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Figure1: Volumevisualizationrepresentingauser’s interestin aback-flow regionandvorticalstructures(left side,moredetailsin section6.1)
andin the in-flow of hot fluid in anextendedT-junction (right side,moredetailsin section6.2). Volumerendering(back-flow region, left,
andnot-hothigh pressureareas,andtheright), a gradient-dependentiso-surface(316K, right), andinterest-dependentstreamlinesareused.

ABSTRACT

Comprehendingresultsfrom 3D CFD simulationis a difficult task.
In this paper, we presenta semantics-basedapproachto feature-
basedvolumerenderingof 3D flow data.We make useof interac-
tive featurespecificationto acquirederiveddataaboutwhatis most
interestingto theuser. This processresultsin so-calleddegree-of-
interest(DOI) values,associatedwith theoriginal dataitems.This
informationis thenusedduringthevisualizationmappingto allow
for visualizationof flow semantics.We presentthreedifferentap-
proachesin this paper: (a) isosurfacing the degreeof interest–
theresultis atriplet (or quintuplet)of iso-surfacesrepresentinglev-
els of interest; (b) featurevolumes– volumerenderingis usedto
depict3D distributionsof DOI values; and(c) interest-basedseed-
ing of streamlines,resultingin reducedclutter while focusingon
the most interestingpartsof the 3D flow. We utilize fastvolume
rendering(RTVR) for real-timeviewing, alsoproviding two-level
volumerendering,which allows to seamlesslyintegrateall of the
above-mentionedapproaches.

CR Categories: I.6.6 [Simulation,Modelling,andVisualization]:
simulationoutputanalysis;I.6.9 [Simulation,Modelling, andVi-
sualization]:visualization—flow visualization,informationvisual-
ization,multivariatevisualization,volumevisualization;

Keywords: flow visualization,feature-basedvisualization,vol-
umevisualization

1 INTRODUCTION

Thevisualizationof flow data-setswhichresultfrom computational
simulationgainsincreasingimportancedueto theincreaseduseof���
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flow simulationin severalfieldsof modernindustry– awell-known
exampleis thesimulationof air flow aroundnew flight vehicles.

In our case,the visualizationuserssimulatefluid or gasflows
within complex 3D geometries,suchas combustion processesin
the automotive environment.. Also, floods and avalanches(both
hot topics in Austria) are investigatedby meansof computational
simulation.Due to thesizeandthecomplexity of their data,user-
orientedvisualizationis neededto help answeringspecificques-
tionsaboutthedataduringdataanalysisandexploration.

Also, visualizationprovesto beveryusefulwhenthesimulation
processitself is investigated– questionssuchasof whetherthegrid
designwasappropriatewith respectto thesimulatedflow features
andof whethertheboundaryconditionsactuallyprovidedarealistic
interfacebetweenthe“world setting”of thesimulationandits inner
processesneedto becheckedaftermostrunsof a simulation.

1.1 Flow data and visualization

Thevisualizationof flow datastill is achallengingfield of research
andapplications.This is becauseusuallylots of data-itemsneedto
be visualized(up to millions of those),often complex grid struc-
turesare involved (suchasunstructuredgrids, for example),and
realflows usuallyarethree-dimensionalandtime-dependent(pos-
ing majorchallengeswith 3D visualizationsuchastremendousre-
sourcerequirementsandhandlingof occlusion).Resultsfrom com-
putationalflow simulationalsooftenprovideseveraladditionaldata
attributesper data-item,requiring visualizationtechniqueswhich
arefit for multi-dimensionaldata.

Tocopewith theabovementionedchallenges,visualizationtech-
niquesarerequired,which focuson especiallyinterestingsub-sets
of the data. If not all of the datais shown simultaneously, occlu-
sionproblemsarereducedin 3D visualizationandresourcerequire-
mentsaremoderated,accordingly. Feature-basedvisualizationof



flow datais onevery usefulapproachaswell asfocus+context vi-
sualization� of datafrom flow simulation. While literature[20] al-
readyprovidesa setof verygoodsolutionsin feature-basedvisual-
ization– examplesareiconicvisualizationof flow features[21, 23]
or theuseof flow topologyfor visualization[7, 22] –, focus+context
visualizationof flow dataonly recentlybecameanactivefield of re-
search[3]. Thework presentedherebuild uponthis latterapproach.

