installations.

In the context of this work, the problem of interacting with point-based data-
sets is tackled for two different situations. The first is the workstation-based
analysis of clustering mechanics in thermodynamics simulations, the second a
VR immersive navigation and interaction with point cloud datasets.

Chapter Summaries

Chapter 1

The first chapter introduces the scenario for this dissertation, which mainly
focuses on large, point-based datasets with several attributes per point. The
motivation for especially dealing with three major aspects (GPU usage, dimen-
sionality reduction, interaction) is given and the project context as well as the
cooperations that took place during the evolution of this thesis are explained.

Chapter 2

The visualization pipeline is explained with its different stages, as its struc-
ture is reflected in the structure of this dissertation as a whole. The various
data types that make up the base for the different visualization algorithms are
introduced and also put into context with respect to the following chapters.
Modern graphics hardware is explained along with its capabilities and pro-
grammable features. The basics of volume rendering are summarized as well
as the background for human-computer interaction.

Chapter 3

This chapter focuses on the efficient rendering of large datasets with the help
of GPU-generated glyphs based on implicit geometric surfaces. The employed
datasets, generated from molecular dynamics simulations, are described along
with common visualization approaches and previous work for GPU-based
glyphs. Initially, a thorough analysis of the available options for representing
data and efficiently uploading it to the graphics card is given, then several sim-
ple and compound glyphs are presented along with details for the optimized
rendering. An application for the time-based visualization of MD datasets that
builds upon the presented techniques is introduced along with abstract visu-
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alizations that facilitate the special case of nucleation simulation research and
more specifically the cluster detection and its evolutionary tracking. In the fol-
lowing, the more complex field of diffusion tensor visualization is explained
in the context of a medical application. A very sophisticated glyph for the
representation of the whole eigensystem of such tensors is introduced and its
efficient implementation is detailed. Results from a real-world dataset are em-
ployed to emphasize the appropriateness of the proposed approach.

Chapter 4

Since some of the data worked on during the dissertation had a number of at-
tributes that exceeded the possibilities for sensibly representing them all, an
approach for interactively reducing the attributes to a similarity measure and
then investigating the dataset structure to uncover clusters and trends is pre-
sented. Volume rendering is applied to the reduced data since in this way a
constant minimum performance can be offered regardless of the dataset size.
An example application with a publicly available high-dimensional dataset is
described, also to underline the potential of making visual queries through
multiple transfer functions that can be applied to the volume representation.
This approach relies on incremental refinement by the user and because of this
iterative workflow it requires the best possible performance that is available
for dimensionality reduction, which in turn led to a GPU-assisted implemen-
tation of the employed algorithm (FastMap). This last part also contains some
details on performance implications of texture management, which emerged
during the optimization process.

Chapter 5

This chapter focuses on the filtering stage of the visualization pipeline, more
specifically the interactive filtering via several selection mechanisms on the
one hand on normal workstations and on the other hand on VR displays with
tracked interaction. Special care is taken of the implications of this last mode,
for example the caused fatigue, input precision, and also usability for the more
complex interactions. A novel metaphor is introduced as well, which can also
be employed for improving the performance of the rendering or show more
details in case of an adaptive algorithm like in the presented one. The usability
is tested against the principles brought forth by Norman [Nor88] and is also
subjected to a user study, and thus proven to be effective and efficient.

Chapter 6

The last chapter points out the contributions of this thesis and explains the pro-
cess that underlies the development of the particular, but complete implemen-
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tation of the visualization pipeline that this thesis represents from a software
engineering point of view. It points out the factors that need be considered
when developing such a solution and how they interact. The rest of the thesis
is used for examples. A short outlook on possible future developments is also
given.
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1 Introduction

Sciences are among the most common application contexts for computer-gen-
erated visualization. Researchers in these areas have to work with large data-
sets of many different types, but the one trait that is common to all is that in
their raw form they exceed the cognitive abilities of human beings. Visualiza-
tion not only aims at enabling users to quickly extract as much information as
possible from datasets, but also at allowing the user to work with those that
are too large and complex to be directly grasped by human cognition. In addi-
tion to the task of developing metaphors to present certain types of datasets in
the first place, the dataset sizes themselves are becoming more and more of a
problem in terms of processing power and storage requirements. Technologi-
cal progress on the one hand allows to capture ever larger datasets of varying
dimensionality, in part even with few to no interaction from a human operator,
thus setting virtually no limit to the frequency or conditions of capture. On the
other hand computer-based simulation has been widely adopted for the inves-
tigation of systems with problematic parameters – either dangerous or under
extreme conditions and as such very costly – saving money and cutting down
on the risk for incidents. The size of thusly generated datasets is only limited
by the available processing power and storage. As much as the research is
eased by the availability of large numbers of samples, as growingly realistic it
has become to compare simulation results with real-life experiments, the much
harder it is to interpret these vast amounts of data. This problem partly stems
from the habit of many researchers to inspect the resulting data in raw, tabu-
lar form and thus suffer from the many problems that come with this kind of
output format: the sheer size makes it nearly impossible to compare different
parts of the dataset because they are spread too far apart, and the comparison
also requires a higher cognitive effort – it is far easier and quicker to compare
the lengths of multiple bars in a bar-chart than several floating-point figures, to
just make an example. Consequently, many research areas can benefit already
from the availability of a visualization, however the step from improving a
problematic situation to an efficiently manageable one (from the view of the
human cognitive system) usually has to be much larger.
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16 1.1. UNCORRELATED POINT DATA

1.1. Uncorrelated Point Data

Uncorrelated point data in the context of this work denotes datasets that con-
sist of items that have several (and potentially a great many) attributes, among
which may be an explicit position in Rn, and that are regarded as individual
entities, i. e., they are not part of a surface/mesh and thus do not exhibit con-
nectivity information. Subsampling and interpolation are not straightforward
and do not only induce information loss, but might also generate false data
(cfr. the interpolation of categorical values). No requirements exist as for the
dependency of the different attributes among each other. The individuality of
the items is the reason why the starting point for visualization in this work is
always a direct approach.

1.2. Motivation

To obtain an effective and efficient visualization of such datasets, several prob-
lems must be solved. Taking a look at the visualization pipeline (see figure 2.1),
there are different stages that can be influenced. In this work the main focus
is on the rendering stage, introducing new algorithms that take advantage of
modern programmable Graphics Processing Units (see chapter 3). However
this stage can only be capitalized on when appropriate data is available. If this
is not the case and the data is too complex to be directly visualized, one option
is the introduction of dimensionality reduction algorithms into the mapping
step, which will be elaborated upon in chapter 4. For maximum effectiveness,
the user of the resulting system needs one more component to have control
over the performed operations, which is the user interface, the last aspect that
will be considered to obtain a fully functional solution (see chapter 5). The
user interface also allows for control over the available filtering mechanisms,
resulting in one coherent implementation of the visualization pipeline. The
related problems of navigation and data inspection are also looked at in this
work.

1.2.1. GPU-accelerated Rendering

To render large datasets with a certain number of attributes, using glyphs is a
common approach nowadays. The basic idea consists of developing an arbi-
trary geometry that can convey multiple values via its features and render one
of these glyphs per data point. The shape of these glyphs directly depends on
the dataset, i.e. its dimensionality, and application area where the visualization
will be employed [Che73, PG88].

The datasets available in the context of this work usually consist of several tens
to hundreds of thousands data points, which makes the rendering method a
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crucial choice for the resulting performance. Besides choosing an algorithm
that performs well for the high number of primitives needed, it has also proven
beneficial for inherently parallelizable algorithms to be executed at least in part
on the Graphics Processing Unit. Currently, GPUs are being developed at in-
creasingly fast rates and have long since passed the complexity and parallelism
of CPUs (see table 1.1). The same holds for the GPU memory bandwidth, but
in terms of flexibility CPUs still have a significant advantage (see also chap-
ter 2). Admittedly the driving force behind the fast development of GPUs is
the computer gaming industry, however the demand for more realism, that
is, more complex scenes and better special effects, coincides with the require-
ments for real time visualization algorithms, which greatly benefit from the
processing power of GPUs if the algorithms can be adapted to make use of the
Single Instruction, Multiple Data (SIMD) architecture of graphics cards.

Processor Transistors Parallelism Memory B/W
Intel Pentium 41 169M 4 6.4GB/s
AMD Opteron 275 233M 4 22.4GB/s
AMD Athlon FX-62 227M 4 12.8 GB/s
Intel Core 2 Duo2 291M 4 8.5 GB/s
Nvidia GeForce 7900 GTX 302M 24 51.2GB/s
Nvidia GeForce 8800 Ultra 681M 128 103.7GB/s
Nvidia GeForce GTX 280 1,400M 240 141.7GB/s

Table 1.1.: Some technical specs of current CPUs and GPUs. Parallelism de-
notes the number of single-precision float operations that can be
executed in parallel. From the Nvidia GeForce 8800 Ultra onwards
it is the theoretical maximum because of the unified shader archi-
tecture.

1 Prescott; 2MB Cache 2 1066MHz FSB

One problem with GPUs is, however, the large, but still quite limited band-
width available for uploading data from the CPU to the GPU. Since graph-
ics hardware basically works only with triangles, the standard approach for
rendering complex glyphs is to tessellate them into meshes, thus obtaining
(potentially a great many) triangles, usually in proportion to the glyph com-
plexity. This legacy approach was the only option when GPUs only had a
fixed-function pipeline, and the geometry generation had to be accomplished
exclusively on the CPU. If the dataset is not static, no display lists or vertex
buffers can be used and all of these triangles have to be transferred to the GPU
once per rendered frame, consuming a significant amount of bandwidth on
the graphics bus as well as space and bandwidth of the system memory. Static
datasets could be kept in the graphics card memory, which ensures much bet-
ter rendering performance, but consequently limits the data set size.
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Because of the flexible programmability and the high parallelism in current
GPUs, much more can be computed on the fly, so a viable alternative is to
render the glyphs from some implicit representation on the GPU and only
send parameters over the system bus to conserve bandwidth. The proposed
solution is inspired by the raycasting approach of Gumhold [Gum03], which
uploads just a billboard geometry to the graphics card and uses the program-
mable fragment shaders of GPUs to intersect an accordingly parameterized
implicit ellipsoid surface on a per-fragment basis. This idea will be extended
to much more complex glyphs in chapter 3, generally trading high bandwidth
requirements for a high fragment processing load, but yielding high-quality
glyphs that can be rendered in real time despite their large numbers.

1.2.2. Dimensionality Reduction

Large datasets do not necessarily contain many points. There are also fields
where only thousands of samples are collected, which however can have hun-
dreds of attributes each. Census data or cancer screening datasets in chem-
istry are representatives of this category. Rendering that many attributes with
glyphs is practically impossible since all those features require too much space
and thus restrict the number of glyphs that can be arranged on the screen si-
multaneously too much to be useful (see also chapter 4).

A viable solution that is also widely used in the information visualization com-
munity is the abstraction from the concrete attributes by mapping the objects
into a low-dimensional space Rm, 1 ≤ m ≤ 3 such that the intrinsic structure
of the data is preserved. Usually this structure should be dictated by the inter-
object proximity – or similarity – such that the high-dimensional relationships
are depicted as accurately as possible by low-dimensional distances. Multi-
dimensional scaling (MDS) is one of the reference methods to achieve such a
mapping [BG97]. The basic concept is an optimization problem to minimize
the difference between the high-dimensional and the low-dimensional coordi-
nates by using any one from a variety of algorithms.

In this work, two main contributions to improve the handling of such high-
dimensional datasets are based on the alternative algorithm for dimensionality
reduction called FastMap [FL95] which can mainly offer a much better perfor-
mance than MDS. Chapter 4 will present an application that allows the user
to flexibly parameterize the calculations to investigate how the different at-
tributes affect the results and whether non-metric distance measures can help
improve the structure a dataset exhibits. The resulting data is rendered as a
scatterplot to allow for the visual detection of cluster structures which are in-
dicators for common properties in data points. Implementing this algorithm
in graphics hardware is shown to offer real-time interactivity, which makes the
user-driven optimization process more efficient than with CPU-based imple-
mentations.
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1.2.3. Interaction

However good a visualization may be, the user can only start to take advan-
tage of it the moment he can influence which part of the data he is observing
and which attributes he is interested in. This parametrization of the visual-
ization pipeline must be made available with an interface that allows the user
to quickly define his exact requirements for all of the stages: filter out data
he does not need, tweak the mapping to emphasize the critical attributes, and
last, but not least, navigate the rendered data to generate some insight. A vi-
sualization that facilitates such a kind of workflow is considered a successful
one.

Display, keyboard, and mouse are the prevalent interface most users know
day-to-day use of computers, however I wanted to shift the focus to the partic-
ular class of stereoscopic output devices that are employed to generate virtual
reality (VR) environments, which give the user the impression of participating
in the space where visualized data is rendered. With the availability of immer-
sive displays like CAVEs, powerwalls and autostereoscopic displays, the need
for matching interaction devices and metaphors that do not disrupt such an
experience – or even better, emphasize it – is stronger than ever. There have
been several efforts to adapt existing devices, like PDAs and laser pointers, to
improve the interaction with VR, as well as developing new devices and con-
cepts, for example to deal with displays much larger than the workplace norm
[BSW06]. Another popular alternative is the use of tracking systems with or
without markers to capture user movement or gestures without disrupting the
immersiveness of the VR output.

A novel interaction approach for VR based on optical tracking in conjunction
with a stereo-enabled projection is presented in chapter 5. It supports intuitive
manipulation of the dataset as well as different metaphors for the selection and
filtering in extremely large datasets.

1.3. Context and Cooperations

All of the work for this dissertation has been performed at the Visualiza-
tion and Interactive Systems Group (VIS) of the Universität Stuttgart. I have
worked on different projects, hence this work is partly financed by the DFG in
the context of the SPP 1041 V I I I DI I “Distributed Processing and Dissimination
of Digital Documents” and partly by the Landesstiftung Baden-Württemberg
in the context of Project 688 “Massiv parallele molekulare Simulation und Visu-
alisierung der Keimbildung in Mischungen für skalenübergreifende Modelle”.
The latter work has been continued, and is still ongoing in the SFB 716 “Dy-
namic simulation of systems with large numbers of particles”, financed again
by the DFG.
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The work about dimensionality reduction was mainly realized for V I I I DI I in
cooperation with Frank Oellien and W. D. Ihlenfeldt from the TORVS Group of
the University of Erlangen-Nuremberg. The other cooperation with the Uni-
versity of Erlangen-Nuremberg was thanks to Frank Enders from the Neuro-
center/Computer Graphics Group with the aim of realizing GPU-based stream-
tubes.

The molecular visualization was implemented for project 688 in close collab-
oration with Jadran Vrabec and Martin Horsch from the Institute of Thermo-
dynamics and Thermal Process Engineering (ITT) in Stuttgart, while we also
worked on protein visualization and haptics [BRB+07] with Fabian Bös from
the Institute of Technical Biochemistry (ITB). Both put several interesting data-
sets at our disposal with which to test our applications and which can be seen
in most of the molecular dynamics simulation screenshots in this thesis.

Several projects about simulation steering took place in collaboration with
Martin Bernreuther, first working at the Simulation of Large Systems group
(SgS), and later at the High Performance Computing Center Stuttgart (HLRS).
During this project we also collaborated with Andrea Wix from the Institut für
Technische Thermodynamik und Kältetechnik of the University of Karlsruhe.

While I was working at VIS, I worked with many colleagues on the different
ideas which were published. In chronological order they are: Dirc Rose, Simon
Stegmaier and Daniel Weiskopf for [RSR+03], Klaus Engel and Sven Lange-
Last for [RLLEE03], Alex Rosiuta for his diploma thesis and consequently
[RRE06], and Katrin Bidmon for [BRB+07]. Katrin Bidmon also worked sub-
stantially for the hyperstreamlines that are presented in Section 3.3.3 [RBE+06].
I collaborated with Thomas Klein for our chapter in [RKE07]. Sebastian Grot-
tel designed the time-based functionality for point rendering [GRVE07] in his
diploma thesis as well as rewriting/redesigning the framework with the help
of which all updated comparative performance measurements in chapter 3
have been conducted and which resulted in [GRE09].



2 Fundamentals

This document borrows its basic structure from the different stages of the visu-
alization pipeline, which as such will be described in more detail in the follow-
ing. Additionally, fundamental concepts about the data and data structures as
well as the hardware-accelerated generation of visual output for end users will
be introduced, to be built upon in the later chapters of this dissertation.

2.1. The Visualization Pipeline

(Parallel )
Simulation

Raw DataData Acquisition

Sensor
Measurements

Visualization
DataFiltering

Renderable 
Representation

Mapping

Visualization,
i.e. Images Rendering
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RI
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Figure 2.1.: The visualization pipeline.

The task of scientific visualization is to enable a user to discover, understand
and solve scientific problems by transforming data about the physical world
via mathematical methods and computer-based image generation into some-
thing that can easily be interpreted by the human mind (and thus triggering
some insight [REE+94]). The process that transforms the input (raw) data into
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images is called the visualization pipeline and consists of several stages which
can all be influenced by the user, thus resulting in a feedback loop if the user is
added to the flow as well (see figure 2.1). The first stage, filtering, allows for the
selection of specific subsets of (often too large and complex) data and is usually
driven by the user’s interest in specific aspects. The mapping stage transforms
the remaining data into a directly renderable representation, be it geometry, a
point cloud, or samples on a grid. This data will usually consist of implicit or
explicit positions in Rn, 1 ≤ n ≤ 3 and attributes like color, opacity, a texture
(coordinate) etc. This representation will be rendered in the last stage, usually
taking advantage of special hardware and/or graphics processing units. The
feedback from the user requires a minimal responsiveness of the system imple-
menting the visualization pipeline (defined at about 10Hz), enabling the user
to explore the data interactively and make changes to most of the parameters
without long delays. This threshold is aimed at keeping the stress for the user
at a minimum. An even higher frequency is needed to ensure that the user can
track objects in a visualization that is animated either by progressively chang-
ing the viewpoint or because the data inspected is time-dependent itself and
thusly rendered (‘fusion frequency’, 20Hz).

2.2. Data Types

Depending on the simulation or the measurement the data originates from, its
structure and shape can vary significantly. It will usually be classified using
the attributes dimensionality, type and structure. The data type can be a scalar,
a vector or a tensor depending on whether a single attribute, n attributes or
n× m attributes are present. The dimensionality indicates the number of dif-
ferent attributes, regardless of their type. Multivariate (instead of just multidi-
mensional) data is meant to signify attributes that need not necessarily be cor-
related. Examples for attributes from simulation as well as measurement can
be position, temperature, pressure, velocity (vector), flow direction (tensor)
etc. The structure of the data can either be grid-based or gridless. Grid-based
data implies the availability of connectivity information between points, and
there is a corresponding taxonomy further classifying them into structured and
unstructured variants (see figure 2.2). Structured grids contain the connectiv-
ity implicitly, while unstructured grids require it to be defined explicitly, thus
needing additional storage space.

Structured grids can be further differentiated into uniform, rectilinear, and curvi-
linear grids. In a uniform grid all cells are of the same size and shape, while a
rectilinear grid allows for variable sizes in all dimensions, so the resulting coor-
dinates can be calculated using on grid function per dimension. In curvilinear
grids all vertices need to be stored individually. The only relevant variant for
this work is the basic uniform grid holding tensor data, as it is obtained from
MRI scans on live subjects. Its structure can be defined by the following for-
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mula for the grid vertices:

vi,j,k =

i∆x
j∆y
k∆z

 (2.1)

where ∆x× ∆y× ∆z is the size of a single cell.

Unstructured grids are not in the scope of any of the proposed algorithms and
thus will not be described in further detail, besides stating that simplex grids
basically consist of triangles or tetrahedra while zoo grids contain a number of
different primitives, thus requiring algorithms that adapt to the geometry of
the current cell.

Gridless data is also referred to as scattered data and will be mainly used in
the context of this dissertation. Here all the attributes are tied to a vertex with
explicit position in Rn and lacking any connectivity information. Examples
for this kind of data range from simple particle systems, or direct point cloud
visualization [HE03], over different information visualization approaches of
high-dimensional data [And72, vWvL93, STDS95] to radial-basis-function(RBF)-
based visualization [JWH+04], where the vertices are used as RBF centers.

all grid types

structured grids unstructured grids

    uniform grids      rectilinear grids   curvilinear grids simplex grids         zoo grids

Figure 2.2.: Classification of grid types.

2.3. Graphics Hardware

One major focus in this work is the utilization of graphics hardware for the op-
timization of parts of the visualization pipeline. Programmable GPUs are now-
adays widely available and do not anymore bear the price tag of the special
rendering hardware as manufactured in the 1990s by SGI [MBDM97] or Evans
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& Sutherland but still offer many times the performance of these solutions.
Consumer GPUs have even evolved so much as to be nearly as flexibly pro-
grammable as the CPU and employ a fully floating-point-precision pipeline,
which caused a paradigm shift away from pure graphics co-processors to gen-
eral computation aids. Additionally, the low-level assembler programming
interface has been superseded over the years by high-level languages like CG
[MGA03] or GLSL [KBR06].

2.3.1. The OpenGL Pipeline

Similarly to visualization itself, the generation of images from data also follows
a pipeline concept. A 3D scene usually consists of a collection of primitives,
like points, triangles, and quads and composite geometry generated through
concatenation of the basic primitives. These primitives are passed through
several stages in a pipeline [FvDFH90] and result in a rasterized pixel image.
The input of the pipeline are always vertices with an associated color, normal,
texture coordinates, etc. that are later assembled into the required primitives,
which are in turn rasterized into a pixel image that will then be output on
screen. In the following the pipeline of the OpenGL API [Opeb] will be de-
scribed, but all concepts work analogously in DirectX [Bly06].

scene
description

geometry
processing rasterization fragment

operations framebuffer

buffers

Figure 2.3.: The OpenGL pipeline and its main stages.

The first major stage in the pipeline is the geometry processing. Formerly this
was also known as the transform & lighting (T&L) stage according to its func-
tionality in the fixed-function pipeline and was first hardware-accelerated in
a consumer product in the original Nvidia GeForce chip. Since the advent of
Direct3D10-generation (D3D 10) hardware, two flexibly programmable sub-
stages have taken its place: a vertex shader and an (optional) geometry shader.
The first receives a stream of attributed vertices in their local object space.
Then, according to the fixed-function functionality, the following sequence of
computations takes place:
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The model transform, which specifies the location and orientation of an object
with respect to the world space. In OpenGL this is always combined with the
view transform, which encodes the observer position and orientation, result-
ing in coordinates in eye/camera space. DirectX, on the other hand, allows
to separate these two transformations. Usually the transformation is formu-
lated as a 4× 4 matrix in homogenous coordinates. As after this calculation
the viewing direction as well as the normals are known in the same coordinate
space, per-vertex lighting can be performed. With programmable hardware,
this legacy functionality can be replaced or also extended by other computa-
tions that are valid per vertex and can be linearly interpolated between them to
take some load off the later stages. The projection transform maps the contents
of the so-called view frustum into the canonical view volume, to be then divided
by the homogenous coordinate (perspective division) and resulting in coordi-
nates between −1 and 1 in all three dimensions. Finally the viewport transform
provides the screen-space pixel coordinates for addressing the frame buffer.

The so-called primitive assembly is also part of the geometry stage. The primi-
tive type that has been selected when passing the vertices to the graphics API
will be created at this point. The choice can be used to reduce the number of
uploaded vertices, since for example every primitive has a corresponding strip
variant, which in case of a triangle strip only requires one additional vertex
after the first complete triangle to complete another one.

The newly introduced second programmable stage of the geometry processing
is the geometry shader. It receives the assembled primitives as input (option-
ally with neighboring vertices in the case of strips or fans) and is executed once
per primitive as defined by the user. This shader is intended for generating fur-
ther geometry from that input, for example by smoothly subdividing an input
geometry depending on its distance to the viewer, or generating parameter-
ized geometry from a concise representation to conserve bandwidth between
CPU and GPU. A simple example would be a tesselated tube computed from a
line strip (its ‘backbone’) directly on the GPU. It also allows for the destruction
of vertices by just omitting them from the output. In contrast to fragments, be-
fore DirectX 10, vertices could never be explicitly removed from the graphics
pipeline once inserted.

Rasterization converts the incoming primitives into fragments, which can be
seen as proto-pixels with a viewport position, a depth, color, and additional at-
tributes like texture coordinates etc. In this stage the per-vertex attributes are
also interpolated. In the fixed function pipeline, the textures were accessed and
applied, however this functionality is also available in the fragment shader.
Such a shader is executed once per produced fragment and allows for com-
plex surface shading and effects and will often have the highest computational
requirements of all stages, if only for the fact that a single triangle is likely to
produce more fragments than the three vertices it consists of (which is why
the latest GPU architectures with the according structure had a relation of 1:3
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between vertex shader and fragment shader processing units). Before commit-
ting the fragments to the framebuffer, several tests are executed: alpha, depth
and stencil test. The first discards fragments that do not meet a user-definable
minimum requirement for opacity. The second discards fragments that have a
higher depth than the fragment already present in the framebuffer and would
thus not be visible anyway, while the last checks fragment positions against a
user-definable mask in screen space.

Fully processed fragments pass through the last stage, alpha blending. Here
different operations are available depending on the alpha value of the writ-
ten fragment and the fragment already in the framebuffer. The most common
blending mode is realized using the so-called over operator [PD84], which is
used for rendering semi-transparent objects (A and B) and works as follows:

Cout = αACA + αBCB(1− αA) (2.2)

αout = αA + αB(1− αA) (2.3)

where C is the color and α corresponds to 1− [transparency fraction].

It is important to note that as of D3D 10, all stages can render into a buffer
and fetch their input from a buffer as well. This allows for multiple, complex
feedback loops on the GPU itself to preprocess data that has to be rendered
and postprocess images before writing them to the frame buffer. The main ad-
vantage besides the algorithmic flexibility is the avoidance of unneeded traffic
between CPU and GPU. Also by now all of the shader stages have the same
features and instruction sets – except the special instructions used to gener-
ate vertex attributes and emit a completed primitive in the geometry shader.
This in turn has led to unified shader architectures, where the processing units
are not statically assigned to any particular stage – as was common still with
DirectX9-level hardware – but can in theory be dynamically distributed to al-
low for load balancing depending on the currently running algorithms.

In addition to the described features OpenGL also offers an imaging pipeline
and evaluators for the generation of parametric surfaces. Since GPUs and
drivers have abandoned implementing any subset of this functionality in hard-
ware basically ever since SGI has no influence on graphics hardware technol-
ogy anymore, these features are not fit for accelerating or otherwise signifi-
cantly improving visualization algorithms and are therefore not covered.

2.3.2. Programming Paradigm and Shaders

What mainly separates programmable GPUs from general-purpose CPUs now-
adays is the restricted data flow and data organization. The vertex shader al-
ways maps input vertices to output vertices with a 1:1 ratio. A vertex can have
several attributes, whose number can also arbitrarily change between input
and output, but it is not possible to remove a vertex from the pipeline at this
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stage. The only work-around to achieve a similar effect is to position it at the
homogenous coordinate 0, that is, at infinity, which will cause it to be clipped
later on. Additional data can be accessed in the form of textures. To implement
data structures that are more complex than a simple nD array with 1 ≤ n ≤ 3
cross-references are needed. In practice that means to employ one or more
index textures which in turn yield coordinates that are used for the so-called
dependent lookups into other textures and so on. A generic approach is shown in
[LKS+06], which also summarizes a number of GPU-adapted data structures
published previously. The geometry shader only has the additional capabil-
ity of emitting a limited number of attributes over multiple vertices of one or
more primitives chosen from among those available in OpenGL. Thus, in this
stage an n:m mapping is obtained which can optionally extend as well as re-
duce data. In the last programmable stage, the fragment shader, only single
fragments are processed, which can also be removed from the pipeline (killed),
but not relocated (in contrast to the other two shaders, where the focus is on
coordinate transformations), or added. Note that the input:output ratio is al-
ways a function of the destination resolution, as the rasterization depends on
that resolution. This allows for reduction/expansion algorithms of any kind,
for example up-/downsampling of textures, or pyramid processing of large
input over several iterations etc, but not for the dynamic insertion of single
fragments.

Originally shaders had to be programmed in assembler. Data could be read
from pre-defined attributes (of vertices/fragments), state variables of the GL,
and uniforms (per-pass constants that could be accessed directly from the CPU
code). Output was only possible to pre-defined attributes as well. Temporary
data was stored in numbered registers, which made the reading and under-
standing of such code very tedious. Over time, the maximum length as well as
the capabilities of such shaders were increased. Program flow control, for ex-
ample, was not available in fragment shaders from the start because it was too
costly to implement the parallelization of the processing of neighboring pixels
in case of differing program paths. Then high-level languages became avail-
able: Cg (“C for graphics”) [MGA03], the high-level shading language (HLSL)
of DirectX [Bly06], and the GL shading language (GLSL) [KBR06]. These al-
lowed mainly for much cleaner code by automatically mapping named vari-
ables to registers, binding attributes and uniforms by name, and allowing the
use of subroutines and composite data structures (locally). In addition to these
computer-graphics driven developments, APIs for the usage of GPUs as nu-
meric coprocessors, or stream processors, have also been developed to abstract
the GPU interface even further. One example is a linear algebra framework
for GPUs that can be used for simulation [KW03b]. Stream processing gen-
erally has the scope of SIMD (single instruction, multiple data) operations on
a long list (stream) of uniform data and can be used for image processing,
for example. Two approaches exist that make GPU-accelerated parallel math
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available directly in standard C/C++ programs and thus more easy to use:
Brook[BFH+04] and Sh [MQP02]. Recently, Nvidia has brought forth an ‘offi-
cial’ solution called Compute Unified Device Architecture(CUDA) [CUD], which
also uses an additional compiler pass to separate GPU and CPU code. Nvidia
supports its own approach by specifically offering Quadro-like CUDA-enabled
hardware without monitor connectors at a lower price (named Tesla).

