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Abstract. We describea hybrid data-represeationandrenderingtechniquefor

visualizinglarge-scalearticledatageneratedrom numericalmodelingof beam
dynamics. The basisof the technique is mixing volumerenderingandpointren-
deringaccordng to particledensitydistribution, visibility, andthe users instruc-
tion. A hierarchicalrepresentationf the datais createdon a parallelcomputer
allowing real-timepartitioninginto high-dersity areasfor volumerendering and
low-densityareadfor pointrendering This allows thebeamto beinteractively vi-

sualizedwhile preservinghe fine structureusuallyvisible only with slow point-
basedrenderingtechniqus.

1 Introduction

Particle acceleratrs are playing an increasinglyimportant role in basicand apgied
sciencessuchas high-enegy physics, nuclea physics, materialsscience biologcal
scienceandfusion enegy. The designof next-generationaccelerates requres high
resolutiomumercal modelirg capabilitiego redue costandtechnola@ical risks,andto
improve acceleratoefficiengy, perfomanceandreliability. While theuseof massiely-
parallel supercomputersallows scientiststo routinely perform simulationswith hun
dredsof millions of particles[2], theresultingdatatypically requires terabyesof stor
agespaceandoverwhelmsraditional dataanalysisandvisualizatian tools.

The goal of beamdynamicssimulatiors is to understandthe beams evolution in-
sidetheaccelertor and,throughthatunderstandingto designsystemghatmeetcertain
perfamancerequilementsTheserequirenentsmayinclude, for exanple, minimizing
beamloss, minimizing emittancegrowth, avoiding resonane phenomera that could
lead to instabilities, etc. The mostwidely usedmethal for mockling beamdynam
ics in acceleratos involvesnumeical simulationusingparticles.In three-dinensional
simulationseachparticleis repesentedy a six-vedor in phasespacewhereeachsix-
vector consistsof threecoordnates(X,Y, Z) andthreemometa (P, P,, P,). The
coordnatesandmonentaareupddedastheparticlesareadvarcedthroughthecompe
nentsof the acceleratg eachof which provideselectromagetic forcesthatguideand
focusthe particle beam.Furthernore, in high intensity accelerata, the beams own
self-fieldsareimportant. High intensitybeamsoften exhibit a prounourcedbeamhalo



thatis evidercedby a low densityregion of chage far from the beamcore.The halo
is respmsible for beamloss as stray particlesstrike the beampipe, and may leadto
radioativiation of theacceleratbcompmnents.

2 Particle Visualization

In the past,researchrsvisualizedsimulatedparticle databy eitherviewing the parti-
clesdirectly, or by corvertingthe particlesto volumetric datarepesentingparticleden-
sity [4]. Eachof thesgechniqieshasdisadwartagesDirectparticlerendeingstakestoo
long for interactie exploration of large datasetsBenchmark have shawvn thatit takes
apprximately 50 secondgo render 300 million points on a Silicon Graphcs Infinite-
Reality engire, and PC workstatias are unalte to even hold this muchdatain their
mainmemay.

Volume rencering can provide interactive frameratesgvenfor PC-basedvorksta-
tionswith comnercial graphcs cards.In this type of rendeing, the range covered by
thedatais evenly dividedinto voxels,andeachvoxd value is assignedh densitybased
on the nurber of pointsthat fall inside of it. This datais then corvertedinto an 8-
bit palettedtexture and renceredon the screenas a seriesof closely-spaed parallel
texture-mapjedplanes.Takentogethertheseplanes give theillusion of volume. A fur-
ther advanta@ of volume-basedendeing is thatit allows realtimemodificationof a
transferfunction that mags densityto color and opecity, sinceonly the palettefor the
texture needsto be updded [5]. However, thereare alsolimitations. In order to fit in
aworkstations graplics memoy, the resolutionis typically limited to 2562 (5122 for
largesystems)This,aswell asthelow rangeof possibledensityvalue256) canresult
in artifacts,andcanhidefine structures, especiallyin the low-density haloregion of the
beam.

