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Abstract
We describea systemthat supportsreal-timeinteractive visualizationof computational fluid dynamics(CFD)
simulations.The systemallows a user to place and manipulatevisualizationprimitives, such as isolinesand
streamlines,during an ongoingsimulationprocess.A usercan interactivelyselectand designateregionsof the
computationalmeshfor refinementas the simulationprogresses,performremeshing, and seethe effectsof the
refinementon the simulationin real time. Thesystemis beingusedfor the studyof two openproblemsin com-
pressiblefluid dynamics.We can interactivelyexplore solutionsas they are computed, identifyflow field regions
containingfeaturesof interest,and refinethegrid in thoseregionsin order to obtaina betterresultlocally. The
ability to visualize“live” data, and to make changesto the computationalsetupin real time, hashelpedus to
understandthe underlyingfundamentalCFD simulationissuesof theseproblemsin shorter timesthan would
otherwisehavebeenpossible.

1. Intr oduction

In computational fluid dynamics(CFD) analyses,the tasks
of simulationandvisualizationareusuallydoneasindepen-
dentsteps– visualizationfollowing numericalsimulation.In
a typical procedure,the researcherfirst performsa calcula-
tion for somefixedamountof computational time,andthen
views thesolutionin a separatepost-processingstep,using
a stand-alonevisualizationsystem.Basedon thesolutionat
this intermediatestage,a decisionmay be madeto change
simulationparameters,regrid, modify the modeledgeome-
try, or simplycontinuethecomputationunchangedfrom that
point.This processis repeateduntil thesolutionof a steady
problemhasconverged,or until thesolutionof anunsteady
problemis evolvedto agivenpoint in time.

Webelievethatit is moreefficient,andmoreenlightening,
to performbothsteps– simulationandvisualization– at the
sametime. A special-purposevisualizationsystemthat can
bedirectlycoupledwith arunningsimulation,e.g, via anet-
work connection,andthatallows usto visualize“li ve” data
asit is producedby the simulation,canbe usedto observe
the simulationprogressingtowards its final result, instead
of just visualizing that result.Sucha systemis not only a
valuabletool for debuggingasimulationunderdevelopment,
but it can also help in understandingthe phenomenonbe-
ing simulated,by showing how thesimulationarrivedat the

final result.Even when a simulationcodeis alreadywell-
established,a specificsimulationcanstill go awry, for ex-
ampleif inappropriatesimulationparametersarespecified.
Insteadof having to wait for a run to finish,andthenfinding
out that the result is not asexpected,it is often possibleto
detectthatasimulationwill yield suboptimalresultsearlyon
andinterruptit, or sometimesevento improveits solutionby
changingparameterson-the-fly. In situationslikethis,acou-
pledsimulation–visualizationsystemcanreducetheoverall
computationtime significantly.

Ourbasicassumptionis, thatthesimulation– beit steady
or unsteady– computestransientsolutionswhich converge
towardsthefinal solutionovertime,andthatthetimetocom-
puteoneof thosesolutionsis muchshorterthan the over-
all simulationtime. In the two computational problemsde-
scribedin Section4, computinga singlesolution takeson
the order of a second,whereasa completesimulationcan
takedays.Underthisassumption,it is evenpossibleto view
real-timeanimationsof simulationdatawhile thesimulation
is still running.Thisdoesnotmean,however, thatauserhas
to observe a simulationover its whole running-time.Typi-
cally, it is sufficient to observe the transientsolutionsonly
until it is determinedthat the simulationparametersareset
appropriately, andthencomebackoccasionallyto checkif
thesimulationis still progressingasplanned.
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Having sucha coupledsystemalsoallows cooperationin
theotherdirection:It makesit possibleto “steer” a simula-
tion by changingparameters on-the-flyusingthe visual in-
terfaceprovided by the visualizationsystem.How to steer
a simulation,i. e., which parametersto change,dependson
thespecificproblem;oneexamplewould be to changegrid
structuresduringcomputationto improveresolutionin areas
of interest.