2.3.3. Volume Visualization

Volume rendering comprises a multitude of algorithms that render grid-based
scalar data in a 3D domain. The scalar values usually represent the density
at the corresponding point in space. Typical examples include sensor data as
generated in the medical context, for example by CT (computer tomography)
scanners or MRI (magnetic resonance imaging) scanners. Other sources are sim-
ulations with discretized domains, like fluid simulations, or point clouds that
are quantized and binned for performance reasons, thus yielding a density per
sample point. The resulting grid of scalar values is figuratively subdivided
halfway between the sample points, resulting in rectangular cells, which are
also called voxels (a portmanteau of volume and pixel) and have one sample
located at their center. Usually the rendering does not represent the scalars
directly, but transforms it first via a transfer function, which maps the density
to color and opacity t : ρ→ (r, g, b, α).

Volume visualization can be categorized into indirect and direct methods. The
former first extract some kind of intermediate structure from the data which
can be rendered faster than the whole volume. The most prominent example
is isosurface rendering, which extracts all points whose scalar value equals a
user-defined value. The rendering is then accomplished based on polygons
resulting from the tessellation of the resulting surface via an algorithm like the
classical marching cubes [LC87]. Alternatively, the surface is extracted on-the-
fly while rendering with a direct method [Lev88]. This approach obviously in-
curs in a loss of information (the remaining iso-values), and thus of the context
of the selected surface, which for example in medicine is a significant problem
(what value does the display of a tumor have if the doctor cannot see how it
affects surrounding tissue or bones).

Direct methods try to circumvent this by rendering the data as a whole by de-
fault. They treat each sample point as self-illuminated and opaque, according
to the density found in the data. The so-called volume rendering integral has to
be solved to accumulate the emission/absorption of each point along viewing
rays emitted from the view point. In the following only a short introduction
on direct volume rendering methods will be given as a foundation for the vi-
sualization in chapter 4.

The foundation for volume rendering is the light transport theory neglecting
any scattering effects [HHS93]. The integral that has to be solved for every
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pixel of the frame buffer describes the intensity I(x) at a position x on a view-
ing ray through the respective pixel:

I(x) = I f e−τ(x f ,x) +
∫ x

x f

η(x′)e−τ(x′ ,x)dx′, τ(x1, x2) =
∫ x2

x1

κ(x)dx (2.4)

where I f is the (scene) intensity at the far end of the volume x f , τ the optical
depth (the quantity of light removed from a beam depending on the length of
its path by absorption), κ the absorption coefficient and η the emission.

If the emission of each voxel Ck and the respective opacity αk, as derived from
the transfer function t, are used to model η and τ, the integral can be simplified
and discretized to the following compositing formula

I =
n

∑
k=1

Ck

k−1

∏
i=0

(1− αi). (2.5)

The approximation of τ is just the product of the opacities of the voxels that
the integration has already passed, the actual values of Ck, αk are interpolated
from the surrounding samples (as it is unlikely that the cast ray will actually
intersect the voxel centers).

Since volume rendering is employed as a means to achieve frame rates that
are independent of potentially too large data in the context of this dissertation,
image-space methods, whose cost is thus proportional to the output resolution,
were the first choice. Object-space methods, such as splatting [Wes90] and cell
projection [ST90] will not be described in detail. The classic image-space ap-
proach is raycasting, i.e. an implementation very close to what has been estab-
lished above [Lev88]. With programmable GPUs it has also been implemented
in hardware recently [SSKE05]. Since the availability of graphics cards capable
of multi-texturing (reading from more than one texture per fragment) and de-
pendent lookups (for the transfer function), texture-based volume rendering
at interactive frame rates has become feasible. It was first presented for graph-
ics workstations by SGI [CCF94], but has been available on consumer graphics
cards for several years now [RSEB+00]. It renders the volume making use of
a textured proxy geometry rendered back-to-front1 and exploits blending for
the accumulation of the volume rendering integral. Using 2D textures, three
axis-aligned slice stacks are employed, which are more prone to artifacts at
the edges where one would look ’between’ the slices if spaced too far apart.
With 3D textures, the slices can be more conveniently placed parallel to the
viewport. Many improvements of the basic algorithm exist, among those pre-
integration, which adds inter-slice pre-computed integration [EKE01].

1and thus should be considered a hybrid image/object-space approach although the main load
is on the texture units and fragment processing analogously to pure image-space algorithms
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2.4. Human-Computer Interaction

An all-too-often disregarded area of computer science is Human-Computer In-
teraction (HCI), which is essential for enabling the user to influence the visual-
ization pipeline – if there are parameters, the user must be able to inspect and
influence them efficiently. HCI studies the effects of user interfaces on human
psychology and behavior and vice versa. The ultimate goal is the derivation
of rules and development of methods that ensure that software and hardware
are designed with the user in mind such that computer usage becomes as effi-
cient and comfortable as possible. Evaluation by user studies also constitutes a
central component of this area [HBC+92]. Technical constraints for these stud-
ies are set by the available hardware (display devices, input devices) and are
periodically tried to be overcome by proposing new devices that improve on
existing ones or deal with very specific problems, like six-degrees-of-freedom
devices (for example the PHANTOM device [Pha]) or portable mouse replace-
ments for 2D interaction [BSW07] or 3D interaction (the ‘Space Mouse’). Hu-
man factors are being researched for quite a while and deal with the limita-
tions of human perception (physiological constraints) [WS82] or the human
brain [Mil56]. Several authors have thus come up with recommendations and
rules that should be observed when designing user interfaces. One Example
is the concept exposed by Norman [Nor88], who describes interaction prob-
lems making use of the human action cycle with its three main stages, the goal
formation (What do I want to do?), execution (What tasks are there? In which
sequence do actions need to be performed?), and evaluation (What happened?
Does this comply with my intentions?). Another take on the problem are the
eight ‘golden’ rules by Shneiderman [SP92]. Part of these concepts have also
been passed as a standard for dialog design, the DIN ISO 9241. The standard
requires the following principles to be observed:

1. suitability for the task: the user should be able to realize his intentions
without being impeded (goal formation)

2. self-descriptiveness: it must be obvious which interactions are possible
and required to achieve a goal (gulf of execution, i.e. the discrepancy be-
tween the actions the user supposes he has to take and those that really
need to be taken)

3. controllability: the user controls when and with which speed partial op-
erations are to be executed (gulf of execution)

4. conformity with user expectations: effects are consistent with previous
experiences (goal formation and gulf of execution)

5. error tolerance: wrong input is admonished and correctable without los-
ing work (gulf of execution and gulf of evaluation, i.e. the user’s difficulty
of determining the state of a system)

6. suitability for individualization: the user can adjust the interaction pos-
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sibilities according to his experience and preference, i. e. trading speed
for self-descriptiveness etc. (gulf of execution)

7. suitability for learning: the system allows the user to memorize the in-
teractions necessary by repetition since the affordances are placed con-
sistently and perform consistently (gulf of execution).

The standard however does not seem to stress feedback as much as both Nor-
man and Shneiderman do, that is, that any software/hardware must always
notify the user of its current state, whether action is required or even allowed
and what the outcome of a pending request is. This is only partly covered by
point two in my opinion.
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3 Visualization of Point Clouds

Point clouds, i.e. datasets that exhibit an explicit position in Rn, usually with
1 ≤ n ≤ 3 (and also t ∈ T in the case of time-dependent datasets) in addition
to a limited number of other attributes, can be intuitively placed in 3D space
and visualized. A point can be considered infinitely small and rendered in
a way as to occupy only one pixel on the screen, thus effectively visualizing
only its position and a very limited number of distinguishable colors [Hea96].
An alternative is to place some kind of geometry at its location, in the sim-
plest case resulting in a screen-space splat [RL00] with the shape of a circle
(as happens with smoothed points in OpenGL, for example). Such circles, and
also real spheres, can already intuitively display two additional dimensions
by mapping them to the radius and surface color. Such symbolic paramet-
ric objects that visually represent the attributes of a data point are referred
to as icons or glyphs. The goal of rendering a dataset with icons is to have a
clearer, compact representation of large datasets which often effectively are ta-
bles containing numerical values only. The relations between attribute values
should be easier to comprehend, thus generating a more meaningful output
for the user [PPWS95]. Attributes can be canonically mapped to visualization
parameters like color, size, or shape with varying implications for the sensible
range and discernibility. However, the more complex a parametric geometry
becomes, the more screen space or the higher a resolution is required to enable
the user to distinguish all the different features of the geometry. Consequently,
the upper bound for the number of features a certain glyph can represent in the
chosen context is reached when the visualization irrevocably forfeits clearness,
compactness or meaningfulness. Another limit for this technique is the num-
ber of simultaneously renderable glyphs in terms of screen space as well as
performance, since complex glyphs can increase the geometry load of a scene
enough to make interactive visualization challenging [Rag02] when not taking
advantage of level-of-detail (LOD) techniques or the like.

This chapter will elaborate on the efficient GPU-based rendering of basic prim-
itives and introduce different new application-specific glyphs that have been

The work in this chapter is based on [RE05a], [GRVE07], [GRE09], and [RBE+06]. Some paragraphs
and figures are excerpted from the original publications.
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tailored to compactly represent the most important attributes of data from par-
ticular applications in thermodynamics and medicine. While forgoing at least
part of the generality of the proposed solution for the last two glyphs, the spe-
cialization makes it easier for experts from the field to comprehend the datasets
[PvW94].

3.1. Related Work

The visualization of points is an area of research that by now is getting a lot of
attention, which can be understood when looking more closely at the widen-
ing scope of the published work. Besides the canonical use for basic scatter-
plots, this topic should actually be differentiated by the semantic density of the
points themselves. One branch of research considers the points as individual
entities which do not necessarily have any kind of relation to each other, and
have all attributes on their own, which results in a high semantic density, often
accompanied by rendering primitives far more complex than a single pixel.
The other branch employs the points only as a part of an object, usually its
surface (therefore also referred to as point set surfaces). This means that for the
latter points are only a means for representing a surface and will thus rarely
exhibit semantics that go beyond the spatial parameters (position, orientation,
extents). Connectivity information is not necessarily stored or even available.

Point-sampled geometry can be acquired using laser scanners [LPC+00] or
digital cameras, for example in conjunction with "structured light" (projected
patterns) [SWPG05] or by using a controlled environment with adjustable matte
and configurable light positions [MPZ+02]. Rendering is usually performed
using an elliptical footprint (also called surfel [PZvBG00]), which can be consid-
ered a simple glyph as well. The rendering of the processed and reconstructed
surfaces has evolved quite a lot in the past years. The basics were laid with
CPU-based algorithms for anti-aliased splatting [ZPvBG01] and hierarchical
splatting with a very efficient data structure [BWK02]. GPU-accelerated algo-
rithms range from very fast projected splats without shading [BK03] (also in-
cluding clipping [GP03]) over perspectively correct Phong-shaded splats with
clipping [BSK04] to well-performing per-pixel shaded splats exploiting de-
ferred shading [BHZK05].

All the publications which elaborate on points as distinct entities with a vari-
able number of attributes tend to employ 3D primitives rendered as single
points or billboards, and compute the final glyph shape on the graphics card
with algorithms of varying precision and complexity. The basic approach
results in depth-correct (in case of an orthographic projection) texture-based
spheres [BDST04]. More computationally intensive approaches include differ-
ent implementations for ellipsoids, either using quad geometry [Gum03] or
point geometry [KE04]; one article also proposes other types of quadrics (see
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also [Zwi95]) as primitives [TL04].

Point-based rendering is also exploited for subsampling scenes too large to
render in a conventional way. One approach generates samples randomly for
fine (subpixel) details and renders large polygons directly [WFP+01]. This ap-
proach has also been extended for animated scenes [WS02].

An introduction to the application domains as well as the characteristics of the
typical datasets will be given in the next section; the rendering algorithms are
illustrated by examples from these fields.

3.2. Molecular Dynamics Data

Nowadays, simulations on a molecular level are gaining more and more im-
portance in research areas like chemistry and thermodynamics, materials and
several other areas where nanoscale particles are of importance. Such simula-
tions are very expensive in terms of computational power, but with commodity-
off-the-shelf clusters becoming more common and filling this gap at relatively
low cost, the simulations are becoming larger in terms of particle numbers as
well as simulated time. The data generated by such simulations is only limited
by the available processing power, currently including hundreds of thousands
of molecules and thus posing a challenge for the storage as well as for those
striving to interactively visualize the results.

Simulations bridge the gap between theory and experimental practice, mak-
ing it possible to verify the theoretical models on the one hand and on the
other hand replacing experiments under difficult conditions, like extremely
small scales [AT87] or metastable state. They also open up the possibility of
probing values like energy/velocity or distance of all the atoms and thus give
researchers access to many more parameters to help them understand chemi-
cal or physical effects. Simulations on a molecular level have been successfully
employed since the 1950s, however, especially on the nanoscale level, many
effects are not yet completely understood.

In the context of the project 6881 as well as during our collaboration with the
Institute of Thermodynamics and Thermal Process Engineering (ITT) and the
Institute of Technical Biochemistry (ITB) suitable visualization methods for a
large number of atoms have been developed. Researchers from both fields
rely heavily on the use of molecular dynamics simulations to investigate the
behavior of organic and anorganic matter at the nanometer scale. Biochemists
research the behavior of proteins in solvent, for example, while thermodynam-
icists are interested, among other questions, in the condensation process, that
is, the nucleation of vapor into liquid phase.

1Landesstiftungsprojekt “Visualisierung der Keimbildung in Mischungen für skalenüber-
greifende Modelle”
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The key properties of nucleation processes are the nucleation rate and the criti-
cal cluster size. The critical cluster size designates clusters with a certain num-
ber of monomers that have the same probability of growth as of decay; smaller
clusters will more likely evaporate and bigger clusters will more likely con-
tinue to grow. The nucleation rate quantifies the number of emerging clus-
ters beyond the critical size per volume and time. While the classical nucle-
ation theory can be used to predict nucleation rates, it is not correct for many
practical cases and fails completely when mixtures of several substances are
concerned. This is why molecular dynamics simulations are used instead to
predict the nucleation rates more accurately. This method has the drawback,
however, that a large number of molecules has to be used to get meaningful
results. In practice, the number is limited by the processing power available to
the researchers, but systems with more than 105 molecules are not uncommon,
for distributed simulation runs 107 molecules and more are feasible. At the
ITT the Lennard-Jones potential model [LJ31] is employed for computational
efficiency and also visualization, simplifying molecules down to few positions
and their respective potential, usually displayed as spheres. The datasets are
very complex all the same because of the sheer number of molecules involved
(see figure 3.1).

Figure 3.1.: Nucleation simulation consisting of 1.3 million CO2 molecules.

Biochemists, on the other hand, do abstract from the single atoms. They in-
vestigate the behavior of proteins in solvent, which means the motion of the
protein itself. It is now evident that protein flexibility and correlated motions
[DV06] are essential for protein function. Of all possible shapes of a molecule
the most interesting ones are those which are local minima in terms of poten-
tial energy. These local minima are called conformations. Hence, conforma-
tional behavior of a molecule is the process of transitions between individual
conformations of the molecule around the energy minimum. As in thermo-
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dynamics, molecular dynamics simulation is one of the principal tools in the
theoretical study. Datasets from this research area have a much lower number
of molecules, in the range of 104 to 105. Commonly these datasets are visual-
ized per atom, for example with the so-called spacefill style, which employs
one sphere per atom using the Van-der-Waals radius as size, or using the ball-
and-stick style, which draws much smaller atom spheres and adds cylinders
between bonded atoms (see figure 3.2).

Figure 3.2.: Spacefill and ball-and-stick rendering modes for the 1OGZ protein
.

3.2.1. Visualization of Molecular Dynamics Data

The visualization of molecular dynamics data has been tackled with many a
solution over the years, all of them radically different in approach, features,
and performance. The most widely spread tools are probably Chimera [Chi],
PyMOL [Pym] and VMD [VMD]. Some packages have been used for such
a long time that they have changed names several times or are integrated
into different systems, like RasMol [SMW95], which has evolved into Pro-
tein Explorer [Mar02] in Chime and FirstGlance in Jmol [Jmo], or WebLab-
Viewer, which is superseded by Discovery Viewer/Studio [acc]. Generic vi-
sualization packages, like AVS [AVS] or amira [ami], also come with spe-
cial modules for molecular visualization nowadays. All of these programs
offer a functional rendering output and a varying range of analysis options
mostly for biochemists, and some even have an integrated simulation core,
like BallView [MHLK05]. The rendering performance of these tools, however,
does not allow for interactivity when rendering very large molecules (>50.000
atoms) since most of them use polygon-based representations, but no LOD
techniques. Another salient weakness of these tools comes into play when
dealing with time-based data, which is usually loaded into memory as a whole
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– the user also has to wait a considerable time until the dataset is fully loaded
and can be navigated from start to end. The dataset size is thus also limited
to the available memory and prevents large simulations to be loaded at all.
For the specific rendering of protein molecules there is also the very popular
solution of using Java applets, of which there are a multitude: KiNG [KiN],
Jmol [Jmo], WebMol [Web], Protein Workshop [MGB+05], to mention just a
few. The performance (and memory requirements) of these however cannot
compare to native-code applications.

Recent research, however, has also shown approaches that allow to overcome
the performance problems. Max [Max04] has proposed a splat-based approach
for large molecules, however the rendering style has more in common with
volume splatting than what researchers in the fields are used to. A solution
based on depth-correct textured billboards for sphere, cylinder, and helix prim-
itives has been presented in [BDST04]. It supports several rendering styles and
offers better performance for large molecules than most of the tools referenced
above, but the visual quality of the rendering can still be improved, since the
limited resolution of the normal/depth textures will cause artifacts (see fig-
ure 3.3). Another solution [HOF05] supports texture-based as well as polygon-
based rendering including LOD techniques for whole-molecule surfaces. The
suitability of these tools for time-based datasets, though, is unclear at best.

Figure 3.3.: Perturbed normals caused by precision issues when using normal
textures for sphere billboards. Screenshot taken of the freely avail-
able TexMol [BDST04].

To improve the depth perception for the visualized data, stereo output and
VR hardware like powerwalls or CAVEs have been employed. There have
been several approaches which visualize simulation results in a VR environ-
ment and optionally allow simulation steering if the number of simulated par-
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ticles is not very high [AF98, SGS01], but without employing particular tech-
niques to allow for the rendering of large numbers of molecules. However,
there is some previous work on visualizing massive data sets of more than a
million molecules by using multi-resolution rendering to ensure interactivity
[NKV99].

3.2.2. Point-based Glyphs

Visualization of large molecular datasets with polygon-based glyphs is not the
most convenient solution for the current implementation in hardware as well
as in software, as can be deduced from the related work: if a polygon-based
algorithm is to be used, the tessellation must be adapted depending on the ren-
dered size to obtain smooth surfaces and not degrade performance below 5-10
frames per second (“interactivity”). This can be achieved taking advantage of
level-of-detail methods [FS93, Lak04] to adapt the number of polygons as to
guarantee smooth surfaces for near objects and coarsely render distant ones to
save performance. However a large number of polygons has to be sent to the
graphics card in any case. Taking a look at the related work from point-based
visualization and molecular visualization, it becomes evident that the results
from one field can be successfully transferred to the other to overcome the
deficits of the approaches conventionally employed. GPU-based algorithms
for the generation of glyphs are needed, which will be described in the follow-
ing sections. The implications of time-based data must be considered regard-
ing the technical level as well as the subsequent usage of the visualization to
gain additional insight must be kept in mind from the human-computer inter-
action point of view. This will be elaborated upon in Section 3.2.4.

Generating parametric surfaces using fragment shaders on the GPU has been
investigated in several publications. Two different approaches implemented
Lindenmayer Systems [Lin68] to explicitly generate geometry in vertex buffers,
in one case for subdivision curves [MP03], in the other using the example of
procedurally generated trees [LH04]. The complementary approach of ray-
casting implicit representations of surfaces directly onto a proxy geometry
has been implemented for ellipsoids with optimally sized quads [Gum03] and
with single points to save on bandwidth at the expense of fragment shader
load [KE04]. The raycasting method has also been chosen in the context of this
thesis, on the one hand because of the high rendering quality, also compared to
texture-based approaches, where applicable ([BDST04], see section 3.2.1), and
on the other because of the high performance which can be obtained when
every stage of the OpenGL pipeline is carefully optimized.

To render any glyph surface on the GPU using a billboard geometry, be it a
quad, a triangle or a single point, it must first be adequately parameterized
to be as bandwidth-efficient as possible, otherwise the whole point of cutting
down on polygon transfer is missed. The attribute with the the biggest poten-



40 3.2. MOLECULAR DYNAMICS DATA

tial for space saving usually is the position of a glyph, note however that the
higher the number of additional attributes per point becomes, the more the im-
pact of the position diminishes. The approach proposed by Hopf [HE03], for
example, quantizes positions to three bytes and uses a hierarchy to reconstruct
most of the original positional precision. Previous work even goes as far as
using only 13 bits for the position [RL00]. This special case, however, has the
advantage of working on contiguous points representing a surface, resulting
in dense groups of relatively many points.

To put the issue into perspective for the MD datasets used in this thesis, the re-
sulting point clouds have a less advantageous spatial distribution compared
to the surfaces because the points can usually not be relied upon to be as
tightly packed (many of the data sets contain gases). Quantization, though,
is sensitive to large empty spaces since the positional precision decreases pro-
portionally to the maximum extent of the spanned space. Considering a one-
dimensional example with a bounding box of size sBB and b = 2n + 1 bins (to
ensure that we have a zero bin and equal resolution on both sizes of that cen-
ter), the maximum positional error is half of the bin size ∆x = sbin = sBB/2b.
The maximum relative error for a unit length and 8 bits for positioning conse-
quently is δx = 1/510 ≈ 2h, which looks more than acceptable (in 3D, this
error would increase to

√
3δx ≈ 3.5h). In a molecular simulation, however,

one has to consider that the error has to be sufficiently small as not to generate
positions which make two Van-der-Waals radii visibly overlap, because that
would reflect a state which should not be obtainable if the simulation is imple-
mented correctly. Actually, current implementations (in thermodynamics, for
example) go as far as allowing a minimal overlap, however the goal of the vi-
sualization should still be to match the data as precisely as possible, and since
the most influential situation that can easily lead to false conclusions is such
an overlap, it is to be minimized. In an example scenario of supersaturated
gas with one million atoms of radius 1 and about seven times as much empty
space, the simulation domain would be 2003, with sBB = 200. Allowing at
most 5% overlap, the most misleading case would be two touching atoms, both
mis-positioned by the maximum error, resulting in an overlap of 2∆x , 0.05.
These prerequisites require 2000 buckets per axis. It is not possible to address
them using merely 8 bits, however a second hierarchy level will already result
in sufficiently precise positions.

Data Transfer Optimization

Quantized data helps keeping an application’s memory footprint small and
is as such a viable option, however uploading quantized data to the GPU
does not always benefit the performance of applications to an equal degree.
To more precisely investigate the effects of quantization and different upload-
ing and parametrization strategies, several benchmarks have been conducted,
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the parameters of which can be seen in table 3.1. The results are discussed
in the following. As in the remainder of this dissertation, the performance
is measured using an OpenGL-based point rendering implementation under
WindowsXP. A random subset of tests has been implemented using DirectX 9
only to find a nearly equal performance (within a margin of 3%), the same is
valid for the original implementation when compiled and used under Linux,
so no further details will be given and the overall result can be expected to
be valid more generally. Since PCs implementing the x86 architecture still can
differ in performance because of differences in memory support and system
bus capabilities, few but reasonably different systems have been chosen for
the tests, namely two ‘fast’ machines (an Intel Core2 Duo 6600 and an AMD
Phenom 9600) and a ‘slow’ and a ‘legacy’ system (AMD Athlon64 X2 4400+
and an Intel Pentium 4 2.4GHz, which is the only machine that only supports
AGP graphics and is mostly used as baseline reference). Four PCIe cards were
rotated through the modern systems, an Nvidia GeForce 6800GS, a 7900GT, an
8600GT and an 8800GTX. It must be noted that the employed driver version
(169.21) penalizes the Core2 Duo machine, since although all of the test PCs
only had a single monitor, using the driver in ‘multiple display performance
mode’ (which is the default) instead of ‘single display performance mode’ cost
only the Core2 Duo machine about 10% performance, while the AMD-specific
code path in the driver seems to be insensitive to this option. No AMD/ATI-
based graphics cards were tested since their OpenGL support is currently in-
sufficient for any of the proposed algorithms. Error bars in the presented di-
agrams are aimed at highlighting methods that suffer from high performance
fluctuations and thus should only be employed when no better alternative is
available.

The first question that needs to be answered is how beneficial the reduced
bandwidth requirements of quantized data are when uploading vertices to a
graphics card. In figure 3.4 it can be seen that there are cases where the perfor-
mance of GPU-resident point clouds (unsuited for time-based data) can nearly
be matched using signed-byte quantization for uploads, proving the general
validity of the approach. However for currently available high-end cards this
is not universally valid. In some cases the maximum performance for shorts
can even be higher (see especially figure B.4), although twice as much data
needs to be uploaded. This might be due to alignment problems – assuming
the hardware is optimized for handling dwords. The more important infor-
mation in these diagrams is that using shorts at least 90% of the signed-byte
performance can be achieved, which is a small trade-off considering the ben-
efit of twice the precision. This holds true for all tested combinations of CPU,
chipset and GPU. Along the same lines, when using floats, even though the
data quadruples, the performance only halves, which makes full-precision up-
loads not as taxing as one would expect. One possible explanation for this fact
could be alignment issues, which need not be taken care of with wider data,
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benchmark parameters figures

common 5122 viewport, release build 32 bit, Nvidia driver
version 169.21 with default settings and Vsync off

-

quantization dequantization and ModelViewProjection transform
vertex program, constant color fragment program, one
pixel per vertex, positions randomized

3.4-3.6,
B.1ff

upload
points

ModelViewProjection transform vertex program,
constant color fragment program generating one pixel
per vertex, vertex positions on a regular grid

3.7

upload
spheres

optimal bounding box calculation in vertex program,
sphere glyph fragment program, vertex positions on a
regular grid, color set once

3.8

parameter
texture

bounding box in vertex program, dipole glyph
fragment program, vertex positions on a regular grid,
500,000 vertices, color set per glyph

3.9

cylinder
bounding
geometry

optimal bounding box calculation in vertex program,
cylinder glyph fragment program, vertex positions on
a regular grid, 500,000 vertices, cylinder aspect ratio
2:1 (length:diameter), color set per glyph

3.12

overall per-
formance

500,000 vertices with different glyph shaders and
optimal bounding boxes

3.16

Table 3.1.: Benchmark parameters and modalities as used for results later in
this section.

and driver optimization that might not be very thorough if byte-quantized co-
ordinates are not used a lot by game software programmers, who should still
make up the largest portion of people that work most closely together with
GPU designers and the respective driver programmers. This only applies to
the GeForce series, as Nvidia representatives always claim that even though
the Quadro and GeForce drivers have a common core, they evolve very dif-
ferently over time: driver changes for the GeForce models are only caused
by game stability/performance issues, while Quadro drivers also contain bug
fixes that are discovered by the developers of commercial CAD and visualiza-
tion software. The latter are never integrated into the GeForce drivers if they
imply performance penalties of any kind. It should finally be noted, however,
that the upload modes that benefit the most from strong quantization are those
with the worst overall performance, that is the different kinds of Vertex Buffer
Objects. By design VBOs seem originally intended for multiple render passes
of the same data, but the streaming variant at least should be suitable for little
to no reuse. This does not seem to hold true, and this effect can be seen in all
of the diagrams.
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Figure 3.4.: Upload performance for 4 million byte-quantized points. In most
cases vertex arrays outperform the non-static VBO variants. The
Phenom shows either system performance or driver issues for ver-
tex arrays.
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Figure 3.5.: Upload performance for 4 million short-quantized points. The per-
formance is nearly on par with byte-quantized points using vertex
arrays, while the non-static VBOs take a significant performance
hit on current GPUs. In this test every setup works best with ver-
tex arrays.
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Looking at the performance figures across the different precisions, the very
similar performance of static vertex buffer objects gave rise to the suspicion
that such data might undergo a silent conversion on upload, however dou-
ble-checking with VBOs large enough to require more than the available on-
board graphics card RAM (when using floats) proved that no such conver-
sion takes place and indeed four times the points can fit into memory when
using bytes instead of floats. So the reason for this is probably a geometry
processing limit, which in turn also means that the supposedly dynamically
load-balanced generic computation units of the GeForce 8 can not arbitrarily
be reassigned to vertex shaders, but that there must be a capped ratio, like for
example 1:2 (only counting vertex shaders versus fragment shaders). Were this
not the case, there should be a much higher performance gap between GeForce
8 (32 x 4 scalar computation units in total) and GeForce 7 (8 dedicated vector
units for vertex processing only). On the other hand these results also indicate
that the dequantization to full-precision floats when reading from byte textures
effectively comes for free at least on current hardware.

