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Abstract

The analysisof multi-dimensional °ow data demandsa scienti¯c representation
environment which supports an e®ective study by a scientist or expert, in order
to reducedesignand production costsand aid in making critical decisions.The
visual representations must clarify mutual relations, time-dependencies,location
and scaleof interesting phenomena.To support e®ective interactive analysesof
theseoften largeand complex°ow domains,scienti¯c °ow visualization methods
in virtual environments are used. The presenceof a human in the visualization
aswell asthe 3 dimensionalnature of the environment and visual representations
demand intuitiv e interaction and navigation possibilities.

In this thesis we present FlowFish: a visualization library aimed at visualiz-
ing °ows in an immersive virtual environment. It includes several visualization
methods, each capableof presenting a unique representation of °ow properties
to the user. Interaction with the visual representations is performed by means
of 3D widgets such as cursors and menus. A test case is provided in which
FlowFish is usedto examineand analyzemedical data, consisting of simulated
blood°ow through the human aorta.

The useof interactive virtual environments imposesconstraints on the per-
formance of the usedvisualization methods. Di±culties arise when qualitativ e
and performancegoalscon°ict. Several options are implemented to reducethe
complexity while keepinga good overview of the °ow's behaviour, but the end-
user will always have to decide whether and to what extend he prefers either
performanceor quality.

FlowFish shows that °ow visualization in an immersive environment has
great potential by o®eringhigh quality representations. However, the param-
eterization of visualizations remains a problem. Numerous parameters must
be set before a good visual representation can be achieved while indications of
useful settings are seldomavailable.

keywords: °ow visualization, immersive virtual environment, CAVE, glyph,
streamline, particle animation, raycasting, iso-surface.
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Chapter 1

In tro duction

The computer hasbecomean invaluable tool in scienti¯c research. The increase
in computing power and memory-capacity of today's computer systemshas re-
sulted in an increasein both complexity and size of the data spacesgenerated
in many scienti¯c areas [1]. Scanning devicesthat acquire a digital represen-
tation of real world phenomenashow the sametrend in increasingperformance.
As a result of this increase,computational scientists have beenable to perform
increasingly large and more complex computer simulations.

The accuracy of computer simulations partially depends on the resolution
and size of the data. A higher degree of detail results in a more accurate
description. Obtaining higher resolution was prohibitiv ely costly, becauseof
supercomputer pricesand the time neededto solve equations. Scienti¯c research
bene¯ts from the increasein computing power and data storageas simulations
can handle larger datasets with increasedresolution [2]. The level of detail is
increasedwhile the total computing time as well as the error in the results are
reduced. Still, the need for more accurate results will not diminish. Because
datasets keep growing, the methods which help to analyze them have to be
adapted as well.

1.1 Data analysis

The results of scienti¯c simulations frequently contain high-dimensional data
which can often not be analyzedanalytically or numerically, since there are no
well-de¯ned algorithms that extract the desiredinformation from the raw data.
Even simple systemsshow complex behaviour which have no known analytical
solution [3]. In these cases,other means of data-analysis are neededto gain
insight in the data.

The capacity of computersto automatically exploredata and ¯nd interesting
phenomena,is limited. Computers lack the cognitive properties of the human
mind. In most casesit is very di±cult to capture the de¯nition of \in teresting
patterns" in an algorithm. Often the exact nature of the phenomenais not
even known beforehand. In these casesthe researcher usually resorts to other
meansof analysis,such as, for example,scienti¯c visualization. By bringing the
\h uman in the loop", the best aspectsof computer simulation and intuitiv e real-
world interaction are combined. The goal of representing data to the scientist
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2 CHAPTER 1. INTR ODUCTION

is to maximize research e±ciency and minimize research time.

1.2 Data presentation

The human mind can only comprehenda limited amount of data at the same
time, therefore the amount of presented information must be reduced without
removing areasof interest. The creation of a simpli¯ed representation is not self-
evident. The factor by which scienti¯c data can be simpli¯ed without omitting
important information, is an inherent property of the data.

A useful representation presents as much information as possible by pre-
senting as little data as possible. To meet thesedemands,every scienti¯c area
requires its own unique methods which implies that the parameters required
to control the representation are not constant. For every unique dataset they
will have to be de¯ned separately. Since the analysis of the data cannot be
performed automatically, the researcher must explore the mapping of scienti¯c
data onto representation parameters.

1.2.1 Data presentation mo dalities

There are various methods to present data, each with its bene¯ts and short-
comings. Scienti¯c visualization is the most commonmethod. Other modalities
can be used, such as sound, touch or smell. A representation must be capa-
ble of handling and presenting the available amount of data, its granularit y
and dimensionality. Global as well as detailed representation methods must be
available.

Tactile or force-feedback techniques are powerful ways to provide informa-
tion. By touching an object, properties such as shape, texture, temperature
and density can be conveyed to the scientist simultaneously. A solid object can
be simulated by using a so-calleddata-glove [4]. By wearing this glove, a scien-
tist can touch and feel an object which exists only in computer memory. The
current physical properties of the glove are still limited. The detail in texture
is coarseand the realistic imitation of density is di±cult to accomplish. Their
lack of constraints make them di±cult to use.

Sound is a useful method of data representation. The human ear can simul-
taneously distinguish multiple frequenciesand timbres, as well as their rhythm
and volume [5]. E®ectssuch as echo and reverb can help to position a sourceof
sound in 3D. A researcher can quickly recognizea particular tone, instrument
or the overall melody. Though audio might not always be useful to represent
a complex dataset, it can be helpful for smaller subsetsor a single object. It
does not require physical orientation of the scientist nor special or advanced
equipment.

As the old verb states, a good picture is one that speaksa 1000words, and
since many years the visual representations of scienti¯c problems have facili-
tated complex research [6]. Confronted with a large amount of information,
visual exploration methods are essential to analyze the information or target
the problem present in the data.

While focusingon a speci¯c property or area,other parts of the data will be
disregarded. The absenceof visualized data can be deceivingwhen the visuali-
zation is not tuned with the right parametersor puts emphasison the \wrong"



1.3. INTERA CTIVEL Y GUIDED SCIENTIFIC VR ENVIR ONMENTS 3

detail. Displaying a large amount of data can clutter the view, thereby poten-
tially obscuring features that are of interest. It is not trivial to show as much
information as possibleby showing as little data as possible. A compromisebe-
tweenthe amount of data and the amount of information must be found. This
is the subject of scienti¯c visualization.

1.3 In teractiv ely guided scienti¯c Virtual Rea-
lit y environmen ts

Imagesare powerful and can present a lot of data at the sametime, but this is
not necessarilythe information the scientist is looking for. To get a useful visual
representation, di®erent settings and approaches must be tried which requires
constant interaction. A scienti¯c visualization tool remains just a tool: it is the
scientist who directs the orchestra of visualization methods and who performs
the ¯nal parameter-tuning.

One generic visualization tool suited for a large range of di®erent research
areasis not preferred. It would have to include a large amount of di®erent re-
presentation methods becausethe properties of data di®erconsiderablybetween
research areas. The result is a large, complex library which includes tools for
every possibly type of data. This is not a very practical approach. For the visu-
alization of a speci¯c type of data, a large amount of the included tools would
never be used. Libraries with subject-dependent representation methods avoid
this problem and the optimization of speci¯c methods is easier. Only visuali-
zation tools suitable for the speci¯c data are presented to the researcher. The
environment must o®er interaction methods to change the representation and
its parameters. Sincemany datasetsare large and complex, easynavigation is
necessaryto e±ciently study the data without spending too much time moving
to the desiredviewpoint.

1.3.1 Virtual Environmen ts

On averageworkstations, the hardware neededto createadvancedvisualizations
is often already available for an averageprice. The support for these graphics
cards by common software standards such as OpenGL [7] has increasedtheir
popularit y.

Applications bene¯t from this increased performance by presenting more
complex scienti¯c visualizations. A 2D screenseverely limits the possibilities;
large amounts of displayed objects quickly clutter the view. 3D objects can be
drawn by using perspective projection which provides an additional dimension,
allowing more information to be presented [8]. But navigation and interaction
is di±cult, consumingvaluable research-time.

An immersive virtual environment provides advanced methods for visuali-
zation. The idea is to fool the sensesin such a way as to make the arti¯cially
created world look and \feel" real. The \immersion" of the observer in the
data provides a richer experiencewhich facilitates the study of complex data
structures in less time, compared to desktop visualization environments. Per-
ceiving the virtual environment as a 3D spaceall around him, the user resides
at the very center of the visualization. The result is a perceptual realistic and
intuitiv e environment, resembling the way peopleobserve and interact with the
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real world. In the ¯eld of complex scienti¯c visualization, the bene¯ts of such
an environment are multitude. The major impact of virtual reality (VR) tech-
nology on scienti¯c visualization is in providing a real-time intuitiv e interface
for the exploration of data, facilitating the useof scienti¯c visualization in the
research process[9].

1.4 Goal of this research

This thesis describesa °ow visualization library , FlowFish, which creates°ow-
¯eld representations in an immersive virtual environment. All °ow¯elds have
certain characteristics in common. A description of the necessity of thesetools
aswell as their functionalit y in °ow¯eld research will be given, including advan-
tagesand disadvantagesof the individual methods.

The presenceof a human in the processof analyzing data posesrequirements
on the functionalit y of the library . The overall responsetime must be kept as
short aspossible. A constant long delay results in a visualization which most of
the time is not synchronizedwith the user'sactions. As a consequence,e±ciency
is reducedduring interaction.

The FlowFish library was designedto be a set of tools which provides an
intuitiv eenvironment suitable for a detailed analysisof °ow¯eld properties. As a
test case,a medical application depicting blood °ow through arterial structures
is used.

1.4.1 Chapter overview

A generalbackground on °ow¯elds, their properties and characteristics, is given
in chapter 2. It describesmethods of analysis and the shortcomingsof desktop
visualization methods. Chapter 3 describes the FlowFish library , its function-
alit y and visualization methods, their use, implementation and results. The
medical test caseis described in chapter 4, followed by conclusionsand future
work in chapter 5.



Chapter 2

Flo w¯elds

Gassesand °uids are present everywhere. From blood °owing through small
veins to the massive movement of the tide, °ows play a mayor part in many
research areas. Diversity in origin and composition is immense,but the basic
properties are the sameand the samephysical laws apply to them. A better
and detailed understanding of °ows, their physics and behaviour, will lead to
more e®ective instruments and research. To create an exploration environment
suitable for scienti¯c °ow examination, the properties of the data in relation
to this environment must be considered. Amongst these properties are the
following:

² Data properties. Which properties are available in the data? What do
they represent? Which of theseproperties are important for the research?
How do they relate to one another? Can someof them be omitted? How
do theseproperties changeover time? Do thesechangesoccur on a global
or local scale?Can the di®erent properties be compared?

² Environment properties. What are the speci¯cations of the environment?
What kind of visual representation methodsaresupported and aresuitable
to represent the data? Which visualization and exploration demandsmust
be met? What type of navigation is required? What kind of interaction
methods should be available?

Flow¯elds appear in such a wide variety of applications and conditions that
when they are the subject of scienti¯c research, there is not a single or best
approach. The goalsof di®erent research areaswill be aimed towards di®erent
macroscopic or microscopic properties of the °ow. Some general interesting
or important characteristics always apply though, such as direction and speed.
Theseare basic properties of the °ow that can not be omitted.

A visualization library must try to be as applicable to any °ow and re-
search goal as possible, since there is not a single description of conditions or
set of equationsdescribing the interesting phenomenapresent in a °ow. A more
abstract representation allows many approachesand could support di®erent re-
search areas.

Basic properties of °ow are the following:

² Direction. The \global" direction of the °ow, that is, the imaginary line(s)
a °ow follows when observed by a human eye, is causedby the convergence
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6 CHAPTER 2. FLOWFIELDS

of small local °ows within the °ow. The billions of °ow-particles each
travel in their own direction with their own speed. If locally most of
the particles agreeon the samedirection and speed, the °ow appears to
behave smoothly, without big disturbances. Particles might diverge or
converse,due to small changesin speed,direction or geometry within the
°ow, causingphenomenasuch as rotational- and back-°ows.

² Pressure.The pressureworking on a °ow consistsof both the inner pres-
sure of the °ow itself as well as pressureworking on the °ow from the
outside and the e®ectsof the °ow-pressureon the surrounding boundary
or structure.

² Wall shearstress. By moving alongsidea boundary, a (semi-)solid struc-
ture or °ows with di®erent properties, a °ow generatesa \drag force" on
the boundary: this socalled shearstressis directly related to the gradient
along the streamwise direction. Both force and direction are important
when consideringthe e®ectof the °ow on solid structures.

² Viscosity and temperature. Viscosity is a measureof a °uid's resistance
to °ow. Often, a °uid's viscosity dependson its temperature. Depending
on the research goal, theseproperties can be of interest.

² Dynamics. Many °ows show dynamic behaviour over time. Instead of a
single snapshotof the °ow, a dynamic representation may be necessary.

2.1 Flo w simulation

Many °ow studies can be conducted in research laboratories. Flow instruments
can quantify the properties that are of interest. However, an unwanted e®ect
during °ow measuring is the possible in°uence of the used measurement tech-
niques on the °ow itself. For example, sensorsplaced inside a °ow can directly
change its properties. In other °ow research environments, such as °ow in the
human vascular system,measurements are not always possibledue to potential
health risks.

During the mechanical engineeringof objects which are in direct contact with
a °ow (such asboats or oil pipelines)a lot of tests have to be performed in order
to get an e±cient design. Testenvironments such aswind tunnels or water basins
can be usedfor veri¯cation and testing purposes,but the number of conditions
and con¯gurations that would potentially require testing would be impractical
with the exclusiveuseof experiments. The detail of each protot ypecon¯guration
would require an enormous amount of preparation time while engineersare
limited in evaluating design modi¯cations by high cost and available time of
physical testing as well as scalability concerns. Simulations can be used to
correct implementation errors in an early stage.

Flow simulation potentially provides methods to both lower the costs as-
sociated with design and enable the investigation of °ow non-invasively. The
results of a simulation can be used to verify a hypothesisor theoretical model.
It attempts to prevent over-designingby eliminating preliminary models at the
start of the design processand brings once-elusive problems under a measure
of control. Behaviour of °ow in previously inaccessibleplacescan be observed
and investigated.
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Simulation is not a substitute for real testing, but rather a useful tool that,
oncevalidated, canreproduceconditions that would be impossibleor impractical
to duplicate in physical testing [10].

Example applications of °ow research in industry.

Shell Research hasuseddiscretesimulation methods to compute viscous
°ows and performance measurements of pipelines and °ow separators
[11]. Single phaseand condensingheat transfer in any geometry (e.g. a
pipeline) used in the processand power plant industries are simulated.
The goal is to assessand validate the current methods and perform
simulations on shell and tube heat exchanger designs.

Secondaryoil recovery is a processthat is applied in the majorit y of
oil reservoirs in the North Sea. Water is injected into the reservoir
to maintain reservoir pressure(thus preventing excessgas production)
and to displace oil towards the production wells. The e±ciency of the
displacement is controlled by the reservoir rock permeability, the °uid
viscositiesand the relative permeability of water to oil and oil to water.
Sintef, one of Norway's leading independent research groups [12], has
used °ow simulation to increaseproduction in a North Seaoil ¯eld by
helping to conceive and validate design decisions[13]. Computational
Fluid Dynamics were used to analyze velocity, pressureand concentra-
tion of multi-phase °uid °ow within the separator,which previously was
the limiting element in the production process. A simulation was run
which showed that in the original design someof the internal parts of
the separatorcausedrotational °ow structures which producedback°ows
thereby reducing e±ciency.

2.1.1 Mo deling °o w

The behaviour and movements of a °ow are often too complex to be described
by analytical or numerical methods. Discrete equations in which the °ow is
modeled by a ¯nite number of particles, are often inevitable.

The °ow is characterized by the Reynolds number which is de¯ned as:

Re =
v ¤ d

º
(2.1)

where v is the (either mean or maximum) velocity (mm=sec), d the diameter
at a chosenplane (mm) and º is the kinematic viscosity (mm2=sec). To de¯ne
a stable °ow, the Reynolds number su±ces. The Womersleyparameter ® has
more in°uence than the Reynolds number in the nature of unsteady °ows [14].
It is de¯ned as.