An alternative approachto steeringis basedon usingan
algorithmthatmodifiesgridsor geometryautomatically, as
thesolutionprogresses.Adaptivegrid methods,for example,
clustergrid points in regionswherethey aremostneeded,
suchasnearshocksor in otherareaswherelarge gradients
occur. The adaptive meshrefinement(AMR) approach,de-
scribedin 1 � 2, for example,usesa sequenceof nestedCarte-
siangridsthatarerefinedin bothspaceandtime.Finegrids
are recursively embeddedin coarsergrids until the neces-
sary resolutionis obtained.During a computation,refined
grids are createdor removed automatically, in responseto
estimatederror, withoutuserintervention.Thisapproachhas
beenusedto computetwo andthree-dimensionalsolutions
containingshocks(see,for example,2). Adaptivegrid meth-
odshave alsobeendevelopedfor oversetandunstructured
grids,andarediscussedin 10� 11� 14� 12.

Similarly, automaticmethodscanbeusedto dynamically
modify geometryin responseto a computedsolution.For
example,automaticCFD-baseddesignmethodshave been
developed for the optimizationof aerodynamic shapes,in-
cluding airfoils, wings, wing-bodies,and completethree-
dimensionalaircraft configurations. The approachin 8 � 9 � 16

usesa control theory-basedadjoint formulation, and sys-
tematicallymodifiesa configurationthroughmanipulation
of designvariablesthatsmoothlyvary theshapeof theaero-
dynamicsurfaces.Examplesof optimal three-dimensional
designsbasedon this approachinclude completebusiness
jet 15 andsupersonictransportconfigurations.Reutheret al.
17 describedetailsandprovide a concisesummaryof earlier
aerodynamicshapeoptimizationmethods.

Evenwhenusingautomaticor adaptive methods,interac-
tive visualizationof “li ve” simulationdatais still beneficial;
additionally, for someCFD problems,the complexity and
expenseof anautomaticgrid refinementschememaynotbe
necessaryor desirable,but onemaystill needto locally re-
fine the grid in order to resolve interestingfeaturesin the
solution.For theseproblems,aninteractivesystemthatsup-
portsvisualizationof thesolutionasit is beingcomputed is
extremelyuseful.Suchasystemmustallow auserto specify
the region(s)whererefinementis needed.In this paper, we
apply thedescribedsystemto the investigationof two open
problemsin compressiblefluid mechanics thatareamenable
to interactive localgrid refinement.Thesolutionscontainin-
tersectingshockwaves,andwe are interestedin obtaining
highly refinedsolutionsin theneighborhoodof theintersec-
tions.Weinteractively exploresolutionsasthey develop,se-

Sim
Socket

Vis
Socket

Network
Protocol

SimulationVisualization
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Figure1: Layoutof integratedsimulation–visualizationsys-
tem.

lect regionsfor grid refinement,andcontinuethecomputa-
tionsafterremeshing.

2. RelatedWork

Computationalsteeringhasbeenan active areaof research
for over a decade; anexcellent survey/taxonomyof existing
systemscanbe found in 21. The framework presentedhere
differs from existing steeringsystemsin that it is basedon
an interactive dataexplorationsystem,andassuchfocuses
on interactivity in both visualizationandsteering.It is also
aimedspecificallytowardstime-varyingsimulationsof two-
or three-dimensionalphenomena.

3. Overview of the SteeringFramework

A steeringframework is characterized by the fact that it
closelycouplessimulationandvisualization/interaction. To
use a visualizationprogramfor steering,it must “under-
stand,” and be able to manipulate,the internal datarepre-
sentationusedby the simulation. As simulationstend to
useproblem-specificdatarepresentations,the visualization
componentof asteeringframework mustbeflexible enough
to deal with those, without having to write a problem-
specificvisualizationprogram.The impactsof this require-
mentarediscussedin detail in Section5.

From a system-architecturepoint of view, thereare two
ways of building a steeringframework: One can build a
monolithicprogramconsistingof bothparts,or onecancon-
structtwo independent programslinkedby acommunication
protocol.To supportseparatedevelopment of the two pro-
gramcomponents,andto provide maximumflexibility , we
chosethelatterapproach.Building a distributedapplication
hasother benefits:It is possibleto run the simulationand
visualizationprogramson differentmachines connectedvia
theInternet,andit is possibleto connect to/disconnectfrom
the ongoingsimulation.In theory, even multiple visualiza-
tion programscould be connected to the samesimulation,
allowing collaborationbetweenusersat multiple sites.The
distributedsystemstructureis shown in Fig. 1.