With respectto the multi-dimensionalcharacterof data from
computationalflow simulation,visualizationtechniqueswhich ex-
tendtheusualdomainof scientificvisualizationareneeded.In in-
formationvisualizationwe find many usefulapproachesto thevi-
sualizationof multi-dimensionaldata[1, 12]. The integration of
techniquesfrom informationvisualizationsuchasscatterplots,his-
tograms,andparallelcoordinates[8] alreadyproved to be useful,
alsoin scientificvisualization[5].

1.2 Flow data and volume visualization

Volumerenderingdefinitely is oneof themostprominentfieldsof
visualizationresearch.Very useful resultshave beenachieved in
medicalapplications.Volumerenderingalsohasbeenappliedto
datafrom flow simulation,howeverwith limited success.Thespec-
ificationof propertransferfunctions,for example,whichalreadyis
a challengingproblemin 3D medicalvisualization,even more is
difficult in 3D flow visualization.

Probablythemostimportantreasonfor thisproblemis, thatmed-
ical dataandflow datainherentlyhavedifferentdatacharacteristics.
Whereasin medicaldatawe usuallyhave tissueboundaries(which
areto beshown in medicalvisualization),in flow dataweoftenmiss
such(rathersharp)boundariesbetweensub-setsof theflow. Flow
featuresoften aresmoothlydelimited. Thustools, which already
provedtheirexcellencein medicalapplicationssuchasiso-surfaces
(computedwith marchingcubes[16]) and alpha-compositingof
gradient-weightedvoxel data[14], do not produceasmeaningful
resultsasin medicalvisualization.

The respective visualizationmetaphorof representingdataby
somekind of thresholdingneedsto be adaptedto datafrom flow
simulation. In this paper, we extend– asonepartof our contribu-
tion (section4) – iso-surfacingandalpha-compositingfor volume
renderingto bettermatchthespecialsituationof flow visualization.

1.3 User questions and visualization

The other part of our contribution in this paperis that we more
directly involve theuserwithin thevisualizationprocess(morede-
tails in section2). We do so to morespecificallyrespondto the
actualuserquestions.A typical userquestionwould enquireabout
wherein the flow domainthereare data-itemsof certaincharac-
teristics– datacharacteristicswhich arespecifiedin termsof ad-
ditional flow dimensionssuchaspressureor temperature.During
theinvestigationof water-flow throughanextendedT-junction,the
user, for example,is interestedin vortical structuresandmedium-
hot flow-regionsastheinterfacebetweenthewarmandthehot in-
flow. Figure6 shows a volumevisualizationresponseto this ques-
tion.

Therefore,atool for interactiveanalysisshould,ontheonehand,
allow the userto easilyformulatehis or herquestionsand,on the
otherhand,shouldalsoprovideusefulvisualizationanswers,which
aretailoredto theuserquestions,accordingly. In our software,we
useaninteractive assessmentstepin thefirst place,which is based
on multiple, linkedviews aswell ason interactive brushingto de-
terminewhat the usercurrently is interestedin (seesection2 for
moredetails).

Figure2: Volumerenderingusedto represent(a) structureswith a
significantamountof turbulent-kineticenergy (green:in mainflow-
direction; red: in oppositedirection)and(b) regionsof medium-
warmflow (in front of thehotwatercomingin from thefront inlet).

The userinterest,calleddegreeof interest(DOI), is codedper
data-itemandrangesfrom 0 (data-itemnot interesting)to 1 (max-
imal interest). If the useris concurrentlyinterestedin morethan
just onequestion,thenseveralDOI valuescanbeattachedto each
data-item.During visualizationwe thenusethe DOI information
(insteadof theoriginal data)to visually representthe currentdata
assessment.We have adaptediso-surfacinganddirectvolumeren-
deringto give meaningfulresultswhenappliedto DOI data(more
detailsin section4).

Sothemain ideabeyondthis paperis to first assessthedata(in
termsof what currently is most interestingto the user),and then
usethis informationto visualizethe datainterpretationinsteadof
the dataitself. We thereforetalk aboutthis approachas being a
visualizationof flowsemantics, becausenot thedataitself is shown
but its meaningto theuser.

