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Abstract

Streamsurfacesare a classic ow visualizationtechniqueusedto portray the characteristicsof vector elds, and
texture advectionreseach hasmaderapid advancesn recentyears. e presenta novel hybrid visualizationof
texture advectionon streamsurfaces.This approach corveys propertiesof the vector eld that streamsurfaces
alonecannot.We apply the visualizationtechniqueto various patternsof ow from CFD dataimportantto au-
tomotiveenginesimulationincluding two patternsof in-cylinder ow (swirl andtumblemotion)aswell as ow
througha coolingjacket. In addition,weexplore multiplevector elds de nedat thestreamsurfacesud asveloc-
ity, vorticity, and pressue gradient. Theresultsof our investigatiorhighlight both the strengthsand limitations of
the hybrid streamsurface-t&ture advectionvisualizationtechniqueand offer new insightto enginees exploring

andanalyzingtheir simulations.

CategoriesandSubjectDescriptorgaccordingo ACM CCS) |.3.3[ComputerGraphics]Picture/Imagé&eneration;
1.3.7 [ComputerGraphics] Three-DimensionaGraphicsand Realism—Colarshading,shadaving, and texture;

[SimulationandModeling]: SimulationOutputAnalysis

1. Intr oduction

Streamsurfaces,introducedby Hultquist [Hul90, Hul92],
area well known techniqueusedto visualize propertiesof
ows. They cancircumwent the visual complity or clut-
ter associatedvith seedingmary streamlinesWith stream
surfacesalone, it is dif cult to unambiguouslycorvey the
downstreanmandupstreandirectionsof the o w. Texturead-
vectionis anothereffective o w visualizationtechniquethat
transportgexturepropertiesn thedirectionof the o win an
animatedsequenceTexture adwection techniqueq JEH02
LvWJIHO04, WHEO01, WEHEOZ offer the advantagef be-
ing fastandproviding completecoverageof the vector eld
domain.

We presenta hybrid visualization which combinesthe

strengthof bothstreamsurfacesandtextureadwectiontech-
niques.Theinsight provided by traditional streamsurfaces
is enhancedvith fasttexture adwectionon the surfacethat
corveys the direction of the ow throughthe use of ani-

matedcorvolution of noisetextures.By addinga comple-
mentarytexture-basedlgorithmwe also capturecomplete

¢ TheEurographic#ssociation2006.

coverageof the o w domainacrosshe streamsurface.The
hybrid visualizationis thenusedto investigatethreeimpor-

tant patternsof o w foundin enginesimulationdata:swirl

andtumblemotiontypical of in-cylinder ow and uid ow
throughacoolingjacket. Thevisualanalysisandexploration
of theenginesimulationdatais drivenby designgoalsfrom
anengineeringpoint of view. Applying texture adwectionto
streamsurfacesraisesboth technicaland perceptualchal-
lengeswvhichwe addres$ere.Theresultsof our studyhigh-
light both the advantagesand limitations of the hybrid vi-

sualizationapproachandprovide new insightto thoseengi-
neersinvestigating the propertiesof the automotve compo-
nentsthey areanalyzing.

The rest of this paperis organizedas follows: Section2
presentgpastresearchrelatedto both streamsurface gen-
eration and texture adwection approachen generalsur
facesOur hybrid methodis presentedh Section3 including
aninvestigation of the in-cylinder patternsof motion (Sec-
tion 3.2) and ow througha cooling jacket (Section3.3).
Both perceptualand technical challengesassociatedvith
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the hybrid visualizationareaddressedswell astheinsight

gainedby the engineefrom the visualization.A discussion
of the resultsand conclusionsare discussedn Sections4

and5 respectiely.

2. RelatedWork

Our review of researcHiteraturefocuseson previous work
relatedto streamsurfacecomputatiorandtexture-adection
onsurfaces.

Stream Surfaces: Streamsurfaceswereintroducedto the
visualizationcommunity by Hultquist [Hul90, Hul92]. An
implicit streamsurface algorithm was presentedby Van
Wijk [vW93] basedon the obsenation that streamsudces
could be computedstarting along 2D isolines at the do-
main boundary Scheuermaneet al. [SBH 01] adaptedhe
streamsurface computationto tetrahedralgrids. More re-
cently Garthetel. [GTS 04] describeastreansurfacecom-
putationthat deliversaccurateresultsin regionsof intricate
ow, e.g.,in vortex regions.