Froma computational scientist’s point of view, it is rela-
tively simpleto modify/extendasimulationprogramto sup-
port visualizationandsteering.Thecomplexity of maintain-
ing aremoteconnectionto avisualizationprogramandsend-
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ing simulationdataacrossthat connection canbe encapsu-
lated in a singleC++ class(VisSocket, seeFig. 1). We
have found that adjustmentand extensionof a simulation
codewritten in C/C++ canbedonein a few hours.Thevi-
sualizationprogramhasto accomodate the simulationpro-
gram;thedataexchangedbetween simulationandvisualiza-
tion programsarealwaysin the formatusedby thesimula-
tion. In developing thesteeringframework, it wasa goal to
minimizethenumberof dataconversions,andto performall
of themin thevisualizationprogram.This approachmakes
the visualizationprogrammore complex: Even whenonly
consideringgrid-basedsimulations,a multitudeof possible
datarepresentationsexists,rangingfrom simpleCartesianto
hierarchicalAMR grids. Using the systemarchitecturede-
scribedin Section5, it is possibleto modularizethevisual-
izationprogramto accomodateall theserepresentations.

The guiding principle behind developing the described
visualization system was interactivity. Our previous re-
search23 shows that being able to interactwith a visual-
ization,asopposedto looking at a fixed image,aidsin un-
derstandingthevisualizedphenomenon. Furthermore,since
oursystemis coupledwith a runningsimulation,changes in
simulationdatamustbereflectedin thevisualizationwhen-
ever they occur. In aninteractivevisualizationsystem,auser
canplacevisualizationprimitives(contourlines,streamlines
etc.)anywhere insidethedatadomain.Whena primitive is
placed,it will follow all movementsof the pointing device
until it is releasedin its final position.Theresultinganima-
tion of primitivesprovidesanintuitive understandingof the
visualizeddata’sstructure.Whenthevisualizationsystemis
connected to a runningsimulation,the visualizeddatacan
be updatedanytime – either on userrequest,or automati-
cally whenever thesimulationhascompletedanew transient
solution.On a dataupdate,all previously placedvisualiza-
tion primitives will reflect the change,resulting in a real-
time animationof simulationdata.A primitive canalsobe
draggedwhile datais updatedautomatically;if the simula-
tion cancalculatetransientsolutionsfastenough,a usercan
explore the datain both spaceand time. The visualization
system’s internalarchitectureandtheprovidedvisualization
primitivesaredescribedin moredetail in Section5.

4. The Computational Problem

With the integrated simulation–visualizationsystem, we
have studiedtwo problemsin compressiblefluid mechan-
ics thatinvolveflow ator nearthespeedof sound(transonic
flow). Theseproblemsinvolve the reflectionand focusing
of weak shockwaves, and are poorly understoodtheoret-
ically due to the difficulty in analyzing multi-dimensional
shockwave propagation. In particular, the weak shockre-
flectionproblemis aphysically importantexampleof a two-
dimensionalRiemannproblem,which arisein the studyof
hyperbolicsystemsof conservationlaws,includingtheEuler
equationsof gasdynamics.Otherexamplesof transonicflow

problemsoccur in aerodynamicapplications,for example,
in the flow aroundwings of commercialsubsonictransport
aircraftat cruiseMachnumber. Transonicflow is character-
ized by the occurrenceof shockwaves that aredifficult to
resolve numericallydueto their weakness,andby the fact
that the flow fields containregionsof both supersonicand
subsonicflow. In the following, we briefly summarizethe
computational problems;seethe referencesfor detailedex-
planations.