® = R

r
!
º

(2.2)

where R is the radius of the tube, ! the angular frequencyand º the kinematic
viscosity.
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There are several methods available to model °ow for the purposeof °ow
simulation, each varying in complexity, accuracyand applicabilit y. While choos-
ing a method, a scientist must balancesize,dimensionality and detail of the °ow
he wants to simulate against the computing power he has at his disposal. Even
with small °ows, calculations can take days or weeksto ¯nish. There is no \p er-
fect choice" when deciding upon the method and simulation parameters. The
capabilities of hardware keepexpanding but the demandfor better and increas-
ingly detailed simulations as well. Becauseof practical limitations, concessions
will always have to be made. An immensely detailed simulation might be very
realistic, but it is uselesswhen it takesyears to complete.

Computational Fluid Dynamics (CFD) includes various methods to com-
pute viscous, possible turbulent °ows. Studies indicate a fairly high level of
parallelism on clusters of commodit y machines making solutions for practical
problems a®ordable [15]. Problems such as turbulent °ow prediction can be
solved by, for example, implementations such as thin-layer, coupled thin-layer
and parabolized Navier-Stokes code [16]. Domain scaling is not an issuewith
CFD becausethe simulation can easily be performed at the actual size[13].

Examples of °ow simulation methods are the following:

Molecular Dynamics (MD). MD usesclassicalmodels of atomic interac-
tions simpli¯ed from quantum mechanics. It helps in understanding the struc-
ture and function of biomoleculessuch as proteins and DNA which is crucial to
the understanding of mechanismsof drugs and life processes[17]. AdvancedMD
simulations can lead, for example, to better treatment of diseases.A system is
modeledasa collection of moleculesconsistingof atoms connectedby bondsand
interacting via electrostatic and van der Waal's forces. Time stepsof typically
one femtosecond(10¡ 15) must be useddue to high frequency bond vibrations,
though many phenomenaof interest occur on time scalesof nanoseconds(10¡ 9)
or longer. The force determination from which the potential ¯eld is computed
consumesmost of the runtime, often 90% or more.

Finite Elemen t Metho d (FEM). FEM is mainly usedin the areaof electro-
magnetic problems,such aseigenvalue problems[18]. It is capableof simulating
arbitrary shaped objects ¯lled with complex materials or the aeroelastic defor-
mation of objects [19]. FEM is basedon a numerical solution of a macroscopic
description of °uid °ow. It usesvariational calculuswhich allowsthe transforma-
tion of a set of partial di®erential equations (e.g. the Navier-Stokesequations)
into a system of linear algebraic equations.

Lattice-Boltzmann (LB). LB is a mesoscopicapproach. It represents a
method for solving the Boltzmann Equation (in its original form). It originated
from the lattice-gas model [20]. The key idea behind the Lattice-Boltzmann
method is to model °uid °ow by distributions of particles moving on a regular
lattice. At each time step the particles propagateto a neighbouring lattice point
followed by local collisions in which velocities are redistributed. An important
advantage is the inherent spatial locality of the updating rules. This makes it
ideal for parallel processing[21].
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2.2 Flo w analysis

2.2.1 Characteristics

In science,three states of matter are recognized:solid, liquid and gas. Liquids
and gas are both °uid. In contrast to solids, they lack the abilit y to resist
deformation. Becauseof this inabilit y to resist, °uid moves. The deformation
is causedby shearing forceswhich act tangentially to a surface. The shape of
the °uid changescontinuously as long as the force is applied.

A °ow consists of millions of molecules, all moving and pushing against
each other. Within small areas,all particles are generally moving in the same
direction. Basic properties of the °ow such as speed, direction and pressure
all depend on the properties of the individual particles and the structure of
the surrounding environment. Directly related to the movement is the speed
of the °ow. A relatively high, low or fast change in speed will often indicate
an interesting area. Speed and direction create pressurewhich can deform a
structure through or around which the °ow moves.

Many °ows are time-dependent. Changesare recorded by taking several
snapshotsof the °ow, separatedby a constant time-period. By putting these
snapshotsin sequence,the behaviour of °ow over time is reconstructed.

2.2.2 Automatic feature extraction

The interesting features of °ow from a scienti¯c point of view are phenomena
such as vortices (rotational patterns), singularities, boundary layers (transition
of laminar to turbulent °ow) and recirculation zones(rotational back°ow)[22].
To analyzethe behaviour of a °ow thesephenomenamust be located. On a small
scale,many of these features can be present. The objective of °ow analysis is
to ¯lter out and present the important macroscopicphenomena.

Figure 2.1: Critical point classi¯cations (from [22]).

Automatic feature extraction is a method to automatically deducethe loca-
tion, shape and strength of speci¯c featureswithout human intervention. Vector
¯eld topology is a feature extracting algorithm suitable for analyzing °ow on
a basic level. The concept behind vector ¯eld topology is to divide °ow into
closedregions in which the local behaviour is \similar". The algorithm deter-
mines the critical points (where velocity = 0) in the °ow. From these critical
points, virtual particles are integrated along the eigenvectors. By connecting
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their subsequent positions, so-calledstreamlinesare created. Theseare usedto
classify the critical points (¯gure 2.1).

At present, there are no robust computational methods to extract a com-
plete set of singular streamlinesand stream surfacesfrom numerical simulations
of °uid °ows [23] which limits the possibilities of automatic analysis. Further-
more, it is very di±cult to describe an algorithm which extracts useful informa-
tion from these classi¯cations. In related work a hybrid form of critical point
classi¯cation and visualization is applied for the investigation of °ow¯elds [22].

2.2.3 Flo w visualization

In caseswhere the complexity of °ow is too high to extract the required in-
formation automatically, the researcher must resort to other methods such as
manual analysis. The goal of °ow visualization is the creation of an environment
in which a °ow representation facilitates a fast and correct analysis. Flow data
consistsof both scalarand vector data which are mapped to properties of visual
objects, such as location, orientation, size,colour and transparency. Interesting
phenomenain the °ow are often positioned on a speci¯c data domain. They
are highlighted by mapping this domain on a unique value or subdomain of a
visual property.

The generaldirection of a °ow can not be measuredwith a single vector. It
may seemto move in several directions, or perhapsnowhere at all. To examine
the °uid's direction, tools must visualize the direction on many locations within
the °ow. Togetherthey provide the researcher with an impressionof the general
direction(s).

The visualization of vector data such as°ow direction or shearstresscreates
a visual representation by aligning visual objects to °ow data. Similar data
vectors result in similarly oriented objects, enabling a quick overview of the
°ow, spotting of areascontaining similarly aligned vectors and fast localization
of diverging vectors. The visual representation of speedis often combined with
the representation of direction. Performing a mapping from minimum to maxi-
mum speed onto a visual property such as colour or transparency highlights
possible interesting areas. The visualization of similar scalar °ow properties
such as pressure,temperature or viscosity requires a likewisemapping of mini-
mum to maximum values(either implicitly or explicitly presented in the data)
to a visualization property. Several methods of mapping scalardata onto visual
properties must be present. Linear dependenciesin the °ow data should result
in perceivable linear dependenciesin visual properties.

Texture methods such as the spot noisealgorithm [24], line integral convo-
lution (LIC) [25] and hypertextures provide visualizations of dense°ow¯elds as
2D or 3D textures, but are computationally expensive. They userandom spots
which are rotated, scaledand advected by the local °ow, or a °ow¯eld is used
to ¯lter an input texture.

Visualization methods must be able to deal with time-dependent °ow data.
When a subsequent snapshot of the °ow is loaded the visualization methods
must update themselves. When lookup tables are used,a choice must be made
whether their mapping-range is updated as well: keeping the range the same
maps the samevalues to the samecolour or transparency value. But the new
°ow snapshotcan contain extendedscalar rangeswhich fall outside the lookup
table's range and will therefore be mapped to the samecolour or transparency.
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Updating the table's rangewill prevent this, but the samescalarvalueswill not
be mapped to the sametable-values.

2.3 Scienti¯c visualization

Scienti¯c visualization is a powerful way to present complex 3D data. It is
oriented towards the informativ e display of abstract quantities, relations and
concepts,as opposedto attempting to realistically represent objects in the real
world. The graphical demandsof scienti¯c visualization are oriented towards
accurate, as opposedto visually realistic, representations.

Visualization of scienti¯c data is not self-evident. Detailed data is necessary
for successfulrepresentation, but it must not result in a chaotic scene.Adequate
and powerful visualization tools must prevent cluttering while not obscuring
interesting aspects of the data.

Common visualization environments are available on many kinds of work-
stations, each with its own strengths and weaknesses.Di®erent visual represen-
tations can be chosen,ranging from simple 2D schemessuch as histograms and
diagramsto advanced3D pictures. Present-day workstations are often equipped
with fast CPU's and high-speed graphic-cards, enabling high performancesci-
enti¯c visualization without the needfor expensive dedicated hardware [26].

Examples of industrial scienti¯c visualization applications

IRIS Explorer is a visual programming environment for 3D data visualiza-
tion, animation and manipulation [27]. It was originally developed by Silicon
Graphics, Inc [28] but the development was transferred a few years later to the
Numerical Algorithms Group [27]. IRIS Explorer works on multiple platforms
and usesseveral graphics libraries. Its useis not limited to the interactive anal-
ysis of data but it also presents an Application Programmer's Interface (API)
for the construction of speci¯c routines.

Adv anced Visual Systems' Express o®ersadvancedvisualization support
including vector ¯eld stream ribb ons, jigsaw cell face extrusion and two-pass
transparency [29]. It contains more than 850visualization objects matching the
most common application areassuch as CFD, Finite Element Analysis (FEA),
Medical, Geographic,imagesand geometricmodels. It includesinteractive func-
tionalit y and canconvert output to streamingvideo formats such asAVI, MPEG
and VRML.

IBM 's Visualization Data Explorer provides possibilities ranging from sim-
ple dataset visualizations to the examination and analysis of complex time-
dependent data [30]. It includes a fully operational graphical user interface
(GUI) for the interaction between user and data. OpenDX is the open source
software version of the Visualization Data Explorer. Its main goal is to o®er
powerful features for free, added by independent visualization developers.

VTK is Kit ware's open sourcesystemfor 3D scienti¯c visualization and im-
age processing[31]. It supports multiple interface layers and a wide variety
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of visualization algorithms including scalar, vector, tensor, texture and volu-
metric methods. The object oriented classlibrary contains advancedmodeling
techniques such as implicit modeling, polygon reduction, mesh smoothing and
Delaunay triangulation. As an opensourceproject, every developer can improve
or extend the library .

2.3.1 Scienti¯c visualization in Virtual Environmen ts

Flow data often consistsof high-dimensional data in a 3 dimensional volume.
2D representation limits the amount of available information becauseonly a
\slice" of the 3D volume can be visualized. The representation of the 3D spa-
tial relationship can not be correctly performed in 2D and, inevitably, loss of
information occurs. Furthermore, navigation and orientation of a scienti¯c vi-
sualization on a 2D screencan be tedious and time-consumingas interaction by
meansof a mouse,trackball and keyboard are limited. An environment in which
the researcher is truly immersed in the visualization o®ersa more detailed and
intuitiv e visualization of complex°ow data while allowing every orientation and
navigation possibility the user wants.

Immersive virtual environments o®er a \true" 3 dimensional view of the
scienti¯c visualization. The user is immersedin the environment and the visual
representations are created all around him. Motion-parallax can be usedto get
a good depth-cue of visual representations: by looking at objects from slightly
di®erent angles,a quick estimation of size and distance can be made. It is an
intuitiv e method for orientation in 3 dimensionsand is therefore an important
advantage of 3D VR systemsover common 2D visualization.

The immersive environment in which the visualizations are performed must
present maximum freedomduring exploration. The presenceof a human in the
analysis processdemandsthe exploration environment to be user friendly and
easy to control. Navigation and the graphical user interface (GUI) must be
intuitiv e so that no extensive training is necessary. A rich set of spatial and
depth cues should be provided, facilitating easy orientation of the researcher
in the immersive environment as well as a good estimation of sizeand location
of visual representations. The environment o®ers6 degreesof freedom (DOF),
which, comparedto common2D scienti¯c environments, allows a larger freedom
of movement and interaction. It must provide tools with which the data prop-
erties and size can be measuredso it can be compared with real-life examples
[32].

The CA VE

Carolina Cruz-Neira et al. de¯ne virtual reality as \a system which provides
real-time viewer-centered head-tracking perspective with a large angle of view,
interactive control, and binocular display" [33]. They focus primarily on the
visual aspect of virtual environments when they describe their CAVE Automatic
Virtual Environment (CAVE) [34]. The de¯nition of generalVEs often includes
a broad description of other human sensorin- and output.

The primary motivation of the CAVE design(see¯gure 2.2) was to create a
useful tool for scienti¯c visualization. To be able to successfullycompete with
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Figure 2.2: The CAVE at SARA.

existing (stereo) visualization tools, the design must be able to meet the ex-
pectations of scientists who are usedto the high-resolution graphics of common
workstation visualization software. Distinctiv e features of the CAVE include:

1. good surround vision without geometric distortion,

2. lesssensitivity to head-rotation induced errors,

3. the abilit y to mix VR imagery with real devices,

4. the abilit y to couple networked supercomputersand data sources.

The CAVE installed at SARA in 1997consistsof 3 10x10ft. rear-projection
screensfor walls and a down-projection screenfor the °oor (¯gure 2.2). With a
frequency of 120Hz, full-colour 1024x768imagesare displayed, providing each
eye with a full-coloured stereoscopic60Hzdisplay. Stereo-GraphicsLCD shutter
glasses,synchronized with the projection screens,are used to separateleft-eye
from right-eye images. The user's head and hand position and orientation are
tracked using 6 degreesof freedom(DOF) magnetic trackers while a \w and" is
usedfor interaction with the virtual environment. Audio input and feedback is
provided through a wirelessmicrophoneand stereoaudio-system. The comput-
ing platform is a SGI Onyx2 with 8 R10000processorsrunning at 195MHz, each
with 128Mb ccNUMA (cache-coherent Non-Uniform Memory Access)memory
for a total of 1,024Mb and 4 In¯niteRealit y2 graphics pipes, each with 2 RM7
raster managers.

Intro ducedat the SIGGRAPH conferencein 1992,the abilities of the CAVE
have been expanding ever since. The implementation of the CAVE at SARA
[35], at which someof the early testing of FlowFish (seechapter 3) was done,
resembles much from the original design, both in hard- and software. The
graphics library used by the CAVE is based on the OpenGL standard. To
facilitate high performance visualization, hardware-support for OpenGL is a
necessity.

The most important way of interaction in the CAVE is by means of the
wand. This deviceacts like a 3D mousewith 6 degreesof freedom. Navigating
in a VE requireschanging the researcher's position, as opposedto changing the
location and orientation of the environment which is common on 2D VEs.



14 CHAPTER 2. FLOWFIELDS

The UvA-DRIVE system

a: DRIVE workstation (bottom-righ t) b: Projection screen,
with projection screen. shutter-glassesand wand.

Figure 2.3: The UvA-DRIVE system.

The Distributed Real-time Interactive Virtual Environment (DRIVE) sys-
tem designedat the Computer ScienceInstitute of the University of Amsterdam
di®ersboth in hardwareand software (¯gure 2.3) [26]. A 3,3' x 5' rear-projection
screenis attached to a parallel processor(2 x 1GHz) workstation with 1Gb of
memory, running Red Hat's versionof Linux. Headand wand-tracking are done
by a Polhemus Fastrak tracking system [36] and audio input is provided by
cordlessmicrophone and receiver. Compared to SARA's CAVE, it can facili-
tate fewer usersat the sametime (approx. 5) but this setup provides a fast,
high-quality, easily upgradable VR system for only a fraction of the cost.

The DRIVE is equipped with an ASUS V7700Deluxe GeForce2Ultra, 64Mb
DDR Ultra. It hasa 1Gpixel/sec ¯ll rate, 31M triangle rate (triangle/sec), AGP
4x and supports a maximum resolution of 2048x 1536at 75 Hz.

By using a resolution of 1024x1576at 67.5Hz, imagesfor the left and right
eye are displayed simultaneously at a resolution of 1024x768,separatedby 40
black scanlines. A StereoGraphicsdevice takescare of splitting the image into
2 separate images, displaying them alternatingly on the projector. The shut-
ter glassesare synchronized to the alternating images by means of infra-red
lightpulses.

2.3.2 Design issues of a VE application

In contrast to conventional 2D graphics environments a VR environment is
usually not a completely event-driv en run-time architecture [37]. These ar-
chitectures assumethat user actions are the primary driver of actions in the
environment. They are idle as long as no event-input is provided.

