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Abstract

In this work, we visualizehigh-dimensionaparticle simulationdata usinga suite of scatterplot-basedisualiza-
tions coupledwith interactive selectiontools. We usetraditional 2D and 3D projectionscatterplotsaswell asa
novel oriented-diskeenderingstyleto cornvey variousinformationaboutthe data. Interactiveselectiontoolsallow
physicistsdo manuallyclassify“inter esting” setsof particlesthat are highlightedacrossmultiple, linked views of
the data. The powerof our applicationis the ability to correspondnew visual representation®f the simulation
data with traditional, well undesstoodvisualizations.This appmoac supportsthe interactive exploration of the
high-dimensionaspacewhile promotingdiscovery of new particle behavior

1. Intr oduction

The studyof multiparticledynamicsspansa wide variety of
applicationsfrom galaxy simulationsto particleaccelerator
design.In particular heavy-ionfusion(HIF) is atopic of in-
tensecurrentscienti ¢ studyfor it is a potentialsourceof en-
ey thatis low-cost,widely available,andervironmentally
friendly [HIF, Fri02, CBH 03]. Particle acceleratorshem-
selesareexpensve facilitiesthat costhundredsf millions
of dollarsto design,constructandthenoperateover a pe-
riod of decadesPrior to constructiorof sucha facility, sim-
ulationsare developedto producethe bestpossibledesign.
Acceleratoisimulationsusediscrete-particlenodelsthatare
carriedout in phasespace whereeachparticleis charac-
terizedby position(x;y; 2) andmomentum(px; py; pz). The
data producedby acceleratorsimulationsare large, time-
varying, and multidimensional. The simulation data con-
tain representationsf comple physicalphenomenaCom-
poundingmattersis the fact that the physical phenomena
hiddenin the dataoften have never beenobsened before.
As researcherandertale dataanalysisthey arenot sureex-
actly whatfeaturesn the dataare meaningful,nor arethey
sureexactly how to quantitatvely express‘regionsof inter
est”or “hotspots”in thesimulationdatato aid andaccelerate
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discovery. Theneedfor effective visualizationcapabilitieso
aidin dataunderstandingnotivatesour work.

The optimaldesignof particleacceleratorsemainsa dif-
cult problem,primarily becausef the complex natureof
theforcesinvolved. Two primary physical forcescontrikbute
to theshapeandbehaior of thebeamIn mostparticleaccel-
erators beamsof chaged particlesare controlledusingex-
ternallyappliedelectromagneticelds atintervalsalongthe
lengthof theacceleratoiThesecondorceis theelectromag-
netic eld inducedby the chagedparticlesthemseles—the
beamgeneratests own electromagneticeld. Understand-
ing theinterplaybetweerthetwo electromagneticeld con-
tributorsis critical to controlling the particlebeam,andre-
quiresaself-consistenteld descriptionsincethelatterfac-
tor is afunctionof particlemotion.

During dataanalysis,scientistsare interestedin under
standinga numberof issuesFor example,baseduponprior
experiencethey know that mostof the beamparticlesare
“well behaed; but a small numberof particlesdrift awvay
from the core of the beam.The particlesthat diverge from
the coreform whatis known asa “halo,” andthe halo par
ticles posea potentialproblemfor the stability of the beam.
Thehalois thelow densityregion of particleslocated‘far”
from the centralcore of the particlebeam[MQR99. Parti-
clesin the haloregion aremorelikely to collide with accel-
eratorwalls. Whenthey doso,electronsandotherdebriscan
be emittedthatcanleadto degradationof the beamquality.
Also, high enegy particlescan activate the wall material,
renderingt radioactve. In extremeconditions thehalopar
ticlesmay potentiallycausea ruptureto the acceleratowac-



Coetal. / InteractiveMethodsfor ExploringParticle SimulationData

uumvesseltherebycausinga lossof vacuumandpotential
damageo surroundingstructures.

