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Figurel: Volumevisualizationrepresentingusersinterestin aback-flav regionandvortical structuregleft side,moredetailsin section6.1)
andin thein-flow of hotfluid in anextendedT-junction (right side, moredetailsin section6.2). Volumerendering(back-flav region, left,
andnot-hothigh pressurareasandtheright), agradient-dependergo-surfice(316K, right), andinterest-dependestreamlinesreused.

ABSTRACT

Comprehendingesultsfrom 3D CFD simulationis a difficult task.
In this paper we presenta semantics-basedpproachto feature-
basedvolumerenderingof 3D flow data. We make useof interac-
tive featurespecificatiorto acquirederived dataaboutwhatis most
interestingto the user This procesgesultsin so-calleddegree-of-
interest(DOI) values,associatedvith the original dataitems. This
informationis thenusedduringthe visualizationmappingto allow

for visualizationof flow semantics We presenthreedifferentap-
proachedn this paper: (@) isosurfcing the degreeof interest—

theresultis atriplet (or quintuplet)of iso-surbcesrepresentindev-

els of interest; (b) featurevolumes— volumerenderingis usedto

depict3D distributionsof DOI values; and(c) interest-basedeed-
ing of streamlinesyesultingin reducedclutter while focusingon

the mostinterestingpartsof the 3D flow. We utilize fastvolume
rendering(RTVR) for real-timeviewing, alsoproviding two-level

volume rendering,which allows to seamlesslyntegrateall of the
abore-mentionedpproaches.

CR Categories: 1.6.6 [Simulation,Modelling, andVisualization]:
simulationoutputanalysis;|.6.9 [Simulation, Modelling, and Vi-
sualization]:visualization—flav visualization,informationvisual-
ization, multivariatevisualization,volumevisualization;

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

1 INTRODUCTION

Thevisualizationof flow data-setsvhich resultfrom computational
simulationgainsincreasingmportancedueto the increasediseof
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flow simulationin severalfieldsof modernindustry—awell-known
exampleis the simulationof air flow aroundnew flight vehicles.

In our case,the visualizationuserssimulatefluid or gasflows
within complex 3D geometries suchas comlustion processen
the automotve ervironment.. Also, floods and avalanchegboth
hot topicsin Austria) areinvestigatecby meansof computational
simulation. Due to the sizeandthe compleity of their data,user
orientedvisualizationis neededo help answeringspecific ques-
tionsaboutthe dataduringdataanalysisandexploration.

Also, visualizationprovesto bevery usefulwhenthesimulation
processtselfis investigated- questionsuchasof whetherthe grid
designwasappropriatewith respecto the simulatedflow features
andof whethertheboundaryconditionsactuallyprovidedarealistic
interfacebetweerthe“world setting”of the simulationandits inner
processegeedto be checled aftermostrunsof a simulation.

1.1 Flow data and visualization

Thevisualizationof flow datastill is a challengindfield of research
andapplications.Thisis becauseisuallylots of data-itemaeedto
be visualized(up to millions of those),often comple grid struc-
turesare involved (suchas unstructuredyrids, for example),and
real flows usuallyarethree-dimensionandtime-dependentpos-
ing major challengesith 3D visualizationsuchastremendouse-
sourcerequirementsindhandlingof occlusion).Resultsfrom com-
putationalflow simulationalsooftenprovide severaladditionaldata
attributes per data-item,requiring visualizationtechniqueswhich
arefit for multi-dimensionabata.

To copewith theabore mentionedcthallengesyisualizationtech-
niguesarerequired,which focuson especiallyinterestingsub-sets
of the data. If not all of the datais shavn simultaneouslyocclu-
sionproblemsarereducedn 3D visualizationandresourceequire-
mentsare moderatedaccordingly Feature-basedisualizationof



flow datais onevery usefulapproactaswell asfocus+contgt vi-
sualizationof datafrom flow simulation. While literature[20] al-
readyprovidesa setof very goodsolutionsin feature-basedisual-
ization—examplesareiconic visualizationof flow featureq21, 23]
ortheuseof flow topologyfor visualization7, 22] —, focus+contgt
visualizationof flow dataonly recentlypbecamenactive field of re-

searcH3]. Thework presentedherebuild uponthislatterapproach.