Texture Advection on Boundary Surfaces: The amount
of researchin the areaof texture adwection on surfacesis

relatively small. Two texture adwection algorithmson sur

faceswere introducedin 2003: Image SpaceAdvection
(ISA) [LIJHO3 and Image BasedFlow Visualization for

Curved Surfaces(IBFVS) [vWO03]. A comparisonof the
two algorithmsis describedby Larameeet al. [LVWJIHOA4).

Weiskopf and Ertl [WEQ4 presentresearchthat exploits
GPU programmingor fasttexture-basedo w visualization
onsurfacesEachof thesepreviousresearchiesultsfocuson

o w attheboundarysurface.

Texture Advection on Isosurfaces: Although o w visual-
ization at the boundarysurfaceis very useful, clearly en-
gineersareinterestedn visualizing o w inside the bound-
ary of the domain. Slicesare commonbut cannotalways
successfullyportrayintrinsic 3D characteristicef the o w.
Texture-adectionwasalsoappliedto isosurbice LSHO4).
Themajordravbackto thisapproacHiesin cognitionof the
results.If we computean isosurfice,say of velocity mag-
nitude,we do gain insightinto the inherent3D structureof
the ow. However, portionsof the isosurbcehave a strong
normalcomponento the o w orthogonalto the surfaceit-
self. As soonaswe adwecttexture propertiesalongthe iso-
surfaceto re ect thedownstreamandupstreandirectionsof
the o w, thevisualizationcanbe considerednisleading es-
pecially if this normalcomponenibf the ow is not taken
into account.This is one centralmotivation for investicat-
ing texture-adwection on streamsurfaces.Streamsurfaces
arealignedwith the ow by de nition and animatingtex-
ture propertiesn the directionof the o w is intuitive when
interpretingthe visualization.Furthermorefrom atechnical
point of view, the vector eld in this casedoesnot require
projectionontothesurfacesinceit is alignedwith thestream
surfaceby de nition. This vector eld projectionphaseis

necessaryor the implementationron boundaryand isosur
facesThistopicis elaboratednin Section3.2

We notethat anotherattempthasbeenmadeat visualizing
the downstreamdirectionof the o w on streamsurfacesby
Loffelmannet al. [LMG97]. They cut away explicit arrow-
shapedortionsof the streamsurfacewhich indicatethe di-
rectionof the o w. The disadwantagesherearethe compu-
tationtime, the problemof optimalstreamarrav placement,
andcomputingtheoptimalsizeof eacharron. Léffelmannet
al. [LMGP97] alsomappedstatictexturesto streanmsurfaces
in orderto visualizedynamicalsystemsThe dif culties in
this casestemfrom nding the optimal parameterizatioof
the streamsuidcein orderto mapthe 2D textures.Perfor
mancetime alsopresenthallenges.

3. Texture Advection on Stream Surfaces:Applied to
In-Cylinder and Cooling Jacket Flow

Here we describeour choice of streamsurface generation
andtextureadwectionalgorithmandthemotivationfor those
choices.We theninvesticate threedifferent patternsof en-
ginesimulation o w: swirl andtumblemotioncharacteristic
of in-cylinder o w andthe behaior of uid o w througha
coolingjacket. We'll seewhatinsightscanberealizedwith
our hybrid visualizationaswell assomeof its limitations.

3.1. Method Background

For streamsurfacegenerationwe choseto implementthe
algorithm of Garthet al. [GTS 04] for several reasonslt

computesaccurateresultsin regions of intricate ow and
thuscanhandlevery complicatedo w structuresThis prop-
erty provesto be requisitein Section3.3 whenvisualizing
ow throughthe cooling jacket. The implementationhas
alsobeenshawn to applywell to unstructuredadaptve reso-
lution grids,aperquisitefor eachpatternof o wwevisualize
here (and not characteristido all streamsudcegeneration
implementations).