Acceleratomphysicistsseekto understandhe causalfac-
torsthatproducehalossothey canbe suppressedihey also
seekto understandhefactorsthatresultin a“well behaed”
beam:placementand strengthof controlling appliedelec-
tromagneticelds, cross-sectionadhapeof the containment
device, etc. Their primarytool for scienti ¢ inquiry is simu-
lation andthe subsequerdataanalysis.

Historically, the scatterplothas beenthe staplemethod
for visualizing the particle datageneratecoy high enegy
physicssimulationsandexperimentsScientistcreatemary
“small multiples” [Tuf90] that depict different2D projec-
tions of phasespace.The different projectionscover the
gamutof permutationsx vs. phase-xy vs. phase-yandso
forth. Eachdifferentscatterplofprovidesa depictionof spa-
tial partialdistributionin someprojection.Scientistg¢henre-
view themary projectionsin searchof distributionscharac-
teristicof known phenomenaror instanceans-shapediis-
tributionin aplot of an(x; px) projectionof the phasespace
indicatesthe accumulatedaction of non-ideal,anharmonic
forcesthatdo notvary linearly asfunctionsof thetranserse
coordinatesWith practice,physicistsare able to construct
amentalmodelthatis the integrationof all 2D projections.
While powerful individually, eachparticulartype of phase
spaceprojectiononly offers a limited representationf the
compl behaior exhibited by the simulationdata.

While the shapeof the beamis importantto physicists,
whatis moreimportant—andhescienti ¢ questionwe help
to answerwith the work presentedn this paperis how a
given beamshapeor con guration cameto be in the rst
place,andhow it will evolve over time. The generalwork-

ow we have re ned in conjunctionwith physicistsis to

“classify” simulation particlesthat are part of a halo pop-
ulationat somepointin time, thenobsene their behaior at
earlierandlater pointsin time. This approachs theinverse
to classi cationbasedupondatavaluerangesin this case,
the scientistcanquickly visually identify a haloregion due
to somecharacteristichapeor throughintuition, theninter

actively classifythe particlesasbeingpartof a haloregion.
Ourwork o w modelletsthemthentracktheevolution of the
haloparticlesforwardandbackwardin time. Theintentis to

facilitaterapiddiscovery of the conditionsthatled to thefor-

mationof abeamhaloin the rst place.Thetechniquesve
describdn this paper—designeandimplementedspartof

an acceleratomodelingproject—aredesignedo facilitate
suchdiscoveries.

Ourwork improvesthe speedandaccurayg of visualdata
analysisof particle datageneratedy acceleratomodeling
simulationsor experimentsWe describeseveral straightfor
ward techniqueghat combineinto a powerful and easy-to-
useapplication. Our application PRaint, providesthe ability
to generatesmall multiples,which is the samefamiliar pre-
sentatiorthatthe high enegy physicscommunityhascome

to know andunderstandWe addthe ability to interactively
selectparticles,andthen have the selectedparticlesappear
in eachof themultiple linkedviews. Interactionwith PPRaint
aswell asimplementatiordetailsareprovidedin Section4.
The views may be a combinationof 2D or 3D projections,
dependingiponthe users preferenceThis metaphorwhile
simple,is powerful sincea collection of particlesin a 2D
phasespaceplot mayturnoutto occupy ascatteredegionin
3-spaceWe adda novel particlevisualizationmethodasan
option to enhancevisual comprehensionf comple, high-
dimensionatlata.We describahis novel renderingapproach
alongwith otheraspect®f renderingn PRaintin Section3.
Onceparticle halosare selectedthe particlescomprisinga
halopopulationmaythenbetrackedforwardor backwardin
timeto facilitateunderstandingf thephenomenshatled to
the formationof the halo. The enhancementsur visualiza-
tion tool provideshelp streamlinethe processof forming a
mentalmodelof thedata.