The environment is expected to provide a reliable and consistent represen-
tation of the results of the simulation at that moment and mechanismsenabling
the user to changeparameters in the environment. All theseactions are events
which must be processedseeminglyparallel by the application [38].

A loop architecture which is constantly executingcommandsin an \in¯nite"
loop provides therefore an easierapproach. The disadvantage of this approach
is a strong dependencybetweenotherwise independent modules: The total exe-
cution time and speedof the loop is limited by the time to perform the slowest
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operation.
The main actions performed in the loop are:

² Visualize data. The data is loaded and converted into a visual represen-
tation by varying methods. The time neededto perform theseoperations
dependson the size and complexity of the data, the chosenvisualization
methods, their algorithms and parameters.

² Interaction interface. The researcher navigates and interacts with the
system to adjust parameters. The noti¯cations of interaction with the
system,such asa pressedbutton, are called events. Thesemust be passed
on to the appropriate objects. The events themselves do not take much
time to process,but the visible results must not be delayed too long, or
the researcher will experiencedi±cult y in the interaction process.

² Rendering images. The ¯nal visualization of data aswell asgraphical user
interface(GUI) items such asbuttons must be renderedto the screen.The
speed is limited by hardware performancesuch as the vertex throughput
and the vertex processingtime.

2.3.3 Optimization

The time betweenan action of the researcher and the resulting visual feedback is
called the interaction response[39]. If the environment reacts too slow, the user
will experiencedi±cult y in navigation and during the preciseplacement of tools.
Often, a lot of small adjustments are neededto ¯nd the correct representation.
If the lag betweensubsequent adjustments is too big, it will limit e®ectiveness
and extend research time considerably, decreasingthe bene¯ts of the virtual
exploration environment.

The interaction responsedependson the transformation of data into visual
objects and the render time neededto draw theseobjects:

² The transformation of scienti¯c data into visual objects and their prop-
erties (colour, transparency) must be fast, though the allowed period is
longer than the allowed render time, due to its infrequent occurrence. The
time neededto update the visualization should be kept low without com-
promising consistency. Transferred data and visualization computations
must be minimized asmuch aspossible. This can be accomplishedby only
recomputing changedparts of the data-transformation process[40].

² The overall render time of the visualization environment must be su±-
ciently low. The render time is the time neededto convert triangles and
polygons into screen-pixels. When the render time is too high, naviga-
tion and interaction will becomedi±cult sincethe visual feedback occurs
too slow to allow interaction. Usually a framerate of at least 10 frames
per secondis necessaryto allow smooth exploration and interaction. To
accomplish this framerate, visualizations might be simpli¯ed by reducing
the amount of polygons or by visualizing a subdomain of the °ow.

To control the interactive responseand the speed of visualization updates,
the amount of visualized data must be limited as much as possible. It depends
on the data and the research goals which methods are suitable to improve the
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speedof visual feedback: in somecasesa researcher might decidea slow visual
update and detailed visualization is preferable over a fast updated and less
detailed view.

Ob ject optimization

An object can examineits input data, aswell as its own parameters. In order to
improve performanceit can chooseto changeits state by using this information.
No feedback is provided to compute whether the changein state had the desired
e®ecton performanceimprovement.

One of the easiestmethods to compute the speedof the visualization appli-
cation is by using the current number of frames per second(fps). This method
has a number of drawbacks though:

² The period between subsequent updates of the object's state is hard to
guess. An object which changesits parameters constantly can create a
confusing visualization. If the object reacts too slowly to user- or system
events, adjustments are applied to the object whose actual parameters
and state are already advancedbut not yet visualized, which results in an
inconsistent state of the environment and confusing feedback towards the
user [41].

² The number of frames per seconddoes not depend on one object only.
When a low framerate occurs, several objects might start to adjust them-
selves at the same time. It might be just one object which causesthe
number of polygons to drop dramatically. To circumvent this problem,
one could usethe object's amount of triangles or polygons,as opposedto
the total amount of polygons in the scene. The visualization object it-
self however, is not responsible for automatically adjusting its parameters
when the framerate drops below a certain threshold. It is the responsibil-
it y of the render environment to decidewhich object should adjust itself:
this is the only part of the visualization application which can compare
all the objects and their relative complexity. All the visualization objects
must o®erare methods to increaseor decreasetheir complexity.

Another policy only adjusts the visualization object while it is beingmodi¯ed
by the user. During interaction, the object is represented with a lessexpensive
(in terms of computing- and render time) representation. This can be obtained
by lowering the level of detail (LOD) or simplifying the visualization algorithm
itself [42]. When the interaction stops (i.e. the object moves out of focus) the
object switches back to normal mode. This intro ducesa small delay, but it is
usually small enough not to causeirritation. Faster computational algorithms
are generally lessaccurate, implying a trade-o® between accuracy and perfor-
mance. The researcher must be aware of the fact that the simpli¯ed state of
the object is possibly an incorrect representation of the data. He must decide
whether the representation error is small enoughto be useful.

2.3.4 In teraction

To control the visualization process,a graphical user interface presents the user
with interaction methods. The visualization parameterscan be changed,aswell
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asthe physical properties of an object such asposition, orientation and scale. In
an immersive environment, interaction is often doneby meansof a 3D mouse,a
wand or a data-glove. Its position and orientation are trackedand the researcher
can invoke events by pressingbuttons.

Standard navigation is performed by pointing the wand in the desired di-
rection and pushing a button. Acceleration can be used, which increasesthe
speed over time as long as the navigation button is presseddown. This en-
ables faster transit between di®erent areas,while delicate movements are still
possible. Other buttons can be usedto changethe orientation.

Speech recognition allows a user to interact with an object without having
to focus upon it. Recognizinghuman speech is not a straightforward task and
computers have seriousproblems recognizingwords if they are not pronounced
in a certain speci¯ed way. The recognition error can be reducedby using only
a subsetof commands,depending on the context of the environment [43].
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Chapter 3

Flo wFish

This chapter describesthe various visualization methods of FlowFish. The goal
of FlowFish is described in section 3.1, followed by an overview of the architec-
ture (section 3.2) and common implementation methods (section 3.3). Flow-
Fish is designedaround 3 classesof functions: supporting classes(section 3.4),
global visualization classes(section 3.5) and local visualization classes(section
3.6). Each classis described in terms of its purpose,properties, advantages,dis-
advantagesand implementation. The obtained results are presented in section
3.7.

3.1 Goal of Flo wFish

Complex high-dimensional °ow data demands a well designedrepresentation
environment. Immersing the scientist in the environment, allowing 3 dimensions
to be used during representation instead of 2, improves the representations
considerably since advanced methods such as motion-parallax can be used to
analyzethe °ow. The data is often time-dependent and createdby simulations.
Updates of the representation should usually be performed as soon as updated
data is available. Time-dependent representation methods should be available
to analyze the °ow over time.

FlowFish is a collection of °ow¯eld visualization classesand tools to control
them, suitable for immersive virtual environments. The FlowFish application
employs this environment to unambiguously display complex high-dimensional
°ow visualizations. Several types of classesare available, each with their own
speci¯c parameters, interaction and visualization methods. Each classprovides
quick and intuitiv e methods to examine °ows. FlowFish can be consideredas
a wrapper on top of existing visualization libraries, extending and combining
the functionalit y of existing visualization classesand virtual reality interaction
methods for visualizing °ow¯elds in immersive environments.

A FlowFish object embedsa completevisualization network; from data input
to visualizedobject. Interaction methods are included in each module to change
an object's representation and behaviour. Each object functions as a so-called
black box: data goes in, a visualization comesout. The internal visualization
network is hidden from the user, except for the interaction methods required to
control an object's settings. Updated data is loadedand processedimmediately

19
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so the visual representation matchesthe new state of the °ow¯eld as quickly as
possible.

The scientist is presented with the front-end of each module, which consists
of the visualized data representation, as well as an interface to control the vi-
sualization parameters. The objects present themselves in the samemanner as
they are embedded in the FlowFish library: as one object, containing all the
tools, ¯lters and GUI items it requires to visualize and control the data.

While working in an immersive virtual environment, interaction by means
of a mouseor keyboard is not su±cient. FlowFish provides suitable, intuitiv e
tools to interact with the environment and to control visual representations.
Objects inside and outside the °ow can be selected,draggedand dropped. The
interaction behaves in such a way as to imitate the grabbing and releasingof
real life objects asbest aspossible. The contact betweenthe researcher and the
°ow representation is direct, seeminglywithout the physical limitations present
in the real world.

3.2 Arc hitecture

Figure 3.1: FlowFish architecture.

The visualization of data on a screenrequires several layers converting the
data to actual pixels (¯gure 3.1). The following sectionsshortly describe the
functionalit y of each layer on which FlowFish is built.

Op enGL

OpenGL is an extensive set of portable graphic functions. It was intro duced
in 1992and supports both 2D and 3D graphics programming [44]. Its applica-
tion programming interface (API) is supported by a wide variety of computer
platforms. Besidesbasic drawing routines such as rendering mathematical ob-
jects like lines and triangles, it supports texture mapping and special e®ects
such as anti-aliasing. OpenGL-basedapplications can run on systemsranging
from PCs and workstations to supercomputers. Many graphic boards support
the OpenGL standard, providing fast rendering of large amounts of polygons
in hardware which are necessaryto create an immersive virtual reality environ-
ment.
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CA VELib

The CAVELib library o®erseasyaccessto the VR system'shardware, including
the interaction devicesand stereo-display [45]. It provides accessto the tracker
data, transformation matrices and synchronization routines. A wide variety of
display and interaction combinations are possible,allowing maximum freedom
in the creation of a VR system.

VTK

The Visualization Toolkit is a free scienti¯c visualization library supported on
di®erent platforms and operating systems[31]. Its functionalit y is improved and
extendedevery day by many contributors all over the world. VTK includesover
500 C++ classes,including 2D and 3D visualization primitiv es, image process-
ing, extensive mathematical functions, widgets, light sourcesand cameras. A
visualization pipeline transforms numerical data into geometric constructs that
are renderedinto visual presentations. This concept is described in more detail
in section 3.3.1.

VTK to CA VE

Matthew Hall has combined VTK with the CAVE library , thereby allowing the
incorporation of VTK objects in a CAVE by meansof a translation into OpenGL
[46]. The polygonal data resulting from VTK objects is held in sharedmemory
to make it accessibleto all display processes. Dynamically changing data is
handled automatically. VTK Rendering tools such ascamerasand light sources
are not supported and have to be performed in OpenGL directly. A number of
changeshave beenmade by the Section Computational Scienceof the UvA to
the original distribution to support transparent and textured objects as well as
to increaseperformance.

CA VET alk

ViaVoice is a speech recognition system which can interpret audio by meansof
a prede¯ned set of commands. A user can speak through a wirelessmicrophone
and the CAVETalk library takescareof passingthe interpreted commandsfrom
the speech recognition engine to the application. CAVETalk also o®ersaudio
feedback by meansof the ViaVoice Text-To-Speech (TTS) synthesizer. When
a command is carried out or ¯nished, a sound or spoken text can be played
through a set of speakers. CAVETalk is basedon CAVESpeak, developed by
Bram Stolk from SARA. CAVETalk supports dynamic loading of vocabularies
basedon application context to increasespeech recognition performance[47].

SCAVI

The Speech CAVE and VTK Interaction library (SCAVI) created by Don Han-
nema, is a standardization of interaction tools in a virtual reality environment
[43]. It contains a general purpose library for scienti¯c visualization and ob-
ject handling. Common visualization methods can quickly be integrated in an
immersive environment by using the VTK-extended SCAVI-actor. It provides
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basic positioning, rotation and scaling functionalit y by meansof an input de-
vice such as a wand. Furthermore, SCAVI provides abstract input deviceevent
handling by processingall input devicesand passingonly desiredevents to the
actors. A 2D menu classis available which can be used to accessvisualization
parameters.

3.3 Visualization net works

A visualization network takes (scienti¯c) data as input and provides a visual
representation as output. The mapping of data values onto the domain of a
representation parameter is an important part of the visualization process.The
visualization pipeline (¯gure 3.2) is the basicimplementation of the visualization
network.

Figure 3.2: Visualization pipeline. Each square denotes a ¯lter. The black
arrows show the direction of data transfer through the pipeline. The gray arrows
show the direction of update requests.

3.3.1 The visualization pip eline

A visualization pipeline is a ¯rst-in, ¯rst-out (FIF O) construction with a number
of ¯lters through which data °ows in order to create a visual representation.
Figure 3.2 shows an abstract representation of a basic visualization pipeline.
The black arrows denote the direction of data °ow through the pipeline. The
gray arrows denote the direction of an update request through the pipeline.

A visualization pipeline consistsof the following type of modules:

² Source. The data enters the pipeline by meansof a Sourceobject. Com-
mon examples are ¯le-readers and objects that automatically generate
data.

² Filter. Filters manipulate and processdata or extract information. They
extract a scienti¯c representation from the data accordingto their settings
or perform basic data functions such as merging separatedata blocks.
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² Mapper. The mapper converts its input into a set of polygonswith colour,
shading and transparency information.

² Actor. The actor is the representation of the visualization on screenand
contains parameters necessaryto add the visualization to the environ-
ment. The actor itself has no knowledge about visualization algorithms
or parameters. It is fed by the mapper with vertices and polygons which
it renderswhen requestedto do so.

The °ow of data through the network should be ase±cient aspossible. The
amount of data must be kept to a minimum to reducebandwidth congestion.

Update ( ) {
if (preceding_object)

preceding_object->Update ();
if ( (input == modified) || (parameters == modified) )

ComputeOutput ();
else

return;
}

Figure 3.3: Pseudo-code of the update of a pipeline object.

Figure 3.3 shows a pieceof pseudo-code which takescareof the update of an
object. If an object in the pipeline is requestedto update itself, it will ¯rst notify
its precedingobject (if any) to update itself. Therefore this check-and-update-
request travels automatically back to the beginning of the pipeline (the gray
arrows in ¯gure 3.2). When the precedingobjects return, which indicates their
current output is up to date, the object will check whether its own parameters
or input has been modi¯ed and update its state and output when necessary.
All objects following a modi¯ed object will notice their input data has been
changedand update their state subsequently . Finally, the actor can provide the
rendering environment with a set of polygons representing the current state of
the visualization. An actor only invokesan update request on its visualization
pipeline when the renderer requestsits data. This method ensuresupdatesonly
occur when they are requested. When for example an actor is invisible, no
update requestswill be performed.

In a visualization network, ¯lters can be usedto mergeseveral visualization
pipelines. A ¯lter can combine the output of other ¯lters to create its own
output. Reusingthe output of a ¯lter reducescomputation time and allows the
creation of complex visualizations in which several datasetsare used.

During the creation of a visualization network, the parametersof every object
must be set to an initial value. Default valueswhich work well for most datasets
are set when an object is created. The environment must refrain from focusing
upon a phenomenonfrom the start. The researcher must be aware of the fact
that the initial visualization is generated by using default parameters which
might not be correct with respect to the current dataset.

To reducecommunication overheadand memory usage,part of the visuali-
zation network can be \cut o®". For example,a reader can be destroyed when
the data is loadedand is known to be static. Since¯lters do not know by which
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objects their output is used, they have a referencecounter. This counter is
increasedevery time another object is connectedand starts using its output.
When the object is disconnectedfrom a pipeline, the counter is decreasedby
one. As soon as it reaches zero, indicating no more pipelines are connectedto
it, it is destroyed and removed from memory.

The construction of the actual screenimage from the end data of all visual-
ization networks is performed by the graphics renderer, in our caseOpenGL. It
renders the pixels provided by the visualization networks to the screentaking
into account the mutual spatial relations and visualization properties (colour,
texture, transparency) of the visual objects.

3.4 Supp ort classes

The support classesdo not perform scienti¯c visualizations but present modules
that facilitate the creation of and interaction with visual representations.

3.4.1 A 3D menu: the vtkCAVEMenuclass

To takefull advantageof the 3 dimensionalimmersivenature of the environment,
vtkCAVEMenuo®ersa 3D menu. The items consisteither of extruded characters
or polygon objects. Every item can have its own event handler which is invoked
as the item is selected(\hitting and clicking" with the wand). Any polygon
object can be used as a button. The size of these objects might di®er greatly
with respect to each other and the menu itself. To keepcontrol over the overall
menu-size,buttons can automatically be normalized. They are positioned in a
grid-lik e or cubic structure with variable resolution and size.