With respectto the multi-dimensionalcharacterof datafrom
computationaflow simulation,visualizationtechniquesvhich ex-
tendthe usualdomainof scientificvisualizationareneeded.n in-
formationvisualizationwe find mary usefulapproacheso the vi-
sualizationof multi-dimensionaldata[1, 12]. The integration of
techniquedrom informationvisualizationsuchasscatterplotshis-
tograms,and parallel coordinateq8] alreadyproved to be useful,
alsoin scientificvisualization[5].

1.2 Flow data and volume visualization

Volumerenderingdefinitely is oneof the mostprominentfields of

visualizationresearch.Very useful resultshave beenachiezed in

medicalapplications. Volume renderingalso hasbeenappliedto

datafrom flow simulation,however with limited successThespec-
ification of propertransferfunctions,for example which alreadyis

a challengingproblemin 3D medicalvisualization,even more is

difficult in 3D flow visualization.

Probablythemostimportantreasorfor this problemis, thatmed-

ical dataandflow datainherentlyhave differentdatacharacteristics.

Whereasn medicaldatawe usuallyhave tissueboundariegwhich
areto beshavn in medicalvisualization),n flow datawe oftenmiss
such(rathersharp)boundariedetweersub-setof the flow. Flow
featuresoften are smoothlydelimited. Thustools, which already
provedtheirexcellencen medicalapplicationsuchasiso-surfices
(computedwith marchingcubes[16]) and alpha-compositingf
gradient-weightedroxel data[14], do not produceas meaningful
resultsasin medicalvisualization.

The respectie visualizationmetaphorof representinglata by
somekind of thresholdingneedsto be adaptedo datafrom flow
simulation. In this paper we extend— asonepartof our contriku-
tion (section4) — iso-surhicingandalpha-compositindgor volume
renderingo bettermatchthe speciakituationof flow visualization.

1.3 User questions and visualization

The other part of our contrikution in this paperis that we more
directly involve the userwithin thevisualizationprocesgymorede-
tails in section2). We do so to more specificallyrespondto the
actualuserquestions A typical userquestionwould enquireabout
wherein the flow domainthereare data-itemsof certaincharac-
teristics— datacharacteristicsvhich are specifiedin termsof ad-
ditional flow dimensionssuchaspressureor temperature During

theinvestigationof waterflow throughan extendedT-junction,the
user for example,is interestedn vortical structuresand medium-
hot flow-regionsastheinterfacebetweerthe warmandthe hot in-

flow. Figure6 shavs a volumevisualizationresponséo this ques-
tion.

Thereforeatool for interactize analysisshould,ontheonehand,
allow the userto easilyformulatehis or her questionsand,on the
otherhand,shouldalsoprovide usefulvisualizationanswerswhich
aretailoredto the userquestionsaccordingly In our software,we
useaninteractive assessmerstepin thefirst place,whichis based
on multiple, linked views aswell ason interactie brushingto de-
terminewhat the usercurrentlyis interestedn (seesection2 for
moredetails).

Figure2: Volumerenderingusedto represen{a) structureswith a
significantamountof turbulent-kineticenegy (green:in mainflow-
direction; red: in oppositedirection) and (b) regions of medium-
warmflow (in front of thehotwatercomingin from thefrontinlet).

The userinterest,called degreeof interest(DOI), is codedper
data-itemandrangesfrom 0 (data-itemnot interesting)to 1 (max-
imal interest). If the useris concurrentlyinterestedn morethan
justonequestion thenseveral DOI valuescanbe attachedo each
data-item. During visualizationwe then usethe DOI information
(insteadof the original data)to visually representhe currentdata
assessmeniNVe have adaptedso-suraicinganddirectvolumeren-
deringto give meaningfulresultswhenappliedto DOI data(more
detailsin section4).