Idedly, avisualizationtool would beableto interactvely visualizethebeamhaloof
alargesimulationat very high resolutians. It would alsoprovide realtimemodification
of thetransferfunction andrunonhigh-endPCsratherthana superompute. Thistool
would be usedto quickly browsethe data,or to locateregions of interestfor further
study Theseregions could be rendeed offline at even higherqudity usinga parallel
supercaenputer

To addresgheseneed, our systemusesa comhned particle- and volume-based
rendeing appoach.Thelow-densitybeamhalois represeted by directly renceringits
constituenparticlesThis preseresall fine structuesof thedata,especialljthelowest-
densityregions consistingof only one or two particlesthat would be invisible using
avolumeric apprach.The high-densitybeamcoreis representedy a low-resolution
volumdric rencering. This areais of lesseiimportarce, andis denseenoud sothatin-
dividual particlesdonothave asignificanteffectontherendeing. Thevolume-endere
areaprovidescontext for the particlerencering, and with the right paraneters,is not
evenpercevedasa separateenceringstyle.



3 Data Representation

To prepare for rendeing, a multi-resolution, hierachical repiesentations generéed
from the original, unstrictured,point data. The repiesentatiorcurrently implemerted
is anoctree whichis geneatedon adistributedmemoy parallelcompuer, suchasthe
PCclustershavn in Figurel. This pre-pocessingtepis perfamedoncefor eachplot
type desired(sincethereare six valuesper point, mary differert plots canbe gerer
atedfrom eachdataset)This datais laterloadedby a viewing programfor interactie
visualization
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Fig.1. The datais distributed to a parallel computer suchas a PC cluster eachprocesor of
which is responsibldor oneoctantof the data.After beingread,the pointsareforwardedto the

appropiate processqmwhich createghe octreefor thatsectionof data.Viewing is performedon
oneof thenodeswith agraphicscard.

The hierarclical dataconsistsof two parts:the octreedata,andthe point data.At
eachoctreenode,we storethe densityof poirts in the node, andthe minimumdensity
of all sub-nales.At theleaf octreenodes (the nodesat thefinestlevel of subdvision),
we storetheindex into the point dataof the nodes constituen points. The leaf nodes
shouldbesmallenoudp sothatthebourdarybetweerpoint+endeednodesandvolume-
rendeednodesappearssmoothonthe screenSimultaneasly, the nodesneedto bebig
enolghto cortain enowgh pointsto accuratelycalculatepoirt density

Sincethesizeof the point datais severd timesthe availablememoryon the work-
stationusedfor interactia, not all of the points canbe loadedat onceby the viewing
progam.Having to load pointsfrom disk to displayeachframewould resultin aloss
of interactvity. Insteadwe take adwentageof thefactthatonly low-dersity regionsare
rendeedusingthepoint-basednethal. High-density regions,consistingof themajoiity
of pointsin the datasetareonly volume rendeed, andthe point datais never needed
Therebre, the pointsbelorging to lower-densitynodesare storedseparatelyfrom the
restof thepointsin thevolume.The preview programpre-load thesepoints from disk



whenit loadsthedata.lt canthengeneateimagesentirelyfrom in-coredataaslongas
thedisplaythresholdor pointsdoesnotexceedhatchoserby thepartitioring progam.
For this reasonthe partitionirg programgeneatesapprximately asmuchpre-lcaded
dataasthereis memay availableontheviewing compuer.

4 User Interaction

The preview progam is usedto view the partitioned datagereratedby the parallel

compuer. As shawvnin Figure 2, it displaystherendeing of the selectedvolumein the

main portion of the window, whereit canbe maniplatedusingthe mouse.Controls

for selectingthetransferfunctionsfor the pointbasedenderingandthevolume-based
rendeing arelocatedontheright panel.
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Fig. 2. Theuserinterface, shaving the volumetransferfunction (blackboxin thetop right of the
window) andthe point transferfunction (below it) with the phaseplot (x, P, z) of frame170
loaded.Thisimageconsistf 2.7 million pointsanddisplaysin aboutl secondon a GeForce3.

Thevolumetransfeifundion mapspointdensityto colorandopacityfor thevolume-
rendeed pottion of the image.Typically, a stepfunction is usedto map low-density
regionsto O (fully transparet) andhigherdensityregions to somelow constansothat
onecanseeinsidethe volume. The progam alsoallows a rampto transitionbetween
thehigh andlow values sothe boundaryof thevolumesendeedregionis lessvisible.