Figure 3.4 shows a simple example of a vtkCAVEMenu, usedby vtkSource-
Cursor (seesection 3.6). The four spheresset the size of the cursor spheres,
the letters D(ot), K(ub e), P(lane) and C(loud) are usedto set the shape of the
cursor and the arrows (\ < " and \ > ") respectively decreaseand increasethe
cursor's resolution. The 8 diamond-shaped objects at the corners of the menu
can be usedto reposition and orient the menu.

3.4.2 General °o w data access: the cFlowField class

The cFlowField classperforms several tasks:

1. cFlowField depicts the °ow¯eld by creating a bounding box around the
°ow data. This representation clari¯es the spatial relationship between
visualizations in the same°ow. It facilitates the orientation of the user
with respect to the °ow and guideshim in positioning items in the °ow.

2. cFlowField controls initialization of the °ow¯eld, such as spacingof the
data; setting the sizebetweensubsequent data elements.

3. It takes care of loading data and merging separatedata¯les when neces-
sary. A uniform data structure is presented to the visualization classes
so they need not to bother with reading, merging or reloading the data.
The data describing a °ow¯eld can reside in various formats. Multiple
°ow properties can be combined in one datablock. When a °ow is simu-
lated, separation of °ow properties over several ¯les prevents reloading
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Figure 3.4: Perspective view of a vtkSourceCursor menu (seesection 3.6).

those parts of the data which do not change,such as the geometry. Sim-
ulations can run locally or remote on dedicated computer-clusters. After
the completion of a time step, the data is sent over the network to the
visualization workstation [40]. The cFlowField classchecks whether the
input data is updated by means of a °ag or timestamp. It will reload
the data immediately and set a °ag so subsequent ¯lters are noti¯ed they
have to recompute their data. These changestravel automatically from
input-data through the visualization network.

4. Sincethe amount of data can be immense,subsamplingis sometimesnec-
essary. Out of every n voxels, only 1 is passedon1. This allows large
datasetsto be visualized without putting too much strain on the comput-
ing power or memory capacity of the computer. Visualization classeshave
accessto both the original and subsampleddata. This is mainly meant to
be usedby local visualization methods when extremely large datasetsare
used.

5. A visualization class might only use the vector-magnitudes of a dataset
instead of the vectors themselves. For easy accessto this scalar data-
property cFlowField creates a volume with scalar data containing the
vector magnitudes.

The mutual spatial relationship betweenvisualizations must bekept intact so
no distorted view is presented. Visualization methods which partially visualize
the °ow¯eld can be confusing when they are not properly aligned within the
°ow. To ensurethat all visualization objects are correctly aligned with respect
to each other, a global transformation matrix (TM) is necessaryon which all

1Sampling discretizes a (contin uous) signal. The sample rate indicates the number of
samples tak en from the domain per speci¯ed time period. Increasing the sample rate results
in a higher resolution of the obtained discrete data.

Subsampling a dataset by a subsample ratio n means that of every n voxels of the original
dataset only 1 is present in the subsampled data. This is done to obtain a smaller (in terms
of memory usage) representation. Increasing the subsample ratio results in a lower resolution
of the obtained discrete data.
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Figure 3.5: Scenegraph of the FlowFish environment.

visual representations depend. A scenegraph is usedto describe the relationship
betweenobjects' transformation matrices built on top of each other (see¯gure
3.5). Changing the TM of an object located high in the graph will a®ect all
the objects connected to it. The CAVE transformation matrix describes the
transformations of the scenery to the viewer's eyes. The vtkSourceCursor ,
cFlowField and vtkCAVEMenu3Dcan be positioned independently of each other.
All visualization classesuse cFlowField 's matrix. Thus, when the °ow¯eld is
moved, all visualizations stay aligned.

In order to have several views of the same°ow next to each other, several
cFlowField instances can be created, using the same input data or the out-
put of another cFlowField instance. Visualization methods belonging to the
samecFlowField stay aligned while the °ow¯elds can be repositioned, rotated
or scaledwith respect to each other. By manually creating each cFlowField
instance, the user is aware of the fact that more than onecollection of represen-
tation methods is used, which all visualize the same°ow but do not have any
spatial relationship.

Figure 3.6: Flow¯eld representation with anchor and 3D menu.

The only visualization cFlowField performs is the creation of a bounding
box around the data, possibly in combination with an anchor (¯gure 3.6). The
bounding box or anchor can be used to move, rotate and scale the °ow¯eld
representation. They directly a®ectthe main transformation matrix, so that all
visualization objects stay aligned.

In teraction

Through the cFlowField menu, the interaction with the °ow can be changed:

1. The bounding box can be usedto move and orient the °ow¯eld by means
of the transformation matrix. It provides easy accesssince the °ow is
usually the largest object in the virtual environment. However, objects
inside the °ow can not be accessed.



3.5. GLOBAL VISUALIZA TION METHODS 27

2. The anchor allows both accessto the °ow's transformation matrix as well
as to objects positioned within the °ow area.

3. The °ow¯eld can be locked which prevents accessto its transformation
matrix by meansof interaction. All other objects remain accessible.

Implemen tation

The data is read by vtkDataSetReader s or passeddirectly on by means of
sharedmemory segments (¯gure 3.7). Gray boxesdenotethe objects with direct
communication to other objects or to the user by meansof CAVE or SCAVI
methods. Data can be divided in a geometry, vector and scalar domains. This
allows partial update of the °ow, reducing network overload and computation
time. When they are combined in one ¯le, they are read in by the geometry
dataset reader and both v(ector) and p(ressure) reader objects are ignored.
To create a subdomain of the data using a subsampleratio, vtkExtractVOI
¯lters remove part of the data which is merged again by the vtkMergeFilter
to combine geometry with vectors and scalars. vtkOutlineSource creates a
bounding box for the °ow. vtkCubeSource is either set to a small cube-shape
in the corner of the °ow's bounding box to serve as anchor or aligned with the
bounding coordinates of the geometry ¯le. Through the vtkCubeSource the
usercan adjust the main transformation matrix in order to reposition, orient or
scalethe °ow.

Figure 3.7: cFlowField 's visualization network.

3.5 Global visualization metho ds

The tools which are used to examine a °ow¯eld can roughly be divided into
two separatevisualization methods: global and local methods. Global methods
provide an overall view on the behaviour of the °ow, local methods give a more
detailed representation of certain locations within the °ow. Theselocations can
be interactively set by the user.
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3.5.1 Glyphs: the cGlyphsFF class

Particle methods createoneor more polygon-basedobjects which visualizeboth
scalar and vector properties of the °ow. The physical appearance(orientation,
size, colour) of these objects is changed according to the value of the °ow-
properties at the corresponding position.

a: Cone and hook.

b: Gray lookup table. c: Glyphs (cones)oriented to vectors.

Figure 3.8: Glyph objects, standard lookup table and orientation example.

Glyphs are hook- or cone-shaped particles (¯gure 3.8-a), pointing in the
direction of the °ow by aligning themselves with the direction vector at their
position (¯gure 3.8-c). They are useful in providing a global overview of the
°ow's behaviour. Additional °ow characteristics can be visualized by colouring
or scaling of glyphs according to scalar °ow data such as pressureor speed.
A lookup table is used to map voxel values to hue-, saturation- and opacity
values when colouring of the glyphs is performed (see 3.8-b). For example,
a mapping from \lo w" blue values to \high" red values is common. Unless
speci¯ed otherwise, all screenshotsusethis con¯guration.

Scaling is useful for highlighting minimum and maximum values of a °ow
property. Relatively large glyphs or seemingly void areaspositioned at unex-
pected positions help to locate the presenceof such values. Extremely small or
large vectors can be present, for example causedby the pulsatile nature of the
°ow. While scaling, this can result in a few extremely large glyphs. Therefore
the glyphs are normalized but this might render a lot of particles almost in-
visible. Glyph-objects can therefore be clipped to a speci¯ed size so their size
cannot exceedthe clipping value. This allows smaller glyphs to be increased
in size while the largest glyphs remain the same. Clipping must be used with
extreme caution since it can causea non-linear mapping from °ow data values
to glyph sizethereby deforming the correct visual representation.

Flow¯elds often consist of millions of data points. Creating a glyph at every
point will clutter the view immediately (¯gure 3.9-a and 3.9-c). A global sub-
sampling of the data, provided by cFlowField can be used, but this will not
always be su±cient: its output consistsof a regularly spaceddataset used by
many visualization ¯lters. Glyphs generally require higher subsampling rates
than other visualizations. Figures 3.9-b and 3.9-d show subsampledrepresen-
tations. When seenin an immersive environment, these visualizations provide
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a: Original dataset (hooks, front). b: Subsampleratio of 8.

c: Original dataset (cones,bottom). c: Subsampleratio of 7.

Figure 3.9: The e®ectof subsampling on glyph visualization of a whirlwind
simulation (seepage72 for colour versions).

a global view of the rotating motion of the dataset, without cluttering the
view. With certain sub-samplingvaluesaliasing of the data might appear (¯g-
ure 3.10-a). Random sub-sampling avoids this: instead of taking every n th

sample,a random sample from every set of n voxels is taken. The averagedis-
tance betweensub-sampledpoints remains the same,while reducing the chance
of overlooking small phenomena.

If the size of an interesting °ow phenomenonis smaller than the distance
betweensub-sampledpoints, it might not berevealedin the simulation. Random
sub-sampling reducesthis risk, but the scientist should always be aware of the
possibility of overlooking an interesting phenomenon. When time-dependent
°ow is visualized and a subsequent snapshot is loaded, the random positions of
glyphs are recomputed, so over time all voxels within the dataset are visualized
an equal amount of times. When the dataset is often updated, this might result
in \jumping" glyphs which often changeof position. This can createa confusing
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a: Aliasing e®ectin a b: Random subsampleddataset,
regularly subsampleddataset. preventing aliasing.

Figure 3.10: Aliasing e®ect during subsampling (top-view) (see page 73 for
colour versions).

view, therefore random subsamplingcan be turned o®.
The total amount of polygonsand vertices of the glyph objects can be quite

high, which can slow down the rendering speed considerably. Sub-sampling is
only possibleto a certain degree;too much information will be lost if a relatively
high sub-samplevalue is used. To lower render times, a simpli¯ed glyph object
can be used,such as the hook shown in ¯gure 3.8-b. The hook consistsof only
4 vertices and no polygons, leaving the triangle transparent. The coneconsists
of 11 vertices and 12 shadedpolygons. By shading the polygon, conesprovide
a good depth-cue on their orientation, but are costly in terms of render time.
The orientation of the hooks is lessobvious as it is not shaded,but the amount
of vertices is considerably lower, allowing them to be renderedfaster.

In teraction

Using cGlyphsFF's vtkCAVEMenuthe following options can be selected:

² Selecthook glyph or coneglyph.

² Turn sampling on / o®.

² Set subsampleratio by meansof a keypad-like menu.

² Turn random sampling on / o®.

² Colour by scalar or vector magnitude.

² Turn constant scaling on / o®.

² Scaleby scalar or vector magnitude.

² Increase/ decreaseconstant scaling. With two buttons the constant scal-
ing factor can be doubled or halved.
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Implemen tation

The cGlyphsFF class is derived from VTK's vtkGlyph3D class. The vtk-
StructuredPoints object contains the output of cFlowField . Again, all gray
boxes denote the objects with direct communication to other objects or to
the user by means of CAVE or SCAVI methods. The SetInput method of
vtkGlyph3D is bypassedto route the data through a vtkMaskInput ¯lter which
subsamplesit. This ¯lter only passespoints and point-data through, so in order
not to looseany scalar information, the original data is probed with the sub-
sampledpoints. If no subsampling is used, the input data is passeddirectly to
the vtkGlyph3D object. It createsthe actual glyphs using either the 3D cone
primitiv e or 2D hook. Polygon normals, created by vtkPolyDataNormals , are
required to create smoothly shadedpolygons in the ¯nal representation. The
colouring of glyphs is performed by mapping scalar data onto a lookup table.
The mapper, which is included in the vtkCAVEActor, usesthis map to colour
the ¯nal polygon data. The vtkCAVEActor is the representation of this data in
the VR environment and is responsible for the position, orientation and scaleof
the glyphs.

Figure 3.11: The glyphs classvisualization network.

3.5.2 Raycasting

Volume rendering methods usescalar data of a °ow¯eld to create a volumetric
representation. Two methods of volumetric scalar rendering are discerned: ray-
casting and surfacerendering.

Raycasting includesevery voxel in its representation of the °ow. No subsam-
pling is performed, so the risk of overlooking interesting phenomenais reduced.
It visualizes volumes and surfacesconsisting of scalar values which are of in-
terest to the user. The partial transparency of the raycasted image enablesan
overview of the °ow and facilitates a comparison between spatially scattered
regionswith equal scalar values.

The raycasting technique is basedupon the idea of \shooting" a ray from
the position of every pixel in the ¯nal render-frame towards the data. Every
voxel receives a property-value (such as transparency or colour) basedupon a
lookup table. Every voxel through which the ray travels, adds its value. The
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Figure 3.12: Raycasted image of a 3D static reactor (SMRX) ¯lter (seesection
3.7 for a description) [48]. The arrow denotes the °ow direction (seepage 75
for a colour version).

ray is terminated when it leaves the data-domain and the pixel from which it
originated, receives its ¯nal value. To get an e®ective and accurate image, the
user must ¯nd a de¯nition of the lookup table, such that features of interest
are highlighted in the resulting image. Every °ow has its own behaviour and
every analysishas its own goal, therefore a useful parameterization of a lookup
table must be de¯ned separatelyfor each °ow. Furthermore, the scalar rangeof
di®erent snapshotsof a time-dependent °ow can di®er considerably. The user
might needto correct the lookup table to adjust it for the new scalar range.

Opposedto the particle methods, the resultsof raycasting canonly becached
as long as the observer's location and orientation do not change with respect
to the dataset. As soon as movement of either object occurs, the casted rays
will travel at a di®erent angle through the dataset and will therefore have to be
recomputed.

Raycasting is computationally expensive and demanding. There are several
methods to speedup the raycasting technique and discard unnecessaryrays [49].
Early ray termination is a technique that can be used if the rays are traversed
front-to-back. It ends the ray traversal after the accumulated transparency or
colour for that ray is above a certain threshold. Octree decomposition is a
hierarchical spatial enumeration technique that permits fast traversal of empty
space,thus saving substantial time in traversingthe volume. Adaptiv e sampling
tries to minimize work by taking advantage of the homogeneousparts of the
volume; for each square in the image, one traversesthe rays going out of the
verticesof the bounding box and recursively goesdown repartitioning this square
into smaller onesif the di®erencein the imagepixel value is larger than a certain
threshold.

Dedicated workstations such as a Silicon Graphics Workstation [50] have
hardware support for raycasting, but of-the-shelf graphics cards, such as used
in the DRIVE system (seesection 2.3.1) do not always support this. Perform-
ing raycasted imagessolely in software is computationally very expensive and
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will e®ectively render smooth interaction impossible. Since the DRIVE sys-
tem lacks software support for raycasting methods in virtual environments, this
visualization method was not implemented in the FlowFish library .

All raycasted imagesof this document were created by Kit ware's VolView
application [51]. VolView is a 2D application which creates high resolution
raycasting imagesof VTK data on common workstations.

3.5.3 Iso-surface rendering: the cSurfaceFF class

Surfacerendering visualizesa threshold or boundary of scalar °ow data by pro-
ducing a so called iso-surfacewithin the dataset [52]. Iso-surfacesprovide an
intuitiv e visualization when the user wants to ¯nd the location of a speci¯c
scalar value or boundary within the °ow. Iso is short for iso-parametric: The
iso-surfaceconnectsall the voxels with the speci¯ed iso-value (see¯gure 3.13).
Between adjacent voxels with values above and below the iso-value, linear in-
terpolation is performed.

a: Low, mean and high value iso-surface b: Top-perspective view.

Figure 3.13: Iso-surface visualization of the vector-magnitudes (speed) of a
whirlwind simulation (seepage73 for an enlargedversion).

Visualizing several surfaceswith di®erent iso-values requires the surfaces
to be at least partially transparent since they could encloseeach other. The
transparencyand colour of a surfacecan be ¯xed to a speci¯ed value, depending
on its iso-value, or can be computed by mapping another scalar property of the
data onto a transparency and colour lookup table.

Iso-surfacescan be approached by raycasting: using a so-calledspike in the
lookup table, narrowing the opacity-range around the desiredvalue, only voxels
with the desired iso-value can be highlighted. Raytracing does not perform
any interpolation betweenadjacent voxels though, therefore holes are likely to
appear in the surface. Furthermore it is costly in terms of computing time and
power.