Sothe mainideabeyondthis paperis to first assesshe data(in
termsof what currently is mostinterestingto the user),andthen
usethis informationto visualizethe datainterpretationinsteadof
the dataitself. We thereforetalk aboutthis approachas beinga
visualizationof flow semanticsbecausaot the dataitself is shavn
but its meaningto theuser

The remainderof this paperis structuredasfollows: Next, in
Sect.2, we shortly describeour interactve approachto assesshe
flow data(basedon previouswork [3, 4]). In Sect.3 we thende-
scribehow we usehardware-accelerategsamplingo easehedata
accesduring volume visualization. Sect.4 then presentghree
variantsof visualizationmappingfor datarepresentinghe dataas-
sessment. Afterwards,we shortly describereal-timevolumeren-
deringwhich we usefor actualvisualization(Sect.5, alsobased
on previouswork [6, 18]). Finally, resultsarepresentedn Sect.6
beforethe paperis summarizecgandconcluded.

2 INTERACTIVE DATA ASSESSMENT

In this sectionwe describehow a systemof multiple, linked views

is used(togetherwith interactie brushing)to determinewhat the

usercurrentlyis mostinterestedn. We also describedegree-of-
interest(DOI) valueswhich areusedto representhe resultsof the

dataassessmentAlthoughthis partof our approachconsiderably
is basedon previous work [3, 4], we neverthelesmeedto shortly

presentt hereasit is anintegral partof our mainconcept.

2.1 Linking and brushing

In the interactve assessmerttep,the userinvestigateghe multi-
dimensionakimulationdataby usingmultiple, linkedviews, which
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Figure3: A 2D scatterploof the catalyticcorverterdata(x: over-
all velocities,y: verticalflow-components) Smoothbrushingwas
usedto selectdatawith asignificant‘downwards”flow-component.

all shaw the samedata,but usuallydifferentdataattributestheirof.
We provide scatterplotshistogramsandalso parallelcoordinates
for flow dataassessmentOn demand,the userbrings up views
asrequiredandadjustshemto shav exactly thosedatadimensions
which currentlyaremostrelatedto theusers currentinterest.In the
exampleof the catalyticcorverterthe userfirst usesa scatterploto
first visualizea 2D distribution of the flow datawith respecto flow
velocities(horizontalaxis) andthe vertical componenbf the flow
vectors(vertical axis)— seefigure 3 for this visualization.

After interactve exploration, the userstartsto formulatewhat
he or sheis currentlymostinterestedn: to do so, the userworks
outthedata-itemf interestby iteratively restrictingthe sub-sebf
interestwith respectto certaindatadimensions.This is achieved
by interactively brushingwhat actually is shawvn in the specific
views. Continuingwith the converterexample,the userwould in-
teractively brushthe lower left part of the plot to denotethat she
is currently mostinterestedn flow with a significantdowvnwards-
componenin flow vectors(figure 3 shaws the view directly after
thisfirst operation).

In a next step, the user would bring up anotherscatterplot
shawving again flow velocities but now versus horizontal flow-
componentacrosgthe flow. With anotherbrush,a secondsub-set
of interestis described.So, stepby step,the userconcretizeshe
descriptionof her currentinterest. 3D visualization,as described
belav (sectiond), supportshis stepby interactve spatialfeedback
(figure 6, for example,shaws the responseo the aborve described
brushinginteractions).

2.2 Degree-of-interest values

As alreadydescribed we use degree-of-interes{DOI) valuesto
representvhatthe user(currently)is mostinterestingin. We have
alsoalreadymentionedthatin the caseof morethanone current

user question, several of such DOI valuesare attachedto data-
items. Also importantto mentionis that smoothbrushing[4] is
usedto gain DOI valueswhich non-binarily spanthe interval be-
tweenO (no interestat all) and1 (maximalinterest). Thereby the
usercanwork aroundthe casethat the smoothdistribution of data
propertiesacrosgheflow domaindoesnotallow asharpandmean-
ingful segmentationinto interestingversusnot interestingpartsof
theflow. Thisalsocanbeinterpretecasassigningafuzzy setmem-
bership[17] with respecto thedatasub-sebf interest.

To enablethe userto specificallyformulatehis or her questions
it is necessaryo allow complex combinationsof simple restric-
tions. In the interface of our application,logical AND- and OR-
combinationsare provided throughthe useof modifier keys 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
ary brushbeingusedvia slidersandnumericinput. DOI valuesare
computedrom thelogical compositiortreeby hierarchicallyusing
am n- or amax-combinatiorwhereat-norm (AND) or at-conorm
(OR) is required respectiely.