The remainderof this paperis structuredas follows: Next, in
Sect.2, we shortly describeour interactive approachto assessthe
flow data(basedon previouswork [3, 4]). In Sect.3 we thende-
scribehow weusehardware-acceleratedresamplingto easethedata
accessduring volume visualization. Sect.4 then presentsthree
variantsof visualizationmappingfor datarepresentingthedataas-
sessment.Afterwards,we shortly describereal-timevolumeren-
deringwhich we usefor actualvisualization(Sect.5, also based
on previouswork [6, 18]). Finally, resultsarepresentedin Sect.6
beforethepaperis summarizedandconcluded.

2 INTERACTIVE DATA ASSESSMENT

In this section,we describehow a systemof multiple, linkedviews
is used(togetherwith interactive brushing)to determinewhat the
usercurrently is most interestedin. We also describedegree-of-
interest(DOI) valueswhich areusedto representtheresultsof the
dataassessment.Although this part of our approachconsiderably
is basedon previous work [3, 4], we neverthelessneedto shortly
presentit hereasit is anintegral partof ourmainconcept.

2.1 Linking and brushing

In the interactive assessmentstep,the userinvestigatesthe multi-
dimensionalsimulationdataby usingmultiple,linkedviews,which



Figure3: A 2D scatterplotof thecatalyticconverterdata( � : over-
all velocities, 	 : verticalflow-components).Smoothbrushingwas
usedto selectdatawith asignificant“downwards”flow-component.

all show thesamedata,but usuallydifferentdataattributestheirof.
We provide scatterplots,histograms,andalsoparallelcoordinates
for flow dataassessment.On demand,the userbrings up views
asrequiredandadjuststhemto show exactly thosedatadimensions
whichcurrentlyaremostrelatedto theuser’scurrentinterest.In the
exampleof thecatalyticconvertertheuserfirst usesa scatterplotto
first visualizea2D distributionof theflow datawith respectto flow
velocities(horizontalaxis)andthevertical componentof theflow
vectors(verticalaxis)– seefigure3 for thisvisualization.

After interactive exploration, the userstartsto formulatewhat
he or sheis currentlymostinterestedin: to do so, the userworks
out thedata-itemsof interestby iteratively restrictingthesub-setof
interestwith respectto certaindatadimensions.This is achieved
by interactively brushingwhat actually is shown in the specific
views. Continuingwith theconverter-example,theuserwould in-
teractively brushthe lower left part of the plot to denotethat she
is currentlymostinterestedin flow with a significantdownwards-
componentin flow vectors(figure 3 shows the view directly after
this first operation).

In a next step, the user would bring up anotherscatterplot
showing again flow velocities but now versushorizontal flow-
componentsacrosstheflow. With anotherbrush,a secondsub-set
of interestis described.So, stepby step,the userconcretizesthe
descriptionof her currentinterest. 3D visualization,asdescribed
below (section4), supportsthis stepby interactive spatialfeedback
(figure 6, for example,shows the responseto theabove described
brushinginteractions).

2.2 Degree-of-interest values

As alreadydescribed,we usedegree-of-interest(DOI) valuesto
representwhat theuser(currently)is mostinterestingin. We have
alsoalreadymentionedthat in the caseof more thanonecurrent

user question,several of such DOI valuesare attachedto data-
items. Also important to mentionis that smoothbrushing[4] is
usedto gain DOI valueswhich non-binarilyspanthe interval be-
tween0 (no interestat all) and1 (maximalinterest).Thereby, the
usercanwork aroundthecasethat thesmoothdistribution of data
propertiesacrosstheflow domaindoesnotallow asharpandmean-
ingful segmentationinto interestingversusnot interestingpartsof
theflow. Thisalsocanbeinterpretedasassigningafuzzysetmem-
bership[17] with respectto thedatasub-setof interest.

To enabletheuserto specificallyformulatehis or herquestions
it is necessaryto allow complex combinationsof simple restric-
tions. In the interfaceof our application,logical AND- andOR-
combinationsareprovided throughtheuseof modifierkeys while
brushingwith the mouse. The applicationexplicitly represents
a compositebrushin termsof a so-calledfeaturedefinition lan-
guage[3]; a separateview, similar to a regular tree viewer of a
file-system,allows to directly manipulatethe settingsof eachand
any brushbeingusedvia slidersandnumericinput. DOI valuesare
computedfrom thelogicalcompositiontreeby hierarchicallyusing
amin- or amax-combinationwherea t-norm(AND) or a t-conorm
(OR) is required,respectively.

