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Abstract

In this work,wevisualizehigh-dimensionalparticle simulationdatausinga suiteof scatterplot-basedvisualiza-
tionscoupledwith interactiveselectiontools.We usetraditional 2D and3D projectionscatterplotsaswell asa
noveloriented-diskrenderingstyleto convey variousinformationaboutthedata.Interactiveselectiontoolsallow
physiciststo manuallyclassify“interesting” setsof particlesthat are highlightedacrossmultiple, linkedviewsof
the data.Thepowerof our applicationis the ability to correspondnew visual representationsof the simulation
data with traditional, well understoodvisualizations.This approach supportsthe interactiveexploration of the
high-dimensionalspacewhilepromotingdiscoveryof new particlebehavior.

1. Intr oduction

Thestudyof multiparticledynamicsspansa wide varietyof
applications,from galaxysimulationsto particleaccelerator
design.In particular, heavy-ionfusion(HIF) is a topic of in-
tensecurrentscienti�c studyfor it is apotentialsourceof en-
ergy that is low-cost,widely available,andenvironmentally
friendly [HIF, Fri02, CBH� 03]. Particle acceleratorsthem-
selvesareexpensive facilitiesthatcosthundredsof millions
of dollarsto design,construct,andthenoperateover a pe-
riod of decades.Prior to constructionof sucha facility, sim-
ulationsaredevelopedto producethe bestpossibledesign.
Acceleratorsimulationsusediscrete-particlemodelsthatare
carriedout in phasespace, whereeachparticle is charac-
terizedby position(x;y;z) andmomentum(px; py; pz). The
data producedby acceleratorsimulationsare large, time-
varying, and multidimensional.The simulation data con-
tain representationsof complex physicalphenomena.Com-
poundingmattersis the fact that the physical phenomena
hiddenin the dataoften have never beenobserved before.
As researchersundertakedataanalysis,they arenotsureex-
actly what featuresin thedataaremeaningful,nor arethey
sureexactly how to quantitatively express“regionsof inter-
est”or “hotspots”in thesimulationdatato aidandaccelerate
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discovery. Theneedfor effectivevisualizationcapabilitiesto
aid in dataunderstandingmotivatesourwork.

Theoptimaldesignof particleacceleratorsremainsa dif-
�cult problem,primarily becauseof the complex natureof
theforcesinvolved.Two primaryphysical forcescontribute
to theshapeandbehavior of thebeam.In mostparticleaccel-
erators,beamsof chargedparticlesarecontrolledusingex-
ternallyappliedelectromagnetic�elds at intervalsalongthe
lengthof theaccelerator. Thesecondforceis theelectromag-
netic�eld inducedby thechargedparticlesthemselves—the
beamgeneratesits own electromagnetic�eld. Understand-
ing theinterplaybetweenthetwo electromagnetic�eld con-
tributorsis critical to controlling the particlebeam,andre-
quiresaself-consistent�eld description,sincethelatterfac-
tor is a functionof particlemotion.

During dataanalysis,scientistsare interestedin under-
standinga numberof issues.For example,baseduponprior
experience,they know that mostof the beamparticlesare
“well behaved,” but a small numberof particlesdrift away
from the coreof the beam.The particlesthat diverge from
the coreform what is known asa “halo,” andthe halo par-
ticlesposea potentialproblemfor thestability of thebeam.
Thehalo is the low densityregion of particleslocated“f ar”
from thecentralcoreof theparticlebeam[MQR99]. Parti-
clesin thehaloregion aremorelikely to collide with accel-
eratorwalls.Whenthey doso,electronsandotherdebriscan
beemittedthatcanleadto degradationof thebeamquality.
Also, high energy particlescan activate the wall material,
renderingit radioactive. In extremeconditions,thehalopar-
ticlesmaypotentiallycausea ruptureto theacceleratorvac-
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uumvessel,therebycausinga lossof vacuumandpotential
damageto surroundingstructures.