For the texture adwection algorithm, we implementedand
appliedISA [LYWJHO04]. ISA hasseveral propertieswhich

we requirefor theapplicationgliscussedhere.ISA: (1) gen-
eratesa denserepresentationf ow onadaptve resolution
streamsurfaces,(2) visualizes o w on complex streamsur

facescomposedf polygonswhosenumberis on the order
of 500,0000r more, (3) visualizes o w independenbf the

streamsurfacemeshcompleity andresolution(4) supports
userinteraction such as rotation, translation,and zoom-
ing always maintaininga constanthigh spatialresolution,
(5) doesnotrely onary parameterizatioof thesurface,and
(6) producedastanimationsrealizingup to 60 framesper
second.We note that IBFVS [LvWJHO04 could also have

beenappliedaswell asthe techniquefrom Weiskopf and
Ertl [WEO4].

3.2. In-Cylinder Flow: Swirl and Tumble Motion

For o w enteringandexiting acomhustionchambertheen-
gineersresponsibldor the designtry to createanideal pat-
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Figure 1: (left) The swirling motionof ow in the comhus-
tion chamberof a dieselengine Swirl is usedo describecir-
culation aboutthe axis alignedwith the valvecylinder The
intake ports at the top provide the tangential componenbf
the ow necessaryor swirl. Thedatasetconsistsf 776,000
unstructued,adaptiveresolutiongrid cells.(right) Somen-
cylinder ows require a tumblemotion ow patternin order
to mix uid with oxygen. Tumble ow circulatesaroundan

axis perpendicularto the cylinder axis, orthogonal to the
caseof swirl motion.

tern of motion. The motion canbe describedas a swirling

0 w revolving aroundanimaginary centralaxisresidingin-
sidethecylinder volume.Onetypeof swirling motion,aptly
called swirl motion is depictedin Figure 1, left. The ideal
swirl motionspiralsaroundanaxisalignedwith thecylinder
volumefoundatthe center Suchanidealis oftenstrivedfor
in dieselengines.

Anotherimportantpatternof o w is tumblemotion depicted
in Figure 1, right. The axis of rotationin thetumblecaseis
orthogonalto that of the swirl case Also, the ideal motion
is closerto a simplecircle ratherthana morespiral-like pat-
tern. Sincethe axis of rotationis not alignedwith the com-
bustionchambeiitself, this patternof motionis moredif -
cultto realize.

Achieving theseideal patternsof ow optimizesthe mix-
ture of oxygenand fuel during the ignition phaseof the
valve cycle. Optimal ignition leadsto very desirablecon-
sequencesssociatedvith the comhustion processinclud-
ing: moreburntfuel (lesswastedfuel), loweremissionsand
moreoutputpower.

Swirl Motion: Engineershave differentoptionsandtools
attheir disposalwhenvisualizingthe o w to seehow close
it approximatesheideal. Previously, they werelimited to a
combinationof slicesandtexture-basedrisualizationtech-
niques.Thiswasfollowedby textureadwectionon boundary
surfaces Engineeroftenstarttheir visual analysisby look-
ing attheboundarysinceit providesanoverview. Afterward,
they maytheninvesticatetheinsidevolume.Oneclassictool
engineerdave to visualizethe volumeareisosurbices Fig-
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ure2 left, shavs thedepictionof swirl motioninsidea com-
bustion chamberfrom a dieselenginesimulationusing an
isosurbice.Textureadwectioncanbe addedo theisosurfice
in orderto portraymoredetailandfurther characteristicef
the o w ontheisosurfice,asin Figure2 middle-left.

Both the velocity isosurfice and additionaltexture advec-
tion on theisosurficedo provide furtherinformationabout
the three-dimensionatharacteristicef the o w insidethe
pistonchamberhowever, interpretatiorof theresultss dif -
cult. This stemsmainly from thefactthatthe o w is nottan-
gentialto theisosurficein mary areasThismakesavelocity
isosurficeitself moredif cult tointerpret.Textureadwection
ontheisosurficecanbeconsiderednisleadingf thenormal
componenbf the o w to theisosurficeis nottakeninto ac-
count.A moreintuitive approachs to usestreamsurfaces.
Figure 2 middle-right shavs a streamsurface seedechear
oneof the intake portsof the geometry This streamsuice
corveys the 3D characteristicef the swirl motionin avery
intuitive mannerFigure2 right shavs anovel hybrid visual-
izationof textureadwectionon the samestreamsurface.The
resultshavs more characteristic®f the o w thana stream
surfacealone.The viewer canseehow the o w alignswith
thesurfaceitself. Watchingthetexturepropertieso w down-
streamis especiallyintuitive during animation[LGSHO0S.
Fromanengineeringointof view, thesimulationresultsin-
dicatea satishctorydesignandsimulation.In otherwords,
aniceswirl motionpatternhasbeenachiezedhere.Froman
engineeringpoint of view, the designof the modelis good
andachiezesa nearlyoptimal mixing of fuel andoxygen.