In thefirst problem,westudythetransitionbetweenMach
and regular reflectionfor weak shockwaves reflectingoff
thin wedges(seeFigs.7 and8 for examplesof Machandreg-
ular reflection,respectively). An analysisof theEulerequa-
tionsof gasdynamicsshowsthatregularreflectionof aplane
shockis impossiblewhenthewedgeangleθ � θd, whereθd
is the detachment angle,which is a function of the shock
strength.Onepossibleconditionfor transitionfrom regular
to Machreflection,therefore,is that transitionoccursat the
detachment point, whereθ � θd. A secondplausiblecon-
dition for transition is the sonic point, at which the point
wherereflectionoccursis exactly sonicwith respectto the
flow behindthe reflectedshock.Thesetwo criteria are so
closetogetherthat they cannotbe distinguishedfrom each
other in experiments.Numerical studiesto datehave also
beenunsuccessfulin resolvingthis problem,andthecorrect
criterion for transitionis unknown. See3 for a detaileddis-
cussionof transitionin shockreflection,and4 � 5 for further
explanation.

An asymptoticproblem that describesthe reflection of
weakshocksoff thin wedgeswasformulatedin 6, andis fur-
ther discussedin 7 � 13� 18. The detachmentand sonic points
correspondto differentvaluesof aparametera (see7) in the
asymptoticproblemthat arevery closein numericalvalue.
We solved the asymptoticequationsusing the numerical
methoddescribedin 19� 20. We usea curvilineargrid thathas
a locally refinedareaof uniform grid very closeto the re-
flectionpoint, andis stretchedexponentiallyaway from the
reflectionpoint toward the outernumericalboundariesand
the wall. This grid is shown schematicallyin Fig. 4(a).As
wedescribein Section5,werefinethegrid interactively dur-
ing anongoingsimulation.Following eachgrid change, the
solutionis interpolatedontoa new grid, andthesimulation
continues.In our numericalsolutions,we usevaluesof the
parametera closeto the sonicanddetachmentvalues,and
searchfor evidenceof transitionin thenumericalsolutions.

The secondproblem concerns the focusing of curved
shock fronts. When a weak non-planarshock propagates
down a shock tube, one of two configurationsdevelops.
If the shock is sufficiently weak it crossesover itself and
formsa linear, fish-tail configuration,asshown in Fig. 9(a).
For slightly strongershocks,thenon-linearconfigurationin
Fig. 9(b) is observed; here,the acceleration 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 three inter-
sectingshocks,is observed both experimentallyandin nu-
merical solutions.It can be shown, however, that for suf-
ficiently weakshocks,suchintersectionscannotexist. Ap-
parenttriple shockintersectionsalso occur experimentally
and in numericalsolutionsof the Mach reflectionof weak
shocks,whichwasinvestigatedin 7 � 20. In 7 � 20, numericalev-
idencewaspresentedof a supersonicregion nearthe triple
point that containsadditionalexpansionwaves,andthe re-
sulting wave structureat the triple point is admissibleby
theory. An expansionfanhasnot beendetectedat thetriple
point in weakshockfocusing,but theexistenceof solutions
similar to thosein 7 � 20 would resolve the conflict between
theoryandexperiment for the focusingproblem.See18 for
furtherexplanationof shockwave focusing.

To studytheshockfocusingproblemwehave appliedthe
numericalschemedescribedin 7. We usea Cartesiangrid
thathasa locally refinedareaof uniform grid nearthetriple
point, and is stretchedexponentially toward the outer nu-
mericalboundariesandthewall, asshown schematicallyin
Fig. 4(b)

5. Structur eof Visualization System

Our goal was to createa visualizationsystemthat is close
enoughto thesimulationsystemto appear to bea partof it,
yetgeneralenoughto beableto becoupledwith severaldif-
ferentsimulationsystemswithout having to rewrite it every
time. The major advantagesof sucha tight-knit systemare
twofold: First, sucha systemsupportsinteractive visualiza-
tion of “li ve” simulationdata.Second,it allows us to steer
thesimulationby manipulatingparameters,thusimproving
thequalityof simulationresults.