Althoughthereareinterestingalternatvesfor logically combina-
tions of fuzzy sets[11], we finally choseni n/max for our system
sincethis decisionenabledastcomputationsandalsothe drop-of
to zero,whencombiningtwo fractionalvalues,is minimal with re-
spectto otheralternatves.

3 HW-ACCELERATED RESAMPLING

Flow data-setdrom computationakimulationusuallyarelaid out
on non-Cartesiargrids suchas curvi-linear grids or unstructured
grids. To enablefastvolumevisualizationof 3D flow semanticswe
usea variantof a hardware-acceleratetesamplingapproach24]
to provide fastaccesdo the flow datawith respectto Cartesian
coordinates.

The simulationresults,which we are visualizing, are given in
the form of cell-baseddata, i.e., dataattributes suchasthe flow
vector pressuretemperatureetc.,aregivenoncepergrid cell. For
fastvolumevisualizationit is crucialto efficiently interrogateary
dataattributesof needwith respecto (almost)arbitraryspatiallo-
cations. Sincewe usually needaccesgo multiple dataattributes
duringvisualizationwe decidedo notdirectly resamplaheall the
neededlata,attribute by attribute, but to computea 3D redirection
tablein thedesiredresamplingesolution(usuallywe use512 vox-
elsin the onedimensionwith greatesextent),andlater accesghe
dataindirectly throughthis 3D table.

To computethe redirectiontable,we first decomposehe simu-
lation grid into tetrahedra.Then, for every tetrahedronwe store
thecell-index which refersto therespectie cell in the unstructured
meshin theR-, G-, andB-componenbf all theverticesof thetetra-
hedron.During resamplingthena Cartesiargrid of cell-indicesis
computedvhich consequentlyhenis usedto accessll theneeded
dataattributes,availableatthe original grid cells.

4 VISUALIZATION MAPPING

In this sectionwe describethreeadaptation®f well-know volume
visualizationalgorithmsto bettermatchthe situationof visualizing
3D flow semantics.First, we describetwo ways of how to adapt
iso-surficesto betterreflecttheir actualsharpnessvith regardto
the underlyingdata. Then, we discussvolume renderingof DOI



Figure4: Iso-surhicewith respectto 316K (hot waterfloating in
from the top inlet), whosevoxels are more opaquethe larger the
temperaturgradients atthesamevoxel. Similarly, thecolorof the
iso-surficevariesfrom red (large gradients)yia yellow to greed.

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

4.1 Iso-surfacing the degree of interest

Iso-surficesarea very usefulinstrumento visualizescalardatain
3D. This is mostly dueto their visually sharpappearanceWhen
shadedyery good depthperceptionis achiezed. The worth of an
iso-surfice,however, is dependenbn hov meaningfulthe respec-
tive iso-valueis. Whenvisualizinga medicaldata-setfor example,
acquiredwith acomputertomographaniso-valueof +1000HU in
generals well-suitedto separatéonesfrom therestof thedata.

An iso-surfice sharply partitions the data-setdnto data-items
with the respectie dataattribute being smallerthanthe iso-value
ontheonesideof theiso-surhceanddata-itemswith a largerdata
attribute of intereston the otherside. If the distribution of thein-
vestigateddataattribute is rathersmoothwith respecto its spatial
locations,thenan iso-surfice might be even misleadingin places
wherethereis not muchchangen the dataattribute of interest—a
smallvariationof the iso-valuewould causedrasticchangesn the
geometricalayoutof theiso-surfice.

Below, we now presenttwo variantsof standardiso-surbces
which betterreflecttheir sharpnessvith respecto the underlying
data,thus being bettersuitedfor rathersmoothdatasuchasflow
datafrom computationasimulation.Sinceall of theheredescribed
volumevisualizationtechniquesireintegratedwithin avolumeren-
dering setup,the belowv describedso-surficesare representecs
voxel-surficeq[18].