Tumble Motion: Figure 3 shows a streamsurfaceseeded
nearthe intake port of the comhustionchamberof a model
gasenginecylinder. Color is mappedo velocity magnitude
anda candidataumbleaxisis annotatedThetumbleaxisis
off-centerandnotalignedwith theidealtumblemotionaxis.
The axisis slanteddownward andto the left. The position
of thetumbleaxis canbe seerhowever the downstreamand
upstreandirectionof the o w cannotbe inferredunlesswe
usea hybrid visualizationasshavn in Figure4. The rst im-
agein Figure4 addsthe texturing to the ow eld de ned
at the streamsurface.How the o w alignswith the stream
surfaceis clari ed andwe canobsenre thetextureproperties
o w downstreamin afastanimation[LGSHO5. Also, with
thetexturing convolved accordingto the ow eld, thevor-
tical natureof the candidateumbleaxisis clearer Depicted
is ow swirling aroundan off-centertumble axis. Further
more,the perceptiorof this vortex is muchclearerwith the
additionaltexturing.

In additionto visualizingthe ow eld atthestreamsurface,
we alsoexperimentedvith advectingtexture propertiesac-
cordingto othervector elds including the vorticity eld.

Vorticity is the curl of thevelocity, namelyr v, andrep-
resentghelocal o w rotation.Someresultsfrom this inves-
tigationareshavn in Figures4, 9, left (color plate),and 5
wherenoisetexture hasbeenconvolved accordingto vortic-
ity. Thecolormappingin Figures4 and 5, bottomis accord-
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Figure 2: The depictionof swirl motionwith surfacesand texture advection:(left) a velocityisosurfaceof 5.0 m/swith an
addition CFD simulationattribute mappedto hue (middle-left)a hybrid visualizationof texture advectionon the sameiso-
surface (middle-right)a streamsurfaceseededn an intake port with velocitymagnitudemappedo hug and (right) a hybrid

visualizationof texture advectionon the samestreamsurface

Figure 3: A streamsurfacein the gray-scalecontet of a
comlustion chamberin a gas enginesimulation.A candi-
datetumbleaxisis indicated.For the streamsurface color
is mappedo velocitymagnitude

ing to vorticity magnitudeln Figure9 (color plate),we have

implementedan arguably moreinformative color mapping.

Figure 9 shaws texture advectedaccordingto vorticity and
color mappedo helicity. Helicity is de nedasv (r  v).
High helicity valuesindicateregionswherethelocalvelocity
andvorticity vectorsarenearlyparallel,very muchreminis-

centof the parallelvectorsoperatof PR99. Parallelveloc-
ity andvorticity may indicatevortex coreregions.Figure9
shaws high helicity valuesin the candidateumble axis re-
gion andin the lower right. Theimagesin Figures4 and 5
have beenpositionedin orderto facilitate comparisongor
the reader From comparingthe vectorandvorticity elds,
we canobsene thatvorticity is sometime®rthogonako the
vector eld. Therealsoappearso beconsiderablenore uc-
tuationin thevorticity thanthevelocity. Thisis evenclearer
in an animation[LGSHO0] althoughadmittedly thesehy-
brid resultscanbevisually comple. A discussiorof texture
adwectionaccordingo thepressuregradienteld is givenin
Sectiord.