2. RelatedWork

Perhapshebest-knevn visualizationtool in thehighenegy
physics communityis the “Physics Analysis Workstation”
software, or PAW [PAW]. PAW is an analysisand visual-
izationtoolkit designedo work with datageneratedy the
GEANTA4 simulationcode.GEANT4 hasbeentraditionally
usedto model particle detectorg/A 03]. PAW provides a
rich collectionof chartingandplotting capabilitieshathave
evolved over time to be especiallywell-suitedto the needs
of the high enegy physicscommunity PAW andtools like
it arenotwell-suitedto thedemandgposedby today’s large
datasetdt doesnotprovide theability to spatiallyselectdata
points,nor to trackthemover time anddisplay multiplesin
a mixture of modalities. Theseshortcomingdave provided
substantiamotivationfor our work.

Standalonenethodsfor 3D visualizationof particle data
have includedvolumerenderingmethods Onesuchproject
used volume renderingto shav halo particles in high-
resolution acceleratordata [MQR99Y. Recently a hybrid
particle-wlume renderingmethod has proven effective in
shaving boththe overall shapeof thebeamusingdirectvol-
umerenderingput retainingthedetailof individual particles
using geometry[ WMQR02 WMMO02, MSW 02]. In both
methods,interactiely specifyinga transferfunction plays
acritical rolein allowing the scientistto explorethe volume
rendereghasespaceprojections.

With regard to userinteractionmethodsappliedto visu-
alizationresearchpthershave successfullyemployed mul-
tiple linkedviews andpainting-styleuserinterfaces Becker
andCleveland[BC87] usedbrushedo labelanddeletedata
pointsacrossmultiple linked scatterplotsMartin and Ward
implementechigh-dimensionabrushingtoolsthatoperated
in dataspace[MW95]. Doleischet al. [DGHO03 promote
the visualization of essentialfeaturesin exploring high-
dimensionaldata.To accomplishthis, they designedanin-
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teractive systemwherefeaturescanbeidenti ed by theuser
through “brushing” and other techniques.They note that
suchfeatureextractionis oftenpreferredover automaticand
semi-automatienethodssinceautonomousipproachestill

requireinformationfrom theuserasto whatfeaturesare“in-

teresting. Incorporatinguserinterventionis essentiakince
scientistpossesmituitive understandingsf thedatathatare
dif cult for autonomousgnethodsto mimic This wasalsoa
major motivating factorin the developmentof the Protein-
Shopprogram[KMC 03], which is an interactive protein
manipulatiorpackagédor computationabiology. Many suc-
cessfulapplicationssuchasdecisiontreevisualizationand
classi cation applicationshave bene ted from the useof a
paintinginterface[ TMO03]. Tzenget al. [TLMO03] alsoused
apaintinginterfaceandtheassistancef aneuralnetwork to

performclassi cationin high-dimensionatlomains.

In our work, we make use of userdriven classi ca-
tion via a painting interface, as in the work of Teoh and
Ma [TMO03]. The classi ed particlesare highlightedacross
multiple views, similar in spirit to the approachtaken by
Doleischetal.[DGHO03. Thisapproacheverageshevisual-
izationpower of eachparticularrenderingstyle usedin each
view. Such classi cation techniquescombinedwith novel
renderingechniquesindtemporakrackingfacilitatethecre-
ationof a mentalmodelof the databy guidingthe userto a
deepeunderstandingf informationhiddeninsidethedata.

3. Rendering
3.1. 2D Scattemlots

We usestandar®D projectionsof phasespaceo createthe
small multiples familiar to physicists.In eachscatterplot,
onedatacomponenprovidesthe ordinateand anotherpro-
videstheabscissaA pointplottedattheresultingcoordinate
representshe presenceof a particle at that point in phase
space.For example,the x-componenof position provides
an ordinatewhile the the x-componentof the momentum
(known as px) providesthe abscissaTogether thesecom-
bine to producethe 2D Cartesiancoordinate(x; px). This
style of visualizingthe particle data,at a single simulation
stepor asa movie spanningmary simulationsteps,is well

understoodindsenesasareferencavhenevaluatingnever
visualizationtechniquesppliedto the sameparticledata.