To create the polygonal surface, the marching cube algorithm is usually
consideredto be accurate, though not extremely fast. 8 voxels positioned in a
cube are considered. Their values are examined to check whether the surface
crossesthe cube, which it does if some of the voxels have values below the
speci¯ed iso-value and somevalues are above. The cube is then triangulated.
Using symmetry, 14 unique casesare possible(¯gure 3.14). The disadvantage is
one casewhere the surfacecannot be determined by looking only at the voxels'
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values(see¯gure 3.15). Using the surfacenormals of surrounding triangles helps
to overcomethis problem.

Figure 3.14: The 14 unique triangulations of the Marching Cube algorithm (no
triangulation is performed on the empty cube #0).

a: 2D situation. b: 3D situation.

Figure 3.15: Ambiguous triangulation.

As long as the °ow¯eld doesnot change,the polygonsdescribing the surface
are stored in memory. A surfacevisualizesa single time step of time-dependent
°ow. When a subsequent snapshot is loaded, the surfacemust be recomputed.
This might create a confusing representation when surfaceswith the sameiso-
value do not seemto have any spatial relationship acrossseveral snapshots.For
example,a shockwave causedby pressurewill not have the exact sameiso-value,
so visualizing it by an iso-surfacewill probably not show a consistent surface
moving along with the shockwave over time.

Figure 3.16: The creation of triangle-strips.

Depending on the sizeof the °ow and the choiceof iso-value(s) the resulting
amount of polygons is considerably high. Several algorithms exist that reduce
the number of polygonswhile keepingthe meshintact asmuch aspossible. Dec-
imation reducesthe amount of triangles by merging polygons connectedby an
angle lessthan a speci¯ed threshold [52]. Triangle-strips reduce the amount of
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memory by storing lessinformation by combining vertices of adjacent triangles
(see¯gure 3.16). First, triangulation breaks down polygons into numerous tri-
angles.Normally, each triangle consistsof 3 vertices,so3n verticesarenecessary
to store n triangles. Triangle-strips start with 2 vertices and add 1 vertex per
adjacent triangle, resulting in a total amount of n + 2 vertices for n triangles.

Implemen tation

The visualization network for the cSurfaceFF class is shown in ¯gure 3.17.
The vtkContourFilter at the top creates the surface from the dataset using
the Marching Cube algorithm. The vtkDecimate , vtkTriangleFilter and
vtkStripper ¯lters reducethe amount of polygons and data to enablesmooth
interaction. vtkProbeFilter probes the resulting polygons with the original
dataset for scalar data. The iso-surfacecan be coloured by mapping this °ow-
property on the vtkLookupTable . The vtkPolyDataNormals normalizesvectors
so lighting is correctly applied. The user speci¯es the iso-value(s) and controls
various parameters of the decimating ¯lter, implicitly controlling the granu-
larit y (increasing the polygon reduction (rough surface) or decreasing(smooth
surface)) of the iso-surfaceappearancewhich is inversely proportional to the
amount of framesper secondwhen the surfaceis the main visualization method.

Figure 3.17: Visualization network of the cSurfaceFF class.

3.6 Lo cal visualization metho ds

Local visualization methods visualize a part of °ow data. A cursor object is
present to set the location from which the visual representation is created.
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3.6.1 3D cursor: the vtkSourceCursor class

Several objects require a 3D cursor to select a speci¯c location or locations in
the °ow¯eld. The vtkSourceCursor class o®ersseveral cursor-types, such as
a single dot, a plane, cube or cloud of spheres(¯gure 3.18). Type, size and
resolution can be set by meansof a vtkCAVEMenumenu (see¯gure 3.4). The
cursor is positioned and oriented by dragging one of its source-spheresto the
desiredlocation. The location of each spherein the cursor speci¯es the location
of a point-source that is usedin the local visualization methods.

Figure 3.18: vtkSourceCursor: The four shapesof the cursor: dot, cube, cloud
(resolution 6) and plane (resolution 3).

The °ow has its own coordinate system which is initially aligned to the
CAVE coordinates but can be altered by the userby dragging the bounding box
or anchor. The scenegraph of ¯gure 3.5 shows the independent positions of the
°ow¯eld and the cursor. The coordinates of the vtkSourceCursor spheresmust
be translated back to CAVE coordinates by inverting its own matrix, and from
there to the °ow's coordinate system. This is done automatically by each visu-
alization classwhich provides its transformation matrix to vtkSourceCursor .

In teraction

vtkSourceCursor provides a menu through which the following options can be
selected:

1. Select the shape: dot, cube, cloud or plane.

2. Set the sizeof the cursor spheresto one of 4 prede¯ned sizes.

3. Decrease/ increaseresolution (only e®ective while a dot or plane shape
is used).

The sizeof the cursor can be adjusted in the sameway other visual objects
are adjusted: by clicking with the middle wand button, a red bounding box
appearsaround the cursor. By selectingand draggingwith the left wand button,
the size is increasedor decreased.

3.6.2 Streamlines: the cStreamlinesFF class

Glyphs are the only method of the previously described visualization methods
that provide information about the °ow direction. They fail to clearly visualize
the behaviour and spatial dependencebetweenspeci¯c locations within the °ow.
Both streamlines and animated particles aid the user by visualizing curving
motion and converging and diverging °ow behaviour. A streamline wrapping
itself around a structure or sliding through obstaclesprovides a very intuitiv e
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understanding of the °ow. By using several streamlines, the researcher can
investigate how the °ow curvesand whether it divergesor convergesat speci¯c
points.

Streamlines represent the path of a masslessparticle through a vector ¯eld
in a single snapshot of the °ow data. The streamline does not visualize the
path of a particle over time. A particle follows the motion of the °ow within a
single snapshot, originating from one or more points set by the user by means
of a vtkSourceCursor . As the particle propagates,it leavesa trace, called the
streamline. They are represented by tubes placed inside the °ow data (¯gure
3.19).

Whirlwind. Mixer.

Figure 3.19: Streamline examples(seepage74 for colour versions).

A tube with rectangular shape is wrapped around the path. Its shadedsur-
face helps during analysis of the streamline's shape. By rotating it around the
eigenvectors of the streamline the vorticit y ("t wirling" motion) can be repre-
sented. The tube can be coloured by a scalar, for example to denote speed or
pressure. In addition, its radius can be varied by scalar data.

A streamline is generatedby placing a virtual masslessparticle in the °ow.
The particle is releasedand integrates through the °ow from its initial position.
A speci¯ed step length createsverticeson the particle's path. Several integration
schemesare available. Common methods are Euler's method and the n th order
Runge-Kutta method:

² Euler's method consistsof using only the ¯rst term of the Taylor Series
Expansion:

yn +1 = yn + f (xn ; yn )¢ x (3.1)

The so-calledtruncation error in Euler's method arisesbecausethe curve
y(x) is usually not generallya straight line betweenneighbouring points xn

and xn +1 , which is assumedin equation 3.1. The main reasonof the large
errors in Euler's method is that the method only evaluates derivativesat
the beginning of the interval, i.e. at xn . The truncation error can be
assessedby expanding y(x) about x = xn while using a step size of h
[53]. Integrating over a ¯nite interval creates a net truncation error of
o(h) indicating the error is directly proportional to the chosensteplength.
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² Presented here is the 2nd order Runge-Kutta method [54]. This method
is not such an asymmetric integration schemeas Euler's method because
it makesan Euler-like integration step to the middle of the interval. Take
h as the choseninterval betweenxn and xn +1 , then:

k1 = hf (xn ; yn ) (3.2)

k2 = hf (xn + h; yn + k1=2) (3.3)

yn +1 = yn + k2 + O(h3) (3.4)

As indicated in the error term o(h3), this symmetrization cancelsout the
¯rst-order error. The error-reduction can be improved by taking more than one
integration step in the interval. The 4th order Runge-Kutta integration scheme
is one of the most commonly used integration methods. The integration of the
streamlines in the vtkStreamer class through the dataset is by default per-
formed by a 2nd order Runge-Kutta method but can be set to a 4th order. Both
methods give accurate results while keeping the computation time relatively
small.

Small integration step. Large integration step.

Figure 3.20: Streamline integration with di®erent integration steps.

The integration step combined with the °ow speeddetermines the detail of
the particle trace. A small step createsa more detailed streamline but takes
longer to compute. A higher integration step might overshoot interesting areas
when a sharp curve is present in the °ow data (see¯gure 3.20). This can result
in streamlines which do not seemto follow the °ow at all (¯gure 3.21). There
is no clear solution for parameterizing a streamline. Streamlinesare computed
via numerical integration, they are therefore only approximations to the \real"
streamlines. The accuracyof the streamline dependsdirectly on the integration
step. Decreasingthe integration stepwill increasethe accuracy. In order to allow
a smooth interaction with the environment, the involved computations must
be ¯nished fairly fast. Technical restrictions such as necessarycomputation
time and render time of the resulting polygons in combination with the °ow
data poselimits on the minimum integration step. An integration step which
is set too low might create so many points on the streamline that it slows
down the computation and visualization beyond e®ective performance. Careful
manual adjustments by the user, possibly provided by hints of the environment
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integration steplength= 4 integration steplength= 3

integration steplength= 2 integration steplength= 1

Figure 3.21: The e®ectof the integration steplength on streamline generation.

concerning minimum, maximum and mean vector-magnitudes present in the
data, will always remain necessaryto ¯nd a good compromisefor the integration
step.

The streamline must satisfy three criteria in order to compute and add a
subsequent vertex:

1. The speed, the magnitude of the direction vector, must be higher than a
certain user-speci¯ed threshold, called \terminal velocity".

2. The last computed vertex must lie within the data boundaries.

3. The number of integrations, expressedin the number of vertices,must not
exceeda user-speci¯ed limit.

These3 criteria prevent the creation of an enormousamount of vertices on
a very small scale which increasescomputation and render time considerably
without adding accurate information to the visual representation. The terminal
velocity can be set automatically by computing the minimum and maximum
vector-magnitudesand expressingthe terminal velocity asa percentage of these
magnitudes. It canbeassumedthat the minimal velocity magnitude, whencom-
pared with the maximum vector magnitude, usually approacheszero. Therefore
the terminal velocity can be expressedas a percentage of the maximum vector
magnitude present in the °ow data.

Care must be taken when time-dependent °ows are used. Maximum vector
magnitudescandi®erconsiderablybetweensubsequent snapshotsof the °ow, for
example during the startup-phase of a simulation. When the terminal velocity
is computed automatically, this can result in a confusingrepresentation, such as
streamlines which are terminated quickly, while in subsequent snapshotsthey
extend much further.
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In teraction

To speedup the rendering process,the streamline can be visualized as a wire-
frame line (wire-line), insteadof a tube. The tubeshave the advantageof a shiny
surfaceby which the banking and twirling motions of the streamline are imme-
diately obvious, but they increaserender time considerably. To take advantage
of both rendering methods, the usercan chooseto turn o®tube-renderingwhile
he is repositioning the vtkSourceCursor , and turn it back on when the cursor
loses focus. This enables a smooth interaction, while not loosing the bene-
¯ts of tube-visualization. Furthermore, a temporary higher step size might be
used. This does not a®ect the computation of the actual streamline, but the
distance betweenpoints which are used to visualize the stream. A higher step
size createsa \rougher" appearanceof the streamline, reducing the amount of
resulting polygons and vertices. When the user keepsin mind that the tempo-
rary visual representation might show \short-cuts" not actually present in the
real streamline, this will not result in a confusing image.

Through the menu, the following options can be selected:

1. Turn \alw ays wire-line" on/o®. When set, this option will always show
the streamlinesaswire-lines, even when they are not selected.By default,
wireframe-linesare usedwhen the cursor is beingdragged,otherwisetubes
are visualized.

2. Turn \never wire-line" on/o®. When set, this option will always render
tubes.

3. Increase / decreaseintegration steplength by 50%. By adjusting the
integration steplength relatively to its previous value instead of setting
the absolutevalue, the userdoesnot needto know exact °ow data values,
such as minimum and maximum vector magnitude.

4. Increase/ decreasetime step by 50%.

5. Turn speedscalar calculation on/o®.

6. Turn varying of the radius by scalar value on/o®.

7. Turn vorticit y calculation on/o®.

Implemen tation

The cStreamlinesFF classis derived from VTK's vtkStreamLine class(¯gure
3.22). Its input consists of the °ow data and the starting positions provided
by the vtkSourceCursor object. The vtkTubeFilter generatesa smoothly
shadedtube object around the streamline. When vorticit y scalarsare generated
by vtkStreamLine the tube visualizes the vorticit y by radial rotation around
the streamline. The vtkPolyDataNormals provides the polygon normals to
apply correct lighting to the surface. When interacting, the creation of tubes
is turned o®and the generation of the streamlinesis provided directly as input
to the mapper of the vtkCAVEActor to increasethe number of framerates per
secondduring interaction.
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Figure 3.22: The streamlinesclassvisualization network.

3.6.3 Animated particles: the cParticlesFF class

Particle animation is a dynamic version of the streamlines visualization. A
glyph-like object -the particle- is animated along the °ow's direction using the
°ow speed (¯gure 3.23). This visualization method shows one property of the
°ow which streamlinesare lesscapableof visualizing; speed. A particle slowing
down or speedingup through an area provides a far more intuitiv e impression
of °ow speedcomparedto, for example, colouring of streamlines.

a: Particle propagating b: Bottom-up view
through a dataset. of a whirlwind simulation.

Figure 3.23: Animated particle propagation and static particle example (see
page74 for an enlargedversion).

Particles can be either static or dynamic. Static particles are ¯xed: they
are separatedby a speci¯ed time step. Increasedvector-magnitudesresult in a
larger distance betweensubsequent particles. Animated particles \°y" through
the °ow. One animation step propagates the particles once using the current
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vectors of the °ow. Increasedvector-magnitudes will make them move faster.
When a particle reachesthe endof its streampath, it is resetto the cursor sphere
from which it originated. When using several particles simultaneously it can be
di±cult to get a clear view of the °ow-direction in a single snapshot, but by
using particle animation in combination with streamlines, this problem can be
overcome.

Another advantage of animated particles is that they visualize the stream-
path of a particle over time. When animated particles are used to visualize a
time-dependent °ow, they automatically usenew data assoon as it is available.
A cFlowField object takescare of reloading the data when the next time step
has arrived. When the particles' actor is requested to update itself, the up-
date request travels back to the input dataset provided by cFlowField . Since
this data is modi¯ed, the visualization pipeline of the particle will update itself
using the new data. An important distinction must be made between static
and animated particles when such a time-dependent °ow is represented. Like
streamlines, static particles compute their path within a single time step. An-
imated particles compute their path using present data. The path will be the
same as a static particle's path when no subsequent snapshot of the °ow is
loaded betweenparticle updates. But a masslessparticle's path over time will
be visualized when the °ow data is updated particle animations, which is not
likely to be exactly the samepath a static particle follows in a single timestep.

Additional scalar °ow data can be visualized by colouring and scaling the
particles according to the value of the °ow property or speedat their position.
The range of the lookup table can be adjusted automatically. This may give
unwanted results when only a few particles are visualized: the range of their
minimum and maximum scalar values (either computed by cParticlesFF or
already present in the °ow data) can be a small subdomain of the global scalar
domain of the °ow¯eld: this results in particles that are scaled or coloured
by a local minimum or maximum which di®ers considerably from the global
minimum or maximum value.

integration step 0.8 integration step 1.6 integration step 3.2

Figure 3.24: Impact of integration steplength (seepage74 for colour versions).

Both kind of particles usethe sameintegration method asstreamlines. While
choosing the integration step, the sameproblems (as mentioned in the stream-
lines section) arise. Figure 3.24 shows the same°ow data visualized with dif-
ferent integration steps.

When the dataset is large, a lot of integration points can be created during
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the computation of the streampath, which might slow down the rendering and
animation processes. The time step value can be used to skip one or more
integration points between neighbouring particles, thereby reducing the total
amount of particles. By increasingthe time step value, a rougher visualization is
created,but it usesthe original particle-path. This doesnot a®ectthe accuracy
of the particle's path, which is generatedwith the integration steplength.

