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ABSTRACT

The scienti�c simulationand three-dimensionalimaging systems
in usetodayareproducinglargequantitiesof datathat rangefrom
gigabytesto petabytesin size. Direct volume rendering,using
hardware-basedthree-dimensionaltextures,is acommontechnique
for interactively exploring thesedatasets.Themostseriousdraw-
backof thisapproachis the�nite amountof availabletexturemem-
ory. In this paperwe introducea hybrid volume renderingtech-
nique basedon the useof hardware texture mappingand point-
basedrendering. This approachallows us to leveragethe perfor-
manceof hardware-basedvolumerenderingand the �e xibility of
a point-basedrenderingto generatea moreef�cient representation
thatmakespossibleinteractiveexplorationof large-scaledatausing
asinglePC.

Keywords: interactive visualization, large data visualization,
point-basedrendering,texture graphicshardware,volumerender-
ing

1 INTRODUCTION

Many scienti�c computationsandthree-dimensionalimagingsys-
temsgeneratedataportrayingphysicalphenomenaor structuresin
three-dimensions.Direct volumerenderingis acommontechnique
usedfor visualizingthis typeof data.It is straightforwardandpre-
servesall thefeaturesof theoriginal data,includingstructuresthat
cannot beanalyticallyde�ned. With theintroductionof hardware-
acceleratedvolumerendering[23, 13], thesedatasetscanbe ren-
deredand explored at interactive rates. However, the amountof
available texture memoryand the �ll rateof the graphicssystem
limit the sizeof the datathat canbe processedef�ciently in this
manner. Largedatasetsalsopresentchallengeswith respectto stor-
ageandnetwork capacity. In this paper, we presenta hybrid ren-
deringtechniquedesignedto allow the interactive visualizationof
largevolumetricdatawith low-costconsumergraphicscardssuch
asthenVidia GeForce4 andcommodityPCswith limited network,
storage,andmemorycapacity.

Our hybrid techniqueleveragesthe speedof texture-based,
hardware-acceleratedvolumerenderingandthe�e xibility of point-
basedrendering. The volumetric datais usedto representlarge,
smoothfeaturesandis augmentedwith point datain areasof �ne
detail or fastchange.This approachallows a moreef�cient allo-
cationof storageandrenderingresourcesthaneithervolumeren-
deringor point-basedrenderingalone,while producinglimited ar-
tifacts.
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We do not intend to completelyreplacehigh-accuracy volume
renderingwith this hybrid method. Rather, this new approachal-
lows usto moreef�ciently store,transferandinteractively preview
reasonablyaccuratedatausinga single low-costPC andgraphics
card. More importantly, thesizereductionthehybrid methodpro-
videsallows real-timeinteractionwith datatoo largeto displayon
agivencomputer, while maintainingasmuchdetailaspossible.

2 RELATED WORK

Theuseof pointsasa displayprimitive was�rst introducedin [8]
andwasmorerecentlypresentedin [4]. Morecloselyrelatedto our
effort arethepoint-basedrenderingmethodsusedto handlethein-
teractivedisplayof largeandcomplex polygonaldatasets[18, 20].
In the context of volumerendering,splatting[22] hasbecomean
increasinglypopularapproach.We have seenthe developmentof
faster[7] andhigher-quality [19] splattingtechniques,the useof
splattingfor renderingirregular-grid data[11,12], amoreuniversal
approachin reconstructingsurfaceandvolumedata[24], andahy-
brid point renderingmethodfor renderingparticlebeams[10] that
usesvolumetricdatato representhigh-densityregions.