Gradient-dependent opacity of iso-surfaces

As afirst extensionwe presentso-surcesvhich exhibit asurface
opacitywhichis dependentn the gradientmagnitudewith respect
to thedataattributeunderinvestigation.Similarto windowing of in-
tensityvaluesin medicalvisualization the opacity«, of avoxel v
is definedas

Qni if |gv| > gni
av =4 ap+ Igsl:\%ggl:, < (ani — 1) if gio < |8v| < gni
Qlo else

whereg, denoteghegradientof theinvestigatediataattribute, g,
andgn; boundarangeof gradientmagnitudesn which the surface
opacity linearly increasegrom ai, to ani. While g1, oftenis set
to 0, settinganupperlimit of gn; <« maxy|g. | especiallyis useful

Figure5: Iso-surfcetriplet usedto represenaiusersinterestin hot
regionsof the flow. Reddenotesmaximalinterest(hottestparts),
greenmediuminterest,and blue leastinterest,all accordingto a
DOl-assessmenspecifiedbeforethevisualizationinteractvely.

whenpartsof theiso-surficecoincidewith the boundarygeometry
of theflow whereusuallylarge gradientsoccur

A sampleimage demonstratingthis kind of a iso-surfce is
shawn in figure4. Themoretransparentheiso-surficeis, theless
it actuallytells dueto smallgradientsattherespectie places.Also,
a color transferfunction hasbeenusedwhich assignghreediffer-
entcolorswith respecto small, medium,andlarge gradientmag-
nitudes. This color schemeis an additionalhelp with the correct
interpretatiorof theiso-surfce.

Iso-surface triplets

Another extension of standardiso-surbceswe presentare iso-
surfacetriplets,whichalsohelpto correctlyreadthesharpnessf an
iso-surbice.Insteadof oneiso-surfice,a setof threeiso-suriicess
rendered With respecto oneso-calledreferencaso-surfice(iso-
value fs andsurfaceopacitya..s), two additionaliso-surbcesare
specified. With respecto the settingsof iso-valuesf, and f, as
well as of surfaceopacitiesa, andas,, we proposetwo different
specification-mode$or iso-surbicetriplets: refeence-insideand
intermediate-efeeence

In the refelence-insidespecification-modeof an iso-surfice
triplet, surfaceiso-valuesaresortedf, < fu < fret, i-€.,therefer
enceiso-surficeis theinnermost,assuminghatthe dataattribute
underinvestigationexhibits increasingvaluesoutside-in. Usually
anequidistanspacingoetweerthethreeiso-valuess usedsuchthat
(fref — fo) = (fo — fa) = fsep, Wherethe usercanadjust feep
in the userinterface. For the refelence-insidetype of iso-surfice
triplets, increasingvaluesof surface opacitiesproved to be use-
ful: as < an < arer With arer & 1. Again, anequidistanspacing
of thethreeopacitiess usefulwith thedistancesetby theuser The
refelence-insidéso-surficetriplet is usefulfor DOI visualization,
using fref = 1—¢ to representhe 100%-interessub-setwith the
referencaso-surfice,and fse, = 25%, for example,to alsodenote
whereinterestdropsto 75% and50%, respectiely. In figure5 we
demonstratéhe useof thiskind of DOI visualization.

In the intermediate-efeencemodeof specifyinganiso-surfice
triplet, surfaceiso-valuesaresortedf. < frer < fb, i.€., theref-
erencdso-surfceis in-betweerthetwo others.Two differentvari-
antsof settingtheiso-valuespacingprovedto beuseful: equidistant
spacingwith (fo — fref) = (fret — fa) = fsep, Wherethe user
setsfsep, andproportionalspacingwith

fref - fa _ fb - fref
fref_flo fhi_fref




Figure6: Volumerenderingof all thoseplacesin a catalyticcon-
verterwhereflow vectorsexhibit a relatively strongvertical flow-
componenf{red: upwards,blue: dowvnwards)— arecirculationbub-
ble becomespparentn theupperpart,beforecorversionblock.

with fi, and fu; denotingthe valuerangeof the dataattribute un-
derinvestigation.In this case theiso-valuesof the additionaltwo
iso-surficespartition the value rangebelov and above the refer
enceiso-value proportionally Thereby for example,it is possible
to easilyadjusttheiso-surfcetriplet in away suchthat,regardless
which iso-valueis usedfor thereferencaso-surfice,the outeriso-
surfacealwaysrepresentshe propertyboundaryhalf-way to min-
imum (with respectto the dataattribute underinvestigation),and
theinneriso-surficehalf-way to maximum.For thesurfaceopacity
setting,usually s = ab = (Qref — sep) IS Usedwith the user
settingares > Qsep > 0.

