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Interacti ve Visualization and Steeringof CFD Simulations
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fCenterfor ImageProcessingndlntegratedComputing(CIPIC), University of California, Davis, CA
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Abstract

We describea systemthat supportsreal-timeinteractive visualizationof computatiomal fluid dynamics(CFD)
simulations.The systemallows a userto place and manipulatevisualizationprimitives, sud as isolinesand
streamlines during an ongoingsimulationprocess A usercan interactively selectand designateregions of the
computationalmeshfor refinements the simulationprogressesperformremeshingand seethe effectsof the
refinemenbn the simulationin real time Thesystemis beingusedfor the studyof two openproblemsin com-
pressiblefluid dynamicsWe caninteractively explore solutionsas they are computedidentify flow field regions
containingfeatues of interest,and refinethe grid in thoseregionsin order to obtain a betterresultlocally. The
ability to visualize“live” data,andto male changesto the computationalsetupin real time, has helpedusto
undestandthe underlyingfundamentalCFD simulationissuesof theseproblemsin shortertimesthan would

otherwisehavebeenpossible

1. Intr oduction

In computatioml fluid dynamics(CFD) analysesthe tasks
of simulationandvisualizationareusuallydoneasindepen
dentsteps- visualizationfollowing numericalsimulation.In
atypical procedurethe researchefirst performsa calcula
tion for somefixed amountof computationhtime, andthen
views the solutionin a separatgost-processingtep,using
a stand-alone&visualizationsystem Basedon the solutionat
this intermediatestage,a decisionmay be madeto change
simulationparameterstegrid, modify the modeledgeome-
try, or simply continuethe computatiorunchagedfrom that
point. This procesds repeatedintil the solutionof a steady
problemhascornverged,or until the solutionof anunsteady
problemis evolvedto a givenpointin time.

We believethatit is moreefficient,andmoreenlightening,
to performbothsteps- simulationandvisualization— atthe
sametime. A special-purposgisualizationsystemthat can
bedirectly coupledwith arunningsimulation,e.g, viaanet-
work connectionandthatallows usto visualize“li ve” data
asit is producedby the simulation,canbe usedto obsere
the simulation progressingowardsits final result, instead
of just visualizing that result. Sucha systemis not only a
valuabletool for dehugginga simulationunderdevelopment,
but it canalso help in understandindhe phenomenorbe-
ing simulated by shaving how the simulationarrived at the
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final result. Even when a simulationcodeis alreadywell-

establisheda specificsimulationcanstill go awry, for ex-

ampleif inappropriatesimulationparametersre specified.
Insteadof having to wait for arunto finish, andthenfinding

out thatthe resultis not asexpected,it is often possibleto

detecthatasimulationwill yield suboptimatesultsearlyon

andinterruptit, or sometimegvento improveits solutionby

changingparametersn-the-fly In situationdik e this,acou-
pled simulation—visualizatiosystemcanreducethe overall

computatiortime significantly

Ourbasicassumptioris, thatthe simulation— beit steady
or unsteady- computedransientsolutionswhich corverge
towardsthefinal solutionovertime,andthatthetimeto com-
pute one of thosesolutionsis much shorterthan the over
all simulationtime. In the two computationhproblemsde-
scribedin Section4, computinga single solutiontakes on
the order of a second whereasa completesimulationcan
take days.Underthis assumptionit is evenpossibleto view
real-timeanimationsof simulationdatawhile thesimulation
is still running.Thisdoesnot mean however, thata userhas
to obsere a simulationover its whole running-time.Typi-
cally, it is sufiicient to obsere the transientsolutionsonly
until it is determinedhat the simulationparametersire set
appropriatelyandthencomebackoccasionallyto checkif
the simulationis still progressin@splanned.
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Having sucha coupledsystemalsoallows coopeationin
the otherdirection: It malkesit possibleto “steer” a simula-
tion by changingparametes on-the-flyusingthe visual in-
terface provided by the visualizationsystem.How to steer
a simulation,i. e., which parameterso change dependn
the specificproblem;oneexamplewould be to changegrid
structuregluringcomputatiorto improve resolutionin areas
of interest.