Acceleratorphysicistsseekto understandthe causalfac-
torsthatproducehalossothey canbesuppressed.They also
seekto understandthefactorsthatresultin a“well behaved”
beam:placementand strengthof controlling appliedelec-
tromagnetic�elds, cross-sectionalshapeof thecontainment
device,etc.Theirprimarytool for scienti�c inquiry is simu-
lationandthesubsequentdataanalysis.

Historically, the scatterplothasbeenthe staplemethod
for visualizing the particle datageneratedby high energy
physicssimulationsandexperiments.Scientistscreatemany
“small multiples” [Tuf90] that depict different 2D projec-
tions of phasespace.The different projectionscover the
gamutof permutations:x vs. phase-x,y vs. phase-y, andso
forth. Eachdifferentscatterplotprovidesa depictionof spa-
tial partialdistributionin someprojection.Scientiststhenre-
view themany projectionsin searchof distributionscharac-
teristicof known phenomena.For instance,ans-shapeddis-
tribution in a plot of an(x; px) projectionof thephasespace
indicatesthe accumulatedactionof non-ideal,anharmonic
forcesthatdonotvary linearlyasfunctionsof thetransverse
coordinates.With practice,physicistsareable to construct
a mentalmodelthat is the integrationof all 2D projections.
While powerful individually, eachparticulartype of phase
spaceprojectiononly offers a limited representationof the
complex behavior exhibitedby thesimulationdata.

While the shapeof the beamis importantto physicists,
whatis moreimportant—andthescienti�c questionwehelp
to answerwith the work presentedin this paper—is how a
given beamshapeor con�guration cameto be in the �rst
place,andhow it will evolve over time. The generalwork-
�o w we have re�ned in conjunctionwith physicists is to
“classify” simulationparticlesthat are part of a halo pop-
ulationat somepoint in time, thenobserve their behavior at
earlierandlaterpointsin time. This approachis the inverse
to classi�cationbasedupondatavalueranges.In this case,
thescientistcanquickly visually identify a halo region due
to somecharacteristicshapeor throughintuition, theninter-
actively classifytheparticlesasbeingpartof a haloregion.
Ourwork�o w modelletsthemthentracktheevolutionof the
haloparticlesforwardandbackwardin time.Theintentis to
facilitaterapiddiscoveryof theconditionsthatledto thefor-
mationof a beamhalo in the �rst place.Thetechniqueswe
describein thispaper—designedandimplementedaspartof
an acceleratormodelingproject—aredesignedto facilitate
suchdiscoveries.

Our work improvesthespeedandaccuracy of visualdata
analysisof particledatageneratedby acceleratormodeling
simulationsor experiments.We describeseveralstraightfor-
ward techniquesthat combineinto a powerful andeasy-to-
useapplication.Ourapplication,PPaint,providestheability
to generatesmallmultiples,which is thesamefamiliar pre-
sentationthatthehigh energy physicscommunityhascome

to know andunderstand.We addtheability to interactively
selectparticles,andthenhave the selectedparticlesappear
in eachof themultiple linkedviews. Interactionwith PPaint
aswell asimplementationdetailsareprovidedin Section4.
The views may be a combinationof 2D or 3D projections,
dependingupontheuser's preference.This metaphor, while
simple, is powerful sincea collection of particlesin a 2D
phasespaceplot mayturnoutto occupy ascatteredregionin
3-space.We adda novel particlevisualizationmethodasan
option to enhancevisual comprehensionof complex, high-
dimensionaldata.Wedescribethisnovel renderingapproach
alongwith otheraspectsof renderingin PPaint in Section3.
Onceparticlehalosareselected,the particlescomprisinga
halopopulationmaythenbetrackedforwardor backwardin
timeto facilitateunderstandingof thephenomenathatled to
the formationof thehalo.Theenhancementsour visualiza-
tion tool provideshelp streamlinethe processof forming a
mentalmodelof thedata.