5.1. Interacti veVisualization of “Li ve” Simulation Data

Our visualizationsystemclosely follows the systemarchi-
tectureof theonedescribedin 23. It canvisualizegrid struc-
ture,anddatacanbe exploredinteractively by placingand
moving visualizationprimitivesin thesimulation’s domain.
Sincethe examplesimulationsdescribedin Section4 pro-
vide multi-valueddata,with at leastonescalarandonevec-
tor (velocity) for eachgrid vertex, the visualizationprimi-
tivessupportedby oursystemarecontourlinesof any scalar
value,andstreamlinesof the vectorvalue.Both primitives
canbecoloredby mappingany scalarvalue.

A typical useof our systemis to first explore a single
transientsolution computedby the simulation by placing
anddraggingsomevisualizationprimitives;onceprimitives
highlightingimportantfeaturesof thedatahavebeenplaced,
automaticdataupdateis enabledto seehow theplacedprim-
itivesevolveovertime.If new featuresdevelopin thedata,or
if existingfeaturesarenolongerwell-represented,automatic
updateis disabled,andthecycle is startedover by adjusting
theexisting primitivesor addingnew ones.A benefitof the

distributedsystemarchitecturedescribedin Section3 is that
the visualizationsystemcan be connected to/disconnected
from thesimulationat will; therefore,it is not necessaryfor
a userto continually supervisea long-runningsimulation.
Typically, oneonlyobservesthefirst few computedsolutions
to checkfor validity, andthencomesbackoncein awhile to
checkif thesimulationis still progressingasintendedor to
changeparameterson-the-fly.

5.1.1. Visualization Primiti ves

Renderingcontourlines(isolines)is probablythemostcom-
monly usedvisualizationtechniquefor scalardata.A con-
tour line connects all points in a domain having a given
function valuec, and,for grid-baseddata,a contourline is
typically computedusinga versionof the Marching-Cubes
algorithm24� 25� 26. 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 visualizationsystemcalculates the scalar
valueat the selectedpoint, andwe computean isoline for
thatvalueby “growing” it outward from theselectedpoint:
First,acontourline fragmentfor thegrid cell containingthe
selectedpoint is createdusingtheMarching-Cubesmethod;
second,it is determinedwhich edgesof the cell are inter-
sectedby thecontourline; and,third, thesecellsarevisited
in turn, creatingthe completecontourline, seeFig. 2. The
mainbenefitof thismethodis thatit canbeinterruptedatany
time, enablinginteractive responseindependentof dataset
sizeandallowing a userto “drag” a contourline to quickly
andintuitively exploreascalarfield.

(a) (b)

(c)

Figure 2: Computinga seededcontour line. (a) Creating
contour line fragmentinsideselectedcell and determining
its neighbours; (b) and (c) growing contour line by propa-
gationthroughadjacentcells

Streamlinesareonemeansto visualizevector(flow-field)
data.A streamlinep � t 	 is asolutionto theinitial valueprob-
lem p � t0 	
� x0, d

dt p � t 	�� f p � t 	 . In amorephysicalsense,
it describesthe path of a masslessparticle releasedinto a
steadyflow field f � x	 at point x0. The standardmethodto
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computestreamlinesis to iteratively solve the initial value
problemusinga Runge–Kutta method27, seeFig. 3. Since
this computationmethodis directly applicableto interactive
visualization– theiterationcanbeinterruptedat any time –
streamlinesare generatedby selectinga starting point x0
inside the domain,and thenperforminga fixed numberof
Runge–Kutta iteration steps.The generatedsamplepoints
arefinally connected by line segmentsto form astreamline.

p(t0) p(t0+∆t) p(t0+3∆t)

Figure 3: Generating a streamlineby iterativelysolvingan
initial valueproblemstartingat point x0 � p � t0 	

Currently, thesetwo simple visualizationprimitives are
theonly onessupported.At thispoint, interactiveplacement
of contour lines and streamlinesis the most efficient way
to visualize the two describedphenomena. Oncewe gain
moreinsightinto thecomputational problem,trackingmeth-
odslike theonepresentedin 22 mightbeapplicable.