The measurements also confirm some expectations since the bandwidth-in-
variant static VBOs gain a growing advantage the wider the uploaded data
gets, however this holds also true for vertex arrays. The most conspicuous
side-effect can be observed on the Athlon system: here the dynamic mapping
of VBOs – that is the direct memcpy into what should be kernel-mapped GPU
memory – is very slow even though the front side bus bandwidth of this sys-
tem is second only to that of the Phenom system. The bottom line of these
tests is that if the precision is at all required, using shorts offers the best perfor-
mance/precision ratio in most cases.

As of OpenGL 2.0, once the precision of the uploaded data is decided, there
are still several ways to upload the vertex data to the graphics card. The dis-
tinctive feature of OpenGL, compared to DirectX, is the Immediate Mode, which
puts heavy load on the CPU, but comes with the benefit that the uploaded
data need not be aligned nor linear in memory in any way and can also be
computed on the fly. In contrast, the best-performing way to upload the data
across all tests currently is to at least lay out every attribute linearly in mem-
ory by itself with a constant offset between values, which is enough to employ
Vertex Arrays (see figure 3.7). This makes it very convenient to keep all data
of a point locally interleaved, for example by concatenating position, color,
and any remaining attributes, and then concatenating these points. The cur-
rent state of the OpenGL 3.0 specification [Opec] however suggests that both
of these modes will be removed, bringing it on par with OpenGL ES (embedded
systems) and DirectX with regard to vertex upload. That leaves VBOs as the
only future-proof and, at least by concept, efficient upload method. This mode
forces the application to keep the data in memory uninterleaved, at least if dif-
ferent attribute sets are to be used (color from velocity, color from element type,
etc.). Otherwise the unused attributes would have to be uploaded all the same
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Figure 3.6.: Upload performance for 4 million unquantized points. Due to the
data size, static VBOs always are much faster than the other ren-
dering methods. In conformity with the expectations, performance
is halved with respect to shorts (Figure 3.5) and vertex arrays still
offer the best performance across all hardware combinations.
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Figure 3.7.: Rendering performance of single-pixel points on different ma-
chines for all available upload modes. Vertex arrays offer the best
performance for dynamic data across all machines.
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or data must be uninterleaved on the fly, implying a lot of memcpy operations
in the worst case. But even if the data is laid out to fit the rendering perfectly,
that still leaves the question why VBOs are still significantly slower than vertex
arrays (see figure 3.7), regardless of the specific mode utilized. The only plau-
sible explanation for now is that VBOs might present some streaming draw-
back, so while vertex arrays can already be rendered while not completely
uploaded to the GPU, VBOs might have some requirement before rendering
can be executed for the first time. As such they might render as quickly as ver-
tex arrays, but suffer from a delay. VBOs certainly do not look very attractive
performance-wise at the moment, and if this problem is not fixed with future
drivers, OpenGL 3 applications are going to suffer from a severe performance
hit (at least if no multi-pass rendering is performed). However, with ray-cast
GPU-based primitives, on slow GPUs the overall performance is so severely
limited that the upload mode hardly makes a subjectively noticeable differ-
ence, even though the relative performance loss is significant (see figure 3.8).
Surprisingly, for smaller batches of primitives the performance of the GeForce
7900 is nearly equal (for 1M spheres) or even higher (for 100K spheres) than
that of the current high-end card, so there must be some overhead either in the
drivers or in the architecture of the 8 series GPUs that can be detected when
employing only this particular shader load, since in all other benchmarks a
speedup from 7900GT to 8800GTX can be easily observed.

An effect commonly known from many benchmarks that can be found on the
web (which are usually conducted using computer games, which in terms of
computational costs are not much unlike GPU-based visualization applica-
tions) is that the faster a GPU is, the faster the overall system and especially the
CPU has to be to significantly increase rendering performance. This is required
even though much of the processing is happening on the GPU and is probably
because the driver, which in the end controls the graphics card, still runs on the
CPU and needs processing time. This effect can be observed when comparing
the frame rates of the high-end Intel-based system to the AMD-based system.
It is of course unclear whether the driver code for one of the two systems is also
optimized more thoroughly than the other, however the overall performance
reflects the relative CPU performance of the two systems, with the exception
of the static VBO measurements, which in turn proves that this vertex data
storage method really does rely mostly on the GPU and no work is offloaded
silently to the CPU. This is also obvious in the quantization benchmarks: only
the Core2 system can offer a significant performance increase when upgrading
an 8600GT with an 8800GTX.

The superior theoretical system bandwidth of the Phenom system does not
have a noticeable effect though (see figure 3.5) and its bound for uploading
shorts is the same for both series 8 GPUs. The effective bandwidth limitations
of the Core2 system can only be seen when uploading unquantized data. For
this test there is no benefit from using the 8800GTX, even though the former
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Figure 3.8.: Rendering performance of sphere glyphs on different machines for
all available upload modes. The peak performance for the GeForce
7 GPU hints at some overhead or missing optimization for the sub-
sequent hardware generation that is exhibited when the shader
load is not very high. DynmC means dynamic mapping including
a color attribute and pre-int signifies that data is pre-interleaved in
main memory to allow for single-instruction memcopy.
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has a higher clock speed and also four times as many stream processors. Alto-
gether the CPU, memory timing, chipset factors and the specific implementa-
tion result in a bandwidth utilization of 2.5GB/s (out of 4GB/s, so 63%) when
using the 4M float dataset. With shorts the frame rate nearly doubles on the
8800 GTX, so the PCIe utilization is roughly the same, however then the 8600
GT does not have enough computational power to match the performance of
the high-end card.

A different approach to reduce the necessary upload bandwidth is the usage of
parameter textures. Since in molecular visualization there are only a restricted
number of classes – usually atoms/molecules of a certain type/element – all
the attributes that are constant per type can be stored in a texture kept in GPU
memory and thus require no upload at rendering time at all. Thus, parameters
like color and radius are reduced to a single type index that is later used to
look up the actual values in the parameter texture.

While this approach should improve performance significantly, practical mea-
surements prove otherwise: using dipole glyphs (see below) which have 5
parameters plus a color per type and thus should allow a significant conser-
vation of bandwidth, the frame rate does not increase significantly overall.
The only CPU/GPU combination that benefits from the reduced upload is the
Athlon64/8800GTX, which is obviously bottlenecked by the CPU and can only
offer the full performance of the GPU (that is, the same frame rates as on the
Core2 and Phenom systems) when the load on the CPU side is reduced by
looking up the glyph parameters from a texture (see figure 3.9). The figure also
shows that parameter textures can be more convenient for simpler shaders on
fast GPUs, as reduced fragment load – emulated by reducing the glyph size to
10% – will increase the performance gain offered by the lookup on the 8800GTX
significantly.

Comparing the performance of the GeForce 7900 and the 8600 board, it seems
that even though the 32 shaders of the newer GPU run at higher clock speeds,
they cannot be allocated in such a way to result faster than the 24 pixel shaders
of the GeForce 7900. However the older GPU cannot benefit from the reduced
fragment load per primitive the way the newer card can, which might be
caused by the finer granularity of execution the GeForce 8 series offers (smaller
groups of pixels that have to run exactly in parallel).

Other than optimization itself, the main reason why especially the bandwidth
requirements of the proposed rendering approach must be as low as possible
can be found in the innovation cycle for peripheral interconnects in PCs and
Workstations. While graphics chips have perhaps the shortest innovation cycle
in the computer industry overall (for various reasons, but most notably the ten-
dency of entertainment companies to propose increasingly realistic graphics
for computer games, which in the end is a driving force in the PC market), the
overall architecture changes rather slowly. Looking at the evolution of graph-
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Figure 3.9.: Rendering performance for 500,000 dipole glyphs (see figure 3.13).
For testing purposes, the glyphs have also been scaled to ten per-
cent of their size to reduce the fragment load per primitive.
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ics card buses and the GPUs themselves (see figure 3.10 and table 3.2), one
can see, for example, that bandwidth from CPU to GPU has quadrupled in the
same period in which GPU complexity has increased almost fifty-fold. GPU
performance obviously is not a direct function of transistor count, but scales
even better, however it is difficult to find any benchmark that has been in use
for the last ten years and still gives meaningful, comparable results, especially
considering that the transistor count not only stems from higher paralleliza-
tion, but also increasingly complex functionality. The positive effect of the
technological advance in GPU technology is that, because of backward com-
patibility, algorithms running directly on the GPU benefit from the improved
performance of new graphics chips automatically and thus will increase in per-
formance, while the available upload bandwidth cannot not be relied upon to
increase at a similar rate.
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Figure 3.10.: Bandwidth and transistor count increase for the major consumer
card generations by Nvidia.
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Chip Name Release Slot Type Bus B/W
(MB/s)

Transistors
(Millions)

NV1 - 1995 PCI 128 ?
NV3 RIVA128 1997 AGP 1x 256 3
NV4 TNT 1998 AGP 2x 512 8
NV5 TNT2 1999 AGP 4x 1024 15
NV10 GeForce 2000 AGP 4x 1024 22
NV15 GeForce 2 2000 AGP 4x 1024 25
NV20 GeForce 3 2001 AGP 4x 1024 57
NV25 GeForce 4 2002 AGP 8x 2048 63
NV30 GeForce FX 2003 AGP 8x 2048 125
NV40 GeForce 6 2004 PCIe x16 4096 222
G70 GeForce 7 2005 PCIe x16 4096 302
G80 GeForce 8 2006 PCIe x16 4096 681
G200 GeForce 200 2008 PCIe2 x16 8192 1,400

Table 3.2.: CPU-GPU Bandwidth and transistor figures for the major consumer
card generations by Nvidia.

Spheres

The next stage of the OpenGL pipeline that has to be optimized is the vertex
shader. It produces the primitives that are rasterized to the fragments which
are going to be processed by the fragment shader. Therefore, a tightly-fitting
screen-space bounding geometry for the actual glyph must result from this
stage as well as the parameters of the implicit surface. The basic glyph use-
ful for molecular visualization, a sphere, only needs a position, a radius and
a color. If the position is quantized, a uniform parameter can be used to set
the parent’s position and subspace spanned, so the absolute position can be re-
stored in the vertex shader, as has been done in [HE03]. Two different bound-
ing geometries have been tested: an axis-aligned cube and a screen-space rect-
angle. The cube corresponds to the axis-aligned cube exactly enclosing the
sphere, is trivial to compute, but reliably overestimates the required billboard
size (at least when a perspective projection is used), a fact that is aggravated
by the additional size increase when using single points as billboards: in this
case additional fragments are generated, since in OpenGL points always have
to be square. To avoid the generation of too many superfluous fragments, a
tighter-fitting screen-space rectangle can be used instead.

The tightly-fitting screen-space rectangle is calculated as follows: exploiting
the fact that the silhouette of a sphere can be captured using tangent planes
perpendicular to the view’s Up and Right vector, the whole problem can be
broken down to three nested right triangles for the horizontal and the vertical



54 3.2. MOLECULAR DYNAMICS DATA

screen-space extent each. Figure 3.11 shows the concept by example of the
horizontal extent, the other variant being analogous. Euclid’s theorems make
it easy to determine all the lengths in this diagram:

p =
r2

| ~SC|
, q = | ~SC| − p, h =

√
pq (3.1)

Calculating B0 is trivial, however B1,2 are more costly. The quickest way prob-
ably is to project ~SC into the coordinate system spanned by the viewing di-
rection V and right vector R of the current view. Then coordinate inversion
yields the correct perpendicular direction (see the dashed segments in the di-
agram). Using the vectors ~p and ~h from both the horizontal and the vertical
tangent planes, the resulting four extents of the billboard are projected into
screen space. For the points, the maximum and minimum per screen-space
axis are used to determine the respective size.

S
p

q
r

C

h

B₂

B₁

V

R

B₀

Figure 3.11.: Bounding geometry for spheres based on the silhouette as seen
from the ‘camera position’ C. The tangent planes touch the sphere
at the points B1 and B2, the vector resulting from the coordinate
inversion (dashed lines) shows the direction for the construction
of~h.

In theory, once a tightly-fitting bounding geometry is available, the point to be
rasterized could be replaced by a quad to reduce the number of ‘superfluous’
fragments generated, however this not always yields superior results even for
cylinders, which usually have a much more inconvenient aspect ratio than a
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sphere (see below), so the approach was not implemented in the visualization
tool.

The final step to obtain the glyph requires the rendering of a perspective-
correct sphere in the fragments rasterized from the vertex shader output. This
is achieved through per-fragment raycasting of the implicit sphere surface.
First the vector which connects the eye to the current fragment is computed
from the fragment’s window position WPOS as available in the fragment shader
stage. x and y are then converted to the View Coordinate System (top t, bottom b,
left l and right r are the parameters of the viewport, w and h its sizes in pixels)

−→s =

x
y
z


VCS

=

 xWPOS
w · (r− l) + l

yWPOS
h · (t− b) + b
−zN

 (3.2)

According to the OpenGL specification, the z component of the cast ray can be
directly set to the near clipping plane distance znear. To reduce the ray inter-
section calculation as much as possible, the fragment program works in local
glyph space, so the sphere is always centered at (0, 0, 0)T and the eye position is
translated accordingly in the vertex program and passed through as a varying
parameter. Thus the computation is only done once per vertex instead of once
per fragment. When the sphere is not intersected, the respective fragment is
discarded, otherwise it is Phong-shaded. The intersection point can optionally
be transformed back into the world coordinate system and then transformed
through the built-in OpenGL matrices and mapped to the [0, 1] OpenGL depth
range, so that the glyphs can be correctly combined with other primitives and
native OpenGL polygons.

Cylinders

Cylinders are another handy primitive for molecular visualization, since the
ball-and-stick style (see figure 3.2) as well as the stick (or licorice) style make
use of them. Cylinders need an additional orientation parameter, which is
most conveniently uploaded as a quaternion (4 floats) and converted to the
corresponding transformation matrix (9 floats) in the vertex shader. Even with-
out strong perspective distortion, the silhouette of a cylinder in such datasets
is usually elongated, resulting in an especially unfavorable ratio of discarded
fragments when just rendering square billboards. The rendering performance
thus should benefit greatly from a tightly-fitting bounding geometry. The cal-
culation basically works in the same way as for spheres, except that the local
coordinate system can be used to obtain an object-aligned bounding rectangle
for an even tighter fit.

Three possible approaches for the geometry result: either a single point is up-
loaded and view-aligned bounds are used, or a quad is uploaded with corner
indices for object-aligned bounds such that upload bandwidth is traded for



56 3.2. MOLECULAR DYNAMICS DATA

lower fragment shader load. With current-generation graphics hardware it is
additionally possible to expand an uploaded point into a triangle strip in the
geometry shader stage to exploit the benefits of both the single-point upload
and the tighter-fitting quad. It should be noted that the geometry shader has
to output a much higher number of attributes per vertex than in comparable
approaches (e.g. the billboard generation in [LVRH07]), thus putting a sig-
nificant load on the GPU. The proposed approach still needs a transformed
camera and light position passed to the fragment shader in addition to the
glyph parameters. Unfortunately, current Nvidia GPUs are extremely sensi-
tive to the total number of attributes emitted, resulting in unsatisfying perfor-
mance. Figure 3.12 demonstrates that only the Athlon machine benefits from
the bandwidth reduction, and also only when a GeForce 8800GTX is employed
since the mid-range version does not have enough resources to make the ad-
ditional geometry shading cost affordable. For other hardware combinations
the brute-force approach uploading quads is usually more convenient to use.
It can be deduced from the point primitive measurements that with current
hardware, the fragment shader stage is so thoroughly optimized that a 50%
overhead in fragments that will be killed anyway (for a cylinder with aspect
ratio 2:1 as the ones used in the measurements) can be put up with when using
only moderately complex shaders, so the ‘suboptimal’ point primitives are still
a reasonable approach. At least for this specific case the geometry shader is too
expensive to even justify an upload bandwidth reduction by 75%.
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Figure 3.12.: Cylinder primitive performance depending on the bounding ge-
ometry generation. Only on very slow machines the band-
width conservation offered by the geometry shader improves the
framerate.
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The cylinder glyph is rendered in its local coordinate system (same as the
sphere), so the orientation is mapped to orbiting the eye point around the
glyph. The final rotation is obtained by combining the camera orientation
quaternion and the glyph orientation quaternion. The respective multiplica-
tion is done in the vertex program as well as the subsequent transformation
into the corresponding rotation matrix. This matrix also has to be passed
to the fragment shader in order to correctly orient the per-fragment ray and
transform the intersection point back to world space, so that an OpenGL-
conforming depth can be calculated from it. If the cylinder is used by itself,
it can be drawn normally, which in contrast to a sphere means that both inter-
sections are needed since it is possible to look inside the cylinder. Alternatively
the cylinder can be capped (by itself or other primitives), making the far inter-
section superfluous. This is the case, for example, when a cylinder is used in
a ball-and-stick visualization where the ends of the cylinders are hidden any-
way.

Dipoles

In addition to the rather generic basic primitives, for the application of molecu-
lar dynamics used for nucleation simulations, a specifically tailored glyph was
needed. The molecules present in these simulations consist of several atoms,
but since at the ITT a Lennard-Jones potential is used for the simulation itself,
it is desirable that the molecules be rendered accordingly. Consequently each
molecule consists of one or two Lennard-Jones centers and can be polarity-free,
di-polar, or quadru-polar. The classical glyph employed in thermodynamics is
a pair of spheres with the respective van-der-Waals radius of the atoms. The
difference in radius can make it easy to distinguish which end of the molecule
is which, however the polarity has to be known by the user, which should
not be necessary as it burdens the user with a task of the visualization itself
(to convey information [HJ05]), that is showing the data so the user can in-
tuitively understand it. In collaboration with our thermodynamics colleagues
the following solution was devised: since school a significant portion of people
should be aware of magnets as used in experiments in physics, for example,
which often are conveniently marked with green and red ends to signify the
polarity. As an emulation of these markings, a cylinder can be rendered along
the axis of a two-center Lennard-Jones molecule with the same red-green color-
ing for easy recognition. The addition of this magnet metaphor also allows the
mapping of the charge to the length of the cylinder, as well as of an additional
property to its radius, effectively allowing for 5 attributes (3 radii, the Lennard-
Jones centers distance, and the cylinder length) to be displayed alongside posi-
tion, orientation, and color (see figure 3.13). The resulting glyph is sufficiently
simple to be generated on the fly from implicit surfaces in the fragment pro-
gram, reducing the uploaded data to only one position and orientation plus 5
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parameters (12 floats) instead of three positions plus the cylinder orientation
and 4 parameters (17 floats). This corresponds to a reduction of 30% in upload
bandwidth consumption.

r₁ r₂

r₃

d

l

Figure 3.13.: Dipole glyph and its adjustable parameters.

Assuming that the dipole glyph is always at the origin of a local coordinate
system (same as the other glyphs), with the cylinder lying along the x axis, the
implicit surface generated from these parameters is defined as

x− d
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y
z

2

− r2
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 ·


x + d
2
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z

2

− r2
2

 ·


0
y
z

2

− r2
3

 = 0 (3.3)

Additionally, the infinite cylinder must be trimmed and capped:1
0
0

 · −→x = r1 +
l
2

,

−1
0
0

 · −→x = −r2 −
l
2

. (3.4)

Intersecting these surfaces with a generic ray cast from the eye position (see
also the fragment position calculation in (3.2))

−→r = λ · −→s +−−−→poseye (3.5)

yields 3 quadratic equations. The local coordinate system and orientation sim-
plification is analogous to the cylinder primitive, however this glyph already
has so many parameters that need to be passed from the vertex to the fragment
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shader, that the varying parameters available in hardware at the time of publi-
cation are all expended when the orientation matrix is passed to the fragment
shader as well.

The next step consists of solving the three quadratic equations given by inter-
secting the ray with the two spheres and the cylinder. First the three radicands
are computed for an ‘early’ discarding of the fragment if all three of them are
negative (and no surface is hit). The combined sphere hit result is also kept for
later use. After calculating the roots, illegal results are discarded by assigning
a ray parameter λ which positions the fragment behind the far clipping plane.
The cylinder is a bit tricky to calculate.

For the cylinder, the near and far intersections are needed (CN , CF). Then the
planes forming the caps cutting off the cylinder according to the length l must
be calculated and the respective λ is used to decide which intersection is on the
near plane (PN) and which is on the far plane (PF). Now the five different cases
describing which part of the geometry is going to be hit can be distinguished
(see also figure 3.14).

PN

PFCF

CN

1 2 4 53
A
C
K

A
B
K

Figure 3.14.: The different cases when raycasting the cylinder alongside indi-
cations where the distinguishing conditions (namely A, B, C, K)
are true
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The conditions of the five possible cases are the following, listed along with
the action that needs to be performed:

1 : λCF > λCN > λPF > λPN Sphere/Kill
2 : λCF > λPF > λCN > λPN Cylinder
3 : λPF > λCF > λCN > λPN Cylinder
4 : λPF > λCF > λPN > λCN Cap
5 : λPF > λPN > λCF > λCN Sphere/Kill

(3.6)

These conditions can be condensed into distinguishing conditions, thus it is
sufficient to use the following three conditions for deciding the rendering re-
sult:

A : λPN > λCN , B : λCN > λPF , C : λPN > λCF (3.7)

The condition K = B or C discards all cylinder information by again setting
an impossibly high ray parameter λ, so that either the spheres are rendered
(because the corresponding λ is smaller) or the fragment is discarded if there
was no sphere hit in the first place. Based on the results of these calculations it
can also be decided which of the available normals is the correct one:

−−→
Ncap = A · C̄ · −−→Ncap ,

−−→
Ncyl = Ā · B̄ · −−→Ncyl (3.8)

The discarding condition K conveniently also ensures B̄ and C̄, so the only
remaining condition is A (the cap is hit) and Ā (not the cap, but the cylinder
is hit). The only case that is neglected by the above is looking through the
cylinder, thus having huge λ for the cylinder hits (or even infinity). This is
however already corrected by the discrediting of negative radicands and will
not come to pass. The resulting surface is then Phong-shaded. The color for the
poles of the cylinder is decided as a by-product using the sign of the cylinder
intersection x coordinate.

Results and performance

Applying these concepts to the visualization of molecular dynamics datasets
simulated at the ITT was quite a success. Researchers were used to classical
polygon-based visualization with a rather simple in-house tool, whose perfor-
mance could be bested by more than two orders of magnitude with (at the
time) current GPUs. Previously, it was actually impossible to view datasets
with more than 10.000 molecules at all. The additional increase in quality was
judged very positively. Experimenting with larger datasets, however, made it
also clear that the perception of depth was not convincing despite the rather
strong perspective parameters. Additional depth cues can improve this situa-
tion [WE02], so a simple scheme that attenuates the lighting depending on the
distance from the viewer was added. The difference between the two modes
can be observed in figure 3.15. More recently, better, though still interactive,
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cues for the depth complexity have been proposed, for example using ambient
occlusion, an interactive radiosity approximation [TCM06].

The rendering performance for 500,000 different glyphs can be seen in fig-
ure 3.16, evidently decreasing depending on their individual complexity. Fig-
ure 3.8 already showed, however, that performance does not decrease linearly
with the number of rendered glyphs, even though it directly depends on the
number of fragments generated. This can easily be explained by the nature of
the proposed hybrid object/image-order approach: The more molecules are
rendered, the less screen space each one occupies, reducing the number of
fragments to process significantly, which compensates partly the performance
impact of many glyphs. When zooming in, many fragments are even clipped
since they come to lie outside of the current viewport, which makes up for
the visible glyphs that become very large. The achievable speedup per graph-
ics card generation can also be observed here, in accordance to the prognosis
already made in section 3.2.2.

Figure 3.15.: CO2 nucleation simulation with 65K items and no depth cues (left
image). The structure (and Z-order) of the dataset is much easier
to perceive when a simple depth cueing by light attenuation is
used (right image).

Clusters Visualization

When studying the nucleation in gases, the improved visualization can already
help researchers, however the datasets are still heavily cluttered if the simu-
lated gas is strongly oversaturated. To better distinguish the clusters from the
remaining monomers, an abstract representation was included. Since in real-
istic (in terms of saturation) simulations the clusters in the end are just very
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Figure 3.16.: Glyph rendering performance for different glyph/hardware
combinations.

small droplets, it can obviously be expected from them to have, by and large,
near-spherical shape as soon as they reach a sufficiently large size (induced by
the surface tension) . This led to the decision to integrate the ellipsoid shader
by Thomas Klein [KE04] as a representative of clusters. To improve the ren-
dering strategy, a shallow hierarchy was added that basically contains clusters
and the respective information for rendering them (semi-axes lengths) as inner
nodes and the contained molecules as leaf nodes, plus an additional node for
all the remaining monomers. Using shaded ellipsoids, the user can perceive
the position and extent of the molecular clusters more easily, even if a large
number of monomers occlude portions of the ellipsoid as shown in figure 3.17.
The ellipsoids can also be shown as a transparent overlay over the monomers
contained in a cluster (see figure 3.24, right image). The ellipsoid parameters
are calculated similarly to [SGEK97]: the position ej(t) = (x̄(t), ȳ(t), z̄(t))T of
the center of the ellipsoid is the average position of all molecules forming the
cluster. The main axes are determined using the eigenvectors of the covariance
matrix, which is then sorted according to the eigenvalues. The normalized
eigenvector of the largest eigenvalue is used as first main axis, while the other
two main axes are then calculated using the eigenvector of the second largest
eigenvalue and cross products. The radii of the ellipsoid are finally determined
by projecting the contained molecule positions onto the resulting main axes.
Since this method actually describes the bounding cuboid, the resulting ellip-
soid will not wholly enclose some of the border molecules, but this number
is negligible since a droplet can be safely assumed to have roughly spherical
shape, as mentioned earlier.
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Figure 3.17.: Molecular clusters are normally represented using a simple color
coding (left). Using ellipsoids allows to more easily perceive the
shape of the clusters (right).

3.2.3. Time-based Data

The algorithms proposed so far form the building blocks for a versatile static
visualization, however, to help with the analysis of simulations, the point
cloud renderer needed an improved data handling to make the efficient ren-
dering of time-based datasets possible. Even more important than the basic
playback of simulated time steps are the methodical advantages that can re-
sult from the use of a time-based visualization. In this case, the verification of
the correctness of a simulation run and, for thermodynamics applications, the
reliability of the employed clustering criterion are two important aspects. For
the calculation of the nucleation rate and the critical cluster size, it is essential
to make use of a meaningful definition for molecular clusters because only if
the clusters are correctly detected, the corresponding metrics will yield correct
results. The verification of the clustering results with the aid of interactive vi-
sualization is as important as the comparison of the resulting nucleation rates
with experimentally acquired values. By observing the detected clusters and
their interaction with the surrounding monomers, problems (and bugs) in the
employed molecule cluster detection algorithm can be isolated. An additional
question that arises is also how monomers interacting with several clusters in
a short time have to be interpreted: sometimes they might indicate a cluster
merging with another, sometimes two erroneously separated clusters.

The datasets mainly used in screen shots and for performance measurements
in this work all result from molecular dynamics simulations conducted at the
ITT. A typical simulation spans a fraction between 0.2 and 0.5 of a nanosec-
ond and contains tens to hundreds of thousands of molecules. The simula-
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tion time step for these simulations usually is 1fs in length. That frequency is
much too high for visualization, because on the one hand, the storage require-
ments for the resulting 200,000 to 500,000 configurations are too high (hun-
dreds of GB) and on the other hand the temperature in the simulation domain
is low enough that the molecules move so little per time step that the playback
would take far too much time without offering additional insight. The empir-
ically determined temporal subsampling of 100 still leaves enough data such
that straightforward linear interpolation between time steps does not produce
any artifacts like molecules moving on visibly piecewise linearized trajectories.
Thus time-based visualization of the single molecules or atoms basically con-
sists of loading two configurations and interpolating the respective positions
between them. The molecule color is either mapped from a table based on its
type, or set to a color reserved for the molecules being part of a cluster (see
figure 3.17).

The molecule clusters themselves have several attributes that require special
consideration. Three different mappings are available for the cluster color: the
default coloring of the ellipsoid corresponds to the user-defined cluster mem-
bership color also used when the molecules are rendered individually to ob-
tain visual coherence. There are two alternative coloring schemes available:
the first one uses a palette of clearly distinguishable colors from which a color
is selected using the ID of the cluster modulo the number of entries in this color
table. This color coding allows to easily check the tracking of clusters over time
when the monomers are filtered out. The resulting rendering is very taxing as
it causes high sensory load for the user, so it is mainly used for debugging pur-
poses. The second alternative coloring scheme emphasizes the evolution of the
molecular cluster. Three user-defined colors represent the major evolution ten-
dencies of the clusters. The default colors are light yellow for clusters keeping
their size, light green for growing and light red for shrinking clusters. These
colors are interpolated according to the actual evolution (e.g. slow-growing
clusters are colored in light greenish yellow; see figure 3.18).