2. RelatedWork

Perhapsthebest-known visualizationtool in thehighenergy
physics communityis the “Physics Analysis Workstation”
software,or PAW [PAW]. PAW is an analysisand visual-
ization toolkit designedto work with datageneratedby the
GEANT4 simulationcode.GEANT4 hasbeentraditionally
usedto model particle detectors[A� 03]. PAW provides a
rich collectionof chartingandplottingcapabilitiesthathave
evolved over time to be especiallywell-suitedto the needs
of the high energy physicscommunity. PAW andtools like
it arenot well-suitedto thedemandsposedby today's large
datasets.It doesnotprovidetheability tospatiallyselectdata
points,nor to trackthemover time anddisplaymultiplesin
a mixtureof modalities.Theseshortcomingshave provided
substantialmotivationfor ourwork.

Standalonemethodsfor 3D visualizationof particledata
have includedvolumerenderingmethods.Onesuchproject
used volume rendering to show halo particles in high-
resolution acceleratordata [MQR99]. Recently, a hybrid
particle-volume renderingmethodhas proven effective in
showing boththeoverall shapeof thebeamusingdirectvol-
umerendering,but retainingthedetailof individualparticles
using geometry[WMQR02, WMM02, MSW� 02]. In both
methods,interactively specifyinga transferfunction plays
acritical role in allowing thescientistto explorethevolume
renderedphasespaceprojections.

With regard to userinteractionmethodsappliedto visu-
alizationresearch,othershave successfullyemployed mul-
tiple linkedviews andpainting-styleuserinterfaces.Becker
andCleveland[BC87] usedbrushesto labelanddeletedata
pointsacrossmultiple linkedscatterplots.Martin andWard
implementedhigh-dimensionalbrushingtools thatoperated
in dataspace[MW95]. Doleischet al. [DGH03] promote
the visualization of essentialfeaturesin exploring high-
dimensionaldata.To accomplishthis, they designedan in-
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teractivesystemwherefeaturescanbeidenti�ed by theuser
through “brushing” and other techniques.They note that
suchfeatureextractionis oftenpreferredoverautomaticand
semi-automaticmethods,sinceautonomousapproachesstill
requireinformationfrom theuserasto whatfeaturesare“in-
teresting.” Incorporatinguserinterventionis essentialsince
scientistspossessintuitiveunderstandingsof thedatathatare
dif�cult for autonomousmethodsto mimic This wasalsoa
major motivating factor in the developmentof the Protein-
Shopprogram[KMC� 03], which is an interactive protein
manipulationpackagefor computationalbiology. Many suc-
cessfulapplications,suchasdecisiontreevisualizationand
classi�cationapplicationshave bene�ted from the useof a
paintinginterface[TM03]. Tzenget al. [TLM03] alsoused
apaintinginterfaceandtheassistanceof aneuralnetwork to
performclassi�cationin high-dimensionaldomains.

In our work, we make use of user-driven classi�ca-
tion via a painting interface,as in the work of Teoh and
Ma [TM03]. The classi�ed particlesarehighlightedacross
multiple views, similar in spirit to the approachtaken by
Doleischetal. [DGH03]. Thisapproachleveragesthevisual-
izationpowerof eachparticularrenderingstyleusedin each
view. Suchclassi�cation techniquescombinedwith novel
renderingtechniquesandtemporaltrackingfacilitatethecre-
ationof a mentalmodelof thedataby guidingtheuserto a
deeperunderstandingof informationhiddeninsidethedata.

3. Rendering

3.1. 2D Scatterplots

We usestandard2D projectionsof phasespaceto createthe
small multiples familiar to physicists. In eachscatterplot,
onedatacomponentprovidestheordinateandanotherpro-
videstheabscissa.A pointplottedattheresultingcoordinate
representsthe presenceof a particleat that point in phase
space.For example,the x-componentof position provides
an ordinatewhile the the x-componentof the momentum
(known as px) provides the abscissa.Together, thesecom-
bine to producethe 2D Cartesiancoordinate(x; px). This
style of visualizingthe particledata,at a singlesimulation
stepor asa movie spanningmany simulationsteps,is well
understoodandservesasareferencewhenevaluatingnewer
visualizationtechniquesappliedto thesameparticledata.

3.2. 3D Scatterplots

A varietyof 3D plottingstylesareutilized in ourapplication
to reveal information in the particledatathat would other-
wisebehiddenfromview if usingtraditional2Dscatterplots.