5.1.2. Multi-v aluedData

In thecaseof multi-valueddatasets,differentdatacompo-
nentscanbeselectedfor visualization-primitive generation.
For example, a dataset could containone scalarquantity
(density)andonevectorquantity (momentum),as is com-
monin many typesof CFDsimulations.In thiscase,contour
linescouldbegenerated for density, x- andy-componentsof
momentum,or momentummagnitude.Primitivescanbecol-
oredby any scalarcomponent.Combiningdifferentcompo-
nentsof possiblydifferentfieldsfor visualization,e.g., col-
oring contourlines of densitywith momentummagnitude,
canaid in understandingdata.

5.1.3. Simulation Data Update

Thesystemdescribedin 23 readspre-computeddatafor visu-
alization,while thesystemwe describehereis directly con-
nectedto asimulationvia anetwork interface.Thisallowsa
userto updatethevisualizeddatato themostrecenttransient
solutionin thesimulationat any time. Whenthesimulation
datais updated,the alreadyplacedvisualizationprimitives
will follow the change. The visualizationsystemcan also
automatically updatethe datawhenever a new solution is
available, thuscreatinga real-timeanimation.By following
the changingvisualizationprimitivesover time, a usercan
moreeasilyunderstandhow asimulationprogresses.

Sinceall describedvisualizationprimitivesusethenotion
of a startingor seedpoint, we currentlyupdateall existing
primitivesby recalculatingthem,usingthenew data,starting
from thesamepoint.For streamlines,this is appropriate;for

contourlines,however, keepingthe sameseedpoint might
changethe datavalue visualizedby the contourline. This
updatingmethodis sufficient to visualizeasimulation’sevo-
lution,but weintendto implement“tracking” of isovaluesin
a futureprogramversion.

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” thesimulation.Thegoalsof steering,
i. e., interactive changingof simulationparameters,canbe
eitherto increasesolutionaccuracy, to decreaserun time,or
to keepa simulation“on track.” Thedetailson how to steer
asimulationdependonthesimulatedphenomenon, or, more
specifically, on the parametersexposedto the visualization
systemandusedfor “tweaking.” In computational steering,
theprocessof retrofittinga stand-alonesimulationcodefor
interactionis oftencalled“instrumentation.”

In the two computationalproblemsdescribedabove, we
choseto instrumentthesimulationcodesby allowing a user
to changethe grid during simulation,in orderto adjustthe
regionof finestrefinementto thelocationwherethemostin-
terestingfeaturesevolve.As describedin Section4, thegrids
for both problemscontaina uniform refinementarea,with
grid cellsgrowing exponentially in sizewhenmoving away
from thatregion,seeFig.4.To accomodategrid changes,the
visualizationsystemprovidesa “magnifying glass”that al-
lows a userto interactively manipulateall parametersdefin-
ing thegrid. Whentheseparametersaresentto anongoing
simulation,interpolationroutinesin thesimulationcodere-
samplethecurrenttransientsolutionontothenew grid, and
thesimulationcontinues.

In principle, the describedsteeringframework can be
adaptedto manipulateothersimulationparametersaswell,
dependingon thesimulationbeingcontrolled.In thepartic-
ularcaseof thetwo describedcomputational problems,local
grid refinementis by far the mostimportantparameterthat
needsadjustmentduringasimulation.

5.3. Visualization SystemAr chitectur e

The relative complexity of a coupledvisualizationsystem
is dueto the fact that it hasto work closely to the simula-
tion system.This implies that it mustdirectly work on the
datastructuresprovided by the simulation;converting data
to a canonical internalformat is not anoption.Sincethevi-
sualizationsystemalso hasto be interactive, the modules
generatingits primitives must also be tightly knit into the
simulation’s dataformats.Thus,it seemsthatsucha system
hasto bereimplementedfrom thegroundup for eachsimu-
lationit is to becoupledwith. Uponcloserinspectionit turns
out,however, that it is possibleto isolatea smallnumberof
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(a)

Refinement region

Refinement
region

(b)

Refinement region

Refinement
region

Figure 4: Grid structuresusedin computationalproblems.
In bothgrid(a) andgrid(b), a local, uniformrefinementre-
gion is surroundedby grid cells growing exponentially in
size. (a) Curvilineargrid usedin reflectionproblem;(b) Rec-
tilinear grid usedin focusingproblem.

basicinterfacesthatallow to isolatethestructureof thesim-
ulationdatafrom therestof thevisualizationsystemwithout
compromisingefficiency.