Thepoint transferfunction mapsdensityto numberof points renceredfor thepoirt-
rendeed portion of the image.Below a certainthreshdd density the datais dravn



rendeed aspoirts; abore thatthreshold no pointsaredrawn. Intermediatevaluesare
mappel to the fraction of pointsdravn. Whenthe transferfunction’s valueis at 0.75
for somedensity for exanple, it meansthatthreeout of every four poirts are dravn
for areasof thatdensity This allows the userto seefewer pointsif too mary pointsare
obscuing importantfeaturespr to make renceringfaster It alsoallows a smoothtran-
sition betweernpointrendeed portiors of theimageandnon-{point-renderedoortions.
Point opadty is given asa separatecontiol, a featurethat can be usefulwhenmary
pointsarebeingdrawn.

By default, the two transferfunctions areinversesof eachother Changingonere-
sultsin an equalandopposite charge in the other This way, thereis alwaysan even
transitionbetweenvolume- and point-renderedegions of the image.In mary cases,
this transitionis not evenvisible. The usercanunlink the functiors, if desiredto pro-
vide moreor lessovetap betweertheregions.

5 Rendering

The octreedatastructureallows efficient extraction of the information necessaryo
draw boththe volumdric- and point-renceredpottions of the image.Volumetic data
is extracteddirectly from the densityvalues of all nodesat a givenlevel of the octree.
Most graphics cardsrequre texturesto be multiples of powersof two, andthe octree
contairs all of theseresolutiors pre-canputedup to the maximumresolutio of the
octree,so extractionis vely fast. Thesedensityvalues are convertedinto 8-bit color
indicesandloadal into textures.Onetexture is createdor eachplanealongeachaxis
of the volume [1]. So, a 642 texture would requre 64 x 3 = 192 two-dimensional
texturesataresolution of 64 x 64.

To draw the volume, a paletteis loadedthatis basedon the transfe fundion the
userspecifiedfor the volumetric portionof therencering. This palettemapseach8-bit
densityvalueof thetextureto a colorandanopacity, regionstoo sparseo bedisplayel
for the given transferfundions are simply given zero opaity values.Then a series
of planesis drawn, backto-front, alongthe axis mostperpeiicularto theview plane,
eachmappel with thecorrespondig texture. Theaccunulationof theseplanes givesthe
impressiorof avolumerencering.While oftenthehighestpossibleresolutiorsuppoted
by the hardvare is usedfor rendeing, we found that relatively low resolutiors can
be usedin this apgication. This is becausehe core of the beamis typically diffuse,
rendeed mostly transparet, andis obscuredy poirts. All imagesin this paperwere
producedusinga volumeresolutionof 643.

In contrasto thevolumerencering,in whichonly the paletteis changdin response
to userinput, poirt rencering requres that the appopriate poirts from the datasebe
selecteceachtime aframeis rencered.Therebre,we wantto quicky eliminateregions
thataretoodenseo requre poirt rendeing. Whendisplayirg aframe wefirst calculate
the maximum densitya node musthave to be visible in the point rencering, basedon
the transferfunction given by the user Sinceeachoctreenode containsthe minimum
densityof ary of its sub-rodesonly octreepathsleadingto rendeableleaf nodesnust
betraversed;octree nodesleadingonly to denseegionsin themiddle of thebeamneed
never beexpanded.



Oncetheprogamdecideghataleafnodemustberendered it useghepoint transfer
function to estimatethe fractionof pointsto draw. Often, this valueis one,but maybe
lessthanonedepeming onthetransferfunction specifiedoy theuser It thenprocesses
the list of points, drawing every n-th one The first point drawvn is selectedto be a
randam index between0 andn. This eliminatespossiblevisual artifactsresultingin
the selectionof a predctablesubsebf pointsfrom datathatmay have structurein the
orderit wasorigindly writtento disk. Figure 3 illustratesthetwo regions of thevolume
regadingto theimagegeneratio process.

Original octree representing
particle density Result

Particle rendered portion

VVolume-rendered portion

Fig. 3. Theimageis createdby classifyingeachoctreenodeasbelongingto a volume-rendesd
regionor apoint-renderedegion, dependiig on thetransferfunctionsfor eachregion (theregions
canoverlap,asin this example).The combinationof thetwo regionsdefinesthe outputimage.