An alternatve approacho steeringis basedon usingan
algorithmthat modifiesgrids or geometryautomatically as
thesolutionprogressesdaptive grid methodsfor example,
clustergrid pointsin regionswherethey are mostneeded,
suchasnearshocksor in otherareaswherelarge gradients
occur The adaptve meshrefinemenf{AMR) approachde-
scribedin 12, for example, usesa sequencef nestedCarte-
siangridsthatarerefinedin both spaceandtime. Finegrids
arerecursvely embeddedn coarsergrids until the neces-
sary resolutionis obtained.During a computation,refined
grids are createdor removed automatically in responseo
estimatecerror, withoutuserintervention.Thisapproachhas
beenusedto computetwo andthree-dimensionasolutions
containingshockg(see for example 2). Adaptive grid meth-
ods have alsobeendevelopedfor oversetand unstructured
grids,andarediscussedhn 1011 14.12,

Similarly, automatiomethodscanbe usedto dynamically
modify geometryin responseo a computedsolution. For
example,automaticCFD-baseddesignmethodshave been
developal for the optimizationof aerodynarit shapesin-
cluding airfoils, wings, wing-bodies,and completethree-
dimensionalaircraft configuratiors. The approachin 8 916
usesa control theory-basedadjoint formulation, and sys-
tematically modifiesa configurationthrough manipulation
of designvariablesghatsmoothlyvary the shapeof theaero-
dynamic surfaces.Examplesof optimal three-dimensional
designsbasedon this approachinclude completebusiness
jet 1> andsupersonid¢ransportconfigurationsReutheret al.
17 describedetailsandprovide a concisesummaryof earlier
aerodynamishapeoptimizationmethods.

Evenwhenusingautomaticor adaptve methodsjnterac-
tive visualizationof “li ve” simulationdatais still beneficial;
additionally for someCFD problems,the compleity and
expenseof anautomatiogrid refinemenschemeanaynotbe
necessaryr desirable put onemay still needto locally re-
fine the grid in orderto resohe interestingfeaturesin the
solution.For theseproblemsaninteractve systemthatsup-
portsvisualizationof the solutionasit is beingcomputel is
extremelyuseful.Sucha systenmustallow a userto specify
the region(s) whererefinementis neededlIn this paper we
applythe describedsystemto the investigation of two open
problemsn compressibléluid mechanis thatareamenable
to interactve local grid refinementThesolutionscontainin-
tersectingshockwaves,and we are interestedn obtaining
highly refinedsolutionsin theneighborhoof theintersec-
tions.We interactvely exploresolutionsasthey develop,se-
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Figure 1: Layoutof integratedsimulation—visualizatiosys-
tem.

lect regionsfor grid refinementand continuethe computa-
tionsafterremeshing.

2. RelatedWork

Computationakteeringhasbeenan active areaof research
for over adecadean excellert suney/taxonomyof existing
systemscanbe found in 21 The framevork presentechere
differs from existing steeringsystemsn thatit is basedon
aninteractve dataexplorationsystem,andas suchfocuses
oninteractvity in bothvisualizationandsteering.t is also
aimedspecificallytowardstime-varying simulationsof two-
or three-dimensiongthenomena

3. Overview of the Steering Framework

A steeringframework is charactezed by the fact that it
closelycouplessimulationandvisualization/interactionTo
use a visualizationprogramfor steering,it must “under
stand, and be ableto manipulate the internal datarepre-
sentationusedby the simulation. As simulationstend to
useproblem-specificdatarepresentationghe visualization
componenbf a steeringframevork mustbeflexible enough
to deal with those, without having to write a problem-
specificvisualizationprogram.The impactsof this require-
mentarediscussedh detailin Section5.