Our visualizationsystemconsistsof two main modules:
The first, DataSetStorage,handlesrepresentationof sim-
ulation data in variousformats; the second,Visualization,
containsthe functionality to generateandupdatevisualiza-
tion primitives,andto displaythemandinteractwith them
in the user interface.To connectthosetwo modules,the
only two interfacesrequiredfor bothprovidedvisualization
primitives,seededisolinesandstreamlines,aretheLoca-
tor andIsoFragment interfaces.The Locator inter-
faceallowsnavigatingadatasetandevaluatingit atarbitrary
pointsinsideits domain.It is alsousedto communicatepo-
sitionsinsidea datasetbetweendifferentsystemmodules;
in this respect,it playsa role analogous to theiterator
interfacefound in theC++ StandardTemplateLibrary. The
IsoFragment interface is specific to generatingseeded
isolines; it encapsulateshow an isoline is generateditera-
tively, oneline segmentatatime,andhow isolinespropagate
throughgrid cells.Thevisualizationsystem’sarchitectureis
shown in Fig. 5.

6. Results

We have usedthedescribedsimulation-visualizationsystem
to computeand explore solutionsof the shock reflection
problemdescribedin Section4 for valuesof the parameter
a (see7) closeto thedetachment andsonicpoint values.In

Visualization Data Set Storage

Scalar-valued Data

Vector-valued DataU
se

r 
In

te
rf

ac
e

Seeded
Isoline

Value
Display

Stream-
line

Locator
Interface

IsoFragment
Interface

Curvilinear
Grid

Rectilinear
Grid

Cartesian
Grid

S
im

S
oc

ke
t I

nt
er

fa
ce

Figure5: Architectureof interactivevisualizationsystem.
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Figure6: A solutionon thefull numericaldomain,illustrat-
ing theapproximatesizeandlocationof therefineduniform
grid area shownin Fig. 7, which is contained in the small
rectangularbox shownin the inset figure. The plots show
contourlinesof u-velocityfor a Mach reflectionneartransi-
tion.

our solutions,we locally refinedthe grid over a very small
areacloseto theshockreflectionpoint. In orderto illustrate
the sizeand locationof the refineduniform grid, in Fig. 6
we plot contour lines of the x-velocity componentu as a
function of � x � t 
 y � t 	 over the full numericaldomain.The
solutionshown in Fig. 6 is for a valueof a correspondingto
Machreflection.Therefinedgrid areais toosmallto bevis-
ible in themainplot shown in Fig. 6. Theinsetfigureshows
an enlargementof the solution containedwithin the small
rectangularbox centeredaboutthe reflectionpoint, asindi-
cated.The solutionshown in the figure insetalsocontains
a small box centeredat the reflectionpoint, indicating the
approximatelocationandsizeof therefineduniformgrid.

During a computation,we interactively refinedthe grid
until the solution nearthe reflectionpoint was sufficiently
well resolved. Fig. 7 shows a sequenceof solutionscom-
putedonconsecutively refinedgrids,for thesamevalueof a
asin Fig. 6. Theregionsshown containtherefineduniform
grids,andcorrespondin areato the boxed region shown in
the insetof Fig. 6. In this sequence, we have refinedeach
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grid by a factorof two in x � t andy� t in relationto theprevi-
ousgrid.Theplotsshown contourlinesof u, andthecontour
linesareplottedat thesamevaluesof u in Fig. 7(a)–(d).The
incidentshockbecomesmorewell definedasthegrid is re-
fined,andtheMachshock,which is extremelyshortfor the
valueof a usedhere,identifiesthesolutionasaMachreflec-
tion.

In Fig. 8 we show u contourlinesfor a sequenceof solu-
tionscomputedongridscorrespondingin resolutionto those
in Fig. 7, for avalueof a correspondingto regularreflection
neartransition.Thenumbersof grid pointsin therefinedre-
gionsshown in Fig. 7 andFig. 8 areindicated in thefigure
captions.Theshocksbecomesharperandthinnerasthegrid
is refinedin Fig. 8(a)–(d).A regularreflectionis clearlyvis-
ible. Whencomputingsolutionsfor valuesof a very close
to the sonicanddetachment values,however, we have not
beenableto discernthe differencebetweenMach andreg-
ular reflection,due to the extremeshortnessof the Mach
shockat transitionand the inherentnumericaldiffusion of
ourmethod.