In teraction

Since particles do not use much time to render, they are not represented in a
simpli¯ed manner while the cursor is being dragged. Options accessiblethrough
the menu are:

1. Double or halve the integration steplength.

2. Double or halve the time step betweensubsequent particles.

3. Turn the generation of speedscalarson or o®.

4. Set colouring to colour by vector or scalar.

5. Set scaling to scaleby vector or scalar.

Implemen tation

cParticlesFF is basedon the vtkStreamPoints classwhich in its turn is de-
rived from vtkStreamer (¯gure 3.25). The animated particles are generatedby
the vtkStreamPoints object. The interpolation of animated particles can be
performed by di®erent algorithms such as a linear method or a secondorder
Runge-Kutta method as described in section 3.6.2. By default the 2nd order
Runge-Kutta method is used. vtkStreamer generatesscalar data by comput-
ing the speedof the stream. The vtkProbeFilter allows accessto scalar data
already present in the original data. When it performs no probing, the speed
scalarsare passedthrough. vtkGlyph3D takes the particles' data and creates
the polygon objects which represent the particles in the virtual environment.
They can be coloured or scaledby scalar data present in the original data or
as computed by vtkStreamer . vtkPolyDataNormals adds the normals to the
polygons so particles will appear correctly shaded. The colouring is performed
by mapping a scalar data-property onto vtkLookupTable which passesthe ap-
propriate colour to the mapper included in vtkCAVEActor.

3.7 Results

Thesesectionsdescribethe testsobtained with FlowFish's visualization methods
and several datasets. Performance and qualitativ e measurements were taken.
Performancewas measuredby logging the number of framesper secondas pro-
vided by the CAVELib library . All tests were carried out on the UvA-DRIVE
system (seesection 2.3.1). The qualitativ e measurements of the visualizations
are obtained by comparing the visualizations with the known content of the
°ow data. When a °ow is known to contain certain phenomenaand to show a
certain behaviour, the visualization method must provide the scientist with a
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Figure 3.25: The animated particles classvisualization network.

a: single mixer. b: double mixer.

Figure 3.26: Mixer geometry.

representation which allows him to analyzethe °ow, its behaviour and to locate
and extract thesephenomena.

The various °ow data setsusedin the experiments di®er in sizeand originate
from di®erent scienti¯c °ow simulation areas. This way it is easierto obtain ge-
neral results without focusing too much on a speci¯c °ow analysisor simulation
problem. The datasetsusedduring the tests are:

² von Karman Reactor. This 2D dataset represent the °ow around a block-
structure with a speed of ¿ = 0:9 at which the °ow oscillates and shows
vorticit y. Simulated using the Lattice-Boltzmann method by Arjen Schon-
eveld. Since this is a 2D dataset and therefore a bit trivial to represent
concerningthe visualization in an immersivevirtual environment, no snap-
shotsof this datasetareprovided. It wasincluded in the performancetests
becauseof its small size,which hardly requiresany subsampling. Number
of voxels: 7,500.

² Whirlwind. This 3D dataset contains a simulated whirlwind. The °ow
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makes circular motions with di®erent speed, depending on the distance
from the center. The speedincreasesfrom the outside towards the middle
of the whirlwind. The nexus of the whirlwind goes almost straight up,
hardly rotating around its z-axis. The dataset contains no geometry, only
°ow. Number of voxels: 25,000.

² Stenosis. A 3D dataset simulating a stenosis in an artery (see section
4.1). A high pressureis to be expected just before the stenosis,while the
highest velocity should be located in the most narrow area. The pressure
and velocity distribution should be symmetric around the °ow axis of the
artery. The artery was generated by using a voxel modeling technique
called \distance sampling". The °uid is simulated by using the Lattice-
Boltzmann method. Number of voxels: 30,000.

² Single static mixer. This is a SMRX simulation created by D. Kandhai
e.a. [48]. It contains a static mixer which is used to mix 2 °uids with
an extremely high viscosity in a static reactor (see ¯gure 3.26-a). The
°uids enter the mixer with a high velocity; the °uid which exits the mixer
should contain a mix of those two °uids. The °uid is simulated by using
the Lattice-Boltzmann method. Number of voxels: 468,968.

² Double static mixer. 2 singlestatic mixers positionedorthogonal, usingthe
samesimulation environment as the single mixer (¯gure 3.26-b). Number
of voxels: 699,608.

3.7.1 Results of supp ort classes

General °o w data access

The construction of an object which can read and combine several data ¯les,
proves to be very useful in the construction of the visualization pipeline. Vi-
sualization methods only have to deal with the data itself, already combined,
updated or subsampledwhen necessary. The global transformation matrix used
by every visualization actor provesnecessaryin keepingall visualization objects
aligned, while allowing the user to freely reposition and scalethe °ow represen-
tation.

The relatively large bounding box facilitates repositioning of the °ow con-
siderably. The anchor works well, but is less often used since it requires the
user to navigate to the anchor before manipulation can take place. Experience
with a large number of visualizations indicate that the °ow representation is not
constantly relocated or rotated, these actions are usually performed just after
loading the data. As soon asthe °ow is positioned conveniently , it remainsthere
until its destruction.

3.7.2 Results of global visualization metho ds

Glyphs

Glyphs are useful for locating singularities from a global viewpoint. Sudden
changesin sizeor colour of neighbouring particles facilitate quick pin-pointing of
theselocations. Singularities are clearly visible by seeminglyrandom behaviour
of glyphs in a small area.
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a: Cone visualization. b: Hook visualization.

Figure 3.27: Glyph visualization of a whirlwind simulation without subsampling
(seepage75 for a colour version).

E®ectiv eness of the visualization metho d

Glyphs were used to visualize the whirlwind dataset (see ¯gures 3.9-b and
3.10-b). While rotating around the whirlwind or moving towards it, both hook
and coneglyph representation showed the rotational patterns in the whirlwind.
Conesprovide a better senseof depth by their shading, but it helps to change
the glyphs to hooks while navigating. A subsamplingratio is often necessaryto
clarify the visualization, since otherwise the screenbecomesquickly cluttered
(see¯gure 3.9-a).

When no subsampling is used, changing the glyph pointer from cone to a
hook can improve the quality of the global visualization while allowing smooth
interaction and navigation. A lot of conescan form a visual block by which the
rest of the °ow is occluded (see¯gure 3.27-a). It becomesdi±cult to seewhat
lies beyond. The hooks create a kind of fuzzy visualization becauseeach hook
is mostly transparent. Figure 3.27-b shows the whirlwind without a subsample
ratio. Areaswith high or low scalarvaluesarevisible, evenwhenthey are located
in the middle of the dataset, while the direction can be seenas well when the
user is located closeenough to the data. This kind of glyph visualization acts
as a kind of volume rendering and rendersrelatively fast, thereby providing an
interesting substitute for volume rendering.

Colouring glyphs is a useful technique to represent additional scalar informa-
tion. Intuitiv e colourmapsranging from blue to red are usually mapped on the
rangeof valuespresent in the °ow-property . \Cold" blue objects indicate lower
values and \hot" red objects indicate higher ones. To quickly understand the
values of intermediate colours, a legend showing the applied mapping remains
necessary.
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Performance

The raw speedof the environment, without any visualization, provides a prac-
tical performance limit. A test application was implemented where the envi-
ronment was rendered without any visualization method. A framerate of 185
framesper secondwasobtained, which can be usedasthe upper limit in further
performancetests.

The raw speedof the visualization pipeline and graphicshardware wasmea-
sured by visualizing several datasets with di®erent subsampleratios from 81
to 1 with a step size of 5. Each step was visualized for 10 seconds,during
which approximately 2 samplesof the framerate were taken per second. A lin-
ear dependencebetween the framerate and the subsampleratio was expected
becauseeach glyph, either hook or cone,addsan equal amount of 3D primitiv es
(vertices, polygons,normals and colours) to the ¯nal rendering.

Figure 3.28shows the result. The linesshow the meanframerate, the vertical
bars depict the minimum and maximum framerate per second. Becausethe
visualization pipeline updates when the subsampleratio is adjusted, the lowest
framerate sampleof each set was removed. Updatesof the pipeline are likely to
happen infrequently during normal interactive analysis,and therefore the e®ect
is discarded.

When a large subsampleratio is applied, the framerate approachesthe maxi-
mum of 185 fps fairly reasonable.The large di®erencesbetweenminimum and
maximum framerates of the hooks visualization of both stenosisand Karman
reactor datasets are most likely causedby the (non)availabilit y of locks neces-
sary to retrieve accessbetweenprocessesand graphicsbu®er-memory: the small
amount of vertices makes a very fast rasterization possible, therefore most of
the time the graphicsenvironment is busy waiting for locks to becomeavailable.
The di®erencesdiminish when the sizeof datasetsincreases,sincethey demand
relatively much more visualization time.

The graphics card of the DRIVE system can process31M triangles per sec-
ond, and draw 1G pixels per second. These two limits do hardly restrict the
tests: One frame consistsof 1024¤ ((768 ¤ 2) + 40) = 1; 613; 824 pixels, so the
maximum number of frames is 1 ¤ 109=1; 613; 824 = 619. This will pose no
limit on the performance. The number of triangles per coneis 22, so when the
largest dataset, the double static mixer, is visualized without applying a sub-
sample ratio, 699; 608¤ 22 = 15; 391; 376 triangles are generated,which is half
of the card's maximum; so a framerate of 2 can be obtained. If this would be
the only practical limitation, applying a subsamplingratio of 10 would result in
20 frames per second,a reasonableperformancefor scienti¯c applications.

An unsynchronized visualization environment is undesired though, since it
wastesprocessortime by drawing frames which will not actually be seen. By
synchronizing the visualization to the vertical screenretrace, the visualization
is only updated while the monitor's cathode tube movesfrom the bottom-righ t
to the upper-left of the screen.

The empty application was run while synchronizing the visualization to the
vertical screenretrace. This resulted in a framerate of 67 fps which was to be
expected since the vertical screenrateis set to 67Hz. This can be considereda
practical upper-limit of the render speedthat visualizations can reach.

During normal interaction, the user will often navigate around and through
the dataset. To seewhether this has any in°uence on the render time, the
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Figure 3.28: Glyph visualization of several datasets,not synchronized with the
vertical screenretrace (seepage76 for a colour version).

stenosisdataset was visualized with di®erent subsampleratios for 20 seconds.
During the ¯rst 10secondsthe dataset remainedmotionless. It wasanimated up
and down during the last 10 secondsin order to emulate navigation movement.
Sincethe geometry of the visualization method doesnot change, the rendering
processmight speedup the creation of an imageif data such aspolygon-clipping
is cached. When such methods are used,they will result in a considerablehigher
number of frames per secondduring static visualization.

Figure 3.29 shows the results. Again, the lowest framerate sample is re-
moved, and mean, minimum and maximum valuesare shown.

The dynamic visualization of hooks is practically equal to the static re-
presentation. Cone visualization placesa much heavier load on the graphical
environment. The linear dependencebetween subsampleratio and framerate
per secondcan be seenbetween subsample ratios of 1 and 30. The strange
behaviour of the frameratesbetween31 and 81, aswell as the in°uence of hooks
and conesvisualization on the render time, is discussedin the next test. An
actual di®erenceof almost 10 frames per secondoccurs betweensubsamplera-
tios of 41 and 51, during the sudden \jump". Becausethe di®erencebetween
dynamic and static representation is negligible on the overall domain, it can be
concludedthat navigation will not have a major impact on the performanceof
glyph visualization.

To get an overall impression of speed (render time) using glyph represen-
tation, several datasets were visualized with both hooks and cones,using dif-
ferent subsampling ratios from 81 to 1 with a step size of 5. When the total
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Figure 3.29: Glyph test depicting static versus animated visualization of the
stenosisdataset, synchronized to vertical screenretrace.
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Figure 3.30: Glyph visualization of several datasets (seepage 76 for a colour
version).
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Figure 3.31: Hook and conevisualizations on subdomains using a step sizeof 1
(seepage77).

number of polygons or vertices crossesthe maximum throughput of the hard-
ware, a considerabledrop in speedis expected.

The testsweresynchronizedwith the vertical screenretrace, sothe maximum
possible framerate is 67 fps. The e®ect that during highly subsampledhook
visualizations the framerate sometimes crossesthe 67 fps boundary, is most
likely causedby round o® errors in the functions that calculate frame display
time.

The linear dependencebetweensubsampleratio and framerate of ¯gure 3.28
seemsonly to apply to the large datasetsof the single and double static mixer
whenvisualizedwith cones.Betweensubsampleratios 36¡ 46and 56¡ 66during
visualization of the stenosis(cones), single and double mixer (hooks) peculiar
\jumps" occur, while the framerate remains quite stable beforeand after these
subsamplevalues.

A rerun of the tests with a step size of 1 was performed on thesedomains,
shown in ¯gure 3.31. The jumps hint at somekind of caching which is performed:
such a drop in performanceoccurs when the amount of copiedor swapped data
crossesa certain threshold. Computing the amount of memory the visualizations
required was fairly straight-forward in the caseof hooks: each hook consistsof
4 vertices, each vertex takesup 96 bytes of memory (3 coordinate °oats, 3 color
°oats). Figure 3.32 shows an example of the memory size of single mixer and
double mixer visualizations near the \jump"-subsample ratios. A threshold of
1,048,576bytes (10242) would be logical but does not appear to be present.
The multiple stagesof the rendering process,which includes the visualization
pipeline, copying of sharedmemory segments and data-transfer to the graphics
card, makes it di±cult to ¯nd the bottle-neck which is causing this behaviour.
Since the graphics card speci¯cations seemto be quite able to handle these
amounts of data (seethe start of this section), the bottleneck will probably be
present in either the VTKtoCA VE library or the visualization network.

The results show that only glyph visualization using hooks can guarantee a
smooth framerate of at least 15 fps using reasonablesampling rates. The cones
demand a lot of computing power from the graphics card and can therefore
only be usedwhen a high subsamplingratio is applied. Whether this is feasible
dependson the °ow data and the kind of analysis the user is performing.
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Sing le40 = 11,725glyphs = 1,125,600bytes
Sing le42 = 11,166glyphs = 1,071,936bytes
Double60 = 11,661glyphs = 1,119,456bytes
Double61 = 11,469glyphs = 1,101,024bytes

Figure 3.32: Memory sizeof several subsampleddatasetsvisualized by hooks.

Raycasting

E®ectiv eness of the visualization metho d

In ¯gures 3.33 and 3.34 the stenosisdataset is visualized by raycasting. Un-
derneath each representation, the applied lookup table is shown. The lookup
table shows a histogram of all scalar values present in the dataset from left
(minimum value) to right (maximum value) , denotedby the light-gray vertical
lines. The coloured circles on the black line show the mapping of the scalar
values to colour. The vertical axis represents the mapping of scalar values to
transparency: from the bottom, completely transparent, to the top, completely
opaque.

The expectedspeed-upof °ow in the middle of the stenosis(¯gure 3.33) can
clearly be seen. By mapping high speedsto colours such as red and yellow an
intuitiv e picture of the behaviour of the scalar °ow property is obtained.

a: Front view b: Perspective view.

Figure 3.33: Stenosisspeedvisualization. The arrow denotesthe °ow direction
(seepage77 for a colour version).

In a stenosis,a drum-shaped pressure-pro¯le is expected: the build-up of
pressurewhen the tube narrows will be the highest in the middle of the artery
following the blood°ow and it will decreasetowards the edgeof the artery. A
colour mapping from blue to red doesnot visualize this very well (¯gure 3.34-a).
The human eye is much more sensitive to the colour red than to the colour blue,
causinga kind of \over-exposure" which makes the exact pressurehard to see.
The sensitivity to gray values is much higher compared to colours, therefore a
non-linear black-white lookup table will accentuate the pressure-pro¯le much
better (see¯gure 3.34-b).

This exampleshows the importance of accessto a °exible lookup table when
using raycasting methods. The scientist will never be able to choosethe perfect
lookup table beforehand, so easy interaction methods through which he can
make adjustments must be available.
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a: Blue-red lookup table. b: Black-white lookup table.

Figure 3.34: Stenosispressurevisualization. The arrow denotesthe °ow direc-
tion (seepage77 for a colour version).

Performance

The necessarycomputations require a lot of time and therefore a low-resolution
versionof the imagewasusedwhile its lookup table wasadjusted or when it was
moved or rotated. Exact ¯gures are not available, but a delay of at least 4 to 10
secondswhile changing from low-quality to high-quality representation was not
uncommon. This can provide di±cult y in a VR environment. Noise from the
tracking systemand small movements by the user'sheadcan constantly trigger
updates of the visualization, slowing down interaction time considerably.

Iso-surface

Surfacerendering proved to be very useful concerning the visual geometry re-
presentation. The bounding box of cFlowField only shows the outlines of the
dataset without any hint concerning the geometry. An iso-surface allows a
simple but e®ective outline representation of the geometry (see¯gure 4.8). A
detailed outline is not necessarysothe number of polygonscanbekept relatively
low, allowing smooth rendering.