Interpolating the position and orientation of two ellipsoids is not as straight-
forward. First of all, an ellipsoid is symmetric, so two axes can be swapped
without the shape changing. Second, and this is the more critical aspect, in-
terpolation can either minimize the scaling or minimize the rotation of the el-
lipsoid. The first approach will interpolate between the radii of the ellipsoid,
which results in the biggest radius remaining the biggest radius. The orien-
tation quaternions are then directly interpolated using SLERP [DKL98]. The
second approach will select pairs of axes such that the rotation is minimized.
The orientation quaternion of the targeted configuration must then be recal-
culated. This computation can be performed at loading time. The differences
between these two interpolation methods are only visible if very unstable clus-
ters are used, and then both approaches result in rather particular animations,
either with spinning ellipsoids or wobbling ellipsoids. Since these effects can
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Figure 3.18.: Molecular cluster ellipsoids with color coded evolution and fil-
tered monomers, color-coded whether they are joining or leaving
clusters. Clusters with colors between yellow and red are shrink-
ing (left cluster), while clusters with colors between yellow and
green are growing (right cluster).

be observed only rarely, the direct interpolation of the quaternions without any
recalculation of these values was opted for. The spinning clusters can then be
used to determine whether a dataset is highly unstable, while wobbling could
be misinterpreted as reflecting the actual situation, leading to a higher per-
ceived correctness of the simulation results than is justified, at least according
to the experience at the ITT.

To avoid popping artifacts for monomers and clusters, both are scaled smoothly
over time so that monomers have an interpolated size between 100% in the last
configuration they are unconnected to a cluster and 0% in the configuration
where they first join a cluster, and clusters reach 100% size during playback of
the first configuration where they start existing.

Molecule Flow Visualization

The correct detection of a cluster over time implies that it exhibits a certain
stability. It is not impossible that a once agglomerated molecule leaves such a
droplet again, but it needs additional energy to overcome the inter-molecular
attraction as per the van-der-Waals forces (and additional ones). If it seems that
lots of molecules leave a cluster all the time, however, the suspicion should
arise that the cluster potentially is not detected correctly in the first place. It is
even worse if such molecules join in a secondary cluster which might in turn
dissolve as well, with the molecules dropping back into the original cluster.
This can be a sign that the two clusters should have been detected as one.
Hence the idea of tracking the molecule exchange between clusters, which
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should allow the researchers to detect clusters that ‘feed’ smaller clusters and
vice versa. Related work for such a flow visualization is manyfold: it has
been tackled recently with mostly texture-based, dense representations. The
texture-based approach was introduced with LIC [CL93] and has seen many
improvements and hardware-accelerated implementations [JEH02] since, even
on 3D surfaces [WE04] and for 3D fields [WSE05, IG98, SFCN02]. Since an inte-
gral part of the information that needs to be visualized consists of the droplets
themselves, a dense representation for the surrounding space could not meet
expectations as it would clutter the rendering too much. Therefore a simple,
sparse visualization, more closely related to streamballs [BHR+94] and other
glyph-based flow visualization techniques [RSBE01] was chosen.

The first step towards generating such a glyph-based flow visualization is a
filtering of the monomers according to their importance for the evolution of a
molecular cluster. All the others should sensibly not be included in the inter-
cluster flow visualization. As basis for this filtering the cluster time distance
was devised. The groundwork for this are the following definitions for the
elements in a dataset: T = {0, ..., tmax} ⊂ N0 is the time line of the dataset
with the discrete configuration times ti ∈ T, and M is the set of all molecules
in the dataset with the trajectory of molecule mi ∈M : t 7→ (xi(t), yi(t), zi(t))T .

Molecular clusters are identified by a natural number. The value zero is used to
represent molecules that are not part of a cluster, hence the cluster membership
of a molecule mi can be defined as:

c : M× T→ N0, (mi, t) 7→ c(mi, t) (3.9)

A molecular cluster can then be defined as the time-dependent set of the con-
tained molecules:

Sj(t) := {mi ∈M|c(mi, t) = j ∧ j 6= 0} (3.10)

Finally, the cluster time distance is a signed value for each molecule, represent-
ing the distance in time to the next cluster:

ctd(mi, t) =

tc − t
if ∃tc∀tx : |tc − t| ≤ |tx − t|
with tc, tx ∈ {tj ∈ T|c(mi, tj) 6= 0}

nan else
(3.11)

The symbolic constant nan is used to indicate that a molecule is never part of
a cluster and that the set used in the first case therefore would be empty.

Using this metric, only monomers are rendered whose absolute value of the
cluster time distance is smaller than a user-defined threshold:

ctd(mi, t) < ε f ilter (3.12)
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To further emphasize the contribution of the monomers to the evolution of
molecular clusters, the molecules are color-coded according to the sign of
their cluster time distance, showing molecules joining a cluster in green, and
molecules leaving a cluster in red, see figure 3.18. One interesting situation is
given by monomers starting as red, leaving clusters and then switching their
color to green. If this occurs with rather small filtering thresholds, it can indi-
cate cluster detection instabilities.

It can be easily understood that it is hard to perceive these situations, because
the changes of the monomers’ colors happen rather quickly and in several
places in the dataset at once. To overcome this problem, the information of the
filtered monomers can be used to produce a pathline visualization by simply
connecting the positions in the temporal neighborhood (also used in [KBH04],
for example) of these molecules. The pathline information can be generated
at loading time, so no additional storage in the input file format is needed.
However, the creation of this information increases the memory needed and
the workload on the CPU. Using these pathlines allows the user to track the
movement of the monomers over a period of time even when the simulation
playback is paused, which clarifies the joining, leaving, and rejoining phe-
nomenon described above. However, since the pathlines represent informa-
tion of several configurations, despite the rather sparse visualization itself, the
images tend to be even more cluttered when compared to rendering the filtered
monomers. It can nevertheless give a quick overall impression on the cluster-
ing behavior of the dataset in general, as a distinctly greenish picture would
mean that the clusters are steadily growing, while a reddish picture means that
many clusters are collapsing. The latter output should also alert the user, since
even very unstable situations at worst yield an even mix of green and red. A
simulation with a prevalently collapsing behavior has not yet been encoun-
tered, but it would be easy to obtain by placing a single drop in empty space at
a relatively high temperature. It is however quite hard to imagine the insight
generated by such a simulation.

To further improve the visualization, one possibility would include the aggre-
gation of several pathlines into some kind of pathtube, which however would
have to span all the positions of the contained molecules and would in most
cases use even more space to display. As an abstraction of this concept, flow
groups were devised. A flow group is defined as a set of molecules M f moving
together from one cluster to another:

M f (e, v, te, tv) :={m ∈M|c(m, te) = e ∧ c(m, tv) = v

∧ ∀t ∈ (te, tv) : c(m, t) = 0}
with e 6= v , te < tv

(3.13)

So the flow group is defined by the configuration time te of its emergence,
the ID e of the cluster it is leaving, the time tv of its disappearance, and the
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ID v of the cluster it is joining. This concept was developed in cooperation
with our thermodynamics partners especially to investigate the interchange of
molecules between clusters. The flow groups are visualized as GPU-generated
arrow glyphs (based on the cylinder glyph from section 3.2.2), moving from the
averaged position of all molecules in the starting configuration to the averaged
position in the ending configuration. All intermediate positions are discarded
and replaced by linear interpolation from start to end, so only the information
that a molecule exchange has happened remains.

The size of each arrow is calculated from the number of contained molecules.
For the mapping from the number of molecules to the size of the arrow the
cubic root with the factor provided by the Kepler conjecture ( π√

18
' 0.74048)

is used, which corresponds to the closest packing of similar-sized spheres:

r(M f ) = rm
3

√√
18

π
|M f | (3.14)

with rm being the radius of the molecules and r(M f ) being the radius of a
flow-group-enclosing sphere M f . The arrowhead radius, head and tail lengths
are then set to the radius of this sphere to obtain a visually similar impres-
sion of volume, while additionally emphasizing its flow direction. This ap-
proach creates glyphs with a good representation of the amount of molecules
in each flow group and allows for a qualitative comparison of flow groups
and molecular clusters. To create a further coupling between the size of the
flow group and the size of the molecular clusters involved, the flow group’s
arrow is color-coded. The color is interpolated between two base colors de-
pending on the ratio of the flow group molecule count and the molecular clus-
ter molecule count. A completely blue flow group holds all molecules which
formerly formed the molecular cluster, while an almost red flow group only
holds very few molecules compared to the number of molecules in the clus-
ter. So the effect that molecular clusters are present but missed by the cluster
detection algorithm appears as a cluster vanishing, a rather blue flow group
emerging, and a new cluster emerging where the still blue flow group van-
ishes (see figure 3.19).

This approach is applied to evaluate the stability of different molecular clus-
tering criteria (see section 3.2.4).

Preprocessing and Data Streaming

To support the time-based visualization and the rendering modes for cluster-
ing analysis, a proprietary binary file format was developed (see [Gro05] for
details of the first version), which already has performance advantages com-
pared to the plain text used at the ITT. This format also supports the different
quantization variants introduced in section 3.2.2. The conversion takes place in
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Figure 3.19.: Evaporating molecular cluster (red cluster ellipsoid in the middle
of the left image) leaving a flow group (blue arrow, center image)
containing almost all molecules of the evaporated cluster, mov-
ing slowly and forming a new cluster (green ellipsoid in the right
image). The smaller clusters in the left part of the images are sur-
rounded by flow groups, but these are red and the clusters are
rather stable.

a preprocessing step, which also helps to compute the additional information
that is required for cluster rendering and cluster analysis. The most expen-
sive metadata currently is the cluster time distance, which in the worst case
requires information about the whole simulation run for every monomer and
thus cannot be calculated on the fly. The flow groups, as well as their contained
molecules, are stored separately. Regardless of quantization, a minimalist hi-
erarchy is used to categorize the objects contained in the resulting scene, with
one subtree containing the monomers, and one containing the clusters and the
associated molecules (see figure 3.20). For ball-and-stick visualizations, there
would be an additional subtree containing the bonds, i.e. cylinders. Molecular
clusters are represented by inner nodes of this hierarchy, which store all infor-
mation about the ellipsoidal shape of the molecular cluster. The positions can
be stored directly, or they can be placed in a positional hierarchy using relative
quantized coordinates as presented in [HE03]. Thus all primitives of one type
can be rendered in one go and expensive shader switching is minimized. A
linear memory layout of the molecule data in the leaf nodes is created to ex-
ploit the advantages of Vertex Arrays; all of the hierarchical nodes only store a
start and end index into this linear data structure. The use of a preprocessor
also makes the support for different input file formats more convenient, as the
visualization component only has to support its native, optimized format. The
preprocessor has been implemented as a separate program which currently
generates the molecular cluster ellipsoids, flow groups, the cluster time dis-
tance, and file offsets for seeking within the trajectory. Although each dataset
has the same number of molecules in every configuration, these file offset ta-
bles are necessary for fast seeking because the sizes of the configurations in one
file are not constant due to the varying number of clusters and flow groups per
configuration.
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Clusters and contained Molecules Monomers Cylinders

Figure 3.20.: Category hierarchy of the proprietary file format. Leaf nodes are
always groups with linear memory layout. The single objects can
also be held in a finer hierarchy to allow for the use of quantized
relative coordinates.

The use of a hierarchy, however, causes problems when interpolating the po-
sitions of the molecules. Either the hierarchy must be constant over the com-
plete trajectory (similar to the approach in [HLE04]) or the interpolation of the
positions must take place between the relative coordinates of different hier-
archies. When considering cyclic boundary conditions resulting in molecules
traversing the whole simulation domain between two consecutive configura-
tions, it becomes obvious that a single hierarchy with quantized positions is
not applicable to the datasets in question. Since cluster membership is also
encoded into the hierarchy, the streaming mechanism must cope with chang-
ing parents for all molecules. Hence, one distinct hierarchy per configuration
is used and the coordinates of two consecutive configurations are adjusted at
loading time. The resulting in-memory configurations no longer represent the
simulation state at a discrete point in time, but the simulation state at the be-
ginning and end of a time slice with the length of the simulation time step.
Since the hierarchy of the first configuration is used, the second configuration
is dequantized and stored relative to the hierarchy of the first one to avoid
major precision loss.

The large file sizes of the datasets are the reason why many visualization tools
mentioned in Section 3.2.1 fail to load the datasets and to render the molecules
at interactive frame rates. Therefore, an out-of-core data streaming mechanism
was implemented to overcome this problem. First the memory footprint of a
single configuration of the dataset is estimated. Because only the number of
molecular clusters and flow groups change over time, an approximated value
can be determined by examining the first and the last configuration of the data-
set. Considering this maximum memory footprint and the amount of memory
available, several buffers are created, used to store the current configuration
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and to prefetch configurations which will be needed next when the trajectory
is played back as animation, controlled by a priority queue and processed by
a second thread.

3.2.4. Interactive Cluster Analysis

The presented visualization modes work well in practice, however they only
display qualitative information about the dataset and thus are not sufficient
by themselves to help with the verification of clustering algorithms. It is easy
to identify candidates for failure or further investigation, but if a cluster does
not vanish all at once and loses only part of its members, it is difficult to see
whether all of them will rejoin it afterwards or just a few. Using additional
tools (graph-drawing software or statistical tools, which are widely available)
for the quantitative analysis complicates the workflow since neither synchro-
nized selection nor coordinated views are available. The user would have to
search himself for low-level information like the IDs of the molecules or clus-
ters and match them manually to the visualization. Despite the visualization
tool being mainly as generic as possible, for this specific problem the molecule
view was complemented with a schematic graph view representing informa-
tion about the evolution of the detected molecular clusters over time as well as
the molecule flow between these clusters (see figure 3.21). This graph is simi-
lar to the visualization proposed in [LBM+06] for the analysis of fluid mixing.
In the schematic view the flow is visualized as lines connecting the different
molecule clusters, which helps tracking the potential classification problems
over time. To reduce clutter when displaying the molecule flow, the selection
is synchronized in both views (a technique also known as brushing & linking
[Kei02]) and can be used to filter the graph display.

The two object classes represented in the schematic view are the molecule clus-
ters and the flow groups. The horizontal axis of the view represents the time
line T of the dataset. Molecule clusters Sj(t) are represented as horizontal lines.
The size |Sj(t)| of a molecular cluster can be encoded as the thickness of the
line. Because this is a time-varying value, the thickness changes when moving
along the line horizontally, so that the line appears as a symmetric stripe.

The flow groups are represented as Bézier curves connecting the molecular
cluster lines e and v at the times te and tv, encoding their size |M f (e, v, te, tv)| as
thickness as well. Thus the amount of molecules leaving the cluster at a time,
represented by the decrease in the line width, can be compared to the amount
of molecules leaving as one flow group. To ease the tracking of the flow groups,
different color mappings are supported, from a defined solid color with simple
alpha blending to coloring based on the cluster IDs e and v to visually cluster
the different flow groups between pairs of clusters. The palette is restricted by
default to eight colors so their hue can be easily distinguished.

By default, these cluster lines are vertically ordered by their IDs j, resulting in a



72 3.2. MOLECULAR DYNAMICS DATA

Figure 3.21.: The schematic view of the molecular cluster evolution with two
selected clusters (red) and all corresponding flow groups connect-
ing them to other clusters (black) shows the 10,000 methane nu-
cleation dataset with geometrical cluster detection. The vertical
axis displays the respective cluster IDs. The flow groups’ colors
are based on the IDs e and v.

slope-like visualization (as clusters are numbered in the order of their discov-
ery) but can also be rearranged by the user to generate clearer images. To au-
tomatically improve the layout, the canonical approach would be to put clus-
ters with connections (flow groups) closer together, possibly even the closer
the more molecules are contained in the flow group. The quickest way to de-
rive an ordering would have been to make use of the FastMap algorithm (see
chapter 4) and project the different clusters into 1D, effectively yielding the
vertical sorting in the schematic view. However, since the flow groups form a
sparse graph, the correspondent distance/similarity matrix is sparse as well,
thus making it very difficult to choose pivots that have a defined distance to
all other clusters, and resulting in a quite unsatisfactory layout. One of the
common approaches for graph layout, the force-directed layout [BETT98] is
much better suited for this problem. This method is quickly implemented but
very expensive (O(N3)), however the number of selected clusters and the ones
connected to them is very low in practice (usually about 30 in the datasets that
were tested), so this does not represent a problem. The employed forces are
based on the Coulomb repulsion

Fr = kc
|q1||q2|

r2 (3.15)

(where kc represents the electrostatic constant and q1 and q2 the charges), and
Hooke attraction

Fa = −sδl (3.16)
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where s is a spring constant, and δl the difference from the spring’s rest length.
Setting a damping of 10% and leaving all the constants/charges as well as the
rest length at 1 results in a layout with sufficiently localized connections (see
figure 3.22). For this layout, Fa has also been scaled with the flow group size to
quickly pull clusters near the ones they have a high rate of molecule exchange
with.

Figure 3.22.: Force-directed layout of cluster evolution data to shorten es-
pecially those connections representing large flow groups, thus
making the molecule exchange easier to follow.

The schematic view can be interactively zoomed and panned by using the right
mouse button and the mouse wheel to ease a quick exploration of the dataset.
Molecular cluster lines can be interactively selected by either clicking on the
line in the schematic view or by picking the corresponding molecular clus-
ter ellipsoid in the molecule rendering. Selected clusters are rendered with a
different color in the schematic view and rendered with a halo for better per-
ceptibility in the molecule view2. The schematic view can then be filtered to
only show the selected cluster lines, the connected flow groups, and the cluster
lines directly connected to the shown flow groups (no further transitivity).

2This idea was contributed by one of the reviewers for VIS’07. I would like to thank him/her for
this suggestion.
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Performance

This combined solution has been tested with four datasets: two datasets of
methane nucleation simulations, one with 10,000 spherical molecules and a
trajectory of 5000 configurations, and one with 50,000 spherical molecules and
10,000 configurations. The R-152a dataset represents a nucleation simulation
of Difluoroethane with 100,000 two-center molecules and 1000 configurations.
These three datasets are used to demonstrate the different visualization modes
and their performance, including the molecular cluster ellipsoids and the flow
groups. The last dataset stems from a biochemical simulation of TEM-1 β-
lactamase in water solvent with 28,000 atoms (spheres) and 2000 configura-
tions, and is mainly used for comparing the system performance for time-
based data to existing applications like VMD.

Table 3.3.: Performance and memory footprints for different datasets. Fps is
an average value calculated over the complete trajectory. Reload-
ing specifies the number of configurations consistently loadable per
second.

dataset memory footprint fps reloading
10,000 methane 1.561 MB 350 43
50,000 methane 7.801 MB 127 29
R-152a 15.600 MB 53 7
Tem1 1.114 MB 382 64

VMD or Chimera, although widely used, are implemented quite inefficiently
especially for time-dependent datasets. The TEM-1 dataset in the AMBER for-
mat can be loaded directly into Chimera at a rate of about 2 configurations per
second and into VMD at about 5 configurations per second. Both tools offer
the benefit that no preprocessing needs to be performed, but this also means
that the user must wait 15 (or seven in the case of VMD) minutes before start-
ing to work with the dataset as a whole. The proposed streaming approach
requires a preprocessing step, but accelerates the loading to more than 45 con-
figurations per second. The performance of Chimera furthermore degrades so
much while loading that it becomes unusable. This limitation does not apply to
the new multi-threaded implementation as it is designed to continually stream
data, thus not forcing the user to wait until the loading process is complete.

Table 3.3 shows the resulting performance values for the direct rendering of all
molecules as individual glyphs. For other visualization modes, the values for
fps and reloading vary strongly over time, as all the derived data changes con-
stantly in density. However, since these modes generate less graphical prim-
itives (molecules of clusters are omitted and only one ellipsoid is drawn per
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cluster) the frame rates increase. The reloading values vary for a single data-
set on different visualization modes because the amount of calculations per-
formed at loading time differs. However, these variations are negligible, except
for the pathlines, where the reloading rates can decrease down to 90% in most
cases and 25% in the worst case (R-152a) due to the unoptimized implementa-
tion. This was not further investigated as it was only a stepping stone for the
development of the flow group visualization. Because of the data streaming
mechanism, the sizes of the data files on disk are irrelevant and the memory
footprint is very small. Table 3.3 only presents the average size in memory
of one configuration for each dataset. The complete file size of the datasets is
shown in table 3.4.

The performance tests were executed on an Intel Core2 Duo 6600 processor
with 2.40 GHz, 2 GB memory, and an Nvidia GeForce 8800 GTX graphics card
with 768 MB graphics memory. The viewport size was 5122 for all tests. All
files were stored on the local SATA hard drive (no RAID hardware was used).

Table 3.4.: Preprocessing times for all nucleation datasets. The total time is
given in hours and minutes, while the time per configuration is
given in minutes and seconds.

dataset file size total time time per configuration
10,000 methane 2.6 GB 0:37:00 0:00.4
50,000 methane 24.9 GB 21:23:00 0:07.7
R-152a 8.7 GB 29:42:00 1:46.9

Table 3.4 shows the preprocessing times needed to prepare the datasets. The
table does not show the times for the TEM-1 dataset, because this being no nu-
cleation simulation, no derived data must be calculated and the preprocessor is
only needed to convert the file format, which is almost as fast as simply copy-
ing the file over network. When preprocessing the three nucleation data files,
however, the derived data has to be calculated in a time-consuming process.
Since the datasets have trajectories of different length, Table 3.4 also shows the
average calculation time per configuration, for better comparability. While the
times of the both methane nucleation datasets are quite acceptable, the R-152a
dataset needs a conspicuously long time to be preprocessed. This is due to
the special structure of the data, where after a short period of time almost all
molecules are clustered in many rather small clusters, making the cluster track-
ing, for example, very expensive. These preprocessor runs were performed on
a single machine with an AMD Opteron 248 processor running at 2.2Ghz with
4GB RAM. Compared to the simulations calculated on cluster computers with
multiple processors and still needing several days, up to multiple weeks, the
preprocessing time can still be considered acceptable. However for production
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use the whole approach will have to be rewritten to be more efficient – which
is part of the roadmap for MegaMol, the framework that succeeds the current
point cloud tool and is being implemented in the context of the SFB716 by Se-
bastian Grottel. A brief example of the hypothetical workflow with the current
tool is outlined below.
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Figure 3.23.: Schematic views of two clustering algorithms applied to the
50,000 methane nucleation dataset. The top left image shows the
results of a pure geometric clustering, and the top right image
shows the results of a clustering based on energy levels. The
lower images show zoomed-in views of the selected cluster at dif-
ferent configurations. The geometrical clustering not only detects
too large and too many clusters, it also splits one cluster into two
for three configurations. The flow groups’ colors are based on the
cluster IDs e and v, such that flow groups between pairs of clus-
ters are colored identically for easier visual tracking.

Playing back the trajectory as animation reveals flow groups temporarily tak-
ing the place of small clusters, as shown in figure 3.19, which indicates a prob-
lem with the cluster detection. On the other hand, bigger clusters are always
surrounded by some flow groups because many molecules first hit a cluster,
but cannot join it immediately because of too different speeds and energy lev-
els. They rebound, get slowed down and then join the cluster some config-
urations later. However, it is currently not clear if this should be considered
an error in the classification or if this is a valid effect needed to obtain mean-
ingful results. Such effects are much easier to discover when making use of
a visualization tool, but to further clarify the observed situation, the molecule
rendering alone is insufficient. The schematic view of the clusters’ evolutions
provides additional insight.

Figure 3.23 shows two schematic views of the 50,000 methane nucleation data-
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set comparing a cluster detected with two different algorithms. The algorithm
employed in the left view uses only the simple geometrical distances between
molecules to define adjacencies. A molecule with a pre-defined number (nor-
mally four) of such neighbors seeds a cluster. The algorithm applied in the
right view defines two molecules as clustered if the sum of their potential en-
ergy and their relative kinetic energy is negative [Hil55]. This energy-based
approach yields far better results when extrapolated to experimental values
[Kie06]. The geometrical clustering not only detects too many and too large
clusters, but also often creates multiple close-by clusters instead of a single one.
The small red cluster S3007 at the top of the left schematic view is such an exam-
ple. The ends of this cluster are connected to the lower and bigger red cluster
S2912 with thick flow groups indicating that almost all molecules of S3007 came
from and rejoin S2912. The clustering with the energy-based algorithm shown
in the right image does not exhibit such splintering clusters. Here, the cluster
corresponding to S2912 is cluster S689, which is rather constant in its size com-
pared to the clear dent in S2912 in configuration t91. There are only very small
flow groups of only one or two molecules, which is characteristic for normal
fluctuation between adjacent clusters.

Another interesting situation is given on the left side of the left schematic view
in figure 3.23, where the black cluster S2805 feeds cluster S2912 before it van-
ishes. Without the molecule view, the reason for this issue can hardly be iden-
tified. With the coupled view, one can see that cluster S2805 got rather slim
and long around configuration t88 so that the geometrical approach failed to
find the required four neighbors for one molecule to detect the cluster. Similar
situations can be observed in the smaller 10,000 methane nucleation dataset.
A small part of the graph of the geometric cluster detection for this dataset is
shown in figure 3.21.

All these findings are dataset-dependent, as figure 3.24 shows. The nucleation
of the refrigerant Difluoroethane (R-152a) results in most molecules clustered
in many rather small droplets. Almost no fluctuation between the clusters
takes place, however, except for rebounding molecules forming small flow
groups as described above and for the merging of clusters, clearly indicated
by large flow groups in the schematic view. Any errors in the cluster detec-
tion could therefore be spotted rather quickly. However, for this dataset the
energetic clustering produces very good results.

The information provided by the coupled visualization has been put to good
use at the ITT. The inadequacies in the classically employed geometric clus-
tering algorithm used previously could be pinpointed. Subsequently, the im-
proved energy-based algorithm based on the knowledge of the failure situa-
tions of the existing clustering algorithm has been developed. However, in
some situations also the pure energetic clustering delivers incorrect results.
Thus, a combination of these approaches was created, showing promising re-
sults in several simulations. It is still being investigated, however, if the hybrid
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Figure 3.24.: Schematic view (left) and molecule view (right) with transparent
cluster ellipsoids and monomers (red; clustered molecules cyan)
of the R-152a nucleation simulation. Almost all molecules are
very quickly clustered in many rather small and stable clusters
(appearing yellow in this color-scheme). Greater changes only
happen when two clusters merge, which is clearly indicated by
the corresponding thick flow groups in the schematic view.

approach can reliably improve the results for arbitrary substances and param-
eters.
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3.3. Tensor Data

During a collaboration with pracitioners in neurosurgery3, we worked with
diffusion tensor data sets, which can be interpreted as points with high se-
mantic density. Tensors in general can as well be seen as a generalization of
scalars, vectors and matrices: In k dimensions, a tensor has n indices and kn

components; n is also called the rank of a tensor. Thus, scalars are tensors of
rank n = 0, vectors of rank n = 1 and matrices of rank n = 2. Diffusion tensors
represent the diffusion characteristics of hydrogen in organic tissue. This is of
special interest since the underlying cell structure influences these properties
such that strongly aligned cells restrict the diffusion to an anisotropic behav-
ior. This information is very useful for medical scientists when the human
brain is concerned. As important neuronal pathways feature these anisotropic
cell characteristics, one can infer about the occurrence of such major white mat-
ter tracts based on diffusion tensor data [Bea02]. The protection of these white
matter tracts is of utmost importance during intervention lest the patient suffer
irreparable damage and consequential physical and or psychical dysfunction.
Therefore, visualization of the tracts is getting increasingly relevant to diagno-
sis and intervention planning. However, many visualization methods are not
capable of representing all tensor information in a comprehensive manner.

Diffusion tensor datasets are acquired by magnetic resonance imaging (MRI),
which usually generates information about the quantity and linkage of hy-
drogen in the matter that is examined. Diffusion tensor imaging (DTI), as
an MRI technique, on the other hand, can generate diffusion information as
well. For the computation of diffusion tensor data, six diffusion-weighted im-
ages with different gradient directions are measured in combination with a
reference image, measured without any gradient. Based on this set of images,
the real-valued symmetric second-order tensor can be determined, averaged
over the corresponding volume, for each voxel [WMM+02]. The result is a 3D
regular grid with tensors at each point. The diffusion tensor is a symmetric
3× 3 matrix, hence its eigenvalues are real and the corresponding eigenvec-
tors are perpendicular. The major eigenvector represents the direction of the
diffusion. Direct visualization of its components on an arbitrary volume slice
is a well-known method for diagnosis purposes [MRIB00, PAB02], but very
difficult to interpret. Another approach highlights the anisotropy of the eigen-
values, that is how much of a directional flow occurs in any one grid point,
using a grey scale map [UBBvZ96]. It has also been proposed to use a color
map of sphere normals to better emphasize the direction of the flow. Depend-
ing on the direction of the view, one of the r, g, b colors indicates clearly those
tensors that point away from the slice plane [PP99]. For a more comprehen-
sive visualization of DTI data, volume rendering was proposed by Kindlmann
et al. [KW99, KWH00] who utilized textures and transfer functions to repre-

3Neurocenter, Department of Neurosurgery, University of Erlangen-Nuremberg
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sent the tensor properties. To investigate the features of the tensor per voxel
directly, the eigenvalue/eigenvector pairs can be used to scale and orient a
primitive or only certain features of a primitive, since it is canonical to inter-
pret the eigensystem as the local glyph coordinate system. Using the eigen-
vectors as main axes for an ellipsoid and the eigenvalues as radii, all features
of a tensor can be represented [vWPSP96]. Using a composite glyph of one
ellipsoid per eigenvector instead of a single one in total has also been pro-
posed [WMM+02]. A Haber glyph – a composite of cylinders – also exhibits
enough features to map all of the eigenvalues to it [Hab90]. To reduce the el-
lipsoid ambiguity depending on the view point/orientation, Kindlmann pro-
poses a different parametrization and uses superquadrics as a basis [Kin04a].
Superquadrics only have one radius, but their shape can be parameterized to
convey the other values of the eigensystem by varying the geometry between
spheres, cylinders, and cuboids. This results in features that can be more easily
perceived regardless of the orientation.