In Fig. 9, we plot u contourlines,asa functionof � x 
 y	 ,
for solutionsat time t � 1 correspondingto the linear and
non-linearconfigurationsfor shockfocusing.In ourcompu-
tations,we maintaineda fixed refinedgrid size,andmoved
therefinedgrid regioninteractively asnecessarysothatit al-
wayscontained the triple shockintersection.Fig. 10 shows
u contourlinesfor thenon-linearfocusingsolutionshown in
Fig.9(b),restrictedto asmallareanearthereflectionregion.
The numberof pointsin the refineduniform grid, which is
containedin the region shown in Fig. 10, is given in the
figure caption.Thesesolutionsarepreliminary, andfurther
work, includingmorehighly refinedsolutions,is requiredin
orderto resolve thesolutionnearthetriple point.

6.1. Visualization SystemPerformance

We are routinely running the described simula-
tion/visualization framework as a distributed application
on two consumer-level desktop workstations(Intel Pen-
tium/AMD Athlon 800 MHz, 128 MB, NVidia GeForce,
Linux OS) connectedby a 100 Mbit/s network. At the
typicalgrid sizeof 1800 � 1500cells,thesimulationsystem
needsbetween two and three secondsto calculatea new
transientsolution.Thevisualizationsystemis alwaysinter-
active: panning/zooming of a fixed visualizationperforms
at above 30 frames/s,draggingof visualizationprimitivesis
performedat at least10 frames/s.Transmittinga transient
solution from the simulation systemto the visualization
systemis limited by network bandwidth;in ourenvironment
and at typical grid size, the transmissiontime is between
threeandfive seconds,during which time the visualization
systemis still responsive.If thesimulationandvisualization
systems run on the same machine, transmission time
becomesnegligible. After a solutionhasbeentransmitted,
it takesthevisualizationsystemabout0.1 to 0.5 secondsto

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

7. Conclusionsand Futur eWork

We have shown that integratingsimulationcodesandinter-
active visualizationsystemsoffers several benefits:Explor-
ing datain real-timesimplifies the processof understand-
ing data;observinganongoingsimulationaidsin debugging
thesimulationprogramandalsounderstandingtheproblem
beingsimulated;and interactively refining grids on-the-fly
canimprove simulationquality and/orreduceoverall simu-
lation time.We implemented suchanintegratedsimulation–
visualizationsystemfor the two describedproblems.Al-
thoughtheseproblemsusedifferentunderlyingdatastruc-
tures,the describedarchitectureencapsulatesthosediffer-
encesinsidea singlemodule.Usingour systemto compute
highly refinedsolutionshelpedusto understandtheinherent
difficultiesin thecomputationalapproach.

Future work includesadding more visualizationprimi-
tivesandmoredatastructuresto allow usto couplethevisu-
alizationsystemwith a wider rangeof simulationsystems.
For eachsimulationsystem,specificsteeringmethodshave
to bedevelopedandintegratedinto theexisting framework.
We intendto usethesystemto aid in further improving our
computational method.
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Figure7: A sequenceof solutionsin therefineduniformgrid area,correspondingto theboxedareain theinsetfigureof Fig. 6,
showingthe effect of local grid refinementon the numericalsolution.Theplots showu-contours for solutionswith the same
valueof a as in Fig. 6. Therefineduniformgrids, containedin theregionsshown,havethefollowing numbers of grid points:
(a) 56 � 62; (b) 112 � 124; (c) 224 � 248; (d) 448 � 496. Thetotal numberof grid pointsusedin themostrefinedcomputation
in (d) is approximately 4 � 106.
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Figure 9: Solutionsfor shock focusing, showingthe (a) linear fish-tail, and (b) non-linearconfigurationsat time t � 1. The
plotsshowu contourlines.
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