Althoughthereareinterestingalternativesfor logically combina-
tionsof fuzzy sets[11], we finally chosemin/max for our system
sincethis decisionenabledfastcomputationsandalsothedrop-off
to zero,whencombiningtwo fractionalvalues,is minimal with re-
spectto otheralternatives.

3 HW-ACCELERATED RESAMPLING

Flow data-setsfrom computationalsimulationusuallyarelaid out
on non-Cartesiangrids suchas curvi-linear grids or unstructured
grids.To enablefastvolumevisualizationof 3D flow semantics,we
usea variantof a hardware-acceleratedresamplingapproach[24]
to provide fast accessto the flow datawith respectto Cartesian
coordinates.

The simulationresults,which we arevisualizing, aregiven in
the form of cell-baseddata, i.e., dataattributessuchas the flow
vector, pressure,temperature,etc.,aregivenoncepergrid cell. For
fastvolumevisualizationit is crucial to efficiently interrogateany
dataattributesof needwith respectto (almost)arbitraryspatiallo-
cations. Sincewe usuallyneedaccessto multiple dataattributes
duringvisualization,wedecidedto notdirectly resampletheall the
neededdata,attributeby attribute,but to computea 3D redirection
tablein thedesiredresamplingresolution(usuallyweuse512vox-
els in theonedimensionwith greatestextent),andlateraccessthe
dataindirectly throughthis 3D table.

To computethe redirectiontable,we first decomposethesimu-
lation grid into tetrahedra.Then, for every tetrahedron,we store
thecell-index which refersto therespective cell in theunstructured
meshin theR-, G-, andB-componentof all theverticesof thetetra-
hedron.During resampling,thena Cartesiangrid of cell-indicesis
computedwhichconsequentlythenis usedto accessall theneeded
dataattributes,availableat theoriginal grid cells.

4 VISUALIZATION MAPPING

In this sectionwe describethreeadaptationsof well-know volume
visualizationalgorithmsto bettermatchthesituationof visualizing
3D flow semantics.First, we describetwo waysof how to adapt
iso-surfacesto betterreflect their actualsharpnesswith regard to
the underlyingdata. Then,we discussvolumerenderingof DOI



Figure4: Iso-surfacewith respectto 316K (hot waterfloating in
from the top inlet), whosevoxels aremoreopaquethe larger the
temperaturegradientis atthesamevoxel. Similarly, thecolorof the
iso-surfacevariesfrom red(largegradients)via yellow to greed.

values. Finally, we presenta DOI-baseduseof streamlinesin 3D
flow visualization.

4.1 Iso-surfacing the degree of interest

Iso-surfacesarea very usefulinstrumentto visualizescalardatain
3D. This is mostly dueto their visually sharpappearance.When
shaded,very gooddepthperceptionis achieved. The worth of an
iso-surface,however, is dependenton how meaningfulthe respec-
tive iso-valueis. Whenvisualizingamedicaldata-set,for example,
acquiredwith a computertomograph,aniso-valueof +1000HU in
generalis well-suitedto separatebonesfrom therestof thedata.

An iso-surface sharplypartitions the data-setsinto data-items
with the respective dataattribute beingsmallerthanthe iso-value
on theonesideof theiso-surfaceanddata-itemswith a largerdata
attributeof intereston the otherside. If thedistribution of the in-
vestigateddataattribute is rathersmoothwith respectto its spatial
locations,thenan iso-surfacemight be even misleadingin places
wherethereis not muchchangein thedataattributeof interest– a
smallvariationof the iso-valuewould causedrasticchangesin the
geometricallayoutof theiso-surface.

Below, we now presenttwo variantsof standardiso-surfaces
which betterreflecttheir sharpnesswith respectto the underlying
data,thusbeingbettersuitedfor rathersmoothdatasuchasflow
datafrom computationalsimulation.Sinceall of theheredescribed
volumevisualizationtechniquesareintegratedwithin avolumeren-
deringsetup,the below describediso-surfacesare representedas
voxel-surfaces[18].