From a system-architecturpoint of view, thereare two
ways of building a steeringframevork: One can build a
monolithicprogramconsistingof bothparts,or onecancon-
structtwo independetprogramdinkedby acommunication
protocol. To supportseparatadevelopmen of the two pro-
gramcomponats, andto provide maximumflexibility, we
chosethe latterapproachBuilding a distributedapplication
hasother benefits:It is possibleto run the simulationand
visualizationprogramson differentmachine connectediia
theInternet,andit is possibleto conne¢ to/disconnecfrom
the ongoingsimulation.In theory even multiple visualiza-
tion programscould be conneted to the samesimulation,
allowing collaborationbetweenusersat multiple sites.The
distributedsystemstructureis shovn in Fig. 1.

Froma computationhscientists point of view, it is rela-
tively simpleto modify/extenda simulationprogramto sup-
portvisualizationandsteering The compleity of maintain-
ing aremoteconnectiorto avisualizationprogramandsend-
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ing simulationdataacrossthat connetion canbe encapsu-
latedin a single C++ class(Vi sSocket , seeFig. 1). We
have found that adjustmentand extensionof a simulation
codewritten in C/C++canbe donein a few hours.The vi-
sualizationprogramhasto accomodte the simulationpro-
gram;thedataexchangdbetwea simulationandvisualiza-
tion programsarealwaysin the formatusedby the simula-
tion. In developing the steeringframework, it wasa goalto
minimizethenumberof datacorversionsandto performall
of themin the visualizationprogram.This approactmakes
the visualizationprogrammaore comple:: Even when only
consideringgrid-basedsimulations,a multitude of possible
datarepresentationexists,rangingfrom simpleCartesiario
hierarchicalAMR grids. Using the systemarchitecturede-
scribedin Section5, it is possibleto modularizethe visual-
ization programto accanodateall theserepresentations.

The guiding principle behind developing the described
visualization system was interactvvity. Our previous re-
search23 shaws that being able to interactwith a visual-
ization, asopposedo looking at a fixedimage,aidsin un-
derstandindhe visualizedphenomenn. Furthermoresince
our systemis coupledwith arunningsimulation,changsin
simulationdatamustbereflectedin the visualizationwhen-
everthey occur In aninteractve visualizationsystemauser
canplacevisualizationprimitives(contourlines,streamlines
etc.) anywhere insidethe datadomain.Whena primitive is
placed,it will follow all movementsof the pointing device
until it is releasedn its final position. The resultinganima-
tion of primitivesprovidesanintuitive understandingf the
visualizeddatas structure Whenthevisualizationsystemis
connectd to a running simulation, the visualizeddatacan
be updatedarnytime — either on userrequest,or automati-
cally whenever thesimulationhascompletecanew transient
solution.On a dataupdate all previously placedvisualiza-
tion primitives will reflectthe change resultingin a real-
time animationof simulationdata.A primitive canalsobe
draggedwhile datais updatedautomatically;if the simula-
tion cancalculatetransientsolutionsfastenough a usercan
explore the datain both spaceandtime. The visualization
systemsinternalarchitectureandthe providedvisualization
primitivesaredescribedn moredetailin Section5.

4. The Computational Problem

With the integrated simulation—visualizationsystem, we
have studiedtwo problemsin compressibldluid mechan
icsthatinvolve flow at or nearthe speedf sound(transonic
flow). Theseproblemsinvolve the reflectionand focusing
of weak shockwaves, and are poorly understooctheoret-
ically due to the difficulty in analyzirg multi-dimensional
shockwave propagtion. In particular the weak shockre-
flectionproblemis a physically importantexampleof atwo-
dimensionalRiemannproblem,which arisein the study of
hyperbolicsystem®f conserationlaws,includingtheEuler
equationof gasdynamicsOtherexamplesof transonidlow
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problemsoccurin aerodynamicpplicationsfor example,
in the flow aroundwings of commercialsubsonidransport
aircraftat cruiseMach number Transonicflow is charater-
ized by the occurrenceof shockwavesthat are difficult to
resole numericallydueto their weaknessandby the fact
that the flow fields containregions of both supersoniand
subsonicflow. In the following, we briefly summarizethe
computationhproblems;seethe referencegor detailedex-
planations.