All of these glyphs represent each tensor independently by shape, size, and
color and are placed at the corresponding voxel position. These direct visu-
alization techniques are useful for a detailed inspection of the DTI dataset.
However, for medical staff their weakness lies in the missing connectivity of
the data which prevents the analysis of complete pathways, or white matter
tracts. The first step to the visualization of white matter tracts is the analysis of
the MRI data to identify them. Streamline tracking techniques were adapted to
DTI processing by different researchers [BPP+00, LAS+02] to provide a solu-
tion. A combination with advection to stabilize the propagation has also been
proposed[Kin04b]. The drawback of streamlines in the context of DTI is cer-
tainly the restriction to a vector field. Features of the tensor field like torsion or
the medium and minor eigenvalues cannot be displayed with this method. To
improve the visualization of fibers, the streamlines were extended to stream
tubes [ZDL03], which are rendered using elliptic profiles and can thus also
display the two medium and minor eigenvector/eigenvalue pairs. However,
the medium eigenvector is scaled so that effectively only the ratio between the
medium and minor eigenvector remains intact, allowing the user only to dis-
tinguish tubes by their relative “flatness” or “roundness”. These stream tubes
are also called Hyperstreamlines [DH93, WL01]. Neuronal pathways can also
be extracted and visualized as surfaces [ESM+05], however the main focus in
this context is on the extruded ellipse-profile lines. In the following an ap-
proach for the GPU-based rendering of such primitives is described.

3.3.1. Data Processing

The first step towards generating streamlines is the tracking of the related
streamlines. Integration schemes known from flow visualization, such as Eu-
ler or Runge-Kutta, are applied to determine streamlines through a vector
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field. The required input vector field is derived by a simple reduction of
the tensor to its principal eigenvector. The loss of information is partly com-
pensated by introducing a threshold for tracking. One possible parameter
is fractional anisotropy (FA), which formalizes how much the eigenvalues are
anisotropic, normalized to the unit cube [BP96]. It serves as stop criterion to
terminate tracking when running into areas of reduced anisotropy with low
probability for neuronal pathways. To avoid strong fluctuation of the track-
ing in areas with reduced anisotropy, the tensorline approach could be used
instead [Kin04b], for example, but this would of course change the semantics
of the displayed streamlines.

For the shown datasets all voxels above the specified FA threshold (0.3) were
used as seed regions. As soon as the tracking enters a voxel with an FA value
below the threshold it stops. A resulting whole-brain tracking can be seen in
figure 3.25. Afterwards, subsets of fibers were selected using manually defined
regions of interest. Each fiber is a collection of voxels with the corresponding
tensor data. To be able to rely on an established implementation for the data
management and fiber tracking, the presented approach was implemented us-
ing the MedAlyVis4 framework, effectively adding a fiber-specific rendering
back-end.

The presented approach is a novel technique that makes use of programmable
GPUs to generate stream tubes/hyperstreamlines from a terse set of param-
eters directly on the GPU. The eigenvalues and eigenvectors of the tensor at
each base point of the streamline serve as basis for the twist and the semimajor
axes of the segments of the hyperstreamline. An oriented ellipse is generated
at the sampled points, and all ellipses are then linearly interpolated to form
tubes connecting the voxels. Together the tube sections form hyperstream-
lines as shown in [DH93]. Instead of creating a mesh from these tubes on the
CPU, the orientation and size parameters of each “tubelet” are uploaded to
the graphics card. Rendering takes place using sphere tracing [Har96] to ray
cast the surface on the GPU. This is motivated by the fact that hyperstream-
lines in medical visualization are most useful when displayed in the context
of a volume representation of the surrounding tissue. If the data transfer from
CPU to GPU is minimized, the system bus bandwidth can be used to upload
volume data in case of time-dependent or bricked datasets. Another advan-
tage of this approach is that it does not access textures at all, so the volume
visualization can use all of the available bandwidth on the graphics card to
keep performance as high as possible. On the other hand, the rendering of hy-
perstreamlines relies heavily on the computational power that is available on
current GPUs but is not needed for direct volume rendering approaches.

An approach very closely related to the following was developed by Stoll et
al. [SGS05], however the tubes generated by their method are limited to cir-

4Developed at the Neurocenter Erlangen in the context of project C9 in the SFB 603
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Figure 3.25.: Hyperstreamline visualization of a whole-brain tracking. The
viewpoint is positioned left, posterior above the brain. Green seg-
ments indicate tracking in reliable regions with high anisotropy.
Yellow tube sections suggest fiber crossings. The absence of red
segments in the central parts of the hyperstreamlines documents
the correctness of the fiber tracking algorithm. This dataset is as
used for performance measurements in Table 4.1.

cular cross-sections as opposed to the proposed elliptical cross-sections. This
trade-off allows for the rendering of the resulting tubes using splatting tech-
niques that yield much higher frame rates than our approach at the cost of a
lower semantic density.

3.3.2. Tubelets

To visualize the tensor field, the data is mapped to a tubelet shaped by ellipses
within a slice plane at each end. These ellipses are defined by their semimajor
and semiminor axis and its rotation around the local x axis. The shape along
the tubelet is determined by linearly interpolating the ellipse orientation, as
further described in Section 3.3.4. Taking into account the special needs of
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our given data, a local coordinate system is introduced in Section 3.3.3, and
some more complicated customizations on distance measuring and rotation
interpolation are required as described in Section 3.3.5.

3.3.3. Definition of the Local Coordinate System

The local coordinate system for each tubelet is defined depending on the two
ellipses that control the tubelet’s shape. The ellipses are defined by an eigen-
system each, where the normalized eigenvectors ~ei are sorted by their corre-
sponding eigenvalues vi in descending order: v1 > v2 > v3. As~e1 is the direc-
tion in which the hyperstreamline has been tracked, the medium and the minor
eigenvalue define the length of the ellipse’s semi axes and the corresponding
eigenvectors define the corresponding direction of each semi axis. The signs
of the eigenvectors are chosen in a way such that the eigensystem is a right-
handed orthonormal basis that can be used directly to define the tubelet’s local
coordinate system.

The local x-axis is given by the tubelet’s axis ~xt, connecting the centers ~pl and
~pr of the two ellipses (~xt = (~pr − ~pl) /‖~pr − ~pl‖), and the other two axes are
derived from the left end ellipse as follows: The ellipse’s first eigenvector ~e1
is to point in the same direction as the tubelet axis. This is done by rotating
the eigensystem around~e1 ×~xt by an angle of arccos(~e1 ·~xt). Then the rotated
eigenvectors ~e2 and ~e3 define the tubelet’s local y-axis ~yt and z-axis ~zt respec-
tively.

3.3.4. Geometrical Definition of the Tubelets’ Shape

Geometrically defining the shape of a tubelet first requires some considerations
about ellipses in the yz-plane: Assuming r1 and r2 to be the two semiaxes,
ellipses are usually described by the Cartesian equation

y2

r1
2 +

z2

r22 = 1 . (3.17)

Our ellipses are defined within the yz plane and may be rotated around the
x axis. Therefore a representation of the ellipse corresponding to the polar
coordinates of a circle is easier to handle (see figure 3.26). Additionally, the
surface normal is needed later for correct lighting, which is also easier to cal-
culate in polar coordinates. Let ϕ be the angle to the y axis, then the ellipse can
be given in polar coordinates by

~x(x, ϕ) =

 x
r(ϕ) cos ϕ
r(ϕ) sin ϕ

 (3.18)
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y

~x(x, ϕ)

ϕ
r1

r2

z

r(ϕ)

Figure 3.26.: Ellipse in polar coordinates.

with r(ϕ) determined by plugging these coordinates into the Cartesian equa-
tion (3.17)

r(ϕ) =
r1 r2√

r1 sin2 ϕ + r2 cos2 ϕ
. (3.19)

Within a plane of constant x, rotating the whole ellipse around the x axis by an
angle ρ changes (3.18) to

~x(x, ϕ) =

x
y
z

 =

 x
r(ϕ) cos(ρ + ϕ)
r(ϕ) sin(ρ + ϕ)

 . (3.20)

The tubelets are defined by an ellipse at each end and are centered along the
x axis of their own local coordinate system. These ellipses may vary in the
length of their semi axes and in the rotation along x, and they are located at
(−l/2, 0, 0) and (l/2, 0, 0) respectively, where l is the length of the tubelet as
depicted in figure 3.27. For each x value along the tubelet the semiaxes and the

x(0, 0, 0)

ErEl

l
l/2

yz plane

Figure 3.27.: Definition of a tubelet along x.

rotation angle ρ of the ellipse are calculated by linear interpolation from the
properties of the ones at the tubelet’s ends.
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The tubelets are connected to each other to get longer tubes, so the cutting
planes El and Er at the ends of each tubelet have to be specified. In order to
approximate curved tubes using linear tubelets, these planes may be rotated
arbitrarily as illustrated in figure 3.27.

3.3.5. Geometrical Background for Ray Casting

In order to ray cast each tubelet’s surface the intersection point of the eye ray
with the tubelet is needed. As this intersection calculation leads to an equa-
tion of degree 4, it is very hard to calculate analytically and would require
numerical solving methods, too expensive and time-consuming for graphics
hardware. Therefore the sphere tracing algorithm presented in [Har96] was
adopted. This approach has been recently reproposed for displacement map-
ping on graphics hardware [Don05], where the analytical calculation of the
ray-surface intersection would be very hard, as happens for the extruded el-
lipses that are used here. Starting at the eye’s position an iteration along the
eye ray takes place, determining the current distance to the tubelet’s surface
after each step, and using this distance as the next step size to close in onto
the tubelet. This procedure is repeated until the distance falls below a spec-
ified threshold ω. In most cases this works fine, given sufficient iterations,
but some rays require additional adjustments which will be explained in Sec-
tion 3.3.6. From the current position, the shortest distance to the tubelet has to

z

y

dtmp
dcorr

~p

~x(x, ϕ)

r2(x)

r1(x)

α
ϕ

$(x)

r(x, ϕ)

Figure 3.28.: Distance measurement from the current position ~p to the rotated
ellipse ~x(x, ϕ) within a plane of constant x.

be calculated to get the new step size. Due to the rotation of the tubelet along
x, the correct shortest distance dcorr to the tubelet’s surface – which is mea-
sured along the surface normal ~N – cannot be easily calculated on the GPU as
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it would also lead to an iterative and time consuming way to find the solution.
To avoid that, the shortest distance is replaced by an approximated solution:
assuming that the x value is the same as the one of the current position, the dis-
tance dtmp to the ellipse in this common plane normal to the x axis and through
the current position can be calculated, as depicted in figure 3.28:

dtmp =
√

~py
2 + ~pz

2 − r(x, ϕ) (3.21)

where ~py is the y-component of ~p and ~pz the z-component respectively, and
with r satisfying (3.19) within the current plane of constant x value.

In the next step the current position is moved dtmp units further along the ray.
In case of dtmp < 0 the surface has already been intersected. However, step-
ping backwards is equivalent to walking along the ray in negative direction
and needs no special considerations.

In order to get a longer tube which can show more data values than a single
tubelet, neighboring tubelets are connected at their cutting planes El and Er.
To approximate a curved tube the planes do not necessarily have to be normal
to the local x axis, as mentioned before. These sloped tubelet ends require fur-
ther considerations about the tubelet’s properties though: merging the tubelets
to form larger tubes raises the problem of rotation consistency at the intercon-
nections. Consistent properties of the ellipses are only guaranteed in slices
perpendicular to xt that do not contain parts of a neighboring tubelet, because
otherwise there are two inconsistent interpolation parameters belonging to the
two tubelets respectively. To solve this, the interpolation is restricted up to the
point ~q as exemplified in figure 3.29 for the tubelet’s left end.

~Nl

El

∆ll

rtmp
β

~yt

~xt

β

~q

Figure 3.29.: Correction of distance and interpolation range. El is the left cut-
ting plane, ~Nl the corresponding normal vector.

To restrict the interpolation to the correct range of x values, the distance ∆l =
rtmp · tan β must be calculated, with β being the angle between the tubelet’s lo-
cal z-axis zt and the intersection line of the cutting plane and the plane normal
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to the local x-axis xt, which is β = 0 for the left end and β = ρr for the right
end – due to the definition of the local coordinate system as described in 3.3.3
– and rtmp satisfying (3.19) with ϕ = β− ρ(x) leading to

rtmp =

{
r1 lr2 l/

√
r2 l (left end)

r1 rr2 r/
√

r1 r sin2 ρr + r2 r(cos2 ρr) (right end).

Taking this fact into account for the computation of the tubelet’s total length
the result is

ltotal = l + ∆ll + ∆lr (3.22)

with ∆ll , ∆lr ≥ 0.

To enhance the impression of the tubelet’s surface shape the correct surface
normals are needed for correct lighting. Using the derivatives of (3.20) we get
the surface normal ~N ′ by evaluating

~N ′ =
∂~x
∂ϕ
× ∂~x

∂x
. (3.23)

Shading will be further detailed in the following section.

3.3.6. Sphere Tracing on the GPU

To generate tubelets on the GPU, the desired surface is reduced to its param-
eters as described in Section 3.3.2 and uploaded to the GPU. The vertex pro-
gram calculates a bounding cuboid to scale the rendering primitive (a point)
accordingly. Most of the values that are constant for a whole tubelet are com-
puted from the parameters as well, however the amount of attributes that can
be passed to the fragment program are limited, so the implementation for the
DirectX 9 generation of hardware suffers from a couple of calculations in the
fragment program that would have been optimal in the vertex program. The
additional data is passed to a fragment program along with the original pa-
rameters so it can find the proper surface intersection with one ray cast per
fragment, add Phong shading and correct the depth value to fit the geometry.

For the GPU-based part of the algorithm the position, two colors, orientation
(as a quaternion), the four radii, the right end rotation angle, the total length
and the normals of the two bounding planes are needed. They can be fit into
five float quadruples (Olocal and l, q, r1l , r2l , r1r, r2r, ~Nl , ~Nr and ρr, as ρl is always
0 due to the definition of the local coordinate system) plus two byte quadruples
(color), so only 644 bytes are uploaded per tubelet, which is less than what is
needed for 10 triangles with normals and constant color. For each tubelet a
single point (with the attributes as texture coordinates) is sent to the graphics
card, since a point is the smallest type of billboard in terms of data size, and as
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bonus it is not even necessary to adjust the orientation to face the eye position
~pe.

The vertex program computes two orientation matrices. The first one (Mc) is
obtained after combining the tubelet orientation quaternion with the camera
orientation quaternion. It is used for orbiting the eye point around the tubelet,
to obtain the local coordinate system described in Section 3.3.3. The second
matrix (Mo) is obtained from only the tubelet orientation and used to calculate
a bounding cuboid from the worst-case dimensions of the tube, i.e. a cylinder
with length ltotal and radius max(r1l , r2l , r1r, r2r). This cuboid was chosen to
make sure that no part of the tubelet lies outside the billboard with the per-
spective projection that is used. This cuboid is projected onto the view plane
to obtain the point’s extents and center. Since the light position is also constant
for all pixels of one tubelet, the light vector of the single light source is rotated
with Mc in order to always have a headlight-like illumination.

The parameters passed to the fragment program are the following: the eye po-
sition ~pe relative to the tubelet centered at (0, 0, 0), the rotation matrix from
the combined quaternions Mc, the transformed light vector, the two bound-
ing planes and the radii and length. Furthermore ∆ll , ∆lr need only be calcu-
lated once for each tubelet so they are computed in the vertex program and
passed to the fragment shader. Together with the re-oriented z vector ~o′ all
available varying parameters shared between vertex and fragment program
are exhausted.

Analogously to the previously presented primitives, the fragment program
first has to find the vector~s which connects the eye to the current pixel start-
ing from the x and y component of the fragment’s window position WPOS. To
account for the fact that the origin is at the tubelet and the eye point orbits
around it, Mc has to be applied to the resulting normalized ray direction~s as
well.

To speed up the iteration process, an approximation of the intersection point is
used as a starting point: The tubelet’s surface is enclosed between two conical
frustums, interpolating between the major axes of both ellipses in the bigger
frustum and interpolating between the two minor axes in the other one. The in-
tersection of the eye ray with the two cones is calculated and the middle point
between both intersection points used as the starting point for ray casting.

Then the iteration along the ray with a step size computed from the approx-
imated distance as in (3.21) takes place until either the distance is below a
threshold ω or a maximum number of steps has been walked (see below). If
the distance left after the last step is beyond this threshold or the current posi-
tion is outside the two clipping planes El , Er, the fragment is discarded. This
leads to holes in the surface if the ray is approximately parallel to the tubelet’s
axis as the step size is almost constant and often very small, but it might still be
far from the intersection point with the surface. To enhance the results in that
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case, an adaptive step size is used: if the angle between ~xt and~s is small, the
step size is scaled according to the angle between the surface normal and the
ray direction by (1− cos(~N ·~s)) + 1 which avoids these holes and thus leads
to much better results with less iteration steps.

~o

z′

~o ′

T = (3, 0,−3)W

Mc · ~peW
= ~pT

~peW

Figure 3.30.: Local tubelet coordinates (green) in relation to world coordinates
(black).

In case the fragment is not discarded, the correct depth is calculated to ensure
that tubelets intersect correctly with each other and the volume as well. Since
the eye point is displaced from (0, 0, 0)T and the view direction is no longer
~o = (0, 0,−1)T , the depth z′ is the distance to a plane normal to the orienta-
tion transformed by~o ′ = MT

c ~o (see figure 3.30), the Hessian normal form can
be used to get the distance and then fit the result to the exponential OpenGL
depth range:

z′ =~o ′ · (~p− ~pe)

zogl = − zF + zN
2(zN − zF)

+
1
2

+
zFzN

(zN − zF)z
(3.24)

The normal is calculated as defined in (3.23) and used for Phong shading of
the surface.

A drawback of this technique is that one cannot look inside the tubelets, since
for rendering the back face a starting point on the other side of the local x axis
would have to be used and thus the rendering would require two times the
performance needed by the current implementation. However there is no need
to render the back face since users are usually not looking down the length of
a tubelet because the relevant information (how the rotation and radii change
over a certain distance) is visualized along the length of the tubelet and has to
be interpreted in the context of the local x coordinate.
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3.3.7. Results

The advantage of DTI is its capability to provide the intrinsic diffusion proper-
ties of water within tissue. Due to the anatomical structure of neuronal path-
ways this diffusion is anisotropic in areas of major white matter tracts. Thus,
DTI can reveal coherences in-vivo which are not visible in MRIT1 or MRIT2
datasets[BML94]. An accepted method to access this information is to apply
fiber tracking. However, since streamlines cannot convey tensor information
their extension to hyperstreamlines is of certain value for detailed data analy-
sis.

Figure 3.31 (left) shows a line-rendering in comparison to hyperstreamlines
(right) of a pyramidal tract combined with direct volume rendering of a MRIT1
dataset. Using hyperstreamlines instead of simple lines enables the analysis
of the whole tensor data. Areas with large eigenvalues will result in larger
diameters of the hyperstreamline. This allows users to make conclusions about
the underlying tissue. For a hyperstreamline showing a higher diameter it is
very likely that it is not aligned with a neuronal pathway since white matter
restricts the diffusion perpendicular to the cell orientation. Therefore, such
expansions are an indication for an uncertainty in the fiber tracking.

The analysis regarding uncertainties can be further improved by the applica-
tion of special color schemes. Instead of utilizing the standard RGB-scheme,
where the principal eigenvector is used as color vector, the color can be se-
lected by a scheme based on an approach presented by Westin et al. [WMK+99].
Thereby, areas with high anisotropy are depicted green while areas with planar
diffusion are colored yellow and isotropic areas appear red. Accordingly, red
tube segments do have a higher uncertainty. Figure 3.25 shows a whole brain
tracking. It can be seen that especially in the end segments the color changes
from green to red. This is plausible since the fiber tracking algorithm stops
when reaching a voxel with a sufficiently low anisotropy which is depicted
red.

Segments which appear yellow correspond to regions of planar diffusion. This
occurrence is generally considered to be a potential fiber crossing which can-
not be treated adequately with current fiber tracking algorithms. Therefore,
such segments are of special interest and supportive rendering is desired. For
the actual analysis of such regions hyperstreamlines are superior to common
streamlines and -tubes. They provide information about the spatial orientation
of the diffusion (figure 3.32 left). However, hyperstreamlines suffer from the
same problem of restricted data accuracy as standard streamlines. Since DTI
data does not provide better resolution than the current 2mm voxel spacing,
all tracked lines can only be considered averaged models for the underlying
tissue structure.

Another feature which is depicted by hyperstreamlines is torsion (Figure 3.32
right). While strong torsion is not necessarily required for DTI visualization it
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Figure 3.31.: These two figures show the same pyramidal tract rendered with
standard streamline (left) and with the proposed method (right)
in combination with direct volume rendering of a T1-weighted
MRI dataset. For coloring the principal eigenvectors are mapped
into RGB-color space.

is extremely useful for other data, namely technical simulation data.

3.3.8. Performance

The GPU-based tubelets have been integrated into a framework for DTI vi-
sualization used at the Neurocenter for easy access to MRI data preprocess-
ing and rendering of correct context information as well as the possibility to
compare the novel approach with existing streamline/streamtube implemen-
tations. Two variants of GLSL high-level shaders have been implemented: the
first avoids Shader Model 3 functionality and walks a fixed number of steps
before testing for a hit, while the second uses a dynamic loop that stops if ei-
ther ω can be satisfied or a certain number of steps is exceeded. For DirectX
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Figure 3.32.: The left figure shows a bundle of hyperstreamlines traversing a
region of planar diffusion which leads to yellow coloring and a
flattening of the tube. On the right side, some segments showing
extreme torsion are depicted. The displayed extreme torsions are
added manually as a proof of concept by switching off angle cor-
rection, thus allowing rotations larger than 90 degrees between
consecutive ellipses.

9 generation hardware the second approach cannot improve performance sig-
nificantly, since fragments in a certain neighborhood are required to have the
same execution time, so a ‘slow’ fragment defeats any time-saving neighbors.
This variant can however be used for investigating the relation between sur-
face curvature and number of steps needed to intersect the surface reliably
(see figure 3.33). For practical purposes, a fixed iteration bound of 8 works
sufficiently well and yields a performance of about 33 MPixels/s according to
NVShaderPerf [NVS].

Figure 3.33.: Iteration count to satisfy threshold shown as hue where red
means higher iteration count.

To sensibly compare the resulting performance to an existing polygon-based
approach, some peculiarities have to be considered. The polygon tubes are
subdivided into 16 segments per profile in order for the surface to have com-
parable shading quality. The same number of tube segments is used in both
approaches, however the existing algorithms linearly interpolate between the
profiles, which yields connections that are not really correct (see figure 3.34).
To obtain a high-quality surface like with GPU-based raycasting, the segments
would have to be subdivided in relation to the spanned rotation angle, which
would yield at least three times the number of primitives that are used cur-
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rently and thus reduce rendering performance drastically.

Figure 3.34.: Interpolated vertex positions (left) with erroneous self-
intersection vs. interpolated ellipse orientation (right).

As can be seen in Table 3.5, tubelets cannot offer the performance of the much
simpler polygon-based approach for small and medium-sized datasets. With
the whole-brain tracking, however, we are coming close to the break-even
point, because the high load of the geometric primitives on the CPU and the
graphics bus has about nullified the advantage of cheap fragment processing,
so the novel approach is about twice as fast with a medium-sized viewport
on a GeForce 7800 GTX. However, it is also limited by fragment processing
power, which means that using a nearly full-screen-sized viewport reduces
our frame rate to half the frame rate achieved by the polygon-based approach.
This can be solved by several means though, since fragment processing power
can be much more easily increased than throughput or geometry processing:
either two SLI-coupled graphics cards could be used for about twice the perfor-
mance or one could resort to distributed parallel rendering as often employed
in direct volume rendering. Taking into account the recent development of
graphics cards, one can also rely on the fragment units of the next generation
of graphics cards offering at least about double performance through higher
parallelism and other optimizations.

It is also evident in Table 3.5 that standard direct volume rendering does not
significantly impact the performance of the proposed approach. Nevertheless,
using the instrumented driver the suspicion arose that there still must be a bot-
tleneck in the implementation since the fragment shader load is maxed out at
74% while other raycasting algorithms, like the dipoles in section 3.2.2, obtain
up to 91%.
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Optic Tract Pyramidal Brain
#segments 18,681 34,778 226,032
fps 434×673 10 10 6
fps 434×673

10 10 5.5with volume
fps 1560×1051 2.5 2.3 1.5
fps 1560×1051

2.4 2.3 1.5with volume
fps polygons > 100 > 100 4
fps polygons

15 15 3.3with volume

Table 3.5.: Performance measured on a GeForce 7800 GTX with instrumented
developer driver v79.70. Viewport sizes are as indicated, with the
tubes zoomed to fit. A contextual volume rendering is included
where mentioned. For polygon-based visualization the viewport
size is always 1560×1051, with the volume approximately filling it.
Each polygonal segment consists of a triangle strip of 21 elements.

3.4. Conclusion

This chapter demonstrated that carefully optimized GPU-based raycasting of
various primitives is a valid alternative to polygon-based rendering. It is a
hybrid image/object space method that benefits from the quality of raycast-
ing, while containing the cost through the usage of proxy geometry that is
used to trigger the raycasting. The main strength of this approach, besides the
high rendering quality, is the low upload bandwidth required, which makes
it especially useful for extremely large and/or time-dependent datasets. The
main drawback is of course the high shader load caused by the more complex
glyphs, which limits the interactively usable viewport size somewhat, depend-
ing on the GPU performance. This can however be counteracted by the use of
several GPUs to subdivide the workload in image space.

Even with very complex glyphs there are still datasets that contain too many
attributes to be directly visualized. Methods for the visualization and mapping
of such data will be presented in the next chapter.



4 Multivariate Data and its
Representation

Unlike the data visualized in chapter 3, which exhibits a limited number of
attributes per point/record, there are datasets which have such a high num-
ber of attributes that it is impossible or at least very difficult to visualize all of
them directly without incurring into drawbacks that are as grave as the origi-
nal problem, if not worse, especially if there are also thousands of points that
need to be represented. A term has been brought forth to point out the diffi-
culties with high-dimensional data: the ’curse of dimensionality’ [Bel61]. To
help putting this problem into perspective, the following example just takes
into consideration the resolution limitation of current output devices. This
oversimplifies a bit, but still points out the difficulties. If we just allocate one
pixel per attribute per point [Kei00], on a full HD Display there can still be
no more than 2 million items (1D, or a single attribute) or 40,000 items (50D).
This of course assumes that all of the points and their attributes can be sensi-
bly mapped to a color and discrete position and still retain some comparabil-
ity and readability without having to resort to more complex representations
per point. If icon-based techniques are used, i.e., some kind of shape which
is parameterized with the available attributes, then the maximum number of
items than can be inspected simultaneously drops much more quickly, since
such icons need at least one order of magnitude more screen space to be in-
terpretable. A viable alternative is to not explicitly depict all of the attributes,
but to focus on the overall structure of a dataset and how the items relate to
each other, that is, laying out the items by their similarity and displaying only
a subset of their attributes, for example. The potential user should then be able
to recognize existing clusters from the distribution of the rendered data. This
chapter will elaborate on dimensionality reduction algorithms that allow for
the generation of such a low-dimensional mapping of the original data and
detail their combination with a GPU-based visualization of the results as well
as an approach to exploit the GPU for the acceleration of the mapping step
itself. Results will be shown for datasets from machine learning and medicine.

The work in this chapter is based on [RE04] and [RE05b] and some paragraphs and figures are ex-
cerpted from the original publications.

95
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4.1. Related Work

In the past, different strategies for dealing with exceptionally high-dimension-
al data have been developed. On the one hand, several concepts have been de-
vised to visualize the many dimensions on displays that are mostly limited to
two. Scatterplot matrices are a classical example. The concept is simple: com-
bine each dimension/attribute di ∈ D with any other, and render the resulting
2D scatterplot at position (dx, dy) of a |D|2 scatterplot matrix [BC87], the diag-
onal of which is empty as combining dimensions with themselves represents
no information increase. The different coordinate axes can also be stacked, for
example, either just laying them out in parallel along one axis and connecting
the respective values with a polyline [Ins85], which mostly has the advantage
of making the detection of similarity over several dimensions simple. Alterna-
tively, the value ranges can be stacked along both available axes (x and y) by
first discretizing the ranges of all dimensions and then recursively embedding
them into each other [LWW90], using single pixels for each record. A variant
that recurses on a single dimension but combines this with space-filling-curve
patterns for the arrangement of the elements was proposed as well [KAK95].
The axes have also been arranged radially, using the resulting pie slices in be-
tween them to string together the elements according to the value of the re-
spective dimension [AKK96]. This last approach is actually a combination of
the pixel-based pattern techniques and the star glyph, where all items are laid
out individually in a matrix and the attribute values depicted as the length
of radially arranged ‘spikes’ [SFGF72]. There also is a middle-ground vari-
ant called ‘star coordinates’ with non-orthogonal radial axes for scatterplots
[Kan01]. Other iconic representations include stick figures with irregularly ar-
ranged axes [PG88] and the Chernoff faces, where each dimension is mapped
to a feature of a stylized cartoonish face (lips, eyes, eyebrows etc.) which is
changed in size/deformation [Che73].