The visualization of voxels with a data-property, such as speedor pressure,
above a certain threshold provides a useful representation. When several sur-
facesare createdwith evenly spacediso-values,the distancebetweensubsequent
surfacesvisualizesthe gradual changeof this °ow property. Where surfacesap-
proach each other the change appears rapidly, while widely spaced surfaces
indicate a slow increaseor decrease.

Performance

The response time, the time necessaryto compute, decimate and triangulate
the surface, takes usually at least a couple of secondswhich is relatively long.
To reduce the time spent on trial-and-error while searching for useful surface
representations, interaction methodssuch ashistogramsshouldbepresent which
facilitate the choice of iso-values.

Exact ¯gures of performanceare di±cult to compare becausethe resulting
amount of polygons dependscompletely on the used°ow data and choseniso-
value(s). In general, surfacesplace a heavy load on the performanceand they
often slow down render times considerably. Decimating the surfacewill therefore
always be necessary, where the percentage of decimation with regard to the
surfacedependson the sizeof the °ow data.
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Figure 3.35: Converging streamlines in mixer.

When an iso-surfaceis usedto show the geometry boundary, which doesnot
require a high-quality representation, considerablespeed-upcan be obtained by
visualizing it as a wireframe instead of a smooth shadedsurface.

3.7.3 Results of local visualization metho ds

Streamlines

Figures3.35and 3.36show streamlinesin a datasetwith a fairly complexgeome-
try (see¯gure 3.26). The swirling ribb ons of streamlinesgive a good insight in
intricate °ow-motion. Converging and diverging streamlineshelp to understand
the movement of °ow around obstacles.During global review of the °ow, stream-
lines are lessuseful becausea large amount of streamlines is necessaryto fully
cover a °ow area: computation time increasesand the number of framerates
per seconddrop considerably. When the location of a singularity is known,
streamlinesare a valuable tool to investigate them in detail.

E®ectiv eness of visualization metho d

Colouring streamlineswith a scalar works well. Streamlinesare useful to study
the dynamics in both direction and scalar °ow property. Shaded lighting is
preferable since it provides a better depth-cue of the tube. Visualizing the
rotation of the tube was not particularly successful: the rotation can often
hardly be seen.

The goal of the single mixer is to mix two viscous °uids which enter the
mixer on top of each other. The ripples of the streamlines show their swirling
motion around the mixer's geometry. Streamlineswhich enter the mixer at high
and low positions should be \mixed" when they leave the mixer. Figure 3.35
shows streamlinesoriginating from evenly spacedcursor points, which converge
through the mixer towards the right side. They are coloured by speed scalars
and show no extreme speeds. It also shows the danger of using too many
streamlines: when they constantly converge and diverge, it might not be clear
what the generalmovement of the °ow is. In that case,it might bebest to reduce
the amount of streamlines, perhaps increasethe distance between the cursor
spheres,and analyze the resulting streamlines. By moving the cursor around,
the scientist can check whether this behaviour is common for the complete °ow
or whether irregularities occur at certain areas.

Performance

Measuring performance of local visualization methods such as streamlines is
di±cult, since the visualization and the resulting amount of polygons depends
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Figure 3.36: Converging streamlines in double mixer (seepage 78 for a colour
version).

on the location of the cursor or visualization parameters in combination with
the dataset. The di®erencein length, computation time and resulting points of
two streamlines originating from di®erent locations can be considerable. They
depend completely on the °ow properties so no comparative results can be
obtained by using several datasetswith a local visualization.

Though streamlines consist of a relatively low amount of polygons the re-
quired render time can still be considerably. While positioning the streamline,
a faster update and visual feedback is preferred. Tests with several datasets
showed a considerablespeedupwhile visualizing the streamline by a line repre-
sentation. When the cursor is released,a small delay in feedback is experienced
but this proved to be acceptable. The technique of increasingthe step size(re-
sulting in a more rough visual representation of the computed streamline) while
the cursor is being dragged,combined with a visually lessdemanding represen-
tation, works well. But it is mostly the absenceof tubeswhich speedsup of the
visualization. Increasing the integration step to decreasecomputation time is
not very e®ective sincethe visible streamline at the moment of dragging might
be incorrect becauseof overshooting and the computation time is relative small
comparedto render time.

Animated particles

Animated particles provide useful clues in areaswith complex °ow movements
and high speed di®erences. Releasingseveral particles from nearby locations
shows the speedwith which the °ow divergesand converges.High or low veloc-
ities are often points of interest; the changein speedof particles visualizesthis
in an intuitiv e way.

The mapping from a scalar °ow property, such as pressure,to colour or size
as usedby glyphs was included in the particles and helps to provide additional
information. When using animated particles, they sometimesmove too fast to
provide a good estimation of the property at their position. But while using
static particles, they provide useful information concerning the speci¯c °ow
property.

The static particles wereusedto visualizethe whirlwind dataset (¯gure 3.38).
The visualization shows that particles near the border of the °ow converge
towards the nexus which goes almost straight upwards. Towards the upper
boundary of the whirlwind, the particles slowly divergeagain.

The particles areseparatedby a ¯xed time period. The speedingup (near the
middle) and slowing down (near the upper and lower boundary) of particles is
visualized by decreasingand increasingdistancesbetweensubsequent particles.
This improves the quality of the °ow's visualization compared to glyphs and
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Figure 3.37: Close-upof particles entering the nexusof the whirlwind (seepage
78 for a colour version).

Figure 3.38: Particles entering the whirlwind at di®erent heights (seepage 78
for colour versions).

streamlinesconsiderably.

3.8 Discussion

Depending on the goal of the research, scalarand vector °ow properties demand
di®erent typesof visualization to aid during analysis. By providing di®erent vi-
sualization methods with distinctiv e features,analysispossibilities are improved
by visualization the °ow in an immersive environment.

The parameterization of visualization variables is a di±cult step in the visu-
alization process.The discussionsection of the test casechapter describes this
in more detail.

The qualitativ e and quantitativ e measurements of FlowFish's visualization
classesas described above provide only partial test results. The tests showed
the possibilities and advantages of each method with regard to the data set
which was visualized. A more general test of visualization methods would use
comparablesetsof °ow data with each visualization methods. By comparing the
samevisualization method with several data sets, more information regarding
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the advantages and possibilities of a visualization method can be obtained.
Furthermore, by comparing di®erent visualization methods on the same °ow
data and letting experts use the methods to analyze the °ow, the qualitativ e
results of these methods can be compared better. These comparisonscan be
usedto suggestspeci¯c visualization methods and parameterizationsfor speci¯c
°ow data or visualization purposes.

The performancetests gave indications of possiblebottlenecks which might
a®ecta smooth interaction. Quantitativ e measurements obtained from a wide
rangeof °ow data can result in more generalconclusionsconcerningthe possible
problems in responsetime and framerate of visualization methods.

Using widgets such as vtkSourceCursor provides an intuitiv e manipulation
of 3D objects, therefore these methods should be used and extended for the
purposeof controlling visualization parameters.



Chapter 4

Test case: Flo w
visualization in a simulated
vascular reconstruction
environmen t

As a test case,the FlowFish application is used in the Simulated Vascular Re-
construction Environment (SVRE) project [55]. The aim of this project is to
provide a surgeonwith an intuitiv e environment to visualize and explore a pa-
tient's vascular condition. By placing him in an interactive virtual simulation
environment, a surgeonor radiologist can examinethe patient's blood°ow. Be-
sidesaiding the scientist in his research, the usageof virtual simulation and vi-
sualization techniquesaims to overcomepractical problemspresent in a real-life
situation. The environment enablesthe employment of investigation methods
which cannot be used in the original environment of the °ow. To test a hy-
pothesis, di®erent surgical procedurescan be applied whereupon the surgeon
can monitor direction, speedand pressureof the blood°ow through the human
vascular system.

From a medical point of view, the SVRE project focuseson problemsrelated
to blood°ow through the arteries and veins. Part of a patient's artery is scanned
with a Computed Tomography (CT) scanneror by Magnetic ResonanceImaging
(MRI). The 3D dataset is loaded into a virtual environment. This environment
doesnot only allow a closeexamination of the data, but alsoprovidesthe surgeon
with virtual tools to changethe geometry of the artery, for exampleto simulate
a bypass. The new geometry is sent to a supercomputer which computes the
blood°ow through this virtually reconstructed artery. By updating the °ow
while subsequent time steps are computed, the surgeongets immediate visual
feedback and, when necessary, can adjust the geometry again, stop the °ow
simulation and restart it until a suitable treatment has beenfound.

From a computer sciencepoint of view, the SVRE project addressesseveral
problems: the parallel simulation of °ow resulting in a correct simulation of
real blood, the e®ective transfer of vast amounts of data over a network from
a simulation environment to the representation environment, advanced visual
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representations and intuitiv e interaction and the scienti¯c issuesinvolved in
these interactive dynamic exploration environments [55]. The visualization li-
brary presented in this paper provides a solution to the visualization part of
the SVRE-project. It strivesto present the surgeonwith a powerful set of tools
and visualization classeswhich are both intuitiv e to useand °exible enoughto
obtain a clear understanding of the information contained in the datasets.

4.1 Vascular disorders

Figure 4.1: Volumetric scanof the abdominal aorta bifurcating into the femoral
aortas.

Veins and arteries are °exible tubesthat transport blood through the body.
The arteries transport oxygen-rich blood from the lungs, via the heart, towards
the organs. Veins carry the blood, from which the oxygen is taken, back to the
lungs. The aorta (an artery) is the largest blood vessel.When it passesthrough
an opening in the diaphragm it becomesthe abdominal aorta (¯gure 4.1). Near
the waist, the abdominal aorta bifurcates in the left and right femoral arteries,
into both legs.

Vascular disorderscan take place in arteries as well as in veins. Depending
on the location and size of the disorder they can be life-threatening. Their
causecan originate from a number of situations, such asgeneticdisorder or bad
nourishment. With both stenosisand aneurysms, the geometry of the artery
is of major importance while deciding upon treatment and severity. Classical
visualization methods provide the surgeonwith 2D slicesof the region, taken by
an MRI- or CT-scan. He has to construct the \real" 3D geometry in his mind
while scrolling through the images. This method is vulnerable to errors, due to
the overlooking of details or an incorrect reconstruction in the surgeonsmind.
It takesquite sometime to learn this technique and even experiencedsurgeons
can overlook problem areas,for examplewhen theseare aligned with the slicing
direction.

Aneurysm

An abdominal aortic aneurysm(AAA) represents a localizeddilation of at least
29 mm of the largest blood vesselin the lower part of the body, which supplies
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a: Abdominal aorta with aneurysm. b: Placing of Dacron graft.

Figure 4.2: Abdominal aorta aneurysm.

blood to the legs (¯gure 4.2). The frequency of aneurysms to form in this
location relates to abnormalities in blood °ow aswell aschangeswhich occur to
the blood vesselwall over time due to hardening of the arteries (atherosclerosis).
5 to 8 of every 100 men over 65 years old are a®ectedby AAA, and about 2
of every 100 women. In general, aneurysmsexpand over time and ultimately
burst, much like a balloon which continuesto expand and ¯nally blows up. The
rupture hascatastrophic consequences85%of the time. Only 18%of all patients
with ruptured AAA reach a hospital and survive surgery [56].

Treatmen t Treatment dependson the sizeand location of the aneurysm and
overall health. Patients with small (< 4-5 cm.) or stable aneurysmsin
the descendingaorta or abdominal parts (those farthest from the heart)
usually have regular check-ups and can live with the aneurysmsfor years.
Doctors may prescribe medicine to lower the blood pressure,thereby re-
lieving the stresson the artery wall. When the aneurysm reachesaround
5 cm. in diameter, there is a sharp increasein chance of aneurysm rup-
ture and surgery is recommended[57]. Without major complications, the
procedureconsistsof the following steps:

² The aorta above and the common iliac arteries below the aneurysm
are clamped o®with special vesselclamps;

² the aneurysmis openedand any blood clot (thrombus) on the inside
of the aneurysm is removed;

² any small artery openings in the aneurysm wall are oversewn;

² a prosthetic graft made of Dacron (which causesno reaction by the
body) is sutured in place betweenthe two ends(¯gure 4.2);

² the aneurysm wall is then wrapped around the Dacron graft;

² the clamps are removed and the wound is sutured.

Stenosis

Stenosisis a narrowing of the artery. This constriction can be causedby the
build-up of fat, cholesterol and other substancesover time. If the narrowing is
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severe, it reducesthe °ow of oxygen-rich blood to the body, which can result
in hypoxia (shortage of oxygen) and lung congestion. At the same time, the
heart has to work harder to push blood through the narrowed passageand may
becomedamagedas a result. 87% of all deaths and 74% of all hospitalizations
related to stenosisoccur in personsof age65 yearsor older [58].

Treatmen t There aredi®erent options for treatment, dependingon the severity
of the patient's condition. When the artery-wall is strong enough, and
the build-up not too large, the artery can be opened and the surgeon
can manually clean the inside of the wall. Another option is balloon
angioplasty: a balloon-like object is inserted into the artery. By pushing
slowly, it is positioned right in the middle of the stenosis, and slowly
pumped up. The \ballo on" is ¯lled and pushesthe wall away, thereby
widening the artery.

After a successfuloperation, the patient must visit the hospital frequently .
With periods varying between a few weeksand a couple of months, the
artery must be checked for evidenceof stenosis,especially near the region
where the previous stenosistook place. The build-up often re-occurs at
the sameplace or region, which is more vulnerable.

4.1.1 Scienti¯c visualization in medical analysis

There are situations in which the possiblecourseof action is not clear to the
surgeon. Treatments are not without risk, and must be avoided as much as
possible. Especially when surgery must be performed, it is not always clear
how to perform the operation and what the in°uence on the blood°ow will be.
The altered blood°ow dependsheavily on the exact location and method of the
surgery. An environment in which a real-life situation can be simulated and
several treatments can be tested, will provide useful clues to the surgeon. A
number of criteria must be met for such an environment to be useful:

1. Patient data. The surgeonmust be able to feedthe environment real data.
A patient's artery must be scannedand digitized in su±cient detail as to
enablesimulation.

2. Accurate simulation methods. If a surgeonneedsto simulate a treatment,
the computer must be able to simulate blood running through the vein
accurately. It is unthinkable to let a surgeonmake a decisionupon com-
puter results when it cannot be guaranteed that they are accurate and
simulate the blood°ow realistically. Furthermore, the simulation method
must be fast enough to be of any use. When the simulation takes weeks
or even days to ¯nish, its result will be useless. This criterium can be
relaxed when the environment is solely used for inspection of a patient's
condition.

3. Simulation result presentation. The data must bepresented to the surgeon
in such a way as to assist the surgeonin making the choice of treatment
of the patient's condition. The presentations should be intuitiv e and easy
to understand, without the needof extensive training.
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4. Intuitiv e interaction. Facilitating a quick and powerful inspection of the
medical data, the surgeon should not be hampered by poor interaction
methods. Positioning oneself in a virtual environment might take some
time to get used to, but ideally it should be as intuitiv e as navigating in
the real world.

Imaging techniquessuch as X-ray angiography, MRI or CT scannerscan be
usedto scana dangerousregion, which in turn can be diagnosedby a physician
by meansof a virtual environment to seeif there is a chanceof a distortion or
possibledisorder. Further details about this research can be found in [55].

4.2 Results

Any major irregular phenomenonof a blood°ow through an aneurysmor steno-
sis, like a sudden change in speed, direction or pressure,back°ow or stagnant
°ow is of importance to the physician in order to make a reliable choice con-
cerning the treatment. The visualization techniques described in section 3.5
must aid in locating such irregularities and, as far as the blood°ow concerns,
the cause.

The visualization methods were tested on the DRIVE system(section 2.3.1)
with 2 medical datasets:

² The stenosisdataset described in section 3.7.2.

² Blood°ow through the abdominal aorta was simulated using the D3Q19
quasi incompressibleLBGK method [59]. The time-dependent snapshot
is taken from the systole, where pressurebuilds up (see¯gure 4.3). The
simulation wascreatedusing Reynoldsnumber Re ' 1150and Womersley
parameter ® = 16 which is common for blood during rest periods of the
human aorta. A speedup in the femoral arteries is expected, with the
highest velocities near their axis. They werecreatedby A.M. Artoli using
a dataset from the Stanford University [14].

Figure 4.3: Pressure(y) versus time (x) of blood°ow through the abdominal
aorta during a systolic cycle. The black dot denotesthe snapshotwhich is used
in this test case.