3.2. 3D Scattemlots

A varietyof 3D plotting stylesareutilized in our application
to reveal informationin the particle datathat would other
wisebehiddenfrom view if usingtraditional2D scatterplots.

3D PhaseSpaceProjections — using three dimensions
ratherthan two offers the potentialto corvey more infor-
mation, particularly when combininginteractve 3D trans-
formationswith stereo.n termsof understandinglepthre-
lationshipsand 3D structure,use of a static 3D perspec-
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Figure 1: 3D scatterplotsasrendeed by our program.(a)
A standad xyz-plotof time step60 of a 276time steplinear
acceleator simulationis shown.(b) The samedata setis
shownrendeed usingour novel oriented-diskappmoad. To
a certainextent,thein uenceof the(c) electomagnetic eld

ontheparticlescanbeobservedn this styleof renderingby
visually piecingtogetherthe facetsof neighboringdisks.
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tive view offers little more than a static 2D view. How-

ever, addinginteractve transformatiorto the 3D view has
beenshawvn to provide a dramaticand measurabléncrease
in comprehensiorof 3D depthrelationsand 3D structure
[WF9q].

Disk Rendering — while the interactve 3D perspectie
views arebetterthantheir static2D or 3D counterpartsthere
is still the needto understandhe natureof the phasespace
vector eld in conjunctionwith 3D shape.To helpin that
regard, we have employed a specializedglyph to depictthe
phasespacevector eld. The glyph consistsof an oriented
andcoloreddisk for eachparticle. The locationof the disk
is givenby thelocation(x;y; 2) of the particle,while theori-
entationof thedisk is givenby the normalvectorparallelto
themomentunvector< px; py; pz> . Tofurtheraidin distin-
guishingvector eld polarity, we usedifferentmaterialprop-
ertiesfor front- andback-facingdisks.A neutralgraydepicts
back-facingdisks,while afully saturatedoloris appliedto
front-facingdisks.Lighting aidsin furtherdepictingthe ori-
entationof thedisks.Thesedisksareessentiallysurfaceele-
mentsor surfels asdescribedy P ster etal. [PvBZG0(Q in
the context of surfacerepresentationslhis style of render
ing is extremelyusefulin determiningthe directionof each
particles momentunvectorandenhanceshescientists un-
derstandingf theoverall pathof individual particlesaswell
asthe entireparticlebeam.Figure 1 shavs the disk render
ing stylejuxtaposedvith a standardD xyzplot.

3.3. The Useof Color

In our system,color is usedin two mannersFirst, color is

usedas a label to indicate selectionmembershipln other
words, all the red particlesbelongto onegroupselectechy

the user while all the greenparticlesbelongto a different
group. Groupsof particlesmay be made“invisible” to re-

ducevisual clutter. This programmatideatureis illustrated
in Figures2, 4, and 5. The seconduseof color is to indi-

catea measuremenfarticlesare colorizedaccordingto a
userde ned colormapdrivenby additionalstoredor derived
guantitiesassociateavith eachparticle,suchasthe magni-
tudeof the momentunmvector Figure 3 illustratesa particle
distribution colormappedccordingo themagnitudeof each
particles momentunmvector Therestof the gures demon-
stratetheuseof colorto highlight particleselectionclasses.

3.4. Animations

Our systemincludesananimationfeature suchthatthesim-

ulation datacan be examinedover time to obtaina higher

level notion of the particle beampath. As particlesare se-
lectedandisolated,they canalso be visually tracked over
time by playing backeachtime stepin order The scientist
canpauserewind andjump to ary loadedtime stepin the
sequencéo seethe pathof particlesof interest.
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Figure 2: Demonstation of manual particle selection

throughthe useof a painting tool. (a) Particles belonging
to the “spiral arm” of an early time step(left) are painted
on. (b) Theseparticlesare markedred and canbe seenin a
later time step(right) of the simulation.Thered circle rep-
resentghe paintbrushusedfor selection.