Gradient-dependent opacity of iso-surfaces

As afirst extension,wepresentiso-surfaceswhichexhibit asurface
opacitywhich is dependenton thegradientmagnitudewith respect
to thedataattributeunderinvestigation.Similartowindowing of in-
tensityvaluesin medicalvisualization,theopacity 
�� of a voxel 

is definedas
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where� � denotesthegradientof theinvestigateddataattribute, �7! "
and � ��� bounda rangeof gradientmagnitudesin which thesurface
opacity linearly increasesfrom 
8! " to 
8��� . While � ! " often is set
to G , settinganupperlimit of � ���IHKJMLON � � � � � especiallyis useful

Figure5: Iso-surfacetriplet usedto representauser’s interestin hot
regionsof the flow. Reddenotesmaximal interest(hottestparts),
greenmediuminterest,and blue leastinterest,all accordingto a
DOI-assessment,specifiedbeforethevisualizationinteractively.

whenpartsof theiso-surfacecoincidewith theboundarygeometry
of theflow whereusuallylargegradientsoccur.

A sampleimage demonstratingthis kind of a iso-surface is
shown in figure4. Themoretransparenttheiso-surfaceis, theless
it actuallytellsdueto smallgradientsat therespectiveplaces.Also,
a color transferfunctionhasbeenusedwhich assignsthreediffer-
entcolorswith respectto small,medium,andlargegradientmag-
nitudes. This color schemeis an additionalhelp with the correct
interpretationof theiso-surface.

Iso-surface triplets

Another extension of standardiso-surfaceswe presentare iso-
surfacetriplets,whichalsohelpto correctlyreadthesharpnessof an
iso-surface.Insteadof oneiso-surface,a setof threeiso-surfacesis
rendered.With respectto oneso-calledreferenceiso-surface(iso-
value POQSRUT andsurfaceopacity 
�QSRVT ), two additionaliso-surfacesare
specified.With respectto the settingsof iso-values POW and P�X , as
well asof surfaceopacities
8W and 
8X , we proposetwo different
specification-modesfor iso-surface triplets: reference-insideand
intermediate-reference.

In the reference-insidespecification-modeof an iso-surface
triplet, surfaceiso-valuesaresortedP WZY P X[Y P Q\RVT , i.e., therefer-
enceiso-surfaceis the inner-most,assumingthat thedataattribute
underinvestigationexhibits increasingvaluesoutside-in. Usually
anequidistantspacingbetweenthethreeiso-valuesis usedsuchthat

6 P�QSRUT�9]P�X7;^� 6 P�X?9]P�W�;_�`POa RVb , wherethe usercanadjust P�a RVb
in the userinterface. For the reference-insidetype of iso-surface
triplets, increasingvaluesof surfaceopacitiesproved to be use-
ful: 
 WcY 
8X Y 
8QSRUT with 
8QSRUTedgf . Again,anequidistantspacing
of thethreeopacitiesis usefulwith thedistancesetby theuser. The
reference-insideiso-surfacetriplet is usefulfor DOI visualization,
using P QSRUT �hf*9ci to representthe100%-interestsub-setswith the
referenceiso-surface,and P�a Rjb �lknm o , for example,to alsodenote
whereinterestdropsto 75%and50%,respectively. In figure5 we
demonstratetheuseof thiskind of DOI visualization.

In the intermediate-referencemodeof specifyingan iso-surface
triplet, surfaceiso-valuesaresorted P WpY POQSRUT Y POX , i.e., the ref-
erenceiso-surfaceis in-betweenthetwo others.Two differentvari-
antsof settingtheiso-valuespacingprovedto beuseful:equidistant
spacingwith 6 P X 9]P QSRUT ;q� 6 P QSRVT 9rP W ;q�KP a RVb , wherethe user
setsP�a Rjb , andproportionalspacingwith

P QSRUT 9sP WP�QSRUT�9]P�! " � P X 9rP QSRUTP����I9rPOQ\RVT



Figure6: Volumerenderingof all thoseplacesin a catalyticcon-
verterwhereflow vectorsexhibit a relatively strongvertical flow-
component(red: upwards,blue:downwards)– a recirculationbub-
blebecomesapparentin theupperpart,beforeconversionblock.

with PO! " and P���� denotingthevaluerangeof thedataattributeun-
der investigation.In this case,the iso-valuesof theadditionaltwo
iso-surfacespartition the value rangebelow and above the refer-
enceiso-valueproportionally. Thereby, for example,it is possible
to easilyadjusttheiso-surfacetriplet in a waysuchthat,regardless
which iso-valueis usedfor thereferenceiso-surface,theouteriso-
surfacealwaysrepresentsthepropertyboundaryhalf-way to min-
imum (with respectto the dataattribute underinvestigation),and
theinneriso-surfacehalf-wayto maximum.For thesurfaceopacity
setting,usually 
 W �`
8Xs� 6 
8QSRUT�9s
 a Rjb ; is usedwith the user
setting
�QSRVT8tK
8a RVb tuG .