3D PhaseSpaceProjections – using threedimensions
rather than two offers the potential to convey more infor-
mation,particularly when combininginteractive 3D trans-
formationswith stereo.In termsof understandingdepthre-
lationshipsand 3D structure,use of a static 3D perspec-

(a)

(b)

(c)

Figure 1: 3D scatterplotsasrenderedby our program.(a)
A standard xyz-plotof timestep60 of a 276timesteplinear
accelerator simulationis shown.(b) The samedata set is
shownrenderedusingour novel oriented-diskapproach. To
a certainextent,thein�uenceof the(c) electromagnetic�eld
on theparticlescanbeobservedin thisstyleof renderingby
visuallypiecingtogetherthefacetsof neighboringdisks.
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tive view offers little more than a static 2D view. How-
ever, addinginteractive transformationto the 3D view has
beenshown to provide a dramaticandmeasurableincrease
in comprehensionof 3D depthrelationsand 3D structure
[WF96].

Disk Rendering – while the interactive 3D perspective
viewsarebetterthantheirstatic2D or 3D counterparts,there
is still theneedto understandthenatureof thephasespace
vector �eld in conjunctionwith 3D shape.To help in that
regard,we have employeda specializedglyph to depictthe
phasespacevector �eld. The glyph consistsof an oriented
andcoloreddisk for eachparticle.The locationof the disk
is givenby thelocation(x;y;z) of theparticle,while theori-
entationof thedisk is givenby thenormalvectorparallelto
themomentumvector< px; py; pz > . To furtheraidin distin-
guishingvector�eld polarity, weusedifferentmaterialprop-
ertiesfor front- andback-facingdisks.A neutralgraydepicts
back-facingdisks,while a fully saturatedcolor is appliedto
front-facingdisks.Lighting aidsin furtherdepictingtheori-
entationof thedisks.Thesedisksareessentiallysurfaceele-
ments,or surfels, asdescribedby P�ster etal. [PvBZG00] in
the context of surfacerepresentations.This style of render-
ing is extremelyusefulin determiningthedirectionof each
particle'smomentumvectorandenhancesthescientist'sun-
derstandingof theoverallpathof individualparticlesaswell
astheentireparticlebeam.Figure1 shows thedisk render-
ing stylejuxtaposedwith astandard3D xyz-plot.

3.3. The Useof Color

In our system,color is usedin two manners.First, color is
usedas a label to indicateselectionmembership.In other
words,all the redparticlesbelongto onegroupselectedby
the user, while all the greenparticlesbelongto a different
group.Groupsof particlesmay be made“invisible” to re-
ducevisual clutter. This programmaticfeatureis illustrated
in Figures2, 4, and5. The seconduseof color is to indi-
catea measurement.Particlesarecolorizedaccordingto a
user-de�nedcolormapdrivenby additionalstoredor derived
quantitiesassociatedwith eachparticle,suchasthemagni-
tudeof themomentumvector. Figure3 illustratesa particle
distributioncolormappedaccordingto themagnitudeof each
particle's momentumvector. Therestof the �gures demon-
stratetheuseof color to highlightparticleselectionclasses.

3.4. Animations

Oursystemincludesananimationfeature,suchthatthesim-
ulation datacanbe examinedover time to obtaina higher-
level notion of the particlebeampath.As particlesarese-
lectedand isolated,they can also be visually tracked over
time by playing backeachtime stepin order. The scientist
canpause,rewind andjump to any loadedtime stepin the
sequenceto seethepathof particlesof interest.

(a)

(b)

Figure 2: Demonstration of manual particle selection
through the useof a painting tool. (a) Particles belonging
to the “spir al arm” of an early time step(left) are painted
on. (b) Theseparticlesare markedredandcanbeseenin a
later timestep(right) of thesimulation.Theredcircle rep-
resentsthepaintbrushusedfor selection.