6 Results

The systemwas testedusingthe resultsfrom a self-consistensimulationof chaged
particledynanics in an alternatig-focusedtranspet chanmel. The simulation which
was basedon an actualexpetiment, was dore using 100 million particles.Eachpar
ticle wasgiventhe samechaige-to-nmassratio asa real particle. The particlesmaoving
inside the chanrel were modeled including the effects of exterral fields from mag-
netic quadupolesandself-fieldsassociatedvith the beams spacechage. The three-
dimensimal mean-fieldspace-chrgeforces werecalculatedat eachtime stepby solv-
ing the Poissonequationusing the chaige densityfrom the particle distribution. The
initial particledistribution wasgereratedby samplinga 6D waterba distribution (i.e.



auniformly filled ellipsoidin 6D phasespace)At the startof the simulation the dis-
tribution wasdistortedto accoun for third-ordernonliner effectsassociateavith the
transpot systemupstreanof the startingpoint of the simulation In the simulation as
in the experiment, quadupolesettingsat the startof the beamlire wereadjustedso as
to gene@atea mismatchedeamwith a prounowncedhalo. Theoutpu of the simulation
consistedf 360framesof particlephasespacedata,whereeachframecontaineghase
spacenformationat onetime step.

Several framesof this dataweremaovedontoa PC clusterfor partitionirg, althoudn
the datacould have beenpartitiored on the large IBM SPthat was usedto geneate
thedata.We usedeightPCs,eachwasa 1.33 GHz AMD Athlon with oneGB of main
memoy. A typical partitioning steptook a few minutes,with mostof the time being
spenton disk I/0. The resultingdatawas visualizedon one of the clustercompuers
equipedwith annVidia GeForce3.

Figure 4 shavs a conparisonof a standard/olumetricrendering,anda mixed point
and volumetric rendeing of the sameobject. The mixed rendeing is ableto more
clearlyresole the horizantal stratificationsn theright arm,andalsoreveds thin hori-
zontalstratificationgn theleft armnotvisible in thevolumerenceringfrom thisangle.

Figure 5 shavs how the view proglam canbe usedto refinethe rendeing from a
low-quality, highly interactie view, to a higherquality lessinteractive view.

7 Conclusions

The mixed point- and volume-basedendeing methodproved far betterat resolvirg
fine structureandlow-dersity regionsthanvolume renderimg or point renceringalone.
Volumerenceringlacksthe spatialresolutionandthe dynamicrangeto resole regions
with very low density areasvhich maybe of significantinterestto researches. Point-
basedrendering alonelacksthe interactive speedandthe ability to run on a desktq
workstationthatthe hybrid approachprovides.

Point-tasedrencering for low-density areasalso provides more room for future
enhalementsBecauseooints aredravn dynanically, they coud be dravn (in terms
of coloror opeity) basecon somedynamically calculatedproperty thattheresearchr
is interestedn, suchastempergure or emittance Volumebasedendering, becaseit
is limited to pre-calculateddata,cannotallow dynanic changslike these.

8 Further Work

We planto implemert this hyhrid particledatavisualizatior methal usingthemassiely
parallel computers and high-perfamancestoragefacility available at the Lawrerce
Berkeley National Labomatory. Through a desktopgraptics PC and high-speednet-
works, acceleratoiscientistswould be able to condict interactve exploration of the
highestresolutia particledatastored.

As we bggin to studythe high resolutiondata(up to 1 billion points),the costof
volumerenceringis not negligible any more.3D texture volume rendeing [6] will be
thus usedwhich offers betterimagequality with a muchlower storag requiement.



Fig. 4. Comparisorof avolumerendering(top) anda mixed volume/pointrendering(bottom) of
thephaseplot (x, P, y) of frame170.Thevolumerenderinghasaresolutionof 256%. Themixed
renderinghasa volumetricresolutionof 642, 2 million points,anddisplaysatabout3 framesper
second The mixed renderingprovides more detail thanthe volumerendering especiallyin the

lowerleft arm.
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Fig.5. A progressiorshaving how explorationis performed (a) Shaws the initial screenwith

avolume-onlyrendering (b) The boundarybetweenthe high-dersity volumerenderingandthe
low-densityparticlerenderinghasbeenmovedto shav moreparticles.(c) Thetransferfunctions
have beenunlinkedto shav moreparticleswhile keepng the volume-renderegortionrelatively
transparent(d) The point opacityhasbeenloweredto reveal morestructure(e) Thevolumehas
beenrotatedto view it end-on (f) A higherresolutionversionsimilarto (d).



We will alsoinvestigateillumination method to improve the quality of point-based
rendeing.
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