In thefirst problem we studythetransitionbetweerMach
and regular reflectionfor weak shockwaves reflecting off
thinwedgegseeFigs.7 and8 for examplesof Machandreg-
ular reflection,respectiely). An analysisof the Eulerequa-
tionsof gasdynamicsshavsthatregularreflectionof aplane
shockis impossiblewhenthewedgeangleb < 64, wherefy
is the detachmat angle,which is a function of the shock
strength.Onepossibleconditionfor transitionfrom regular
to Machreflection,therefore s thattransitionoccursat the
detachmat point, where® = 64. A secondplausiblecon-
dition for transitionis the sonic point, at which the point
wherereflectionoccursis exactly sonicwith respecto the
flow behindthe reflectedshock. Thesetwo criteria are so
closetogetherthat they cannotbe distinguishedrom each
otherin experiments.Numericad studiesto date have also
beenunsuccessfuh resolvingthis problem,andthe correct
criterionfor transitionis unknavn. See? for a detaileddis-
cussionof transitionin shockreflection,and# > for further
explanation

An asymptoticproblemthat describesthe reflection of
weakshocksoff thin wedgesvasformulatedin 8, andis fur-
ther discussedn 7-13 18 The detatimentand sonic points
correspondo differentvaluesof a parameten (se€’) in the
asymptoticproblemthat arevery closein numericalvalue.
We solved the asymptoticequationsusing the numerical
methoddescribedn 1920, We usea curvilineargrid thathas
a locally refinedareaof uniform grid very closeto the re-
flection point, andis stretchedexponentiallyaway from the
reflectionpoint toward the outernumericalboundariesand
the wall. This grid is shavn schematicallyin Fig. 4(a). As
we describan Sections, werefinethegrid interactvely dur-
ing anongoingsimulation.Following eachgrid chang, the
solutionis interpolatedonto a new grid, andthe simulation
continues.In our numericalsolutions,we usevaluesof the
parametem closeto the sonicand detacimentvalues,and
searcHor evidence of transitionin thenumericalsolutions.

The secondproblem concens the focusing of curved
shock fronts. When a weak non-planarshock propagtes
down a shocktube, one of two configurationsdevelops.
If the shockis suficiently weakit crossesover itself and
formsalinear, fish-tail configurationasshaown in Fig. 9(a).
For slightly strongershocksthe non-linearconfigurationin
Fig. 9(b) is obsened; here,the acceleation of the central
part of the shockpreventsthe shockfrom crossingover it-
self and forming a fish-tail configuration.In both configu-
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rations, an apparenttriple point, consistingof threeinter

sectingshocks,is obsered both experimentallyandin nu-

merical solutions.It can be shawvn, however, that for suf-

ficiently weak shocks,suchintersectionsannotexist. Ap-

parenttriple shockintersectionsalso occur experimentally
andin numericalsolutionsof the Mach reflectionof weak
shockswhichwasinvestigatedin 7-20. In 7: 20, numericalev-

idencewas presentef a supersoniaegion nearthe triple

point that containsadditionalexpansionwaves,andthe re-

sulting wave structureat the triple point is admissibleby

theory An expansionfan hasnot beendetectedat the triple

pointin weakshockfocusing,but the existenceof solutions
similar to thosein 7-20 would resole the conflict between
theoryandexperimert for the focusingproblem.See!8 for

furtherexplanationof shockwave focusing.

To studythe shockfocusingproblemwe have appliedthe
numericalschemedescribedn 7. We usea Cartesiangrid
thathasa locally refinedareaof uniform grid nearthetriple
point, and is stretchedexponentidly toward the outer nu-
mericalboundariesandthe wall, asshaovn schematicallyin
Fig. 4(b)

5. Structur e of Visualization System

Our goalwasto createa visualizationsystemthat is close
enoughto the simulationsystemto appeato bea partof it,
yetgeneraknoughto beableto be coupledwith severaldif-
ferentsimulationsystemswithout having to rewrite it every
time. The major advantages of sucha tight-knit systemare
twofold: First, sucha systemsupportsnteractve visualiza-
tion of “live” simulationdata.Second|t allows usto steer
the simulationby manipulatingparametersthusimproving
the quality of simulationresults.