Perception: Theimagesin Figure4 arevisually comple.
The surfacesare comple to start with and complement-
ing this with texture corvolution addseven more. Percep-
tual problemsstemfrom visual compleity anddeciphering
different portionsof the surfacefrom one another This is
thereasorwe experimentedvith differentcolor mappingsas
shawvn in Figure5. Figureb, top shavs the samestreamsur
faceandvector elds asFigure4 butwith adifferentviewing
angleanda simpli ed blue-yellav color mapping.The sim-
plied color mappingcan facilitate the perceptionof both
surfaceandtexture propertiesby reducingvisual comple-
ity. Accordingto the ndings of Ware [War98 War0Q, an
optimalcolor sequenceariesthrougharangeof colorswith
eachsuccessie huehaving a higherluminancethanits pre-
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Figure 4: A hybrid streamsurface—tgture advectionvisu-
alization the tumble pattern of motion from the simulation
resultsof a gasengine:(top) velocitymagnitudemappedo
hueandtexture advectionappliedto the ow eld and(bot-
tom) vorticity magnitudemappedo hueand texture advec-
tion appliedto thevorticity eld.

decessorThus, we have experimentedwith the color map
shawn in Figure5, bottomwhich meetsthis criterion. User
studiesindicatethat this surfacemay be easierto perceve
thanthe traditional color mappingusedin Figures3 and4.

Alternative approaches$o enhanceperceptionof thesesur

facesinclude:mappingcolor accordingto depth,e.g.,map-
pingred-scaleraluesin theforegroundandblue-scalevalues
toward the backgroundn the mannerof Toutin [Tou97 or

usingfog to emphasizehe depthgradient.

We emphasizethat although the imagesshovn here are
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Figure 5: The samestreamsurfaceas shownin Figure 4
viewed from the side and with alternativecolor mappings:
(top) velocity magnitude mappedto a simple yellow-blue
color scaleand texture advectionappliedto the ow eld,

and (bottom) vorticity magnitude mappedto a more opti-
mal color scaleandtexture advectiorappliedto thevorticity
eld.

static, the visualizationsseenby the engineerare not. An-

imatedtexture convolution at real-timeframe ratesaid the
userin perceving the characteristicef the streamsurfaces.
Interactionincluding, zooming, panning,and rotation also
play an importantrole in perceptionfor which thereis no

substitute Hencewe encouragéehe readerto view the sup-
plementaryideo [LGSH0Y. We have alsoimplementeda
clipping planefor visibility culling.
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Figure 6: The major componentf the ow through a
cooling jacket include a longitudinal component)ength-
wisealongthegeometryanda transvesal componenin the
upwaid-and-wer direction. Theinlet and outlet of the cool-
ing jacketare alsoindicated.

3.3. Cooling Jacket Flow

The previous applications of in-cylinder ow simula-
tion highlight some of the strengthsof a hybrid texture
adwection—streansurfacevisualization.While we alsogain
heightenednsight in the caseof cooling jacket ow, this
applicationpointsout somelimitations of the approachWe
precedeur ndings with abrief descriptiorof theideal o w
throughthejacket geometry

Thecoolingjackethasanextremelycomplex geometryThe
modelgrid consistsof over 1.5 million unstructuredadap-
tive resolutiontetrahedrahexahedra,pyramid, and prism
volume elements the size of which differs by more than
six ordersof magnitudeOur streansurfacetessellationgare
correspondinglgomplicatedcontainingover 500,000p0ly-

gonsin somecasesTherearetwo main componentso the
ideal patternof ow througha cooling jacket: a longitudi-
nal motionlengthwisealongthe geometryandatransvesal
motion from cylinder block to headandfrom the intake to

theexhaustside. Thesetwo componentsresketchedn Fig-

ure6. Thelocationof theinlet andoutletarealsoindicated.
Any o w thatdeviatesfrom this ideal, essentiallythe most
efcient volume- lling pathfrom inlet to outlet, resultsin

lesstransferof heataway from the engineblock.