In addition to the specific settingsof the surface opacitiesas
describedabore, coloring the threeiso-surficesin red (reference
iso-surfice),green(inner),andblue (outer)provedto be usefulfor
bettervisual distinction of the three stacled and semi-transparent
iso-surfices. Futurework could clarify whethera more sophisti-
catedmodellingof theiso-surficeopacity lik e theuseof cunature-
directedstrokes[9] could furthermoreimprove the 3D perception
of iso-surfcetriplets.

4.2 \Volume rendering of DOI values

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

Theapplicationof thiskind of DOI visualizationusuallyis based
on the definition of multiple DOI attributes (in the senseof sey-
mentingthe flow datainto several interestingsub-sets) We there-
fore choseto usethe hue of voxel colorsto visually differentiate
betweerdifferentDOI objects.Usuallywe vary the color intensity
accordingto Phongillumination [19]. In figure 6 we seetwo DOI
objects(onered andoneblue)with varying opacitiesaccordingto
their DOI values.

4.3 Interest-dependent streamlines

Streamlinesrea very usefulinstrumento visualizeinstantaneous
vector fields. Due to their characterof visually joining flow lo-
cationsalongvirtual pathsof masslesgarticles streamlinegjive a

Figure7: llluminated streamlinegepresenting users interestin
streamlinesvhoseoriginscoincidewith the hotin-flow.

Figure8: llluminated streamlinegepresenting users interestin
how two flows join in asimpleT-junction.

veryintuitiveimageof aflow data-sethowever disregardingtheac-
tual time up to a certainextent). Evenly-spacedtreamlinesyhich
fill uptheflow domainin awell-distributedway, arewell-accepted
for two-dimensionaflows[10]. However, in 3D flow visualization,
selectve streamlineplacementis neededto avoid problemswith
occlusion.

In previous work [15] we usethe vicinity to topologicalstruc-
turessuchas characteristidrajectoriesin the flow datato selec-
tively seedstreamlines.In this work, we now usethe spatialdis-
tribution of DOI valuesto selectvely seedstreamlines.To do so,
evenly-spacedtreamlineseedind10] is extendedo 3D. However,
streamlinesare only seededn regionswherethe DOI valueis 1.
Therefromthe streamlinesare integratedforwardsand backwards
until they eitherexit the flow domain,violate the minimal distance
to otherstreamlinesor just gettoolong.

TointegrateDOI-basedstreamlinesvithin ourvolumevisualiza-
tion setup werasterizehe streamlinesnto our voxel grid suchthat
the voxel opacitiesaresetaccordingto the proportionaloverlap of
the streamlineand the respectie voxel. We usea 5 x 5 x 5 sub-
voxels accurag when computingthe overlap of streamlinesand
voxels,thusgaininganti-aliasedstreamlineswhich is of greatim-
portancefor useful results. Furthermore voxe opacitiesare also
dimmeddown accordingto the DOI valuesexhibited attherespec-
tive streamline-points.Thereby the streamlinefade out accord-
ing to the degreeof interest. For lighting, we usethe illuminated
streamlinesnodel[25] to furthermoresupporthe 3D perceptiorof
streamlinesn our visualization. Figure 7 demonstratethe useof
DOl-basedstreamline®n the exampleof a T-junction.



5 REAL-TIME VOLUME RENDERING

Gradient-dependerigo-surhcesandiso-surficetriplet, aswell as

volumerenderingof DOI valuesandinterest-weightedtreamlines
have all beenintegratedon the basisof RTVR [18] whichis avery

fastvolumerenderingsoftware (basednthe sheaswarprendering
algorithm[13]) which provides several differentmodi of volume

renderingsuchasstandardalpha-compositingmaximum-intensity
projection(MIP), intensitysummationandnon-photorealisticon-

tourrendering2]. Two-level volumerendering6] is usedfor data-

setswhich arecomposedf several, explicitly separatedbjectsso

thatdifferentrenderingmodi canbe usedfor differentobjects.