4. Interaction and Implementation

Classi�cation in our programis performedmanuallywith
a familiar paintinginterface.Box selection,lassoselection,
andpaintbrushselectiontoolsprovide intuitivemethodsfor
selectingparticlesof interest.As the userselectsa set of
particlesof interest,the selectedparticlesarecolor-labeled
acrossall of the particledatasetsloaded.Manualclassi�-
cationin this particularapplicationis a key feature,sinceit
is throughthe interactionprocessthata deeperunderstand-
ing of particlebehavior is obtained.Figure2 showsascreen
captureof thepaintingselectiontool beingusedto classify
particlesbelongingto the“spiral arm” of a particledistribu-
tion.

The applicationwork�o w and methodswe presenthere
offer averyusablesystemthatfacilitatesdeeperunderstand-
ing of complex scienti�c data.Classi�cation of interesting
datais performedvia user-de�ned selectionsinteractively,
allowing a physicist to explorespatialpropertiesof thepar-
ticle data.Our disk renderingtechniqueallows information
aboutparticlemomentumto beconveyed in additionto the
spatialdistributionof thedata.Motion parallaxacrossmulti-
ple linkedviewsacceleratesunderstandingof 3D depthrela-
tionshipsandshape.Temporalbrowsingallowsascientistto
understandtheevolutionof interestingparticles.All of these
featuressupporttheformationof amentalmodelthatis nec-
essaryfor developinga deeperunderstandingof theparticle
beamdata.
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Figure 3: Exampleshowinga xyz-plotof time step214 of
a 276 time step linear accelerator simulation run. Points
are colorizedaccording to the magnitudeof their momen-
tumvector.

In additionto thespatialinformation,additionalperpar-
ticle information is requiredto make userinteractionpos-
sible. We keepan adjacentarrayof �ags that speci�es the
membershipof eachparticleto a particularhighlight group.
In our implementation,we useeightbit �ags, thusallowing
255distinctclassi�cations,reservingzeroto indicatemem-
bershipin theclassof non-selectedparticles.ParticleIDs are
associatedwith eachparticlein agiventimestep.Sincecor-
respondingparticlesin differenttime stepsof thedatamay
have different relative location in their respective arrays,a
mappingfrom particle ID to array location must be com-
puted.We accomplishthis with theuseof a hashtable.We
notethat theseparticle IDs areoften maintainedaspart of
the simulationand can be directly importedas is into our
system.

5. Results

Figure 1 illustrates our novel oriented-disk rendering
method.Theorientationof eachparticleis clearlyconveyed
using lighting combinedwith two-sided material surface
properties.Since the uservisually clustersdisks together,
it is relatively easyto understandthe behavior of particle
groups,which in turnsprovidesinferencesaboutthe in�u-
enceof the electromagnetic�eld. For example,Figures1b
and 1c show the in�uence of the electromagnetic�eld on
clustersof particles.Animationsof the simulationare en-
hancedby this type of glyph, sincemotion “toward” and
“away from” theuser's viewpoint areeasilycommunicated
by shadingandcolor.

Onestagein the pathtoward building a full scaledriver
for heavy-ion fusionis anacceleratorexperimentthatexam-
ines most of the designissuesof a driver at full scalepa-

rameters.Suchanintegratedbeamexperiment(IBX) differs
from afull-scalefusiondriver in thatit only hasafew beams
anddoesnotaccelerateto thefull energy, andthusis far less
costly. This type of reducedexperimentcanbe donesince
mostof the issuesoccur, or canbestudied,at low energies.
Thedatashown in Figure4 is from 3D simulationsof a de-
signof suchanexperiment.

Thetypical “hoe”-shapedstructurethatcanbeseenin the
polar plot is a resultof the particlesat the transverseedge
of the beam(particlescolorizedred andblue) beingover-
focused,indicating non-linearfocusing/defocusingforces.
Thesenon-linearitiesare due to both inherentgeometric
aberrationsin the injector designand numericalerrors in
thesimulation(thesourceregion wasnot �nely enoughre-
solved).Theseparticles(redandblue)initially form ahigher
densityrim onthebeamandlatersomeareexpelledfrom the
coreof thebeaminto a halo.Theselectiontoolsallow these
overfocusedparticlesto bevisually tracked,leadingto abet-
terunderstandingof tolerancesto sucherrors.