4. Interaction and Implementation

Classi cation in our programis performedmanually with
a familiar paintinginterface.Box selection Jassoselection,
andpaintbrushselectiortools provide intuitive method<or
selectingparticlesof interest.As the userselectsa set of
particlesof interest,the selectedparticlesare color-labeled
acrossall of the particle datasetsloaded.Manual classi -
cationin this particularapplicationis a key feature,sinceit
is throughthe interactionprocesgshat a deepemunderstand-
ing of particlebehaior is obtained Figure2 shavs ascreen
captureof the paintingselectiontool beingusedto classify
particlesbelongingto the“spiral arm” of a particledistribu-
tion.

The applicationwork ow and methodswe presenthere
offer avery usablesystenthatfacilitatesdeepeunderstand-
ing of complec scienti ¢ data.Classi cation of interesting
datais performedvia userde ned selectionsinteractizely,
allowing a physicistto explore spatialpropertiesof the par
ticle data.Our disk renderingtechniqueallows information
aboutparticlemomentumnto be corveyedin additionto the
spatialdistribution of thedata.Motion parallaxacrossmulti-
plelinkedviews accelerateanderstandingf 3D depthrela-
tionshipsandshapeTemporabrowsingallows ascientistto
understandheevolution of interestingparticles All of these
featuresupportheformationof amentalmodelthatis nec-
essanyfor developinga deepemunderstandingf the particle
beamdata.
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Coetal. / InteractiveMethodsfor Exploring Particle SimulationData

Figure 3: Exampleshowinga xyz-plotof time step214 of

a 276 time steplinear acceleator simulationrun. Points

are colorizedaccoding to the meagnitude of their momen-
tumvector

In additionto the spatialinformation,additionalper par
ticle informationis requiredto make userinteractionpos-
sible. We keepan adjacentarray of ags that speci esthe
membershipf eachparticleto a particularhighlight group.
In our implementationwe useeightbit ags, thusallowing
255distinctclassi cations,reservingzeroto indicatemem-
bershipin theclassof non-selectegarticles Particle|Ds are
associateavith eachparticlein a giventime step.Sincecor
respondingparticlesin differenttime stepsof the datamay
have differentrelative locationin their respectie arrays,a
mappingfrom particle ID to array location must be com-
puted.We accomplishthis with the useof a hashtable.We
note that theseparticle IDs are often maintainedas part of
the simulationand can be directly importedas is into our
system.

5. Results

Figure 1 illustrates our novel oriented-disk rendering
method.The orientationof eachpatrticleis clearly corveyed
using lighting combinedwith two-sided material surface
properties.Since the uservisually clustersdisks together
it is relatively easyto understandhe behaior of particle
groups,which in turns providesinferencesaboutthe in u-
enceof the electromagneticeld. For example,Figuresilb
and 1c shov the in uence of the electromagneticeld on
clustersof particles.Animationsof the simulationare en-
hancedby this type of glyph, since motion “toward” and
“away from” the users viewpoint are easilycommunicated
by shadingandcolor.

Onestagein the pathtoward building a full scaledriver
for heavy-ion fusionis anacceleratoexperimentthatexam-
inesmostof the designissuesof a driver at full scalepa-
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rametersSuchanintegratedbeamexperimentIBX) differs
from afull-scalefusiondriverin thatit only hasafew beams
anddoesnotaccelerat¢o thefull enegy, andthusis farless
costly This type of reducedexperimentcanbe donesince
mostof theissuesoccut or canbe studied at low enegies.
Thedatashavn in Figure4 is from 3D simulationsof a de-
signof suchanexperiment.

Thetypical “hoe”-shapedstructurethatcanbe seenn the
polar plot is a resultof the particlesat the trans\erseedge
of the beam(particlescolorizedred and blue) being over
focused,indicating non-linearfocusing/defocusindorces.
Thesenon-linearitiesare due to both inherentgeometric
aberrationsin the injector designand numericalerrorsin
the simulation(the sourceregion wasnot nely enoughre-
solved).Theseparticleg(redandblue)initially form ahigher
densityrim onthebeamandlatersomeareexpelledfromthe
coreof thebeaminto a halo. The selectiorntoolsallow these
overfocusegarticlesto bevisuallytracked,leadingto abet-
terunderstandingf tolerancedo sucherrors.