Streamsurfaceseedingcomputationandvisualizationcan
help the engineerunderstandhe behaior of the ow and
comparethe simulationdatawith the ideal. Figure 7 shavs
two streamsurfacesseededn thecylinder block side(lower
half) of the jacket's volume nearthe inlet. The streamsur
facesstartoff highlightingthe laminarcharacteristicef the
ow until the ow travels upward in the trans\ersaldirec-
tion. The o w is drawn into the cylinder headside(top half)
of the geometrythroughsmall uid conduits.During this
transitionfrom cylinder block to cylinder head(bottomto

Figure7: Streamsurfacem thecoolingjacket: (top)redand
blue streamsurfacesre seededcloseto the inlet and tra-
versethejacket mainlyin longitudinal direction. Parts of a
streamsurfaceare drawninto theinterconnectiongnd cre-
ate vorticesupon enteringthe jacket head (highlightedin
inset).

top) the o w becomes very complicatedpatchvork char
acterizedby mary vortices.(Thedepictionof individual vor-
ticescanbefoundin previousliterature[LGD 05].)

From our experienceandthe a priori knowledgeof the en-
gineersinvestigating this type of ow, it appearsasif the
ow is generallytraveling in the longitudinal directionin
the cylinder block and then the trans\ersal direction as it
is dravn into the head.However, it is not until we apply
texture-adectionto the streamsurfacethat non-idealpor
tionsof the o w areevident.

Figure 8 shavs a hybrid texture-based-streasurfacevisu-
alization using the samestreamsurface geometryseeded
in blue in Figure 7. What becomesclear with the addi-
tionaltexture-adectionarepatche®f o w thatdeviatefrom
the ideal. This includes recirculation zonesand reverse-
longitudinal o w—bothof which reducethe effectivenessf
heattransferaway from the engineblock. A recirculation
zoneis highlightedin Figure 8, lower left, while reverse-
longitudinal o w canbe obsened in both loop streamsur
facestructuresn thelowerright close-upThisis especially
apparentn ananimation[LGSHO3.

Technical and Perceptual Problems: Someof the chal-
lengesin this applicationstemfrom technicalfactorsand
perceptionThe sheercompleity of the geometryresultsin

streamsurfaceswith correspondinglycomplex shape.The
cylinderblockandcylinder head(thebottomandtop halves)
are separatedy a gasket component.The gaslet compo-
nent containsa seriesof very small uid conduitswhose
number position,andsizecontrolthedistribution of ow to

andaway thefour cylinders.As the streamsurfacecomputa-
tion traversesfrom the block to the head the surfacesmust
necessarilypecomevery thin. In fact, the streamsurfaces
startto look morelike streamlinesFrom a technicalpoint
of view, this makesthe streamsurfacegeneratioralgorithm
of Garthetal. [GTS 04] particularlysuitedto this applica-
tion becausef its ability to navigatethroughsuchintricate
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Figure 8: A hybrid texture advection-seamsurfacevisu-
alization. A color (red and green)is assignedo ead side
of the streamsurfacein order to aid perceptionof the sur
faceproperties:(top) Thesamestreamsurfaceshownin Fig-
ure 7 is complimentedvith texture advection:(bottom-left)
a close-upof recirculation zoneis highlightedand (bottom-
right) a close-upview of a region with high vorticity.

geometryin arobustmannerAs a consequencef the gas-
ket conduits,our hybrid visualizationmay amountto what
is essentiallytexture adwvectionon streamlinesStreamlines
do notprovide enoughspatialcoherencdor sensibleexture
adwection. Even if the spatialfrequeng of our convolved
noisetexture were on the scaleof a unit pixel (which was
not originally intended),its adwectionwould not be clearly
percevableon a streamlineonly 1-2 pixelsin width. Thisis
both a technicalanda visual limitation. To our knowledge,
theonly way to resole this is by zoomingin onthegeome-
try until a spatiallycoherengeometryis obtained.

The visual compleity of thinly connectedstreamsurfaces
posesperceptuakhallengedor the viewer just as stream-
lines do in this sameapplication.Oneway we addresshe
visual compleity is with a simplecolor mapping.As illus-

tratedin Figure 8, oppositesidesof the streamsurfaceare
assignedlifferentcolors: one side of the streamsurfaceis

red,the othergreen.As the surfacetwists andfolds over it-

self it is easierto perceve. This is especiallynoticeablein

areasof high vorticity.

4, Discussion

For higher resolutionimagesand animations,including a
full lengthvideo,pleasevisit:
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http://www .VRVis.at/scvis/laramee/isa-steamsurface/

For eachof thevisualizationsperformanceime afterstream
surfacegeneratioris fast:oftenin real-time.A detaileddis-
cussiorof textureadwectionperformancdimescanbefound
in previousliterature[LvWJHO04].