Sometimes,abeaminjectoris requiredthatcanproducea
high currentbeamwith low transversetemperature.Typical
injectorsusea single,monolithicsourceof ions.Becauseof
variousscalinglaws, though,the requiredemitting areain-
creasesat a high power of the current.A way aroundthis
poor scaling is to usea large numberof small sources,a
hundredor more,andmerge theresultingbeamlets.An ex-
perimenttestingthe conceptis in the processof beingde-
signedandbuilt. Thedatafrom Figure5 is from 2D, trans-
verseslice,simulationsof thedesign.As themany beamlets
mergeandmix, shortwavelengthdensitywavesarelaunched
on thecombinedbeamandtravel acrossit. Thisprocesscan
knocksomeparticlesoutof thecoreof thebeaminto asmall
halo.A dramaticcasecanbe seenin Figure5a wherefour
smalljetsof particlesleavethecoreof thebeam.Figures5b,
5c, and5d show theparticlesat earliertime, with theparti-
clesthatform thelaterjetsselected,andthecoreof thebeam
madeinvisible.Notehow eachgroupremainsin a relatively
tight formation,eventhoughheavy particlemixing is occur-
ring, but is spreadover multiple beamlets.This is informa-
tion which would be dif�cult to extract without the PPaint
programandthatcanprovide a muchdeeperunderstanding
of thesubtleprocessesinvolvedin themerging.

6. Conclusion

The work we have describedin this paperoffers a highly
practicalapproachto visual analysisand understandingof
particle data generatedby acceleratormodeling simula-
tions.Our work wasconductedin closecollaborationwith
discipline scientistsresulting in an applicationthat offers
them the ability to more quickly explore and understand
simulationresults.Using our novel oriented-diskrendering
method,physicistsare able to quickly visually distinguish
betweenparticlesthataremoving towardsor away from the
viewer aswell asunderstandshapeand�o w informationof
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(a) (b) (c)

Figure4: Correlatingpointsacrossdifferentviewsof thesamedata.An integratedbeamexperiment(IBX) datasetrepresents
a beamafter it hasundergonesigni�cant phasespacedistortion.(a) An RvRvQ-plot of a polar coordinateversionof thedata
is plottedin Cartesiancoordinates.R denotesthe radial coordinate, vR the velocityof R, and vQ the velocityof the angular
coordinateQ. A typical “hoe”-shapeddistribution is observed.(b) Thecorrespondingxpxpy-plot of a Cartesiancoordinate
version of the data is plotted.(c) Attentionis broughtto the interestingshaperepresentingthe effectsof strong anharmonic
forcesin thexpxpy-plot bymakingselectionsotherthantheredselectioninvisible.

particlesundergoing in�uence by multiple electromagnetic
�elds. Brushingto createuser-de�ned classi�cationsof par-
ticlesallow physiciststo explorea multitudeof projections
and representationsof the high-dimensionaldata, thereby
promotingscienti�c discovery. While few of thefeaturesin
ourapplicationarepatentlynew, thecombinationandusabil-
ity of featuresresultsin a highly ef�cacious system.PPaint
is currentlybeingusedin day-to-dayoperationsaspart of
anacceleratormodelinganddesignproject,andhasproven
effectiveasavisualdataanalysistool.

We envision severalavenuesfor enhancementin our sys-
tem as well as many importantfurther applicationsof our
work. Additional renderingstyles,suchasstarcoordinates
[Kan01] andparallelcoordinates[Ins85], offer thepossibil-
ity of increasingtheeffectivenessof PPaint.Wearecurrently
developing and evaluatingthe effectivenessof dimension-
reductionschemes,suchas principal componentsanalysis
(PCA) [Jol86], to improve our visualizationtool. Adding
morevisualandcontextualcues,suchasthegeometryrepre-
sentingtheparticleaccelerator, will aid in dataunderstand-
ing.Fromanapplicationpointof view, weseegreatpromise
for the direct couplingof PPaint to the particlesimulation
codeitself, suchthat particledatacanbe visualizedasit is
being generated,and userinteractionsthroughour system
cansteersubsequentsimulatorcomputations.
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