Sometimesabeaminjectoris requiredthatcanproducea
high currentbeamwith low trans\ersetemperatureTypical
injectorsusea single,monolithicsourceof ions.Becausef
variousscalinglaws, though,the requiredemitting areain-
creasest a high power of the current. A way aroundthis
poor scalingis to usea large numberof small sourcesa
hundredor more,andmeige the resultingbeamletsAn ex-
perimenttestingthe conceptis in the processof beingde-
signedandbuilt. The datafrom Figure5 is from 2D, trans-
verseslice,simulationsof thedesign. As themary beamlets
megeandmix, shortwavelengthdensitywavesarelaunched
onthecombinedbeamandtravel acrosst. This processan
knocksomeparticlesoutof thecoreof thebeaminto asmall
halo. A dramaticcasecanbe seenin Figure 5a wherefour
smalljetsof particleseave the coreof thebeam Figuresbb,
5¢, and5d shaw the particlesat earliertime, with the parti-
clesthatform thelaterjetsselectedandthecoreof thebeam
madeinvisible. Note how eachgroupremainsn arelatively
tight formation,eventhoughheary particlemixing is occur
ring, but is spreadover multiple beamletsThis is informa-
tion which would be dif cult to extract without the PRaint
programandthatcanprovide a muchdeepemunderstanding
of the subtleprocesseswolvedin the meging.

6. Conclusion

The work we have describedin this paperoffers a highly
practicalapproachto visual analysisand understandingf
particle data generatedby acceleratormodeling simula-
tions. Our work was conductedn closecollaborationwith
discipline scientistsresultingin 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
betweerparticlesthataremoving towardsor away from the
viewer aswell asunderstanghapeand o w informationof
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Figure 4: Correlating pointsacrossdifferentviews of the samedata. An integratedbeamexperiment(IBX) datasetrepresents
a beamafter it hasundegonesigni cant phasespacedistortion. (a) An Rvrvg-plot of a polar coodinateversion of the data
is plottedin Cartesiancoorinates.R denoteghe radial coordinate vg the velocity of R, and vq the velocity of the angular
coordinate Q. A typical “hoe”-shapeddistribution is observed(b) The correspondingkpx py-plot of a Cartesiancoordinate
version of the datais plotted. (c) Attentionis broughtto the interestingshaperepresentingthe effectsof strong anharmonic
forcesin thexpxpy-plot by makingselectionstherthantheredselectioninvisible

particlesundegoing in uence by multiple electromagnetic
elds. Brushingto createuserde ned classi cationsof par
ticles allow physiciststo explore a multitude of projections
and representationsf the high-dimensionaldata, thereby
promotingscienti ¢ discovery. While few of the featuresn
ourapplicationarepatentlynew, thecombinatiorandusabil-
ity of featuresresultsin a highly ef cacious system PRaint
is currently beingusedin day-to-dayoperationsas part of
anacceleratomodelinganddesignproject,andhasproven
effective asavisualdataanalysistool.

We ervision severalavenuesor enhancemerih our sys-
tem aswell as mary importantfurther applicationsof our
work. Additional renderingstyles,suchas star coordinates
[Kan0] andparallelcoordinategins89, offer the possibil-
ity of increasingheeffectivenes®f PRaint. We arecurrently
developing and evaluating the effectivenessof dimension-
reductionschemessuch as principal componentsanalysis
(PCA) [Jol84, to improve our visualizationtool. Adding
morevisualandcontetual cues suchasthegeometryrepre-
sentingthe particleacceleratgrwill aid in dataunderstand-
ing. Fromanapplicationpoint of view, we seegreatpromise
for the direct coupling of PRaint to the particle simulation
codeitself, suchthat particle datacanbe visualizedasit is
being generatedand userinteractionsthroughour system
cansteersubsequergimulatorcomputations.
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