In addition to the specificsettingsof the surface opacitiesas
describedabove, coloring the threeiso-surfacesin red (reference
iso-surface),green(inner),andblue(outer)provedto beusefulfor
bettervisual distinctionof the threestacked andsemi-transparent
iso-surfaces. Futurework could clarify whethera moresophisti-
catedmodellingof theiso-surfaceopacity, liketheuseof curvature-
directedstrokes[9] could furthermoreimprove the 3D perception
of iso-surfacetriplets.

4.2 Volume rendering of DOI values

Another useful volume visualization techniquefor scalar data
laid out in three-spaceis volume renderingby meansof alpha-
compositing[14]. In our casewe usethis techniqueto visualize
DOI valuesinsteadof original datavalues.We mapDOI valuesto
voxel opacitiesin a one-to-onemannersuchthat DOI valuesof 1
appearopaque(or at leastwith maximalopacity)andDOI values
of 0 arenotvisibleat all.

Theapplicationof thiskind of DOI visualizationusuallyis based
on the definition of multiple DOI attributes(in the senseof seg-
mentingtheflow datainto several interestingsub-sets).We there-
fore choseto usethe hueof voxel colors to visually differentiate
betweendifferentDOI objects.Usuallywe vary thecolor intensity
accordingto Phongillumination [19]. In figure6 we seetwo DOI
objects(oneredandoneblue)with varyingopacitiesaccordingto
their DOI values.

4.3 Interest-dependent streamlines

Streamlinesarea very usefulinstrumentto visualizeinstantaneous
vector fields. Due to their characterof visually joining flow lo-
cationsalongvirtual pathsof masslessparticles,streamlinesgive a

Figure7: Illuminatedstreamlinesrepresentinga user’s interestin
streamlineswhoseoriginscoincidewith thehot in-flow.

Figure8: Illuminatedstreamlinesrepresentinga user’s interestin
how two flows join in asimpleT-junction.

veryintuitiveimageof aflow data-set(howeverdisregardingtheac-
tual time up to a certainextent). Evenly-spacedstreamlines,which
fill up theflow domainin a well-distributedway, arewell-accepted
for two-dimensionalflows[10]. However, in 3D flow visualization,
selective streamlineplacementis neededto avoid problemswith
occlusion.

In previous work [15] we usethe vicinity to topologicalstruc-
turessuchas characteristictrajectoriesin the flow datato selec-
tively seedstreamlines.In this work, we now usethe spatialdis-
tribution of DOI valuesto selectively seedstreamlines.To do so,
evenly-spacedstreamlineseeding[10] is extendedto 3D. However,
streamlinesareonly seededin regionswherethe DOI value is f .
Therefromthe streamlinesareintegratedforwardsandbackwards
until they eitherexit theflow domain,violatetheminimal distance
to otherstreamlines,or just gettoo long.

To integrateDOI-basedstreamlineswithin ourvolumevisualiza-
tion setup,werasterizethestreamlinesinto ourvoxel grid suchthat
thevoxel opacitiesaresetaccordingto theproportionaloverlapof
the streamlineand the respective voxel. We usea mwv^m�v^m sub-
voxels accuracy when computingthe overlap of streamlinesand
voxels,thusgaininganti-aliasedstreamlines,which is of greatim-
portancefor useful results. Furthermore,voxe opacitiesare also
dimmeddown accordingto theDOI valuesexhibitedat therespec-
tive streamline-points.Thereby, the streamlinesfadeout accord-
ing to the degreeof interest. For lighting, we usethe illuminated
streamlinesmodel[25] to furthermoresupportthe3D perceptionof
streamlinesin our visualization.Figure7 demonstratestheuseof
DOI-basedstreamlineson theexampleof a T-junction.



5 REAL-TIME VOLUME RENDERING

Gradient-dependentiso-surfacesandiso-surfacetriplet, aswell as
volumerenderingof DOI valuesandinterest-weightedstreamlines
have all beenintegratedon thebasisof RTVR [18] which is a very
fastvolumerenderingsoftware(basedon theshear-warprendering
algorithm [13]) which provides several different modi of volume
renderingsuchasstandardalpha-compositing,maximum-intensity
projection(MIP), intensitysummation,andnon-photorealisticcon-
tourrendering[2]. Two-level volumerendering[6] is usedfor data-
setswhich arecomposedof several,explicitly separatedobjectsso
thatdifferentrenderingmodicanbeusedfor differentobjects.