The interaction classesvtkCAVEMenu3Dand vtkSourceCursor and the gene-
ral purposeclasscFlowField function similarly with medical datasets as they
do with other data. Therefore no additional tests were necessary.
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a: Hooks and no subsampleratio. b: Conesand random subsampling,
with °ow¯eld and glyphs menus.

Figure 4.4: Abdominal aorta (seepage79 for enlargedimages).

Glyphs

Both conesand hooks createrepresentations useful for °ow analysis. The hooks
need no subsampling while still allowing a smooth interaction with the data
(¯gure 4.4-a). Becauseof the high density the orientation of glyphs is mostly
lost and it remainsdi±cult to ¯nd the generaldirection of the °ow or anomalies.
But when the dataset consistsof such a large amount of voxels, the glyph-hooks
can actually be used as a kind of rough raycasting method. As in raycasting,
the direction of the °ow is not obvious anymore, but colouring the glyphs by a
scalar °ow property createsthe \fuzzy" visualization which is expected by this
abdominal aorta °ow simulation. This dependsheavily on the relative amount
and placement of non-zerovectors in the dataset.

A subsampledcollection of conesdoes provide more information about the
direction, while still showing a good global view (¯gure 4.4-b). Areas with
higher speedsare ¯lled with larger glyphs, immediately drawing attention to
theseareas.

a: Normal subsampling. b: Random subsampling.

Figure 4.5: Stenosisvisualization.

The stenosisdataset provides a good example of the necessity of random
subsampling(¯gure 4.5). With an unfortunate subsamplingvalue, anomaliesor
interesting regionsmight quickly be overlooked. A practical problem concerning
both datasetswere the extremely small vectors. The scalingof glyphs by vector
magnitude works well, but in order to visualize a large group of glyphs with
relative small sizes,the anomaliesmight obscurepart of the data (¯gure 4.5-b).

Raycasting

The dataset of an abdominal aorta (¯gure 4.6) was visualized on the VolView
application.
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a: Standard mapping. b: Highlighted mapping.

Figure 4.6: Front view of °ow velocity in abdominal aorta (seepages80-81for
enlargedand perspective views).

Figure 4.6-a usesan intuitiv e mapping from blue to red, resulting in a visu-
alization wherethe interesting (high °ow speed)areascan be located. When for
examplea speci¯c threshold of speedis important, the mapping can be re¯ned
to highlight the visualization of theseareas(¯gure 4.6-b). The dark ring around
the high-speedarea's seemsto indicate a sudden drop in velocity which is not
present in the actual data (¯gure 4.6-a). The spikes in the lookup table cause
this phenomenon,in order to highlight the high-speedarea. Care must be taken
when such a mapping is usedfor datasetswith unknown behaviour, in order not
to createphenomenain the visual representation which are solely causedby the
choice of mapping values.

These 2D examplesof raycasted imagesshow that volumetric rendering is
a very powerful method in °ow visualization. They provide an intuitiv e re-
presentation of its scalar properties such as pressureor speed. The VolView
application usesa low resolution image during manipulation of the visualiza-
tion. When the object is released,a high resolution image is computed, which
usually takes only a few seconds. Thus, smooth interaction and high quality
imagesare successfullycombined.

Surface rendering

Medical datasets describing arteries and veins often contain irregular geome-
tries. Finding the actual °ow can take valuable time. Without an artery-wall
representation to locate the actual °ow, the usermight move the cursor through
zero-speedvoxels, which will not create any visual representation. Surfaceren-
dering can create a simple wall representation, aiding the user in positioning
the cursor immediately inside the °ow.

Surfacerendering proved valuable in highlighting areasabove a speci¯c pres-
sure or speed(see¯gure 4.7). Often positioned deepwithin the blood°ow, the
surfacesprovide clear representations of these areas. The visualization of low-
pressureareas was not very successfulwith the used datasets. They did not
contain any irregular low-pressureareasdeep within the °ow. Low speed and
pressurevalues were mostly found near the artery wall. A surface visualiza-
tion of these areascreatesa kind of \second skin" near the geometry surface,
without adding distinctiv ely useful information. But in other medical datasets
the occurrenceof irregularities such as a low-pressurearea located deepwithin
the artery is very well possible. Surfacerendering will help locating theseareas
quickly.
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Figure 4.7: 3 iso-surfacesdepicting the geometry of the abdominal aorta, mean
(green) and high (red) speedvisualization.

Streamlines

Figure 4.8-a shows the convergenceof the stream in the stenosis.The colour of
the streamtubesshows the speed,using a lookup table as shown in ¯gure 3.8-b.
When encircling the visualization, the symmetry around the stenosis'axis can
be clearly seen.

a: Streamlines,originating from b: Perspective view of aorta.
a plane cursor, integrating

through a stenosis.

Figure 4.8: Streamlines in medical datasets(seepage82 for enlargedimages).

The extremely small vectors often present in medical datasets provide a
slightly more di±cult task for the surgeonwhile ¯ne-tuning the visual represen-
tation. A correct integration-step might take sometime to ¯nd. The terminal
speedneedscareful adjustment as well. If it is set too high, streamlines might
be cut o®prematurely or not be able to start integrating from the cursor at all.
If it is set too low, the complete virtual environment can be slowed down due
to the computation and creation of thousandsof streamline-points packed close
together.

The expectedincreasein speedin both femoral aortas is visualizedby colour-
ing the streamlines by the vector-magnitude (see4.8-b). As expected, the in-
creasein speed is the highest in the middle of both femoral aortas, decreasing
towards the wall.
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a: Coloured by pressure.

b: Coloured by speed,with artery wall representation.

Figure 4.9: Close-up of particles through a stenosis(seepage 83 for a colour
version).

Animated particles

In ¯gure 4.9-a the cursor is placed on the right side of the artery, symmetrical
around its axis. The particles show the convergenceand speedup near the
narrowing of the tube. They are coloured by the pressureof the °ow by using
a blue (low) to red (high) lookup table. The expected increasein pressurenear
the narrowing of the artery is visualized by the red glyphs, which drop back to
blue assoon asthe particles are pushedthrough the stenosis.The small vectors,
locatedon a very small domain, posedno problemsfor the lookup table, sincethe
animated particles wereonly positioned on voxelswhich contained valueswithin
this subdomain. Figure 4.9-b shows a similar snapshot, but here the particles
are coloured by their speed. The wireframe representation of the artery wall
facilitates the positioning of the cursor.

4.2.1 Discussion

The test caseused2 medical datasetsvisualized by FlowFish. They show that
the FlowFish library has potential for visualizing such complex °ows in an im-
mersive environment. Such an environment provides many clues and hints to
the surgeon,extending the limited representations of 2D environments by far.
Still, a lot of work has to be done beforedoctors and surgeonscan take bene¯t
of thesevisualization methods.

The parameterization remains di±cult. During this research, \correct" set-
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tings were only empirically obtained through extensive use of such datasets.
When a \correct visualization" is de¯ned for a speci¯c analysissuch assurgeons
need,it can be usedto set visualization parametersautomatically wherever pos-
sible. The remaining parametersmust be translated to a de¯nition the end-user
(e.g. a surgeon) is familiar with, so he can usethem intuitiv ely.

The interaction between user and visualization object is yet far from intu-
itiv e. Widgets like histograms must be available which show statistics of °ow
properties such as minimum and maximum values. Using these,the doctor can
¯nd interesting regionsfaster.
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Conclusion

This thesis presents a °ow visualization library , FlowFish. Its goal is the cre-
ation of visual representations of complex °ow data in virtual environments to
aid in °ow analysis. By immersing the scientist in a virtual environment, Flow-
Fish o®ersdirect interaction with the visualizations and their parameters. This
facilitates intuitiv e navigation and interaction and provides additional guidance
over desktopvisualization environments by meansof depth-cuessuch asmotion-
parallax and stereoscopicimages.

FlowFish includes support classesfor data-handling methods and interac-
tion, global visualization methods (such as glyphs and iso-surfaces)and local
visualization methods (such as streamlinesand animated particles). The scien-
tist is able to acquireboth a global aswell asa detailed view by combining these
various methods.

The visualization methods can combine both vector and scalar properties
of °ow into their visual representation, thereby clarifying the mutual relation
between °ow properties and their behaviour over time. FlowFish allows the
update of time-dependent °ow visualizations as soon as an update of data oc-
curs. Thereforechangesin the °ow are immediately re°ected in the visualization
environment.

Visualizations do not show the exact valuesof °ow data. Instead a mapping
from data valuesto visualization parametersis used. Flow data is represented by
geometric constructs that are represented visually. This relative representation
doesnot posea real limitation on the visual representations; often the scientist
is interested in the relative behaviour of °ow properties, e.g. relatively low
speed or relatively high pressure. The interaction items associated with the
visualization parameters therefore refrain from using absolute values as much
as possible since the relation between an absolute value and a relative visual
representation might not always be clear. But when in-depth knowledgeabout
the °ow data is available, someprobing tool which shows absolute values, can
be useful [32].

Becausethe °ow visualization methods presented in this thesis are used in
interactive VEs, a trade-o® betweenvisual accuracy and visualization speed is
often necessary. Performancetestsshow that sometimesrelatively largeamounts
of data must be left out of the visualization in order to maintain good perfor-
mance. FlowFish's classesinclude several methods to reduce complexity and
increaseperformance,such as reduction of data and simpli¯ed visual represen-

67



68 CHAPTER 5. CONCLUSION

tations, o®eringboth complex visualizations as well as smooth interaction.
In order to obtain the highest possibleimage quality, a good parameteriza-

tion of visualization parametersmust be found. Evenexperiencedusershavedif-
¯culties with ¯nding useful valueswhile visualizing an unknown dataset. There
is not much the visualization application can do but to o®er clues by means
of small visual data-analysessuch as histograms. The \useful" value of visu-
alization parameters in terms of e®ectivenessand performance,depend heavily
on the represented data. Methods to analyze the data and automatically ¯nd
useful settings for a wide range of datasets, proves a very di±cult task, one
which is not solved in this project.

5.1 Discussion

The tests were performed with only a few °ow datasets. To compare the visu-
alization methods unbiased,more data is actually needed. Experts in di®erent
scienti¯c ¯elds concerning °ow simulation and analysis should give their opin-
ion on how well the visualization methods work by judging the resulting visual
representations of both known and unknown °ow data.

Finding the correct parameterization of visual representation remainsa com-
plex subject. By lack of expert systems,human intervention remains necessary.
There are many settings though, which have a commondependenceon the data:
for example,when the properties of the hardware graphics engineare known, a
visualization instancecanchooseto apply a certain subsamplingratio depending
on the sizeof the original data [60].

Most °ows encountered in real life are not stable. Independently of the
applied visualization method, great caremust be taken while analyzing the °ow
by means of one or more snapshots. Whether a single snapshot can be held
representativ e for the overall °ow behaviour over time, is a question which must
be consideredcarefully for each °ow with regard to the goal of the analysis.
The perfect solution would be hardware which is fast enoughto render scienti¯c
visualizations real time, o®eringboth single snapshotsas well as a continuous
representation of time-dependent °ow.

At the current state of hardware, such fast visualizations are not yet pos-
sible. An approximation of the overall °ow behaviour might be created by
showing several snapshotsor compute a kind of \overall °ow state" from di®er-
ent snapshots.But both a singlesnapshotaswell asan overall view of the data
su®erfrom \fo cus" problems; a snapshot disregardsboth previous and future
behaviour and anomalies,while the overall view disregardsanomaliesoccurring
in a single time step. Becausehardware and software are as of yet not fast
enoughto render a complex °ow in a real time immersive environment without
omitting a signi¯cant amount of data, care must always be taken while analyz-
ing the representations. The scientist must never confusethe representations of
data for the real data.

The °ow visualization presented in this thesisshow a promising trend in per-
formanceand picture quality. The presented visualization methodsall have their
advantagesand will createa useful visual representation to scientists when com-
bined and shown in an immersive virtual environment. Speedand performance
of hardware keepsexpanding, o®ering faster visualizations and computations
every year. When high-quality visualizations of complex °ow can be visualized
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on a commodit y workstation today, wonderful visualization possibilities will
becomepossiblein the near future.

5.2 Future work

The creation of intuitiv e interaction objects in an immersive virtual environ-
ment still remains a challenge. Useful widgets such as sliders and lookup table
representations, which should be relatively small and easy to use, will greatly
improve the interaction possibilities. The VTK library upon which FlowFish
is built, includes items such as scalar bars, which show the mapping of a °ow
property to visualization parameter. Unfortunately, the VTKtoCA VE library
doesnot support theseobjects in the DRIVE environment yet.

Experiments with raycasting methods show great potential. Work should
be done to include this visualization method in the DRIVE environment using
hard- and software support.

Recent ideasfor di®erent visualization methodswhich might help to visualize
anomaliessuch asback°ow will extend the visualization and analysispossibilities
o®eredby FlowFish. Related work recently publishedby othersshow alternativ e
°ow visualization methods that could be interesting [24][25][61].

The importanceof time-dependent °ows in °ow analysisdemandan interface
that facilitates accessto di®erent snapshotsand enablesplayback, stop, rewind
and synchronization options (for example,with animated particles).

Navigation through an environment such as created by FlowFish is often
centered around only one visual object. The user often zooms in or out while
circling around the object. Instead of a common\Eulerian" navigation, a polar
navigation most likely decreasesnavigation-time. The user-movements describe
a spherewith the visualization object as its center.

Automatic adjustments in order to ¯nd the best combination of imagequal-
it y and performancemight be performed by FlowFish, visualization objects or
the visualization environment, but this is far from trivial. There is an ongoing
research in the sectionComputational Scienceof the UvA concerningthe imple-
mentation of intelligent agents which canbeusedto set visualization parameters
(semi-)automatically.

More tests can be performed on the performanceof visualizations, in order
to locate bottlenecks. The multiple stages in the visualization processturn
this into a complex analysis which is far from straightforward. Some initial
testing hasbeenperformed on glyph visualization, but a more in-depth analysis
of glyphs and other visualization methods might reveal interesting results and
behaviour of the di®erent parts of the visualization pipeline.
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a: Original dataset (hooks, front). b: Subsampleratio of 8.

c: Original dataset (cones,bottom). c: Subsampleratio of 7.

Figure A.1: The e®ectof subsampling on glyph visualization of a whirlwind
simulation.
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a: Aliasing e®ectin a b: Random subsampleddataset,
regularly subsampleddataset. preventing aliasing.

Figure A.2: Aliasing e®ectduring subsampling(top-view).

a: Low, mean and high value iso-surface b: Top-perspective view.

Figure A.3: Iso-surfacevisualization of the vector-magnitudes(speed)of a whirl-
wind simulation.
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Whirlwind. Mixer.

Figure A.4: Streamline examples.

Figure A.5: Static particle exampleof a whirlwind simulation (bottom-up).

integration step 0.8 integration step 1.6 integration step 3.2

Figure A.6: Impact of integration steplength.
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Figure A.7: Raycasted image of a 3D static reactor (SMRX) ¯lter (seesection
3.7 for a description) [48]. The arrow denotesthe °ow direction.

a: Cone visualization. b: Hook visualization.

Figure A.8: Glyph visualization of a whirlwind simulation without subsampling.
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Figure A.9: Glyph visualization of several datasets, not synchronized with the
vertical screenretrace.
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Figure A.10: Glyph visualization of several datasets,synchronized with vertical
screenretrace.
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Figure A.11: Hook and conevisualizations on subdomains using a step size of
1.

a: Front view b: Perspective view.

Figure A.12: Stenosisspeedvisualization. The arrow denotesthe °ow direction.

a: Blue-red lookup table. b: Black-white lookup table.

Figure A.13: Stenosispressurevisualization. The arrow denotesthe °ow direc-
tion.
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Figure A.14: Converging streamlines in double mixer.

Figure A.15: Close-upof particles entering the nexus of the whirlwind.

Figure A.16: Particles entering the whirlwind at di®erent heights.
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a: Hooks and no subsampleratio.

b: Conesand random subsampling.
Underneath, from left to right, °ow¯eld menu,

glyphs menu and (glyphs-)subsamplemenu.

Figure A.17: Abdominal aorta.
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a: Standard mapping.

b: Highlighted mapping.

Figure A.18: Front view of °ow velocity in abdominal aorta.
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Figure A.19: Abdominal aorta (perspective view: top-front).
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Figure A.20: Streamlines,originating from a plane cursor on the right, integrat-
ing through a stenosis.

Figure A.21: Perspective view of aorta.
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a: Coloured by pressure.

b: Coloured by speed,with artery wall representation.

Figure A.22: Close-upof particles through a stenosis.
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