5.1. Interacti ve Visualization of “Li ve” Simulation Data

Our visualizationsystemclosely follows the systemarchi-
tectureof theonedescribedn 23, It canvisualizegrid struc-
ture, anddatacanbe exploredinteractvely by placingand
moving visualizationprimitivesin the simulations domain.
Sincethe example simulationsdescribedn Section4 pro-

vide multi-valueddata,with atleastonescalarandonevec-
tor (velocity) for eachgrid vertex, the visualizationprimi-

tivessupportedy our systemarecontourlinesof ary scalar
value, and streamlinef the vectorvalue. Both primitives
canbecoloredby mappingary scalarvalue.

A typical use of our systemis to first explore a single
transientsolution computedby the simulation by placing
anddraggingsomevisualizationprimitives;onceprimitives
highlightingimportantfeatureof thedatahave beenplaced,
automaticdataupdates enabledo seehow theplacedprim-
itivesevolve overtime. If new featuresdevelopin thedata,or
if existingfeaturesarenolongerwell-representecqutomatic
updateis disabled andthe cycle is startedover by adjusting
the existing primitivesor addingnew ones.A benefitof the

distributedsystemarchitecturedescribedn Section3 is that
the visualizationsystemcan be conneted to/disconnected
from the simulationat will; thereforejt is not necessaryor
a userto continudly supervisea long-runningsimulation.
Typically, oneonly obseresthefirst few computedsolutions
to checkfor validity, andthencomesbhackoncein awhile to
checkif the simulationis still progressingsintendedor to
changegparametersn-the-fly

5.1.1. Visualization Primiti ves

Renderingcontourlines(isolines)is probablythe mostcom-
monly usedvisualizationtechniquefor scalardata.A con-
tour line connets all pointsin a domain having a given
functionvaluec, and,for grid-baseddata,a contourline is
typically computedusinga versionof the Marching-Cubes
algorithm?24 2526, This algorithmis not suitablefor interac-
tive visualization.Therefore,we replaceit with a “seeded
isoline” method.We do not createan isoline by specifying
a constantfunction valuec, but by selectinga point inside
the domain.The visualizationsystemcalculats the scalar
value at the selectedpoint, and we computean isoline for
thatvalueby “growing” it outward from the selectedooint:
First,a contourline fragmentfor thegrid cell containingthe
selectedpointis createdusingthe Marching-Cubesnethod,;
second,it is determinedwhich edgesof the cell are inter-
sectedby the contourline; and, third, thesecells arevisited
in turn, creatingthe completecontourline, seeFig. 2. The
mainbenefitof thismethods thatit canbeinterruptecatary
time, enablinginteractve responseéndependentf dataset
sizeandallowing a userto “drag” a contourline to quickly
andintuitively explore a scalarfield.

Figure 2: Computinga seededcontour line. (a) Creating
contourline fragmentinside selectedcell and determining
its neighbous; (b) and (c) growing contourline by propa-
gationthroughadjacentcells

Streamlinegreonemeando visualizevector(flow-field)
data.A streamlinep(t) is asolutionto theinitial valueprob-
lem p(tp) = Xo, adT p(t) = f(p(t)). In amorephysicalsense,
it describeghe path of a masslesgarticle releasednto a
steadyflow field f(x) at point Xg. The standardmethodto
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computestreamliness to iteratively solve the initial value
problemusinga Runge—Kitta method??, seeFig. 3. Since
this computatiormethodis directly applicableto interactve
visualization— theiterationcanbe interruptedat ary time —
streamlinesare generatedoy selectinga starting point xg
inside the domain,and then performinga fixed numberof
Runge—Kitta iteration steps.The generatedsamplepoints
arefinally connectd by line sggmentsto form a streamline.

P({o) p(to/+At) p(to+3At)

=
S

Figure 3: Geneating a streamlineby iteratively solvingan
initial valueproblemstartingat pointxg = p(to)

Currently thesetwo simple visualizationprimitives are
theonly onessupportedAt this point, interactie placement
of contourlines and streamliness the most efficient way
to visualize the two describedphenomea. Once we gain
moreinsightinto thecomputatioml problem trackingmeth-
odslike theonepresentedh 22 might be applicable.