In thiswork, webuild upRTVR-objectsfor every representation
of a user’s particularinterest.Thereby, theuserinteractively com-
posesasetof volumetricobjects(extendediso-surfaces,truly volu-
metricobjects,andstreamlines,recallsection4) in dependenceon
asmany dataattributesasnecessary, in simpleor in complex man-
ner(recallsection2). For everyobjecttheusercandecidein which
styletherespective objectshouldberendered.

Iso-surfacesusuallyareof onecolorandshadedwhile theiropac-
ity may vary with respectto the datagradient. Iso-surfacesalso
canberenderedby usingthenon-photorealisticcontourrendering,
therebygiving very goodcontext for the entirevisualization(see
figures6 and8 for two examples). For volumerendering,either
shadedvoxels are usedor voxels whosecolor intensitiesdepend
on theDOI attribute. Voxel opacitiesusuallyrepresenttheDOI at-
tributewhich thevoxel objectwasmadedependentonduringspec-
ification. Streamlinesareeither illuminated [25] or coloredsuch
thattheintensityrepresentstheDOI attributefor which thestream-
lineshave beenrequested.Opacityof streamlinesis usedfor anti-
aliasing.

In general,we usehueto discriminateobjectsfrom eachother.
This approachalreadyproved to be very useful in medicalappli-
cations[18] andalsoin the context of flow data,color-codingthe
different 3D objectsdifferent from eachother significantly eases
theperceptualdistinctionof them.

RTVR provides several useful tools for volume visualization
which also in this applicationhelpeda lot with comprehending
theresultsof computationalflow simulation:interactive changeof
lighting conditions,the interactive changeof anobject-wideover-
all opacity(in additionto thevoxel-localopacitytransferfunction),
and,of course,theinteractive changeof viewing conditions.

6 RESULTS

In thefollowing weshortlydescribetwo applicationcasesin which
the previously describedvisualizationtechniquehelpedto answer
specificuserquestions.

6.1 Flow through a catalytic converter

One data-setwhich our visualizationusersinvestigatecomprises
theresultsof asimulationof gasflow througha catalyticconverter.
With respectto this case,specialinterestis put on a recirculation
zone,right beforethe reactionchamber, clearly visualizedby the
useof selectively placedstreamlinesin figure 9. Usingour setup,
theuserfirst describeswhatheor sheis interestedin by meansof
brushingin views from informationvisualization(sect.2) – in this
example, the specificationwould encompass(a) a brushon 9w� -
velocities(asthepositive � -axisis themainflow directionthrough

Figure 9: Streamlinesrepresentinga user’s interestin the back-
flow region right before the flow entersthe reactionchamberof
this catalytic converter. Streamlinesare startedin this particular
region andwhereflow headsbackwards– from therestreamlines
aretracedbackwardsandforwardsto put thatrespective regioninto
thecontext of thesurroundingflow.

the catalytic converter) and (b) the restriction to the region be-
fore thereactionchamber, bothcombinedwith a logicalAND. The
therebydefinedDOI attributecanthenbeusedto selectively place
streamlinesasshown in figure9.

Another approachto this caseis to investigateupwards and
downwardsflow which at thesametime doesnot exhibit a signifi-
cantflow-componentinto themainflow-direction.Figure6 shows
a volumerenderingwith upwardsflow in redanddownwardsflow
in blue – note from how deepthe upwardsflow startsbeforethe
reactionchamberaswell asthedownwardsflow componentin the
partbetweentheinlet-kneeandthereactionchamber.

In figure1, amorecompletepictureof theherediscussedcaseis
given. In redthoseplaceswithin theflow domainareshown which
exhibit arelatively largeamountof turbulent-kineticenergy, avalue
which is simulatedalongwith theotherflow attributes. In yellow,
streamlinesare given whoseorigin coincideswith the back-flow
region. The back-flow region itself is representedusinga greyish
volumerendering.Thewholecatalysatoris shown ascontext using
acontourrendering.

6.2 Extended T-junction

The othercasepresentedhereis an extendedT-junction (with an
extendedchamberaroundthe junction andan obstaclein front of
thesecondaryinlet) with warmwaterfloating in from theon inlet,
andhotwaterenteringtheT-junctionafterthefirst third of thetime-
spanof thesimulation.