The orthogonal approach maps all of the data to a lower number of dimen-
sions, usually two or three, which completely abstract from the actual attribute
values and represent only the similarity between points by spatial proximity.
This does obviously not preclude the use of glyphs for the individual items to
display some of the more important attributes. Probably the most important
dimensionality reduction strategy is multi-dimensional scaling (MDS), which
exists in different variants. Classical MDS [BG97] minimizes a loss function
called strain starting from a dissimilarity matrix, while metric MDS is a more
general variant, which also supports weighted distances and a variety of loss
functions. Non-metric MDS additionally supplies a monotonic relationship
between the dissimilarities.

When employing metric MDS, the quality of the low-dimensional mapping
can for example be determined by calculating the stress σ between the result
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and the source data
σ = ∑

i<j≤n
wij(δij − dij)2 (4.1)

which accumulates the residual euclidean distance (dissimilarity) errors of the
low-dimensional projection dij with respect to the original high-dimensional
distance δij. The distances can be scaled by weights wij 6= 1 to express a qual-
ity or confidence for each pairwise distance value. The stress itself is often
normalized by ∑i<j≤n d2

ij. Standard MDS is very costly (O(N3)) as it performs
an eigenvector analysis of an N × N matrix and chooses the ‘most signifi-
cant’ of dimensions, discarding the others. However, it has been improved to
sub-quadratic cost over the years since the specific algorithm employed to re-
duce the loss function and generate low-dimensional coordinates can be freely
chosen (MDS designates the general method, not a specific mathematical con-
struct) as long as the stress is minimized, which also allows for more flexibility
as the resulting coordinate system need not necessarily be an embedding of
the original space. The first example of an improvement is a spring-model
based algorithm with O(N2) cost [Cha96], which is obtained by calculating
forces only between a point and a very small, iteratively refined set of neigh-
bors as well as a slightly larger set of randomly chosen other points from the
whole dataset. Further improvement could be achieved when borrowing the
interpolation method presented in [BG98] and executing the algorithm only
on a subset S of

√
N points. The remaining items are then laid out relative

to their nearest neighbor in S. The result is refined with a fixed number of it-
erations of the spring-model algorithm, resulting in an overall complexity of
O(N

√
N), which is actually dominated by the nearest neighbor search for each

point [MRC02]. The most recent improvement was made by widening this bot-
tleneck through the use of a pivot-based quick discarding of points beyond a
certain threshold [CMN01], caching a full distance matrix exclusively for those
pivot points (actually only a vector remains). This resulted in a cost of O(N

5
4 )

[MC03]. To generate a force-directed layout in similarity space, simulated an-
nealing has also been employed, which probabilistically moves the items in
question to obtain a state with lower energy, reducing the temperature of the
system gradually to bring it to a halt [CC92]. Other approaches include Self-
Organizing Maps [LSM91] and Principal Component Analysis [WTP+95].

4.2. FastMap

Overall, these algorithms are of super-linear complexity, which makes Fast-
Map [FL95] a very attractive alternative. This approach only has linear cost
and is basically an iterative projection into low-dimensional space. Each desti-
nation dimension is created by heuristically choosing two very distant objects,
which act as so-called pivots for this dimension. The whole data is projected
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onto the axis spanned by the pivots to determine one of the resulting coordi-
nates. Then every original point is projected onto a hyperplane perpendicular
to the axis, reducing the dimensionality by one and starting the search for piv-
ots for the next result coordinate. Since the hyperplane spans exactly those two
coordinates whose details are lost with the previous projection, it is the ideal
choice for recovering the error made. This means that with every additional
target dimension the low-dimensional distance exhibits less deviation from the
original distance, as is also proven by the low resulting stress measured in the
original publication. The equation for the projected coordinates xi is

xi =
dai

2 + dab
2 − dbi

2

2dab
, a, b, i ε N (4.2)

where a and b designate the pivots for the current dimension, and dij is the
distance function for the current dimension between objects i and j. To acco-
modate the hyperplane projection, for the first result dimension d is the origi-
nal distance function in the high-dimensional space, be it a distance matrix or
some measured value. For the subsequent dimensions this is changed to

d′ij
2 = dij

2 − (xi − xj)2 (4.3)

recursively, which fits the error correction from the previous projection. Note
that the cost of the whole projection is highly dependent on the cost of the
distance measuring, but if there is enough memory to fully cache all distance
matrices, this algorithm becomes extremely fast. The highest cost stems from
the pivot searching, as for each target dimension the most distant objects have
to be determined. The heuristic works as follows: an object is randomly chosen
and set as pivot b. Then a is set to the farthest object from b and b again to the
farthest object from a. This last step is repeated a fixed number of times to stay
in O(N), but is very costly nonetheless.

With the availability of a well-performing dimensionality reduction method
the question arises whether and how the user could tweak this mapping step
to optimize its results. Depending on the occasion, the user might have addi-
tional meta-information about the dataset that he could employ to enhance the
results, for example if one of the attributes is derived from (and thus depen-
dent on) others, or if some of them are especially noisy or error-prone. So the
user should be able to choose the subset of dimensions to reduce from as well
as provide the distance metric since it is not trivially defined for text attributes,
for example, or application-specific values that show a particular behavior.

4.3. Resulting Workflow

The proposed workflow for flexible interaction with high-dimensional source
data can be seen in figure 4.1 and will now be described in more detail. The
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general idea was to give the user an interface that shows the available high-
dimensional attributes along with their type and range and a sample point
for verification. Based on this data the user should be able to recognize any
particular attributes he has additional knowledge about and thus define the
input for the dimensionality reduction.

The reduction process first maps all dimensions to [0, 1] for equalization, then
the data is reduced to 3D. As the number of points in a dataset can also grow
quite large, the visualization performance should be independent of the num-
ber of points. Considering the rising popularity of coupling scientific visu-
alization with information visualization, volume rendering seemed to be the
most obvious choice. An early step into this direction was made by [Bec97], vi-
sualizing relational data in volumes, but limited to depicting a single attribute.
Rendering several attributes beyond the positional ones has already been tack-
led with volume rendering in the field of flow simulation [HM03]. A sketch for
chemical data has also been presented [OIEE01].

detail view/table

visualization

dimension subset

volume

transfer functions

3D data

FastMap

high-D data

Figure 4.1.: Visualization pipeline and workflow showing the data flow as ar-
rows and user adjustments, like filtering, as dashed arrows.

Developing those concepts further, the volume is constructed as follows: the
3D data is quantized (binned) into a 2563 RGBA volume. The first compo-
nent always contains the density, that is, the number of items that lie inside
a specific voxel to allow the user to get an overall impression of the dataset
structure and potential clusters of items with similar attribute values. This
density can be scaled linearly or logarithmically to optionally emphasize espe-
cially ‘crowded’ voxels. The remaining channels can be configured by the user
by choosing any available attribute to map. The user also needs to choose how
the mapping is to be done since there will always be multiple points in a sin-
gle voxel, so there are different statistical measures to choose from, like mean,
variance, minimum or maximum. Even though the mean seems like a satisfac-
tory default to start with, this choice highly depends on the task at hand. The
points in a voxel will be reasonably similar with respect to a specific attribute
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by definition, i.e. because of FastMap, but there are always categorical values
which have no significant mean (resulting in wrong data being conveyed) and
outlier detection obviously needs to rely on extreme values being depicted.
What would also be searched for when investigating categorical attributes is
the category with the highest number of representatives in a voxel, but this
value is very costly to compute. The time-intensive variant would be iterating
through the volume and processing all points for each voxel to find the cate-
gory with most representatives (with a cost of |V| ∗ N, |V| being the number
of voxels). The memory-intensive variant would be processing all points once
and counting occurences per voxel and category, requiring |C| ∗ |V| of space,
|C| being the number of categories. This is still a weakness of the current tool
that needs to be improved.

The volume data is uploaded to the graphics card as a 3D texture and rendered
with the standard approach using view-aligned slices. The transfer functions
for each attribute/color component of the data are also kept in a stack of 2D
textures to optionally allow for pre-integration (see section 4.4). These transfer
functions can be used to emphasize value ranges or extrema for the currently
active attribute subset as well as for filtering making use of the output alpha
of the transfer function. Since the transfer function editor also displays the
histogram of each attribute, outliers can be directly removed or singled out,
extreme values can be highlighted, and so on, without the user needing to
input any specific value, as all operations are relative to the entire range for
every attribute. Interactive exploration of the data is facilitated because these
operations are performed in real time.

If the user has found a region in the dataset he is particularly interested in,
he can highlight it with a ’volume cursor’ and display the contents in a cou-
pled view which renders all points in a 3D scatterplot, thus showing the same
data but without binning it. Points can be picked to inspect all of their high-
dimensional values in a table. The selection in the table is synchronized with
the scatterplot and highlighting in the volume representation to allow focus +
context inspection and brushing (see also figure 4.2). These interaction tech-
niques have also been employed in a combination of scientific visualization
and information visualization in previous work [DGH03, KSH03]. Based on
the current results, the user can tweak the dimensionality reduction to try and
isolate problems introduced by specific attributes and iteratively refine the vi-
sualization to eventually gain insight.

Virtual points can be added as a query means to the dataset at any time. This
exploits one advantage of FastMap over most other dimensionality reduction
algorithms, i.e. that arbitrary additional points can be projected into low-D
space without altering the results for the rest of the dataset. Such a point can
thus be used to search for particular attribute values since it will end up in the
vicinity of its similars which can then be inspected more closely.
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Figure 4.2.: Picking linked between windows: The selection can be made in the
detail view or in the corresponding table, the highlight is spanned
across the windows.

4.4. Volume Rendering with Magic Lenses

To allow for additional filtering and locally defined queries, the volume ren-
dering supports one transfer function per visualized attribute which can be
applied to arbitrary parts of the volume interactively. They can be applied to
user-defined object-space regions as well as screen-space regions following the
magic lens metaphor [SFB94]. The object-space regions are assigned coarsely
using volume primitives (boxes, spheres) that can be freely positioned inside
the volume. Each of those primitives has an associated identifier which will
be stored in an additional tag volume by rasterizing the primitives into it. The
screen-space regions are rectangular marquees that are rasterized into a 2D
mask texture and have priority over the object-space tag. Consequently the
user can map the value ranges to RGBA depending on the attribute by defin-
ing one specific transfer function each. The fragment program does this as
outlined in figure 4.3. First, the attribute to display is chosen based on the
entry of the tag volume and the screen-space lens, prioritizing the latter. The
result is used to choose the color component of the data volume as well as the
z-coordinate for the transfer function lookup, the (optionally) pre-integrated
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[EKE01] transfer functions being stacked along that axis in a 3D volume.

data
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Figure 4.3.: Fragment program diagram. The attribute IDs are combined ( ˆ ),
prioritizing the image space mask, to select (&) one of the four vol-
ume components for each slab end. The ID also serves as coordi-
nate for the transfer function lookup.

Categorical and string attributes require some special considerations. If inter-
polating in the data volume, artifacts will show whenever those two attribute
types are rendered and will introduce misleading data: looking up the texture
value exactly in the middle between category 1 and 3 will produce a value of 2
which might not even be present anywhere in the dataset (see also figure 4.4).
In these cases it is better to use nearest neighbor and settle for one of the two,
even though nearest neighbor lookup produces artifacts when the volume is
zoomed in considerably. For attributes with a continuous range this does not
represent a problem though, so the user can toggle this interpolation on and
off.

The same restrictions as for the texture lookup apply also to pre-integration,
since it replaces a linear interpolation between pairs of rendered slices. How-
ever, it considerably improves the quality of the density volume rendering
if combined with interpolated lookup and can thus be activated by the user
when needed. An exemplary output of such a segmented volume can be seen
in figure 4.5. The tag volume segments the carp in two halves for the first and
second transfer functions, the second transfer function is also associated with
the lens near the carp’s mouth.
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Figure 4.4.: Comparison of linear interpolation (left) and nearest neighbor
(right) when displaying categorical values. On the left one can
clearly see the artifacts of a different color introduced in areas of
otherwise uniform color.

Figure 4.5.: Effect of 5 different transfer function regions. The carp is seg-
mented into two halves using a segmentation primitive, 4 lenses
apply 4 different transfer functions in image space.
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4.5. Application and Results

To demonstrate the effectiveness of the proposed approach for the understand-
ing and interaction with high-dimensional data, an example workflow and the
respective results are presented. Figure 4.6 shows the covtype 54D dataset
from the UCI Machine Learning Repository after being processed with Fast-
Map. This results in several visually separable clusters. The dataset consists of
581,012 entries of 7 tree types located in four wilderness areas in the Roosevelt
National Forest of northern Colorado. Each entry has several attributes, like
a soil type classification, wilderness location, ground elevation, slope, shade,
distances to hydrology etc. The four different wildernesses which were inves-
tigated form several clusters each, the shapes of which can be seen in figure 4.7
on the left, where the effect of using 4 different lenses for filtering the binary
wilderness flags is collaged. If fractional distances (instead of euclidean) are
used for calculating the FastMap, the measurement quality increases [AHK01]
thus yielding more homogenous clusters for the wildernesses (figure 4.7 right).

From the description accompanying the dataset one can retrieve the informa-
tion that the wilderness with the highest mean elevation is Neota. This can
easily be reconstructed with a transfer function for the elevation attribute by
setting the output alpha to 0 for the range [0,0.85], thus showing only trees
in the top 15% of the maximum altitude (see figure 4.6 right). Even more

Figure 4.6.: Before (left) and after (right) filtering the trees having an elevation
lower than 85% of the elevation range.

interesting data mining possibilities arise with a slightly modified fragment
program which allows for the modulation of a transfer function assigned by
using a segmentation volume brush with a filtering lens. When processing
the volume associated with the first transfer function in such a way that each
of the different trees gets a distinct color (then averaged per voxel), the result
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Figure 4.7.: Collage of 4 wilderness clusters, FastMap with euclidean distances
to the left (higher fragmentation), fractional distances ( f = 0.3) to
the right (better defined clusters).

looks as in figure 4.8. Assigning a second transfer function filtering out low
elevations lets the user visually discover the most common trees for high el-
evations (see figure 4.9). Another example would be to only display the tree
population for a certain wilderness, in this case of Rawah (see figure 4.10). It
must always be kept in mind, however, that these filtering tools work only on
a per-voxel basis, so the results depend on the statistical measure used. To
get all attributes for the selection, the detail view has to be used (figure 4.11)
to see exactly which kinds of trees live at the higher elevations; in this case it
would be exclusively Krummholz. However this kind of data mining process
only makes sense since the user can apply filtering and highlighting directly
to the volume view, otherwise the user would have to inspect every possible
subvolume of the data to find regions of interest.
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Figure 4.8.: Trees colored by type with a transfer function divided in 7 parts.

Figure 4.9.: Trees colored by type, filtered by a second transfer function mak-
ing all trees beneath 85% elevation transparent.
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Figure 4.10.: Showing the trees of wilderness Rawah. Hue is produced by one
transfer function on the tree type attribute and modulated by the
transfer function filtering out the wilderness.

Figure 4.11.: A detail view of the actual trees in regions of high elevation, col-
oring taken from the transfer function in figure 4.9.
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4.6. Performance

As with all volume rendering approaches, the performance of the proposed ap-
proach is limited by the fill rate, i.e. memory bandwidth of the graphics card
used. Furthermore, at the time of publication of these results (2004), avail-
able graphics cards were limited to four texture lookups per rendering pass,
whereas five are needed (slab front, slab rear, lens mask, id volume and trans-
fer function, the last one dependent on all previous ones and a number of cal-
culations). Depending on the viewport size, on a Radeon 9700 Pro, this still
yielded an acceptable average of 7.5fps in a 6002 window (averaged over all
viewing angles, since 3D texture organization in ATI hardware causes slow-
downs when inspecting the volume from the ’rear’). Already with a main-
stream GeForce 6800 the performance increased to just below 30fps, which is
more than adequate for interactive exploration1. The execution of FastMap on
580K points in 54D takes about 132 seconds on an Intel P4-2.8Ghz Machine,
while 2.3M points in 9D take 248 seconds, to name two examples. The updat-
ing of the additional dimensions including texture upload takes about 3 and
5 seconds (without particularly optimized algorithms), so it is safe to say that
the user can experiment interactively with the prototypical implementation.
The performance of the scatterplot is not critical, since only a small portion of
the available data has to be rendered at any one time, which was always faster
than the volume rendering during testing.

4.7. Accelerating FastMap

Even though linear in complexity, for large datasets the FastMap algorithm
still requires a noticeable time to complete. It is very important though to have
the shortest time possible between first obtaining a dataset and getting an im-
pression of its overall structure, concerning the distribution and similarities in
it, as a first impression can already outline problems and thus save prepro-
cessing times on datasets that turn out to be wrongly acquired or otherwise
compromised. Since for the low-dimensional representation all resulting coor-
dinates are calculated independently from each other, a SIMD approach nearly
imposes itself, thus motivating the implementation on a GPU.

The utilization of GPUs as co-processors for algorithms that do not directly
generate images is becoming ever more wide-spread, so a specific SIGGRAPH
workshop has been created to deal with the challenges that arise [gpg]. The ar-
chitecture of graphics cards is not yet as flexible as the general-purpose CPU,
therefore some limitations have to be worked around before employing the
graphics hardware for general calculations. Different methods have been de-

1Note that the GeForce 6800 was available about one and a half years later and is two generations
newer.
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vised for storing complex data structures in textures, and tricks have been re-
sorted to for emulating program flow control when it still was not available
in shaders, for example using the z-test [KW03a]. Support for program flow
control has been introduced with the so-called Shader Model 3.0. Most GPGPU
implementations share the property of mainly making use of the fragment units
despite the vertex units being programmable as well. This is motivated by the
fact that before the advent of a unified shader model (as present in the GeForce
8 series, for example) the fragment processor had more parallel-working VPUs
(vector processing units) than the vertex processor, usually about twice as
many or even more. Furthermore the instruction set for fragment programs
was more powerful and the access to data (in form of textures) was much
faster, even if not exclusive anymore since Shader Model 3.0.

This context can be taken advantage of to focus on the implications when us-
ing the GPU in such circumstances as well as providing a performance analy-
sis to differentiate and show the strongly varying performance of some GPUs
and, above all, identify the bottlenecks and computational precision issues that
come into play when ‘outsourcing’ CPU work to the graphics card (see sec-
tion 4.10). The acceleration of FastMap also offers an opportunity to study
how the three-dimensional structure of a dataset is affected when changing
the parameters (pivots) for the projection.

4.8. The GPU implementation

To execute FastMap on the GPU, the pivots are first prepared on the CPU by us-
ing the heuristic described in section 4.2. The source data is then split into sev-
eral floating-point textures as follows: all integer and floating-point attributes
of the source data are stored in groups of four in the red, green, blue and al-
pha channel of textures, all on the same coordinate for one single data point.
Strings are mapped to unique IDs per attribute (so if there are 5 string-type
attributes in a dataset, 5 distinct string lookup tables result). On the one hand
this saves memory if the strings are categorical attributes and thus repeated
several times in one dataset. On the other hand this makes string comparison
much faster since the difference between two strings can be defined as sim-
ple inequality, and for categorical values an editing distance would not make
sense anyway. The resulting IDs are also stored in texture color channels, such
that all of the attributes can be accessed by using a single texture coordinate.

Depending on the number of attributes and points in the source data, the tex-
ture and stack size is varied, with differing impact on rendering performance
(see section 4.10). Only one texture stack is processed per rendering pass,
yielding one projected coordinate for texture_size2 points. This rendering pro-
cess is repeated until all input data has been reduced to lower dimensionality
(resulting in d n

texture_size2 e iterations). The stack of textures is complemented
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Figure 4.12.: Data as textures on the graphics card; one ‘column’ contains all
attributes of one data point.

by another floating point texture, a pbuffer[pbu], as the rendering target with
the same resolution as the texture stack. The xi (see equation 4.2) calculated
from the input stack is stored inside this pbuffer. If the pbuffer is bound as
texture, the results of a previous projection can be easily accessed and used
for the calculation of the modified distances d′. All result dimensions are com-
puted consecutively for each stack, in order to keep the source data textures
untouched for two additional passes (in this case of a 3D similarity space).

To trigger the calculations, a single quad covering the whole viewport is ren-
dered to generate the texture coordinates for processing every data point/pixel
in the input texture stack. The viewport has the same dimensions as the
pbuffer. An ARB_fragment_program is used that stores an xi as above in the
pbuffer, depending on the distance calculated from the source data and the
attribute values of the pivot points, which are passed as program parameters.
This is justified by the fact that the pivot point could be in another texture stack
and thus would not be accessible. The pivots could also be stored at a con-
stant position in the input stack, which would reduce the data processed per
iteration by two items, but the main advantage is that 2 ∗ stack_height texture
lookups can be saved per result fragment if program parameters are used. The
pivot points are constant for the whole stack and one rendering step, in any
case. da,b and da,b

2 from equation 4.2 are also constant and therefore passed as
parameters as well.

The fragment program basically consists of three blocks of code: in the first
block the floating point attributes are retrieved, subtracted from the pivot
attributes, squared and added up, yielding a quadratic euclidean distance.
String IDs are checked for equality against the pivot values and added accord-
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ingly in a subsequent block. The last block calculates xi. Using the square root
operation can be completely avoided since all the distances calculated before
are squared again in this block (see equation 4.2). The necessary code is gen-
erated dynamically based on the dimensionality and dimension types of the
input file; only the source texture unit and the program parameter containing
the respective attributes of the pivots must be set accordingly.

The fragment program for subsequent dimensions is generated in the same
way and just needs two more parameters (the latest projections of the pivots)
and one more texture fetch for the latest projection of each point itself (from
the pbuffer of the preceding pass), along with another code block for the cal-
culation of d′ from d using these latest projections. After enough dimensions
have been calculated (up to four per pbuffer), either the results can be read
back to the main memory and used as a vertex array to display the resulting
low-dimensional representation of the data set, or the pbuffer is directly used
as a Vertex Buffer Object. At the time of publication also a superbuffer could
have been used, but only ATI cards supported it and practical tests performed
by colleagues confirmed that it did not work very reliably.

4.9. Application

The implementation has been tested with different excerpts from a 10D data-
set of 2.3M points retrieved from a cancer screening database projected into 3D
similarity space. This dataset contains 8 numerical and 2 categorical alphanu-
merical attributes and quantizes the reaction of various cancer cells towards
different substances in terms of cancer growth inhibition. In figure 4.13 the
result from using the original heuristic on a 1M point subset is shown in the
application. The OpenGL window depicts the dataset in 3D similarity space
with the pivots highlighted and colored according to the target dimension they
belong to (in RGB order). A short fragment program is used to cool/warm-
color-code the scatterplot depending on the z depth of a point. Since unshaded
points do not occlude each other in a way that allows for satisfactory visual
depth perception, this approach was used to convey a better impression of
depth to the user [WE02], see figure 4.14. Intensity attenuation would also
have been an option, however the darkened points would be quite difficult to
perceive because of their small size. The parameter window allows the user to
scroll through the different pivot points in real time or even to animate one of
the axes with adjustable step size and delay between steps. figure 4.13 shows
some well-defined streaks with similar data, however the result points all lie
on a plane, so only two of the available three dimensions are used.
When tweaking the pivot points by hand in real time, other cluster-like ar-
rangements can be spotted. However it has also been found that, despite the
original heuristic, choosing pivots that are quite close on the resulting axis can
yield projections which are fanned out more thoroughly than when always us-
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Figure 4.13.: Application user interface with OpenGL 3D scatterplot (right)
and FastMap parameter window (left). Pivots have been chosen
using the original heuristic.

ing points that are as far from each other as possible. Figure 4.14 shows such
a hand-tweaked result and suggests that three major clusters exist, the bottom
one being clearly composed of overlapping streaks, which hints at several se-
ries of data with slowly varying attributes. This does not mean that the original
projection is faulty or useless, but that different characteristics can be spotted
in one dataset when making use of human interaction and experimentation as
an added heuristic to complement the automated one.
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Figure 4.14.: FastMap result with tweaked pivots. The result points are much
more widely spread in 3D. Cool/warm shading is employed to
emphasize the point depth.

4.10. Performance Discussion

To demonstrate that the proposed approach is an improvement over CPU-
based FastMap, timings of the implementation have been taken for various
datasets on an Intel Pentium4 running at 2.4 Ghz and on a GeForce 6800GT
(see figure 4.15). The CPU-based FastMap also uses only 32bit floats in order
not to penalize its performance further by using doubles. Different excerpts
from the cancer screening dataset mentioned in section 4.9 were used. The
first subset is very small (26824 items) while the second consists of one million
items. The higher-dimensional datasets are just repetitions of the original data
to allow for simple investigation of the performance variation when increas-
ing texture reads per result point. One can see that the GPU implementation
clearly outperforms the CPU variant by orders of magnitude, allowing for in-
teractive adjustment of the pivot points. The projection times stay below one
second for source data sizes of up to two million data points and 10 dimen-
sions (since two color channels are left in one of the source textures, about the
same order of performance is valid for up to 12 dimensions).



114 4.10. PERFORMANCE DISCUSSION

0

2

4

6

8

10

12

14

16

s

dataset size * dimensionality

GeForce6800 GT, AGP 4X, i845 Chipset

Pentium4 2.4Ghz, 1GB RAM, i845 Chipset

Figure 4.15.: Total time in seconds for FastMap on CPU and GPU with opti-
mum texture size

To further investigate how the different parameters of the implementation, like
texture sizes, system bus types, and, last but not least, graphics chipsets, affect
these numbers, more tests were conducted. One would think that the opti-
mal parameters for executing such an algorithm in graphics hardware would
be the use of as few and as large textures as possible, to keep management
overhead at a minimum. The textures would be created once and reused for
every stack that has to be iterated. By and large this is true, but the measure-
ments taken show where specific strengths lie for different GPUs and pointed
out some unexpected flaws that must be taken into consideration when using
them.

The GPU FastMap is implemented in OpenGL in order to retain the option
of easily integrating it with existing OpenGL-based scientific software which
could benefit from the fast dimensionality reduction. This poses a challenge
when it comes to performance measurements which go beyond simple FPS
for final visualization. Therefore the measurements were repeated many times
and it was also made sure that the GL pipeline was flushed after the timed
phases. The measurements were also taken with constantly varying pivots so
the constantly changing output could also be visually verified to make sure the
graphics drivers would honor the glFinish() request. One can see in figure 4.16
that the overhead for constantly replacing the contents of small texture stacks
is much higher on Nvidia chips than on the ATI chips, so if the whole graphics
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card memory cannot be used for FastMap, the approach becomes extremely
slow. However with big textures the results are similar to the ATI X800 AGP.
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Figure 4.16.: Total time in seconds for FastMap on different GPUs with differ-
ent tiling of the 1M dataset and increasing dimensionality.

Another irregularity discovered was extremely bad readback performance on
the PCIe X800 card with texture sizes of 5122 and above, despite the acceptable
results from the AGP variant. Comparing the calculation of the 1M 10D data-
set, moving from four stacks of 5122 textures to one stack of 10242 decreases
the performance by four times, after the already irregularly small increase from
2562 (see also table 4.1). Also a side-effect was encountered on an ATI X800 Pro
AGP, where the 20-dimensional dataset with 1 million items distributed over
4 stacks of 5× 5122-sized textures produced a delay after each calculation, so
the measured 623ms produced only one result frame per second. This seems to
be a driver bug, since for example 4 stacks of 8× 5122-sized textures resulted
in no such delay, and the same executable with the same parameters did not
cause a delay on any other configuration. This practical example also serves
very well as an illustration that different drivers or different code paths in the
same unified driver can have various side-effects which makes benchmarking
overall a very difficult task as it costs much too much time to manually try
out enough different hardware-driver combinations to be sure to get relevant
results.

Readback performance has been cross-checked with an individual test, the re-
sults of which can be seen in table 4.1. It is conspicuous that the readback
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card 5122 10242

GeForce 6800GT AGP 750.47 751.31
GeForce 6800GT PCIe 818.92 829.37
ATI X800 Pro AGP 117.21 116.36
ATI X800 Pro PCIe 235.32 7.56
ATI 9700 Pro AGP 114.03 113.31

Table 4.1.: Readback performance in MB/s for RGBA float pbuffers of given
size from a particular graphics card.

performance has not improved moving from ATI 9700 to X800 (for the AGP
cards). The result for 5122 textures shows that the native PCI Express inter-
face on the X800 cards, on the other hand, is an improvement over the AGP
interface, however the cards cannot catch up with the current Nvidia chips
(at least when working with float formats). The lack of a significant perfor-
mance improvement on the GeForce when moving from AGP to PCIe is likely
caused by the fact that the chip does not have a native PCIe interface, but uses
a transponder chip instead.