In thiswork, we build up RTVR-objectsfor every representation
of ausers particularinterest. Thereby the userinteractively com-
posesa setof volumetricobjects(extendedso-surficestruly volu-
metric objects,andstreamlinesrecall section4) in dependencen
asmary dataattributesasnecessaryin simpleor in complex man-
ner(recallsection2). For every objectthe usercandecidein which
styletherespectie objectshouldberendered.

Iso-surbicesusuallyareof onecolorandshadedvhile theiropac-
ity may vary with respectto the datagradient. Iso-suricesalso
canberendereduy usingthe non-photorealisticontourrendering,
therebygiving very good context for the entire visualization(see
figures6 and 8 for two examples). For volume rendering,either
shadedvoxels are usedor voxels whosecolor intensitiesdepend
ontheDOI attribute. Voxel opacitiesusuallyrepresenthe DOI at-
tributewhichthevoxel objectwasmadedependenon duringspec-
ification. Streamlinesare eitherilluminated[25] or coloredsuch
thattheintensityrepresentthe DOI attributefor which the stream-
lines have beenrequestedOpacityof streamliness usedfor anti-
aliasing.

In generalwe usehueto discriminateobjectsfrom eachother
This approachalreadyproved to be very usefulin medicalappli-
cations[18] andalsoin the contet of flow data,color-codingthe
different 3D objectsdifferentfrom eachother significantly eases
the perceptuatlistinctionof them.

RTVR provides several useful tools for volume visualization
which alsoin this applicationhelpeda lot with comprehending
the resultsof computationaflow simulation:interactive changeof
lighting conditions,the interactize changeof an object-wideover-
all opacity(in additionto the voxel-localopacitytransferfunction),
and,of coursetheinteractve changeof viewing conditions.

6 RESULTS

In thefollowing we shortlydescribewo applicationcasesn which
the previously describedvisualizationtechniquehelpedto answer
specificuserquestions.

6.1 Flow through a catalytic converter

One data-setwhich our visualizationusersinvestigatecomprises
theresultsof asimulationof gasflow througha catalyticcorvertet
With respecto this case,specialinterestis put on a recirculation
zone, right beforethe reactionchamber clearly visualizedby the
useof selectvely placedstreamlinesn figure 9. Usingour setup,
the userfirst describesvhat he or sheis interestedn by meansof
brushingin views from informationvisualization(sect.2) — in this
example, the specificationwould encompasga) a brushon —z-
velocities(asthe positive z-axisis themainflow directionthrough

Figure 9: Streamlinegepresentinga users interestin the back-
flow region right beforethe flow entersthe reactionchamberof
this catalytic corverter Streamlinesare startedin this particular
region andwhereflow headsbackwards— from therestreamlines
aretracedbackwardsandforwardsto putthatrespectie regioninto
the context of the surroundinglow.

the catalytic converter) and (b) the restrictionto the region be-
fore thereactionchamberboth combinedwith alogical AND. The
therebydefinedDOI attribute canthenbe usedto selectvely place
streamlinesasshawn in figure9.

Another approachto this caseis to investigateupwards and
downwardsflow which at the sametime doesnot exhibit a signifi-
cantflow-componeninto the mainflow-direction. Figure 6 shavs
avolumerenderingwith upwardsflow in redanddownwardsflow
in blue — note from how deepthe upwardsflow startsbeforethe
reactionchamberaswell asthe downwardsflow componentn the
partbetweertheinlet-kneeandthereactionchamber

In figure 1, amorecompletepictureof theherediscussedases
given. In redthoseplaceswithin theflow domainareshavn which
exhibit arelatively largeamountof turbulent-kineticenegy, avalue
which is simulatedalongwith the otherflow attributes. In yellow,
streamlinesare given whoseorigin coincideswith the back-flav
region. The back-flav region itself is representedisinga greyish
volumerendering.Thewhole catalysatois shavn ascontet using
acontourrendering.

6.2 Extended T-junction

The other casepresentechereis an extendedT-junction (with an
extendedchamberaroundthe junction andan obstaclein front of
the secondarynlet) with warmwaterfloatingin from the oninlet,
andhotwaterenteringthe T-junctionafterthefirst third of thetime-
spanof the simulation.