5.1.2. Multi-v alued Data

In the caseof multi-valueddatasets,differentdatacompo-
nentscanbe selectedor visualization-primitve generation.
For example a dataset could contain one scalarquantity
(density)and one vector quantity (momentum),asis com-

monin mary typesof CFD simulationsIn this case contour
linescouldbegeneratd for density x- andy-componats of

momentumor momentunmagnitudePrimitivescanbecol-

oredby ary scalarcomponentCombiningdifferentcompo-
nentsof possiblydifferentfieldsfor visualization,e.g., col-

oring contourlines of densitywith momentummagnitude,
canaidin understandinglata.

5.1.3. Simulation Data Update

Thesystendescribedn 23 readgpre-computedatafor visu-

alization,while the systemwe describehereis directly con-

nectedo a simulationvia a network interface.This allows a

userto updatethevisualizeddatato themostrecentransient
solutionin the simulationat ary time. Whenthe simulation
datais updatedthe alreadyplacedvisualizationprimitives
will follow the change The visualizationsystemcan also
automaticly updatethe datawheneer a new solutionis

available thuscreatinga real-timeanimation.By following

the changingvisualizationprimitives over time, a usercan
moreeasilyunderstandiow a simulationprogresses.

Sinceall describedvisualizationprimitivesusethe notion
of a startingor seedpoint, we currently updateall existing
primitivesby recalculatinghem,usingthenew data starting
from the samepoint. For streamlinesthisis appropriatefor
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contourlines, however, keepingthe sameseedpoint might
changethe datavalue visualizedby the contourline. This
updatingmethodis sufficientto visualizea simulations evo-
lution, but we intendto implement‘tracking” of isovaluesin
afuture programversion.

5.2. Manipulating Simulation Parameters

In a tightly coupled simulation-visualizationframework,

datavisualizationis only one part of the collaboration.If

visualizationis usedto “supervise”the simulation, it can
alsobeusedto “steer” the simulation.The goalsof steering,
i. e., interactve changingof simulationparameterscan be
eitherto increasesolutionaccurag, to decreaseuntime, or
to keepa simulation“on track” Thedetailson how to steer
asimulationdependnthesimulatedphenomenoyor, more
specifically on the parametergxposedto the visualization
systemandusedfor “tweaking’ In computaional steering,
the procesof retrofitting a stand-alonesimulationcodefor

interactionis oftencalled“instrumentatiorf.

In the two computationaproblemsdescribedabore, we
choseto instrumenthe simulationcodesby allowing a user
to changethe grid during simulation,in orderto adjustthe
region of finestrefinemento thelocationwherethemostin-
terestingeaturesvolve. As describedn Sectiord, thegrids
for both problemscontaina uniform refinementarea,with
grid cellsgrowing exponentially in sizewhenmoving away
from thatregion, seeFig. 4. Toaccomodte grid changs, the
visualizationsystemprovidesa “magnifying glass”thatal-
lows a userto interactvely manipulateall parameterslefin-
ing the grid. Whentheseparameterare sentto anongoing
simulation,interpolationroutinesin the simulationcodere-
samplethe currenttransientsolutionontothe new grid, and
thesimulationcontinues.

In principle, the describedsteeringframeavork can be
adaptedo manipulateothersimulationparameteraswell,
dependingon the simulationbeingcontrolled.In the partic-
ularcaseof thetwo describeccomputatiomal problemsjocal
grid refinements by far the mostimportantparametethat
needsadjustmenturinga simulation.

5.3. Visualization SystemAr chitectur e

The relative complity of a coupledvisualizationsystem
is dueto the factthatit hasto work closelyto the simula-
tion system.This implies thatit mustdirectly work on the
datastructuregrovided by the simulation;converting data
to a canonial internalformatis not anoption. Sincethe vi-

sualizationsystemalso hasto be interactve, the modules
generatingits primitives mustalso be tightly knit into the
simulations dataformats.Thus,it seemghatsucha system
hasto be reimplementedrom the groundup for eachsimu-
lationit is to becoupledwith. Uponcloserinspectiorit turns
out, however, thatit is possibleto isolatea small numberof
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Figure 4: Grid structuesusedin computationalproblems.
In both grid(a) and grid(b), a local, uniformrefinemente-
gion is surroundedby grid cells growing exponentially in

size (a) Curvilineargrid usedn reflectionproblem;(b) Rec-
tilinear grid usedin focusingproblem.

basicinterfacegthatallow to isolatethe structureof the sim-
ulationdatafrom therestof thevisualizationsystemwithout
compromisingefficiency.