An additional important factor for the overall performance of the algorithm
is the execution speed of the code on the GPU. A detailed analysis has been
conducted in this regard [DE04], however the specific effects on this particular
case need to be investigated. In figure 4.17 one can see that the ATI chips have
a big advantage over those on Nvidia cards. The cause of this is two-fold: the
ATI cards have a much higher core clock and make use of only 24bit-floating-
point VPUs (see also section 4.11). It is also obvious that the ATI X800 scales
much better with increasing number of texture reads and constant texture size
than the GeForce 6800, but has a weak spot when it comes to 5122 texture sizes.
The ATI X800 PCIe could have the performance lead (if not the precision lead)
were it not for the much better readback performance of the Nvidia cards re-
gardless of the system bus employed. The CPU bus and chipset should also
not be underestimated for its performance impact. Comparing an i845-based
system with 400Mhz FSB and AGP 4X to an i865-based system with 800Mhz
FSB and AGP 8X, using a GeForce 6800GT in both cases, a performance in-
crease of over 200% was measured instead of the optimistically anticipated
100% which demonstrates that also different chipsets and the increased FSB
bandwidth have a significant performance impact.
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Figure 4.17.: Fragment program execution time in milliseconds per stack with
different stack sizes and texture sizes. ATI chips show a clear ad-
vantage over Nvidia chips.

4.11. Precision Issues

If the GPU is used to replace the CPU, a major issue that arises is the com-
putational accuracy. The surveyed ATI chips offer only 24 bits for compu-
tational accuracy, even though source and result data is stored as 32bit IEEE
floats. Nvidia chips allow the programmer to select between half (16bit) and
full (32bit) precision floats for computation, while storage relies on 32bit IEEE
floats as well. One advantage of the CPU over the GPU is the availability of
higher-accuracy number formats and the possibility of at least using these for
calculation, even if the results are then stored only as floats (to save mem-
ory, while still keeping the accumulating error at a minimum). The effects the
precision has on the relative error of some example operations can be seen in
table 4.2. These values are obtained as follows: A small test program uploads
a RGBA float texture to the GPU, activates a fragment program and draws a
viewport-filling quad into a pbuffer. Then the pbuffer is read back and com-
pared to CPU-based results calculated with double accuracy which represent
the ideal, if not correct, result. This obviously is a worst-case scenario since also
on the CPU normal floats would be less precise. The texture contains 5122 ∗ 4
floats with the value 1

512 (index + 1), that is, values in the range [ 1
512 , 2048]. As

a first test the values were simply passed from the texture to the pbuffer (x
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Operations ATI X800/9700 Nvidia GF6800
x 0.000003636 0
x ∗ x 0.013201884 0.000023515
x 1

x+1 0.000016217 0.000000005
(x + x)(x + x) 0.052807537 0.000094060

Table 4.2.: Computational accuracy (average relative error) for selected opera-
tions on different GPUs.

in the table). Since the data has to pass through the VPU, this already causes
some error on ATI chips. The other tests execute some simple calculations. A
different denominator from x was chosen in the reciprocal multiplication to
avoid that the operation simply be discarded by optimization in the drivers.
It can be seen that the 24bit VPU accumulates a large error quickly, however
the implications only become clear when considering some applications. Cal-
culating a position for displaying data (as is also the case with FastMap) and
normalizing each dimension to allow the algorithm to fill a unit cube, and then
displaying this cube at screen size (1200 pixels in height), this would result in
an average vertical positional error of 60 pixels on an ATI card when consid-
ering the 5% relative error ((2x)2 in table 4.2). On an Nvidia card this error
would amount to barely 1

10 of a pixel, which is more than sufficient. As these
cards are originally intended for delivering good performance and visual ef-
fects for computer games, this can be considered adequate, but for general
processing on graphics cards it is a factor that must be kept in mind (especially
when using ATI cards).

The error of the FastMap algorithm was measured as well and compared to
FastMap on the CPU (using only floats as in the performance comparison). For
the 1M dataset the ATI card produced an average relative error of 0.000294823,
the Nvidia card one of 0.000056497, so the discrepancy is well below one pixel
in both cases if the same assumptions as above apply.

4.12. Summary

This chapter proposed a tool and the related workflow for the overall analysis
of large, high-dimensional datasets. The user can, in an iterative process, map
the data to 3D and then analyze its structure using a volume representation of
the resulting similarity space. Additional dimensions can be displayed in the
volume by user interaction for highlighting or filtering in real-time, and the
user can then drill down and more closely inspect the areas of most interest in a
coupled detail view as well as in a table with the exact value, all of them linked
to allow for brushing. This approach works well for large datasets, which has
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been proven by showing the performance and results using a dataset with
580K entries. To further improve the performance of this approach, graph-
ics hardware has been employed, opening up the possibility of interactively
changing the parameters and observing the structural changes in the resulting
low-dimensional data. This improvement also offered itself as a background
to discuss the more generally applicable performance and accuracy constraints
that come into play when using GPUs as co-processors, pointing out some pit-
falls to keep in mind when considering to move an algorithm from the CPU
to the GPU. From this example one can see that if we keep these limitations
in mind, a modern GPU can provide a very cost-effective way to execute mas-
sively parallel algorithms. With the availability of high-level languages like
GLSL or Cg, or specialized frameworks like Brook [Buc03], [BFH+04] or Sh
[MQP02], the porting of an algorithm has become quite easy if one finds an ef-
ficient way to map the application’s data structures onto ‘flat’ arrays (textures),
even more so with the new GPGPU APIs CUDA [CUD] and OpenCL [Opea].
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5 User Interaction

The approaches described in the preceding chapters help realizing the visual-
ization pipeline as introduced in chapter 2. What is still missing is part of the
feedback loop that allows the user to steer the way this pipeline works, espe-
cially the filtering and rendering stages, i.e. choosing the subset of data that
has to be rendered, inspecting particular items, and navigating the 3D repre-
sentation. This chapter will discuss a special case, that is user interaction in an
immersive environment, meaning ways of interacting with a stereo-enabled
representation that allows for depth perception without having to handle con-
ventional, uncomfortable-to-carry input devices like mice and keyboards and
above all not interfering with the stereo output, which increases the perceptual
stress considerably. For a study on the subjective perception of immersion,
refer to [Hee92], a taxonomy for immersion has been developed by Robinett
[Rob92]. This scenario was chosen because more often than not the datasets
the presented visualization approaches are tailored for contain great numbers
of quite small items that by itself give very weak depth cues as the individual
forms are too small to occlude each other significantly which does not give the
eye enough information to guess which one is in the foreground and which
one behind. Thus, to convey the spatial data structure more clearly, depth per-
ception by disparity, as offered by stereo displays, helps significantly.

Even when the performance of the visualization system is sufficient to han-
dle the large datasets as output by simulations, for millions of data points all
individual characteristics are difficult to grasp by the human researcher. An
overall structure will be intelligible, but the more attributes and details are
shown, the more convenient it is for a scientist to concentrate only on a smaller
number of items. To overcome this problem known as visual overload, several
approaches can be considered, for example a sensible abstraction from the sin-
gle data points (see section 3.2.2) or filtering. Another feature needed along-
side the visualization is picking, which is actually a special case of filtering,
easier to undo and often resulting in smaller subsets of the data. It enables the
user to inspect attributes that either cannot be efficiently visualized because

The work in this chapter is based on [RRE06] and some paragraphs and figures are excerpted from
the original publication.
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of their type, or because there simply are too many attributes to be shown si-
multaneously, by giving selected items a special representation or additional
information displays.

The other aspect of user interaction covered in this chapter concerns the nav-
igation of the dataset, more specifically the manipulation of the position and
orientation of the dataset relative to the observer, which is depicted in the last
not yet covered feedback connection in the visualization pipeline.

5.1. Related Work

The scenario for the required interaction consists of a relatively large space
filled with tens of thousands, and up to millions, relatively small and in parts
extremely densely packed particles. Usually there is floating matter with low
density in a large part of the space and a smaller number of, in some way, co-
agulated particles, or clusters (droplets, galaxies, etc. depending on the simu-
lation domain). The main requirement is that the users have tools which allow
them to single out clusters or other interesting parts of the dataset as well as be-
ing able to pick single particles, if needed. The hardest problem in this scenario
is clutter, which is even worse for the original galaxy simulation visualization
because the particles are blended and thus the user cannot easily distinguish
overlapping objects. This adds uncertainty when it comes to selection because
the user first has to find out which of these objects in a certain region he is really
interested in. A comprehensive taxonomy on selection mechanisms and oper-
ations has been presented in [Wil96], which has been the base for deciding the
features for the VR user interface. Mouse-and-keyboard-based interaction is
probably the most common paradigm overall for workstation scenarios, how-
ever in VR and AR environments there has been considerable research not only
about methods but also about more suitable input devices.

The basic method of pointing-and-clicking has the benefits of being widely
known and accepted. There is next to no Gulf of execution (the user wondering
what he might be able to do in a particular situation [Nor88]) since most users
know by convention that clicking the left mouse button will result in the selec-
tion/activation of whatever the cursor is hovering over. The results are precise
and it is very easy to switch between several operations quickly and easily
using different buttons and hotkeys (which however will have to be learned
by the user). The corresponding approach for immersive environments is the
laser pointer and its many improvements like the spot light [LG94] or IntenS-
elect [dHKP05]. These approaches try to compensate the human motorical
deficiencies by adding fuzzyness and/or a ranking method to decide which of
the possible candidates the user really wanted to select. Such improvements
take into consideration small and far-away objects as well as clutter, however
comparing the datasets used for testing to the simulation scenarios that are de-
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scribed above, one will note the several orders of magnitude higher number of
objects in a scene. Other common metaphors for VR/AR interaction have some
correspondence in the real world or are inspired by it, for example, pen and
tablet [BBMP97] or variations like pointer and clipping plane [dRFK+05] and
real hand-held devices [WDC99]. An example for a virtual device controlled
by a completely different commodity peripheral is the virtual tricorder/space
mouse combination [WG95].

5.2. Dataset Types and Scenarios

The application focus in this context was chiefly on two specific fields of re-
search. One is multibody simulation from astrophysics, more specifically the
simulations carried out by the VIRGO supercomputing consortium, which
yield point-based datasets with several millions of particles. These are visu-
alized with the point cloud renderer the molecular visualization is based upon
[HE03], however to improve performance even further and reduce visual over-
load the option of interactively trimming the dataset would make it easier to
focus on the interesting parts of the data. For this purpose the different selec-
tion operations are very important to allow a comfortable drilling down into
smaller areas. The other application field is thermodynamics, where datasets
are smaller (ten thousand to millions of molecules), but the focus is on inspect-
ing the attributes of particles (for example to verify cluster detection or the
simulation algorithm) and slicing clusters of particles. In this area researchers
are just starting to make use of the performance boost commodity clusters are
offering, so dataset size is not a primary problem for now.

Since the basic framework optionally renders the data adaptively, and tries to
maintain a frame rate of at least 10 fps, any filtering of the dataset results in
the framework having more time to traverse and render the remaining points.
Therefore such filtering effectively causes a refinement of the remaining re-
gions if parts of the data had to be skipped as long as the whole dataset was
visible, increasing the visual quality considerably.

5.3. Features and Implementation

The user interface devised has two principal modes, one for workstation use in
conjunction with standard PC hardware and one for use in VR environments
with stereo output and tracked interaction. The whole system is based on the
concept of a two-tiered selection consisting of a temporary selection and a per-
manent selection. This allows the user to create complex selection subspaces
incrementally using the temporary set and to store satisfactory results in the
permanent set without the risk of compromising the permanent selection with
the next selection interaction. The storing of temporary sets is effected through
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boolean operations, so the user can add to, subtract from, or even intersect the
temporary selection with the permanent selection. Other operations that can
be performed on the data are:

• cropping to selection sets

• hiding of the temporary selection for incremental refinement – the per-
manent selection cannot be hidden because it represents the result of all
the filtering operations and thus must not disappear

• single-click toggling the hidden data to enable the user to re-check the
context of the selected data without losing the selection subset.

The user interface offers an additional window which contains the interaction
menu and a table (see figure 5.1). This table displays the attributes of all par-
ticles contained in the permanent selection, so the user can look up the exact
values as they are output by the simulation, which is particularly helpful for
particles that have more attributes than can readily be displayed by the avail-
able rendering modes, but are important for the understanding of the state of
the simulation. The 3D view of the dataset is linked to the table, so the user
can select subsets of particles in the table which is reflected by bracketing the
selected points in the 3D view by one bounding rectangle each (brushing).

Figure 5.1.: Selection in the table and linked points in the 3D view, highlighted
by a small bounding box.

Additionally, the user can interactively adjust the near and far clipping planes
of the GL context to coarsely select the spatial subvolume of the dataset he
wants to interact with. Such cuboid ’slabs of interest’ give the user another
basic volumetric primitive by which he can specify the focus region he wants
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to interact with. An interesting slab can be “accepted” – marking all invisible
points as invisible and resetting the planes to their default position for further
interaction. The near and far planes’ settings are visualized by rendering semi-
transparent rectangles at the modified near and far planes. The rectangles have
the size of the visible part of the old near plane.

5.3.1. Workstation Interaction

When using keyboard and mouse for interaction, the keyboard can be used
to gain access to almost all the functionality very quickly by using hotkeys.
Less advanced users may choose to use the popup menu or the regular menu
for triggering the interaction modes. The actual selection is always triggered
by using the mouse. The user can drag a rectangular selection marquee as
well as paint it with a brush of variable size (as known from common graphics
applications). Both selection types are projected infinitely in depth based on
the current view, so the result is always a frustum with an arbitrary profile. The
depth is not limited in this case because the astrophysics datasets have high
overdraw and use blending, which makes it difficult to decide at which depth
a point lives without rotating a dataset when no stereo output is available. The
depth filtering can be easily performed by modifying the resulting frusta from
different points of view. These selection actions always create and modify the
temporary selection which can later be baked into the permanent selection. A
virtual sphere (trackball) metaphor is used to navigate in the dataset.

5.3.2. Tracked Interaction

This mode is implemented making use of the optical tracking system already
installed at our institute, which consists of four ARTtrack1 cameras. This
infrared-based optical tracking system is capable of tracking the position and
orientation of multiple targets, or bodies, which consist of several markers, and
are configured to be worn on glasses or hands. Since these targets do not sup-
port any spatial reconfiguration (as they are recognized by the spatial distri-
bution of markers), gestures or finger movements cannot be distinguished. To
have some kind of triggering option, a so-called flystick (see figure 5.2) was
used, which is basically a marker-equipped joystick handle with several but-
tons and radio-based communication with the tracking server.

When using the flystick, the main difference to mouse/keyboard interaction is
the visible 3D cursor (a 3D arrow). The user can press a button on the flystick to
make the current cursor position a pivot point around which the dataset can be
rotated or in relation to which the dataset can be translated. To decouple the
selection and navigation precision from physiological precision of the users’
movements and spare the user the frequent repositioning of himself in front
of the powerwall, the cursor movement is not necessarily mapped absolutely
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Figure 5.2.: The flystick used for interaction has several buttons for triggering
interactions and reflecting markers for tracking with IR cameras.

from the flystick movement in front of the powerwall. Instead, the user can
fixate the 3D cursor by pressing a button, and then reposition the flystick to
a more comfortable position, thus emulating what for a desktop user is the
lifting and repositioning of the mouse.

The position of the 3D cursor is visualized by a half-transparent sphere in the
background and a real “cursor” in the foreground. Additionally, when the
cursor intersects with points, these are colored differently to ease their spatial
localization. In this mode, the brush selection is not projected, since the user
can position the cursor in all three dimensions by direct interaction. Thus all
the highlighted points are added to the temporary selection when the corre-
sponding button on the flystick is pressed.

The table with its detailed display of particle attributes is also available in VR
mode and projected onto the focus plane. However, since it is quite difficult
to accurately grab the scrollbar or the corresponding buttons when interact-
ing with the flystick and thus resorting to one’s gross motor skills, the list of
selected particles is scrolled differently: to allow easy relative and also abso-
lute scrolling, a modifier key and pointing direction are used. When pointing
into the list window, scrolling is relative, outside to the right (where the visible
scrollbar lies) scrolling is absolute (and actually more of a ‘jump to’ function-
ality). Scrolling itself works by pointing up or down relatively to a “virtual
horizon” in the middle of the screen. Simple selection within the table is pos-
sible through pointing as well and “Shift” and “Ctrl” are mapped to flystick
buttons to allow for the selection of multiple items.
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5.3.3. A 3D Candle

In this mode, the cursor disappears and a halo of the same size as the 3D brush
is used to select points for rendering, as if the only source of light in the vi-
sualization were at the position of the cursor and everything beyond the halo
were submerged in the dark. That way, all the processing power can be used
for a small region of the dataset, which ensures maximum detail in the focus
region while completely neglecting the context. This metaphor was chosen
for two reasons: on the one hand, it allows for extremely high refinement and
high performance since only a very limited part of the dataset has to be ren-
dered, and on the other hand it reduces the high overdraw and the resulting
visual overload for the user drastically, especially in snapshots from cosmo-
logical simulations with several tens of millions of particles. Since this is only
a metaphor, the lighting conditions of the rendered scene were not changed at
all because (at least in case of the molecule rendering) back-lit primitives offer
very low contrast and no sense of spatial extent. The metaphor has the addi-
tional benefit of being easy to understand if seen in context of the real world
(where the effect is borrowed from in the first place).

5.3.4. Measures to Avoid Fatigue

A combination between pointing to the powerwall (for the selection list) and
a directly mapped 3D cursor is used to faciliate interaction. In a first attempt
to provide a mode selection in this virtual reality scenario, a popup menu on
the focus plane was used for user input. This proved to be unsuitable as map-
ping the flystick interaction to a relative mouse pointer movement on the focus
plane was precise, but caused tremendous fatigue, causing the users’ hands
to slightly drift to the lower right after some menu interactions. Although it
would be easily possible to recalibrate the hand’s position to a less exertive
position, this feature would need to rely on some kind of fatigue-perception
algorithm. In a second attempt, the mouse cursor was positioned at the in-
tersection point between a virtual ray cast along the flystick’s z-axis and the
focus plane. This removed the fatigue source as the user automatically relaxed
his hand position when switching from the relative cursor movement manner
to the pointing approach. However, this solution caused a loss of precision
stemming from the combination of motor precision and tracking precision –
small angle changes when standing two meters from a target cause consider-
able positional imprecision. The accidental selection of the wrong menu item
was the most frequent result. To solve this problem, larger menu elements and
a menu type that fits the directional pointing method far better were used: the
radial/pie menu. It is by design superior to the linear one in terms of target
size and cursor travel distance ([CHWS88], see also Fitts’s law [CNM83]).
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5.3.5. The Radial Menu

The classical radial menu, which can be seen in applications with a mouse in-
terface, e.g. Maya, was extended to a full-screen approach. Thus, the whole
display area is used as a projection target allowing menu items to be signif-
icantly larger in both dimensions. All menu items are shown at once. The
amount of information may seem very large, however by highlighting only
parts of the hierarchical structure, the user can concentrate on suitable amounts
of information: only 5-9 sub menu items are highlighted, just few enough to
not unduly overload short-term memory, which is limited to about 7 chunks
[Mil56]. All menu items are displayed as icons with a tooltip showing a short
description of the item at the cursor’s position when hovering over it. All
submenu entries are only outlined by default, the corresponding icons are dis-
played when the corresponding menu entry is hovered over (see figure 5.3).
Another advantage of this approach is that the user can more easily memorize
the position of menu entries, and once a user learns where to find an entry he
can instantly get there without having to follow a trail leading him there as a
normal menu or even a cascading radial menu would require (also referred to
as mouse-ahead).

5.3.6. Implementation

The system runs on 5 networked PCs, one of which (the head node) accepts the
tracking system output and distributes it over the 4 rendering nodes (2 per eye
for 2 powerwall segments). Each node has access to the whole dataset so that
only interaction/view changes need to be communicated, which is few enough
data to be transmitted over normal gigabit ethernet without causing detectable
lag. The existing hierarchical data structure consists of several recursive lev-
els of spatial clusters, and the lowest level contains the actual particles. Each
cluster also has an associated representative particle, which is rendered when
no recursion into that cluster takes place. If the selection were an order of
magnitude slower than the interaction itself, this would severely degrade the
usability of the program and its acceptance by the users, so straight-forward
traversal and flagging was not an option for the interaction extension. Thus
the data structure was extended as follows: all clusters are tagged with the
bounding box extents of all their children to enable correct hierarchical inter-
section and inclusion tests. To support fast selection and visibility operations
that avoid a complete traversal of the hierarchy when possible, eight additional
flags are stored in each cluster/point:

• t the element is temporarily selected

• tc the element has temporarily selected children

• s the element is selected

• sc the element has selected children
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Figure 5.3.: The radial menu, blended over the dataset. Only submenu items
in the selected menu are visible to reduce clutter.

• Sc all of the element’s children are selected

• v the element is visible

• vc the element has visible children

• Vc all of the element’s children are visible.

To perform a temporary selection, the hierarchy needs to be traversed only
where vc holds. During the downstream recursion all points are tagged t if they
are contained within the selection frustum. Upstream all clusters containing
points p|t are flagged tc. To add or subtract the temporary selection from the
permanent selection, only tc are recursed, and the upstream is used for setting
the flag sc and removing t and tc. For the intersection of both sets, both sc
and tc need to be considered. To hide large numbers of points, the recursion
can be stopped at the first cluster where the whole bounding box is inside the
volume, since removing v, vc, and Vc stops any further recursion and saves
the effort of making all children consistently hidden (see also figure 5.4). To
reinstate consistency upon showing the points again, only those parts have to
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be traversed where Vc is not set.

D

h i j k l m n o

E F G

B C
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h i j k l m n o

E F G

B C

A
(b)(a)

s
sc

Vc
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v invisible Point, marked visible invisible Point, marked invisible

visible Point selected Point

Figure 5.4.: (a) Example for a consistent hierarchy before triggering an interac-
tion (b) Example for an inconsistent hierarchy when quickly hiding
A completely. Only selected points remain. B is temporarily incon-
sistent because its children are only hidden because the recursion
stops at B and the data below need not be modified.

One tricky part of the implementation was synchronizing the table interaction,
because interaction basically has to be interpreted on the head node, but the
user interface is displayed and used on the rendering nodes. The table was
implemented with GTK [GTK], a free platform-independent toolkit. Although
there are approaches which address multiple displays, like [dmx], it seemed
possible that its limitation regarding OpenGL extensions could become a hin-
drance in the future and thus they were not used, instead relying on our own
implementation. Basically the relative mouse position inside the GTK win-
dow is transferred from the master node to the clients and all mouse clicks
are synthesized from the flystick interaction. As off-screen clicks – which are
common since the table will usually span several rendering nodes’ displays
when shown on the powerwall – are often misinterpreted, the window is tem-
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porarily moved to be completely visible (to the viewport origin) and the click
triggered only then. The window’s position is then reset to the earlier position
after the click. The windows on all the screens would have to be identical as
long as pixel positions are transferred. Using the mouse on the master node
and showing a replica on a client this works well and is trivial. When it comes
to using this approach while using the flystick, however, it will not work. The
windows can still contain the same information, but the horizontal and verti-
cal screen resolution cannot be guaranteed to be the same on the master as on
the clients. As a result, fractional window-relative coordinates are transmitted
from the master to the clients.

5.4. Discussion

In the following this user interface is analyzed from a theoretical point of view,
its strength and weaknesses are pointed out. To streamline this analysis, the
human action cycle is used as described for instance in [Nor88]. A number
of exemplary interactions with the system are used to evaluate its properties.
It is supposed to be clear by convention that the front button of the flystick
is the ‘main’ button and thus semantically corresponds to a left-click on the
mouse. Numbers in parentheses track the information the user has to keep in
his short-term memory to effectively use the interface.

Inspecting a part of the dataset

Goal formation If the user wants to look at a particular point in the dataset, it
requires the user to know which button to press to grab the dataset (1).

Execution stage To manipulate a dataset for inspection, the user just pulls
the flystick closer, tilting it like he would the dataset, for example. This
is a natural action as it would be executed on an object taken off a shelf
in the real world, no additional information is required.

Evaluation stage Since the dataset is rendered at at least 10 FPS, the user has
immediate feedback about his action and can also adjust his movements
if the outcome does not match his intentions closely.

Singling out a data subset

Goal formation If the user wants to single out certain subsets of the data, he
must first know which selection actions are possible. To get help, he can
pop up the radial menu, which has icons that are assumed to convey the
possible actions, mostly by convention from painting programs (brush,
marquee). He must however remember which button pops up the menu
(2).
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Execution stage Selecting ‘positively’ and cropping the rest or selecting ‘neg-
atively’ and hiding the selection makes no difference, the user can decide
which he feels more comfortable with given the situation. The selection
actuation button can be shown as a hint after choosing a menu item that
toggles a selection mode, so it need not to be memorized. The user need
not even have internalized the concept of a two-tiered selection for this
purpose, as the temporary selection is enough to be cropped. Selecting
with a brush or using a marquee can be accomplished as in other pro-
grams, the interaction should be obvious by convention.

Evaluation stage The immediate updating of the 3D scene shows the user
whether his intention coincides with what has happened, and which ad-
ditional adjustment of the dataset is required.

Repositioning the cursor

Goal formation The user notices that he cannot reach a part of the dataset.
Either he decides to move so that he can reach it, or he repositions the
mouse cursor, which however requires him to know that there is func-
tionality to avoid moving himself.

Execution stage The user must remember the button to activate reposition-
ing (3). Repositioning of the cursor and the user are natural movements
and directly mapped to the 3D scene, so no special knowledge of the
interaction is required.

Evaluation stage Feedback is immediate, so there is no gulf of evaluation.

Scrolling the attribute table

Goal formation If more points are selected than will fit on the screen, the user
must scroll the attribute table to inspect their values.

Execution stage The user needs to know which button activates scrolling (4).
After pressing it, the application can pop up a scrolling hint and the vir-
tual horizon, so the user can see what will happen next when he tilts
the flystick up or down. At the right edge of the window a jump icon is
placed to remind the user that he can switch modes there.

Evaluation stage Scrolling happens immediately, thus providing feedback
for the user.

Inspecting the attribute table

This basically only needs the user to know which button will toggle the table
display, same as above (5).
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Selection in the attribute table

Selection works in the same way as with a mouse interface and thus should be
operable by convention.

Modifying the permanent selection

Goal formation The user wants to influence the selection that determines the
content of the attribute table.

Execution stage It is only necessary to remember the button for the radial
menu (same as for singling out items) and then follow the icons and
their tooltips to perform operations that involve the temporary and the
permanent selection.

Evaluation stage Since the temporary and the permanent selection have a
different tint, they results can readily be observed. Modifying the per-
manent selection is, however, an unsafe operation as no memory is al-
located to keep an undo buffer and thus marks an area where the tool
could still be improved.

This demonstrates that most actions are designed to be intuitive. The effort of
memorizing a total of 5 functions and their respective buttons should suffice
for effectively using this interface, as the rest is either similar to a workstation
interface or hinted at on the screen. This number is non-critical from the short-
term-memory point of view [Mil56], however it means that the affordances of
the application are not obvious. This could be corrected by overlaying the 3D
scene with an iconic representation of the flystick (in a corner, for example),
each of its buttons labeled with the action it will trigger (reposition cursor, tog-
gle menu, select/trigger, toggle table). The mapping from real-world motion
to what happens in the virtual scene is natural, as it mainly distorts distances
but leaves directions the same, and is therefore easy to understand for the user.
To verify these claims, an example scenario will be detailed below that serves
as a context for some (informal) user tests aimed at proving the theoretically
claimed suitability of the developed user interface.

5.5. Results and User Studies

Figure 5.5 shows a closeup of a cosmological simulation consisting of 20 mil-
lion particles, where a freeform selection has been interactively drawn into the
dataset. Figure 5.6 shows how the selection is perspectively extruded through
the data as well as the holes caused by the spacing between selections. The
adaptive rendering ensures about 10fps in both cases. Figure 5.1 finally shows
a set of selected points and their data displayed in the table. Since the table
and view are linked bidirectionally, the two selected points in the table are
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highlighted by bounding boxes in the 3D view.

Figure 5.5.: Left: projected selection of a filament in the dataset, done with the
brush tool. Right: projected rectangular selection. See also Fig. 5.6

Several informal user studies were conducted with few participants as sug-
gested in [KHI+03], on the one hand to improve the problematic menu interac-
tion in the VR environment and on the other hand to test different hypotheses,
i.e.:

• Usability depends on the visualized dataset. Contrary to expectations, the
complexity of the dataset has no negative impact on the usability. The
users had to adjust the sensitivity of the positional mapping to better fit
the amount of detail in the dataset, but they did not perceive that as a
drawback.

• Navigation using the flystick is more intuitive than using mouse and keyboard.
This was true, but only as long as the 3D cursor was inside the dataset
and could easily be localized in space with stereo vision. Since the cursor
is the interaction pivot, rotations around points outside the dataset put
the users into difficulties at first. After some familiarization this effect
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Figure 5.6.: Top-down view of the projected selections as in Fig. 5.5.

disappeared.