We notethatstreansurfaceseedingstill remainsachallenge
andis to someextent arbitrary For all the streamsurfaces
shawvn in this paperwe usedour a priori knowledgeof the

applicationsjust asan engineerdoes,during our investiga-

tion. Engineersanalyzingthesesimulationsarevery familiar

with the characteristic®f their models.In general the re-

gionsnearintake portsareanintelligentseedingchoiceand
provide insightful results However, thisdoesnotcompletely
eliminatesometrial anderror.

Onthetopic of perceptionanothelissuestemsrom thesur
facevisibility in conjunctionwith texture-basedector eld
visualization.If the noisetexturesare not adequatelyrans-
parent,the surfacemay be more dif cult to see.The opti-
mal transpareng of texture propertiesdependon whatthe
viewer is mostinterestedn. Thatis why we give the user
interactie controlover thetransparengof texturesandcor
respondingurfaceopacity Theusermaydecideto increase
transpareng of the texturesin orderto seemoreof the sur
faceor increasehe opacityof thetexture adwectionin order
to seemoreof the o w. Implementatiordetailsaredescribed
elsavhere[LJHOJ.

In additionto adwectingtexture propertiesaccordingto the
velocity andvorticity elds at the streamsurface,we have

alsoinvesticatedthe pressurggradient eld. The character
isticsof the pressurgradienteld atthestreamsurface,are
depictedn Figure9, right (color plate).Interpretatiorof the
resultsis dif cult. It looksasif the pressureggradientis or-

thogonalto the boundarygeometry however, furtherinves-
tigationis necessarin orderto verify this obsenation.Also

we mustusecautionwheninterpretingthe visualizationsof

eitherthe vorticity or pressuregradient elds on a stream
surfacebecaus¢hesearenot alwaysalignedwith thestream
surfacegeometryasin the caseof the ow eld. Nonethe-
less,our hybrid visualizationallows the engineetto explore
therelationshipbetweenvelocity, vorticity, andpressurgra-
dientattribute elds in anovel way.

5. Conclusionsand Futur e Work

We have introduceda novel hybrid visualizationof texture
adwectiononstreansurfacesWe've appliedthetechniqueo

threeimportantpatternof o w from automotve simulation.
The combinationof texture-adection and streamsurfaces
raisesboth technicaland visual challengeghat can be ad-
dresseavith bothinteractionandsimplebutintelligentcolor
mappingchoicesWe alsoexperimentedvith adwectingtex-

turesaccordingo variousvector elds de ned atthestream
surfaceincluding o w, vorticity, andpressurgradientelds.

The hybrid visualizationallows engineergo explorethere-
lationshipsbetweertheseattributesin a way not previously
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possible Our investigation shavs thattexture-adectionen-

hancesstreamsurfacesby depictingpropertiesof the o w

that the surfacesalonecannot.In this case the texture ad-

vectionpointsout both ideal and non-idealsubsetof ow

motion. Thehybrid visualizationsalsoprovide amuchmore
detaileddepictionof simulationresultsthanstreamsurfaces
alone Althoughmorevisualinformationprovidesfurtherin-

sightto thoseengineersanalyzingthe simulationresultsthe
hybrid visualizationdoeshave limitations.

Futurework could take on several directionsincluding the
computatiorof of time-dependergtreansurfacesTherela-
tionshipof streamsurfaceswith othertopologicalfeatureof
the o w alsolooksto bea fruitful researchdirection.Com-
puting a texture adwection visualizationin true 3D (as op-
posedto surfacesin 3D) continuesto be a challengeto re-
searchersThe optimal trade-of betweendomaincaoverage
andperceptibilitypromisego beelusie for yearsto come.
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Figure 9: (color plate) (left) A hybrid streamsurface—tgture advectionvisualizationthe tumble pattern of motionfrom the
simulationresultsof a gasengine In this case texture propertiesare advectedaccoiding to vorticity and color is mappedo
helicity. (right) A hybrid streamsurface-t&ture advectionvisualizationwith pressue gradientmagnitudemappedo hueand
texture advectionappliedto the pressue gradient eld. Thesamestreamsurfaceis shownfroma differentview point.
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