In this example,the userprimarily is interestingin the mixing
behavior of this flow-junction. The obstaclein the middle of the
T-junctioncausesthehot in-flow to split – on part turnsdirectly to
theexit whereastheotherparttraversesanextra-loopbeforeit also
developstowardstheexit of this structure(seefigure7 for several
streamlinesdemonstratingthis behavior). Figures4 and5 usethe
two heredescribediso-surfaceextensionsto show certaindegrees
of temperaturein responseto thehot in-flow from theoneside.

In figure10,severalvolumetricobjectsareusedto partitionparts
of the flow in regionswhich exhibit flow that is mainly in the di-
rectionof oneof the threemain axes(seefigure-captionfor color
scheme).A gradient-dependentiso-surfacewasusedto depictthe
boundaryof theincominghotflow – thisiso-surfaceis moreopaque
in regionswith largertemperature-gradients.Theseparationof the



Figure10: Flow throughtheextendedT-junction (mainflow from
right to left). Volumerenderingwasusedto encodeflow regions
with flow whichismostlyalignedwith oneof majoraxes(blue: 9w	 -
flow, like from thesecondaryinlet; yellow: #?	 -flow; red:upwards;
green:downwards).A gradient-dependentiso-surfacewasusedto
show the extent of medium-hottemperature(hot coming in from
theupperinlet).

incomingflow, dueto theobstacle,is verywell visiblein thisexam-
ple, also.Figure11 comprisesthesamefeaturesthanfigure2, just
a little later in simulationtime. Additionally, a gradient-dependent
iso-surfaceis shown whichvisualizesflow-regionswith a major 	 -
component,i.e.,towardstheinlet in thefront. Fromthisiso-surface,
informationcanbederived aboutwherein theflow vortical struc-
turescouldbe,e.g.,beforeandaftertheobstacle.

7 SUMMARY AND CONCLUSIONS

In this paperwe presentedsemantics-basedvisualizationof flow
datafrom computationalsimulation. We describedhow the user
utilizes interactive featurespecificationto tell the systemwhat he
or shecurrently is interestedin. We then proposed(a) gradient-
dependentiso-surfacesto visualizethesharpnessof an iso-surface
in conjunction with its region-separatingappearance,(b) iso-
surfacetriplets with specificrelationsfor the threeiso-valuesin-
volved aswell asopacities,shortly (c) volumerenderingof DOI
values,and(d) interest-dependentstreamlines,which arebasedon
theevenly-spacedstreamlineseedingalgorithmbut only areplaced
in regionsof high user-interest.

Conclusionsof thiswork are(a)thatmultipledataattributesusu-
ally arenecessaryto reallycomprehendresultsfrom computational
flow simulationand that for this reasona flow visualizationsys-
temshouldoffer easy-to-handleaccessto all theinformationwhich
is provided by the simulation, (b) that selective visualization,in
our case,focus+context visualizationof 3D flow data is (maybe
theonly) onereally goodapproachto copewith the largeamount
of information to be communicated– for decidingwhat to show,
theuserandhis/herquestionsaboutthedatashouldbeconsidered,
and(c) thatdueto thedifferentrequirementsof differentcasesit is
very usefulto have anintegratedsolutionwhich providesdifferent
means/techniquesfor thevisualization.

The here describedframework only minimally supportsthe
visualizationof time-dependentflows – single time-stepscan be
loadedinto the visualizationthrougha specialinterfaceelement
whilst the configurationof the visualization is maintained(see
alsofigure12). Therebycomparisonsbetweendifferenttime-steps
of unsteadyflow can be made. However, a better integration of
time-dependentflowsstill is futurework. Seetheprojectwebpage

Figure 11: Flow through the extendedT-junction. Volume ren-
dering was usedto show flow sub-setswhich exhibit relatively
high valuesof turbulent-kineticenergy while alsohaving a strong
flow componentinto(red)/against(red)the main directionof flow.
Anothervolume-renderedsub-setsof the datadenotesregionsof
medium-hotfluid, whereasa gradient-dependentiso-surfacewas
usedto work outthosepartsof theflow wherealarger 	 -component
of theflow is given(moredetails:section6.2).

http://www.VRVis.at/vis/research/volflowvis/
for moreresultsandanimationsequences.
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