In this example,the userprimarily is interestingin the mixing
behaior of this flow-junction. The obstaclein the middle of the
T-junction causeghe hotin-flow to split — on partturnsdirectly to
theexit whereaghe otherparttraversesanextra-loopbeforeit also
developstowardsthe exit of this structure(seefigure 7 for several
streamlineslemonstratinghis behaior). Figures4 and5 usethe
two heredescribedso-surceextensionsto shav certaindegrees
of temperaturén responséo the hotin-flow from the oneside.

In figure 10, severalvolumetricobjectsareusedto partitionparts
of the flow in regionswhich exhibit flow thatis mainly in the di-
rectionof one of the threemain axes (seefigure-captionfor color
scheme).A gradient-dependeigo-surbcewasusedto depictthe
boundaryof theincominghotflow —thisiso-suriceis moreopaque
in regionswith largertemperature-gradient3he separatiorof the



Figure10: Flow throughthe extendedT-junction (main flow from
right to left). Volumerenderingwasusedto encodeflow regions
with flow whichis mostlyalignedwith oneof majoraxes(blue: —y-
flow, like from thesecondarynlet; yellow: +y-flow; red:upwards;
green:dowvnwards). A gradient-dependeiso-surbicewasusedto
shav the extent of medium-hottemperaturghot comingin from
theupperinlet).

incomingflow, dueto theobstacleijs verywell visiblein this exam-
ple, also. Figure11 compriseshe samefeatureghanfigure 2, just
alittle laterin simulationtime. Additionally, a gradient-dependent
iso-surficeis shavn which visualizesflow-regionswith a majory-
componenti.e.,towardstheinletin thefront. Fromthisiso-surfce,
informationcanbe derived aboutwherein the flow vortical struc-
turescouldbe,e.g.,beforeandafterthe obstacle.

7 SUMMARY AND CONCLUSIONS

In this paperwe presentedsemantics-basedsualizationof flow

datafrom computationakimulation. We describedhow the user
utilizes interactve featurespecificationto tell the systemwhat he
or shecurrentlyis interestedn. We then proposed(a) gradient-
dependentso-surfcesto visualizethe sharpnessf aniso-surfice
in conjunction with its region-separatingappearance(b) iso-
surfacetriplets with specificrelationsfor the threeiso-valuesin-

volved aswell asopacities,shortly (c) volume renderingof DOI

values,and(d) interest-dependerstreamlinesywhich arebasedon
theevenly-spacedtreamlineseedingalgorithmbut only areplaced
in regionsof high userinterest.

Conclusion®f thiswork are(a) thatmultiple dataattributesusu-
ally arenecessaryo really comprehendesultsfrom computational
flow simulationandthat for this reasona flow visualizationsys-
temshouldoffer easy-to-handlaccesso all theinformationwhich
is provided by the simulation, (b) that selectve visualization,in
our case,focus+contet visualizationof 3D flow datais (maybe
the only) onereally goodapproacho copewith the large amount
of informationto be communicated- for decidingwhatto shaw,
the userandhis/herquestionsaaboutthe datashouldbe considered,
and(c) thatdueto thedifferentrequirementsf differentcasest is
very usefulto have anintegratedsolutionwhich providesdifferent
means/techniqudsr thevisualization.

The here describedframewvork only minimally supportsthe
visualizationof time-dependentlows — single time-stepscan be
loadedinto the visualizationthrough a specialinterface element
whilst the configurationof the visualizationis maintained(see
alsofigure 12). Therebycomparisondetweendifferenttime-steps
of unsteadyflow canbe made. However, a betterintegration of
time-dependerftows still is futurework. Seethe projectwebpage

Figure 11: Flow throughthe extendedT-junction. Volume ren-
dering was usedto shaw flow sub-setswhich exhibit relatively
high valuesof turbulent-kineticenegy while alsohaving a strong
flow componentnto(red)/against(redthe main direction of flow.
Another volume-renderedub-setf the datadenotesregions of
medium-hotfluid, whereasa gradient-dependenso-surfice was
usedto work outthosepartsof theflow wherealargery-component
of theflow is given(moredetails:section6.2).

http://ww. VRVi s. at/vi s/ research/vol fl owi s/
for moreresultsandanimationsequences.
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