Our visualizationsystemconsistsof two main modules:
The first, Data Set Storage handlesrepresentatiorof sim-
ulation datain variousformats;the second,Visualization,
containsthe functionality to generateand updatevisualiza-
tion primitives,andto displaythemandinteractwith them
in the userinterface. To connectthosetwo modules,the
only two interfacesrequiredfor both provided visualization
primitives, seededsolinesand streamlinesarethe Loca-

t or andl soFragnent interfaces.The Locat or inter-
faceallows navigatingadatasetandevaluatingit atarbitrary
pointsinsideits domain.It is alsousedto communicatego-
sitionsinside a datasetbetweendifferentsystemmodules;
in this respectjt playsarole analogos to thei t er at or
interfacefoundin the C++ StandardlemplateLibrary. The
| soFr agnent interfaceis specificto generatingseeded
isolines; it encapsulatebow an isoline is generatedtera-
tively, oneline sggmentatatime,andhow isolinespropagte
throughgrid cells. Thevisualizationsystems architecturds
shavnin Fig. 5.

6. Results

We have usedthe describedsimulation-visualizatiorsystem
to computeand explore solutionsof the shock reflection
problemdescribedn Section4 for valuesof the paramete
a (see’) closeto the detachmat and sonicpoint values.In

Visualization Data Set Storage
Y
Seeded Cartgsian
Isoline Grid
8 Locator 8
8 Scalar-valued Data | Interface Rectilinear £
5 Grid g
€| - Value | _ _ -
- Display g
o) Curvilinear é
3 !
S | Vector-valued Data | IsoFragmen Grid €
Interface (2]
Stream- b
line | b
L * _/

Figure 5: Architectuse of interactivevisualizationsystem.
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Figure 6: A solutionon thefull numericaldomain,illustrat-
ing the approximatesizeand location of therefineduniform
grid area shownin Fig. 7, which is containel in the small
rectangularbox shownin the insetfigure. The plots show
contourlinesof u-velocityfor a Mach reflectionneartransi-
tion.

our solutions,we locally refinedthe grid over a very small
areacloseto the shockreflectionpoint. In orderto illustrate
the sizeandlocation of the refineduniform grid, in Fig. 6

we plot contourlines of the x-velocity componentu as a
function of (x/t,y/t) over the full numericaldomain.The
solutionshavn in Fig. 6 is for avalueof a correspondindo

Machreflection.Therefinedgrid areais too smallto bevis-

ible in themainplot shavn in Fig. 6. Theinsetfigure shavs
an enlagementof the solution containedwithin the small
rectangulabox centeredaboutthe reflectionpoint, asindi-

cated.The solutionshavn in the figure insetalso contains
a small box centeredat the reflectionpoint, indicating the
approximatdocationandsizeof therefineduniform grid.

During a computation we interactvely refinedthe grid
until the solution nearthe reflectionpoint was sufficiently
well resohed. Fig. 7 shawvs a sequencef solutionscom-
putedon consecutiely refinedgrids,for thesamevalueof a
asin Fig. 6. Theregionsshavn containthe refineduniform
grids,andcorrespondn areato the boxed region shawvn in
the insetof Fig. 6. In this sequencewe have refinedeach
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grid by afactorof two in x/t andy/t in relationto the previ-

ousgrid. Theplotsshavn contourlinesof u, andthecontour
linesareplottedatthe samevaluesof uin Fig. 7(a)—(d).The
incidentshockbecomesnorewell definedasthe grid is re-
fined,andthe Mach shock,which is extremelyshortfor the
valueof a usedhere identifiesthesolutionasa Machreflec-
tion.