• The rectangular selection is better suited for large areas. Even worse, the users
almost exclusively preferred this mode over the brush selection when
working in single-display mode. In the VR environment, however, their
behavior was inverted as most users preferred the combined candle-and-
brush mode.

• A two-tier selection is not intuitive. Surprisingly, this feature was well ac-
cepted by the users, even though it is not supported by existing conven-
tions and had to be explained at first.

• Users with low to no experience using VR setups have more difficulty with the
user interface than people that have already employed VR. Since the flystick is
quite different from space mice or pointing rods, there was nearly no dif-
ference in the learning curve and execution speed between experienced
and inexperienced users.

In conclusion one of the targeted users was tested, i.e. a thermodynamics
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Figure 5.7.: One of the authors of the original paper navigating a galaxy sim-
ulation with the VR interface.

researcher with previous experience with VR environments. An aspect that
was judged very positively was the navigation in the dataset by directly grab-
bing and rotating it using the flystick as a proxy for the interaction pivot, most
probably due to the direct correspondence between user and dataset motion.
The filtering possibilities also received positive feedback with a particular em-
phasis on the slicing aspect which allows the user to look inside clusters of
molecules to grasp their density, and, in case of mixtures, the composition of
agglomerates and the coating of surfaces. The user also pointed out that such
an interface would be very suitable for a future simulation steering applica-
tion.



6 Conclusion

The increasing power and flexibility of GPUs has long ago advanced its uses
beyond the assistance in the rasterization stage as was common in the early
days of PC graphics cards (referring to the first generations of 3dfx cards) to
the more encompassing capabilities that support the CPU from the geometry
stage onwards. Currently this trend is continuing far enough to allow sev-
eral visualization approaches to work in a self-contained way on the GPU
once the user has uploaded the source data. Examples include particle sys-
tems that can be simulated and visualized directly on the GPU, the same goes
for flow simulation and visualization. This frees up the CPU, allowing for the
streaming of out-of-core data, sorting, filtering, or the like, all in function of the
main work accomplished on the GPU. Other compute-intensive approaches
can also use the GPU as a coprocessor for numerical problems, which is even
endorsed by the manufacturers themselves who nowadays provide special-
ized APIs that abstract from graphics and only provide the compute capabili-
ties, but in a more streamlined fashion. Still the traditional way of using GPUs
for the interactive visualization of data from various sources is probably the
most widespread application area.

There are still limitations for what can be done on a GPU since for many prob-
lems data access and data generation cannot yet be implemented in a suffi-
ciently flexible way. However, the algorithms that can be implemented mak-
ing use of a GPU – if not exclusively – are becoming more and more numerous
also as the cost of uploading and downloading data decreases, the paralleliza-
tion of such code speeding up execution by more than the time consumed by
the transferral operations. One such example was shown in section 4.7 where
very simple, independent calculations were applied to a large dataset and the
use of the GPU yielded a speedup of more than one order of magnitude.

Along the same line of thought, this work basically showed an efficient, GPU-
centric implementation of the visualization pipeline with all its stages for the
general problem of visualizing uncorrelated data, as defined in section 1.1.

137
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6.1. Interaction and Filtering

The filtering introduced in chapter 5 offers basic set operations, however the
interaction and workflow for it introduce novel concepts. Directly tracked
three-dimensional input has been explored in related work with different in-
put devices and the corresponding metaphors, however the 3D candle is new
and very naturally mapped to the flystick. Its effects are also close to those
of a real-world candle and as such easily picked up by the user. The devel-
oped two-tier selection is an efficient means for catching erroneous input in
an immersive environment by providing a detailed preview of the effects of
selection operations before actually altering the set. This concept can also be
combined with undo support if the application can afford the necessary mem-
ory overhead. A strategy for working around the physiology-limited pointing
precision has been proposed as well as an interface that combines iterative se-
lection refinement and direct data inspection.

6.2. Mapping

Various algorithms for dimensionality reduction are available, however Fast-
Map is still a reasonable choice when performance is an issue. A flexible
system for user-steered dimensionality reduction relying on this algorithm
and exploiting volume rendering for improved responsiveness has been in-
troduced in chapter 4. A strong focus was set upon giving the user maximum
flexibility to parameterize the algorithm. To speed up the dimensionality re-
duction even more, a GPU-assisted implementation of FastMap has been de-
veloped (in line with the general idea exposed above), making the whole map-
ping step truly interactive.

6.3. Rendering

The main focus of this dissertation is however the rendering of primitives with
varying complexity from an implicit parameterized representation directly on
the GPU. Basic and composite primitives were introduced in chapter 3 as well
as a novel, complex, and costly-to-render tensor glyph. A thorough analysis
of the parameters that affect performance has been given, also pointing out
caveats for future implementations. Visualization strategies have been devel-
oped for the specific purpose of clustering analysis, for feature simplification
in the 3D view that emphasizes the monomer-cluster interaction and a com-
pletely abstract view that shows inter-cluster interaction. This practical exam-
ple can also prove that, and how, the proposed approach can be successfully
applied to real problems.
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6.4. Point-based Data Visualization Design

Consumer GPUs nowadays are so highly developed that the paradigm for us-
ing them is also shifting. In the very beginning, when 3Dfx started to pop-
ularize hardware that only offered support for the rendering stages from the
rasterization onwards, the most important features were built around the tex-
turing support that was mainly used for improving visuals in computer games
while retaining decent performance. That particular capability, combined with
blending, also led to GPU-accelerated volume rendering as soon as multi-
texturing and dependent lookups were supported. Over the years the con-
cept of fetching data (from a texture), then doing a few simple operations with
it before putting out the result was enhanced by ever more arithmetic oper-
ations in the ‘slipstream’ of the texture memory access, using the latency of
the texture fetch operations to mask the cost of these operations. The flexi-
bility and, even more important, the processing speed of GPUs is nowadays
improved so much that a great number of computations can be performed ex-
ploiting those time slices even though the memory access is being accelerated
in each new graphics processor as well. This achievable arithmetic intensity
is becoming similar to that of CPUs except that the programs are still quite
limited in size and the data access still is not very flexible. For example, the
fragment shader is not capable of scattering (changing the destination posi-
tion/address), while the geometry stage is severely restricted in gathering: the
geometry shader can only access the direct neighborhood, the vertex shader
no other vertices at all. Random reading from textures is possible for both.

Glyph Design

Rendering Engine 
Design

Interaction Design

Figure 6.1.: Basic workflow for de-
signing a specific imple-
mentation of the visual-
ization pipeline.

Given the concept that programs have
a certain cost in either time or space,
the trend should obviously go in the
direction of replacing data by a param-
eterized shape that can be expanded on
the fly making use of the high process-
ing power, on the one hand because
graphics card memory is more costly
and thus tends to be limited more of-
ten than the main memory, and on the
other hand to spend less time trans-
porting the data from the CPU to the
GPU, which is a very important fac-
tor when dealing with time-dependent
data, for instance. Implicit geometry is
thus a very important concept that al-
lows to effectively exploit the resources
of modern programmable GPUs. At
the time of development, the tubelet
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Figure 6.2.: Glyph design parameters and influential factors.

shader (see section 3.3) was still very much on the brink of being far to ex-
pensive to use with anything but the most powerful graphics cards, but now-
adays even full-screen output of large datasets can be generated at interactive
frame rates. This concept is contrary to what has been common practice for
several years now, that is, mostly pre-computing as much as possible and thus
replacing processing time by memory requirements to obtain an interactively
manipulable visualization. As a consequence, a visualization application de-
sign process for point-based data is proposed that takes into account several
factors that influence mostly the resulting performance. It summarizes the ap-
proach refined over time and used throughout this dissertation.

To obtain an efficient and above all effective implementation of the visualiza-
tion pipeline for a specific research area and the respective domain experts as
users, the following workflow is proposed (see figure 6.1). First of all, a glyph,
a representative for a single data point, is needed, and this must mainly be
derived from the application context. In function of this decision, the whole
rendering engine must be designed, defining how the geometry will be gen-
erated and how the workload is to be split between CPU and GPU. Finally,
the interface to the user should be worked on, ensuring the parametric control
over the different pipeline stages in an intuitive way.

6.4.1. Glyph Design

The glyph design is driven by the largest number of parameters in the whole
development process. A basic concept is needed first, which is most conve-
niently derived from previous work especially in the application domain, as to
be easier to understand and more intuitive (if only by convention) to the end
users. Such inspiration can either be taken from existing computer-based visu-
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alization approaches that might still exhibit flaws which can be especially im-
proved upon, or from legacy visualizations such as illustrative works in text-
books, which usually focus on details and might at first glance not be suited
for the complexity of the task at hand. Recognition is very powerful though
and will increase the acceptance from domain users significantly, so it would
be worth the time employed to simplify and streamline overly detailed glyphs,
for example (this is represented by the ‘desired abstraction level’ influence in
figure 6.2). This very strategy was employed for the molecular visualization in
chapter 3, which improved mainly the implementation and offered a similar,
but higher-quality output than an already existing approach, based on con-
cepts that are known from textbooks. The tensor glyphs in that chapter are,
on the other hand, a more abstract representation of the ellipsoid-based visu-
alization of tensors (which is often seen in related work) and could be seen as
the interpolated hull of densely packed ellipsoids. Whether the glyph is sim-
ilar to existing representations, a novel (abstract) one or even the real-world
counterpart of a datapoint also depends on the number of attributes that need
to mapped onto it. Even with a real-world counterpart, some attributes (like
speed or energy/temperature) do not have a directly visible manifestation so
to make them all visually distinguishable, either the basic shape needs to be
altered to accommodate more features or an abstract representation needs to
be developed. Features can be roughly classified into shape (the geometry
itself) and surface qualities (see figure 6.2). To make sure that the final re-
sult can work, the psychophysical constraints of the human beholder must be
taken into account, for example the gestalt principles [Wer23] to make sure
that glyph instances can be distinguished from each other (inter-glyph), if so
desired, as well as the different features of a glyph can be distinguished (intra-
glyph), resulting in an upper limit of features. If this limit is hit, the directly
visible attribute set must be restricted. Symmetries and ambiguities must be
taken care of as well, as for dipoles the different van-der-Waals radii and the
charge-induced coloring make its orientation unambiguous.

The attributes themselves must be addressed specifically (figure 6.3). In many
occasions their sheer number is very hard to fit onto a glyph or suffers from
side-effects. The first problem can be addressed by interactively subsetting
the available attributes via user interaction (the ‘filtering’ pipeline stage) or
by working on automatically generated subset proposals, as long as the pro-
cess can be steered. A simple example for the second effect might include an
attribute that represents a size (and thus is mapped onto it to ease recogni-
tion by convention) and another attribute whose value is the more interest-
ing the smaller the size gets. This classical quandary requires measures to
be taken to still offer a user the possibility of quickly inspecting the second
attribute after detecting the candidate data points in an overview visualiza-
tion. A number of possibilities can then be explored: coordinated views, some
sort of assisted singling-out interaction, like a fish-eye zoom [Fur86], or di-
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Figure 6.3.: Scheme for supplying attributes to the visualization pipeline.
Whether the input is directly passed or filtered or mapped to a sub-
set or abstract representation is a user decision.

rect zoom [RLLEE03] on key-press, mouse-over, or similar. An orthogonal
approach would trade the intuitive mapping for another one that results in
the required ‘contrast’ for the task at hand (keeping the size fixed and high-
lighting small items by color, for example). The third option is to reduce the
available attributes to an easily displayable number, or just a position which
consequently groups the available data in an abstract similarity space (see also
chapter 4). Glyph features can still be used to display the interesting attributes,
but all small items are ideally grouped, so after finding just one, its neighbors
can be conveniently inspected (and also more easily compared due to spatial
proximity) afterwards. If it is not possible to leave that choice to the user for
some reason, a user study should be conducted to find out which alternative
provides the best solution for the problem at hand.

Another external glyph design factor is the performance after implementa-
tion, which might lead to a need for simplification to ensure interactive perfor-
mance, for example, or level-of-detail methods which ease the distinguishing
of glyphs at higher distances and still make the full range of attributes readable
when the glyph is zoomed in. This will be discussed in more detail below.

6.4.2. Rendering Engine Design

The rendering engine design decisions are heavily interdependent on several
performance factors, which in turn are not independent themselves (see fig-
ure 6.4 and figure 6.5). Many of these effects have been shown in chapter 3
along with concrete performance figures that demonstrate these pitfalls in a
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Figure 6.4.: Different options for the overall rendering engine design, includ-
ing the external performance factors.

fully functional visualization system. The first, fundamental, choice to make is
the representation of the glyph geometry. The traditional tesselated-geometry
approach (explicit) has the highest impact on available memory, its bandwidth
and above all upload cost for the transfer onto the GPU. Additionally the sur-
face and silhouette quality are inferior to the other approaches. The completely
implicit representation instead relies heavily on the arithmetic power of the
GPU, but can offer the highest quality (as long as the numerical precision of
the GPU is sufficient), while hybrid approaches try to compensate especially
costly shading with additional geometry or by providing an already better ap-
proximation of the geometry, which can help in certain cases (see section 3.2.2)
but is highly situational. The GPU-based raycasting trades computation time
for a maximally concise parametrization of each glyph, instead of space for
time, as mentioned before (see also [Wei05]). Such a hybrid object space/screen
space approach, on the other hand, depends most heavily not only on the data
size, but also on the output size (see section 3.2.2). This paradigm shift was
only possible because of the steadily increasing processing power of GPUs.
Its suitability for a number of glyphs of varying complexity has been shown
in chapter 3, however the decision must obviously be made anew for each
glyph depending on the suitability of its surface for analytic or iterative ray-
casting. For very costly iterative approaches a combination with the previous
pre-computed solutions could also provide lookup data to cut down on itera-
tions. So the more complex the glyphs become, the more options need to be
explored and balanced out for optimal performance.

The data storage affects and is affected by several performance factors. It se-
riously reduces the available memory if no categorization is possible and all
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Figure 6.5.: Performance factors affecting the visualization.

values have to be stored explicitly per point. This in return also adversely af-
fects flexibility if vertex buffer objects are to be used, but variable subsets of
the attributes are used at any one time (see section 3.2.2). On the other hand,
only the most current graphics hardware can significantly benefit from parts of
the attributes being stored in textures, so an optimal all-round solution is very
difficult to obtain. The most conspicuous problem that surfaced, however, re-
mains the fact that no really satisfactory VBO performance could be obtained,
regardless of mode and glyph, at least when comparing it with vertex arrays.
This bodes especially ill for the next version of OpenGL, if the vertex array
interface will actually be removed.

The hardware on which the system will run also affects several performance
factors. Obviously the newer the hardware is, the better the performance gets,
with the restriction that basically only Nvidia cards work reliably with the
OpenGL API, as ATI drivers have notoriously problematic drivers and per-
formance issues especially with point-based algorithms (at least when it was
tested every now and then during this work). The CPU/chipset combination
however can also have interesting effects, since AMD64 is the only platform
that offers enough bandwidth to allow the usage of quad primitives instead of
points with no negative performance impact (see section 3.2.2).

6.4.3. Interaction Design

Figure 6.6 summarizes the aspects that need consideration when designing the
interaction for the developed application. The available hardware is mainly a
cost factor – and it was as well for this work – that limits the choice of the
physical interface, but this does not pose a problem in itself as long as a fitting
metaphor is developed that allows users to easily understand and use the in-
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Figure 6.6.: Design factors for the user interaction component of the
visualization.

terface (see chapter 5). The rendering mode refers to the option of using stereo-
enabled output, which mainly improves the depth perception for the dataset
and the ‘cursor’ and as such gives manipulation in 3D enough feedback to be
usable. For conventional output devices interaction on the near clipping plane
projected into depth is still a much safer approach. The interaction complexity
itself also accounts for a good part of the design effort that is required. Simple
actions, like orientation changes for a dataset, should require as few button
presses and mental mapping steps as possible, the more direct an interaction
is, the better. However complex input requires more program-side support
that saves the user time while not hindering him in pursuing his intentions.

The last aspect to consider is the operational area, that is whether the ap-
plication is to be used on conventional workstations which usually offer the
common keyboard-and-mouse interface, or if it will mainly run in VR instal-
lations. It might thus be helpful to accept certain restrictions as to the input
hardware and balance that out with a careful design of the user interface and
certain interaction aids (for example the selection of overlapping items as in
[RLLEE03]) instead of designing for the rare case in which a user actually has
special hardware at his disposal and penalize all users who only have access
to workstations. In any case the principles established in the HCI community
must always be taken into account, following the rules of Shneiderman, the
concepts of Norman, or even the EN ISO 9241 Part 10, which are still the most
important basis for user design decisions.

6.5. Outlook

The work presented in this dissertation mainly relies on the fact that GPUs of-
fer parallelization and specifically tailored arithmetic capabilities to a degree
that the more generic CPUs and especially their more flexible overall system
design will not be able to offer for quite some time. Since the technological ad-
vances in this area show no tendency of significantly slowing down, the gen-
eral direction pointed out here can be followed for a while even in the future.
This means that it will be increasingly realistic to generate even more complex
geometry on the fly from an implicit representation, even with costly iterative
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approaches. A challenge that will be most probably solved next are protein
surfaces, for example. These represent the accessibility by a certain solvent in
which the protein is immersed and are calculated by ‘rolling’ a probe molecule
over the protein. The resulting primitives are multiple spherical triangles and
sections of the inner part of a torus. The spherical triangle glyph basically re-
quires an efficient-to-compute boundary parametrization and a tightly fitting
bounding geometry (a tetrahedron comes to mind). Research on the torus has
failed in the visualization community up to now. No satisfying result could
be obtained and thus the approach has not been published yet: the implicit
approach exceeded the maximum complexity of fragment shaders at the time,
and employing the geometry shader to tessellate the geometry did not improve
on the CPU implementation since current hardware is lacking optimization in
the geometry shader stage.

Another area where improvement will probably be seen is medium-scale par-
allelism. Clusters with GPUs for multiple levels of parallelism are very com-
mon for volume rendering or other algorithms which benefit significantly from
image-space parallelism (like the hybrid approaches shown in this thesis).
However, the very cost-effective approach of multiple GPUs in a single ma-
chine (‘SLI mode’ as it is named for Nvidia cards) still is lacking complete sup-
port from the driver side at the time of writing. Thusly equipped systems do
work without problems, however there are still performance issues. One glar-
ing example is the nonexisting driver-side parallelism when texture upload
is concerned. However, such problems will surely be solved in time so that
tandems of a CPU core and a GPU can be formed on such machines to opti-
mally make use of the available hardware and also allow for finer adjustment
of the cost/performance factor: when image-space parallelism is concerned,
the probability is very high that two average cards will outperform a single
high-end card, but cost the same or even less. This obviously requires a higher
implementation effort, but will also help with obtaining the maximum possible
performance by just using several high-end cards.
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Figure B.1.: Upload performance for 4 million points on the Pentium 4 machine
equipped with a GeForce 6800.
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Figure B.2.: Upload performance for 4 million points on the AthlonXP ma-
chine. Top: GeForce 6800GS, bottom: 7900GT.
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Figure B.3.: Upload performance for 4 million points on the AthlonXP ma-
chine. Top: GeForce 8600GT, bottom: 8800GTX.
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Figure B.4.: Upload performance for 4 million points on the Phenom machine.
Top: GeForce 6800GS, bottom: 7900GT.
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Figure B.5.: Upload performance for 4 million points on the Phenom machine.
Top: GeForce 8600GT, bottom: 8800GTX.
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Figure B.6.: Upload performance for 4 million points on the Core2 Duo ma-
chine. Top: GeForce 6800GS, bottom: 7900GT.
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Figure B.7.: Upload performance for 4 million points on the Core2 Duo ma-
chine. Top: GeForce 8600GT, bottom: 8800GTX.
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C German Abstract and Chapter
Summaries

Eines der verbreitetsten Anwendungsgebiete für computergestützte Visuali-
sierung ist die Wissenschaft. Forscher müssen mit Datensätzen unterschiedli-
cher Art arbeiten, die jedoch alle die gemeinsame Eigenschaft besitzen, dass sie
in Rohform die kognitive Kapazität eines Menschen bei weitem übersteigen.
Die Visualisierung versucht daher nicht nur, Benutzer zu befähigen, so schnell
wie möglich sehr viel Informationen aus solchen Datensätzen zu extrahieren,
sondern es dem Forscher überhaupt zu ermöglichen, mit Datenmengen umzu-
gehen, die zu groß und komplex für die direkte Erfassung mit der menschli-
chen Sensorik sind. Diese Arbeit konzentriert sich auf unkorrelierte Punktda-
ten, oder auch Punktwolken, die in experimentell erfasst oder aus Computer-
simulationen gewonnen sind. Solche Datensätze sind gitterlos und enthalten
keine Konnektivitätsinformationen, und jeder Punkt stellt eine Entität für sich
dar. Um effektiv mit solchen Datensätzen arbeiten zu können, müssen haupt-
sächlich zwei Probleme gelöst werden: einerseits muss eine große Zahl kom-
plexer Primitive mit einer potentiell hohen Anzahl von Attributen visualisiert
werden, und andererseits muss die Interaktion mit diesen Objekten einfach
und intuitiv sein.

In dieser Dissertation werden neue Methoden präsentiert, die große, punkt-
basierte Datensätze mit hoher Dimensionalität handhabbar machen. Der Bei-
trag zum Rendering hunderttausender applikationsspezifischer Glyphen ist
eine GPU-basierte Lösung, die die Exploration von Datensätzen mit einer mo-
deraten Anzahl von Dimensionen, aber einer extremen Anzahl von Punk-
ten, ermöglicht. Es wird gezeigt, dass dieser Ansatz sowohl für Molekulardy-
namikdatensätze, als auch für 3D-Tensorfelder sinnvoll ist. Performance-kri-
tische Einflussfaktoren dieser Algorithmen werden ausführlich analysiert, mit
dem Hauptaugenmerk auf dem schnellen Rendering der komplexen Glyphen
in hoher Qualität. Um die Visualisierung von Datensätzen mit vielen Attri-
buten und einer geringeren Anzahl von Datenpunkten zu verbessern, wer-
den Methoden zur interaktiven Dimensionsreduktion und zur Analyse der
Einflüsse unterschiedlicher Dimensionen und Metriken vorgestellt. Die Dar-
stellung der resultierenden Daten in einem 3D-Ähnlichkeitsraum wird eben-
falls behandelt. Die interaktive Parametrierung der Reduktion wurde durch

157



158

eine GPU-basierte Implementierung erreicht, die es erlaubt, die Auswirkung
in Echtzeit zu begutachten.

Mit der Verfügbarkeit einer schnellen Visualisierung fehlt als letzte Kompo-
nente zu einer durchgängigen Implementierung der Visualisierungspipeline
die Mensch-Maschine-Interaktion. Der Nutzer muss in die Lage versetzt wer-
den, im Informationsraum zu navigieren und mit dem Datensatz zu interagie-
ren, indem er interessante Daten selektiert oder durch Filterung hervorhebt,
und die Attribute spezieller Datenpunkte einsieht. Heutzutage muss der An-
wendungskontext und die Modalität der unterschiedlichen Interaktionskon-
zepte unterschieden werden. Die Forschung geht hier von Tastatur-und-Maus-
Interaktion auf dem Desktop über verschiedene haptische Interfaces (die mit-
unter eine Rückkopplung erlauben) bis zur Tracking-basierten Interaktion bei
VR-Installationen.

Im Kontext dieser Arbeit wird das Interaktionsproblem für zwei unterschiedli-
che Szenarien angegangen: das Erste ist die Workstation-basierte Analyse des
Clustering-Verhaltens in Simulationen aus der Thermodynamik, das Zweite
eine immersive Virtual-Reality-Navigation und Interaktion mit Punktwolken-
datensätzen.

Kapitelübersicht

Kapitel 1

Dieses Kapitel beschreibt den Kontext dieser Dissertation, deren Hauptfokus
auf großen, Punkt-basierten Daten mit mehreren Attributen pro Punkt liegt. Es
wird begründet, warum speziell drei Hauptaspekte (GPU-Nutzung, Dimensi-
onsreduktion und Interaktion) behandelt werden. Die Projekte und Koopera-
tionen, auf Basis derer die Arbeit enstanden ist, werden ebenfalls erläutert.

Kapitel 2

Die Visualisierungspipeline und ihre unterschiedlichen Abschnitte werden er-
klärt, da diese Struktur auch den roten Faden dieser Arbeit im Gesamten aus-
macht. Die unterschiedlichen Datentypen, die die Grundlage für die unter-
schiedlichen Visualisierungsalgorithmen darstellen, werden vorgestellt und
mit den folgenden Kapiteln in Zusammenhang gebracht. Die Funktionalität
und Programmierbarkeit moderner Graphikhardware wird erklärt, und die
Grundlagen des Volumenrendering ebenso wie der Hintergrund der Mensch-
Maschine-Kommunikation kurz erläutert.
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Kapitel 3

In diesem Kapitel wird die effiziente Darstellung großer Datensätze mit Hilfe
von GPU-generierten Glyphen behandelt. Diese Glyphen basieren auf impli-
ziten geometrischen Oberflächen. Die verwendeten Datensätze aus Moleku-
lardynamiksimulationen werden zusammen mit den gebräuchlichen Visuali-
sierungsansätzen und anderen themenbezogenen Arbeiten beschrieben. Zu-
nächst wird eine gründliche Analyse der verfügbaren Möglichkeiten für die
Darstellung und den Transport der Daten zur Graphikkarte durchgeführt. Das
optimierte Rendering wird erläutert und mehrere einfache und zusammenge-
setzte Glyphen vorgestellt. Die daraus entwickelte Applikation für die zeitba-
sierte Visualisierung von MD-Datensätzen ist das Ergebnis dieser Vorarbeiten,
die zusätzlich durch eine abstrakte Visualisierung die Erforschung der Nuklea-
tion von Gasen ermöglichen soll, in diesem speziellen Falle die Detektion von
Tröpfchen und die Verfolgung ihrer Entwicklung über die Zeit. Als weiteres
Anwendungsfeld wird auf die Diffusionstensorvisualisierung im Kontext der
Medizin eingegangen. Ein sehr komplexer Glyph zur Repräsentation des ge-
samten Eigensystems eines solchen Tensors und dessen effiziente Implemen-
tierung werden vorgeschlagen. Ergebnisse mit Datensätzen aus der Medizin
belegen die Angemessenheit dieses Ansatzes.

Kapitel 4

Da manche Datensätze eine zu hohe Zahl von Attributen ausweisen, um al-
le gleichzeitig und verständlich darstellen zu können, wird für solche Fäl-
le die interaktive Reduktion der Dimensionen auf ein Ähnlichkeitsmaß vor-
geschlagen, um dann die allgemeine Datensatzstruktur auf Gruppierungen
und Trends untersuchen zu können. Die Darstellung der reduzierten Daten ist
mittels Volumenrendering realisiert, um eine konstante minimale Performan-
ce unabhängig von der Datensatzgröße garantieren zu können. Beispielhaft
wird diese Vorgehensweise auf einen öffentlich verfügbaren hochdimensiona-
len Datensatz angewendet, auch um das Potential visueller Abfragen anhand
unterschiedlicher Transferfunktionen in der Volumendarstellung aufzuzeigen.
Dieser Ansatz basiert auf der iterativen Verfeinerung und Optimierung der un-
tersuchten Daten durch den Benutzer und erfordert daher höchste Performan-
ce bei der Dimensionsreduktion. Dies führte zu einer GPU-beschleunigten Im-
plementierung des verwendeten Algorithmus (FastMap). In diesen Abschnitt
werden auch einige Details der Implikationen des Texturmanagements erläu-
tert, die während der Optimierung des Programms auffielen.
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Kapitel 5

Dieses Kapitel befasst sich mit dem Filterungsschritt der Visualisierungspipeli-
ne, im speziellen der interaktiven Filterung durch unterschiedliche Selektions-
mechanismen sowohl auf normalen Workstations als auch auf VR-Displays
mit Tracking-basierter Interaktion. Im Besonderen werden die Implikationen
letzterer behandelt, zum Beispiel die stärkere Ermüdung, die Eingabegenau-
igkeit, und auch Benutzungsfreundlichkeit bei komplexen Interaktionen. Eine
neuartige interaktive Filter-Metapher zur Darstellung von mehr Details, die
auch zur Verbesserung der Renderingperformance verwendet werden kann,
wird vorgestellt. Ihre Benutzbarkeit wird unter Gesichtspunkten der Prinzipi-
en nach Norman und auch durch eine informelle Benutzerstudie geprüft und
als effektiv und effizient gezeigt.

Kapitel 6

Das letzte Kapitel fasst die Beiträge dieser Dissertation zusammen und erklärt
den Prozess, auf Grund dessen die hier vorgestellte Implementierung der Vi-
sualisierungspipeline erarbeitet wurde, aus der Sicht eines Softwaretechnikers.
Die Einflussfaktoren, die berücksichtigt werden müssen, wenn eine solche Lö-
sung entwickelt wird, werden mit ihren Verknüpfungen untereinander aufge-
zeigt und die Aussagen anhand der verschiedenen Teile dieser Arbeit erläu-
tert. Ein kurzer Ausblick auf mögliche zukünftige Entwicklungen wird eben-
falls gegeben.
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