In Fig. 8 we show u contourlinesfor a sequencef solu-
tionscomputedcbn gridscorrespondingn resolutionto those
in Fig. 7, for avalueof a correspondingdo regularreflection
neartransition.Thenumberof grid pointsin therefinedre-
gionsshaown in Fig. 7 andFig. 8 areindicatel in the figure
captionsTheshockshecomesharpeandthinnerasthegrid
is refinedin Fig. 8(a)—(d).A regularreflectionis clearlyvis-
ible. When computingsolutionsfor valuesof a very close
to the sonic and detachmat values,however, we have not
beenableto discernthe differencebetweenMach andreg-
ular reflection, due to the extreme shortnesof the Mach
shockat transitionand the inherentnumericaldiffusion of
our method.

In Fig. 9, we plot u contourlines, asa function of (x,y),
for solutionsat time t = 1 correspondingdo the linear and
non-linearconfigurationdor shockfocusing.In our compu-
tations,we maintaineda fixed refinedgrid size,andmoved
therefinedgrid regioninteractvely asnecessargothatit al-
wayscontainel the triple shockintersectionFig. 10 shavs
u contourlinesfor thenon-linearfocusingsolutionshovn in
Fig. 9(b),restrictedo asmallareanearthereflectionregion.
The numberof pointsin the refineduniform grid, which is
containedin the region shavn in Fig. 10, is given in the
figure caption.Thesesolutionsare preliminary andfurther
work, includingmorehighly refinedsolutions,is requiredin
orderto resohe the solutionnearthetriple point.

6.1. Visualization SystemPerformance

We are routinely running the described simula-
tion/visualization framevork as a distributed application
on two consumeilevel desktopworkstations(Intel Pen-
tium/AMD Athlon 800 MHz, 128 MB, NVidia GeForce,
Linux OS) connectedby a 100 Mbit/s network. At the
typical grid sizeof 1800x 1500cells,the simulationsystem
needsbetwea two and three secondsto calculatea new

transientsolution. The visualizationsystemis alwaysinter-

active: panning/zaeming of a fixed visualizationperforms
atabove 30 frames/sdraggingof visualizationprimitivesis

performedat at least10 frames/s.Transmittinga transient
solution from the simulation systemto the visualization
systemis limited by network bandwidth;in our ervironment
and at typical grid size, the transmissiortime is between
threeandfive secondsduring which time the visualization
systemis still responsie. If the simulationandvisualization
systemsrun on the same machine, transmissiontime

becomemagligible. After a solution hasbeentransmitted,
it takesthe visualizationsystemabout0.1to 0.5 secondgo

(© TheEurographic#ssociation2002.

updateits internaldatastructuresandre-calculateall placed
primitives, during which time it doesnot respondto user
interaction. Even in “movie mode; where new transient
solutionsare transmittedas soonas the simulationsystem
producesthem, interactive exploration of the time-varying
datais still possible.

7. Conclusionsand Futur e Work

We have shavn thatintegratingsimulationcodesandinter-
active visualizationsystemsoffers several benefits:Explor
ing datain real-time simplifies the processof understand-
ing data;observinganongoingsimulationaidsin dehugging
the simulationprogramandalsounderstandinghe problem
being simulated;andinteractizely refining grids on-the-fly
canimprove simulationquality and/orreduceoverall simu-
lationtime. We implemente suchanintegratedsimulation—
visualization systemfor the two describedproblems.Al-
thoughtheseproblemsusedifferentunderlyingdatastruc-
tures, the describedarchitectureencgsulatesthosediffer-
encesnsidea singlemodule.Using our systemto compute
highly refinedsolutionshelpedusto understandheinherent
difficultiesin thecomputationabpproab.

Future work includesadding more visualization primi-
tivesandmoredatastructurego allow usto couplethevisu-
alizationsystemwith a wider rangeof simulationsystems.
For eachsimulationsystem specificsteeringmethodshave
to be developedandintegratedinto the existing framework.
We intendto usethe systemto aid in furtherimproving our
computationbmethod.
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