Hardware-acceleratedvolumerenderingis usuallyimplemented
usingeithertwo-dimensional[1] or three-dimensional[23] texture-
mappinghardware.Dedicatedvolume-renderinghardware[13] has
also beenused. However, even on the most advancedsystems,
thesizeof many datasetscanfar exceedavailablevideomemory.
Thereareseveralapproachesto renderinglargevolumetricdatathat
doesnot �t within thevideocard'smemory. Thesimplestis texture
paging,whichis oftenimplementedin thedisplaydriverandis used
automaticallywhenmemoryis full. Unfortunatelythe latency re-
quiredfor transferringdataover thebus to videomemoryinhibits
interactive display rates. Pastefforts have alsousedparallel ren-
deringtechniquesto increasetheamountof availabletexturemem-
ory [9, 5]. While this approachis feasible,therequiredamountof
hardwareis oftencostly, ef�cient implementationcanbecomplex,
andthesystemis still limited by a �x edamountof texturememory.
Finally, multi-resolutiontechniques[21, 6] attemptto make better
useof texture memoryby usinglower samplingratesfor areasof
low interest.Thedisadvantagesof this techniquearethe introduc-
tion of artifactsandlossof detail in thelower-resolutionareas.

3 HYBRID DATA GENERATION

Convertingahigh-resolutionvolumedatasettoahybrid representa-
tion involvesgeneratingalow-resolutionvolumeandacorrespond-
ing set of points. The low-resolutionvolumedatarepresentsthe
larger, moreuniform areasof the original, and the pointsare in-
sertedwherethelow-resolutiondataskipsor de-emphasizesimpor-
tantdetails.Thus,storageandprocessingtechniquesareallocated
accordingto thedetailrequirementsof a givenregion of data.This
conversionis doneby apreprocessingprogramthatrequireson the
orderof tensof minutesfor typical datasetson a powerful desk-



top PC. We have alsohadsuccesspreprocessingportionsof data
on smallercomputersandmerging theresultinghybrid representa-
tions(this techniquecouldbeusedto ef�ciently preprocessdatain
parallel).

Any standardsubsamplingtechniquecanbeusedto generatethe
low-resolutionvolumedata;thebestchoicedependson thenature
of the dataandthe applicationit is usedfor. Most imagesin this
paperweregeneratedusingcubicinterpolation,althoughothersub-
samplingtechniquesaremoreappropriatein certaincases(see“Op-
timizedRepresentations”below).

3.1 Point Selection
Pointsaregeneratedat thoselocationswherethe volumetricdata
containslarge amountsof error. Theselocationsareidenti�ed by
samplingthedifferencebetweenthe low-resolutionrepresentation
andthe original dataat regular intervals. Typically, the sampling
interval of theerrorgrid is thesameastheoriginal resolutionof the
data,meaningthe low-resolutiondatais comparedto eachof the
original datavalues.Lower-resolutionerrorgridscanalsobeused.
Linear interpolationis usedon the low-resolutiondatato simulate
the valuethe video cardwill computeat eacherror grid location.
Typical point insertionis donebasedon a thresholderrorvalue: if
the error valueis above a user-de�ned level, a point is insertedat
that location. If, a maximumoutputsizeis desired,a given num-
berof pointscanbeinsertedat thelocationswith thehighesterror
magnitude.

3.2 Optimiz ed Representations
Onesourceof errorresultsfrom thelimitation thatvideocardscan
only addcolor on the screen.That is, pointscanonly contribute
to theopacityof a givenarea,andnever make it moretransparent.
On average,a low-resolutionrepresentationwill overestimatethe
original function asmuchas it underestimates,so the additionof
pointscanonly makeup50%of theerrorin thebestcase.

If somethingis known atthetimeof preprocessingaboutthetype
of transferfunction theuserwill select,theerrorcanbe improved
by selectingthelow-resolutionrepresentationsuchthatit neverpro-
ducespositive error for the expectedtransferfunction. Onecom-
mon type of transferfunction is onethat is never decreasing;the
useroftenwishesto seeareasof highervalueasalwaysbeingmore
opaque. In this instance,the low-resolutionrepresentationis se-
lectedsothatit neveroverestimatestheoriginal functionvalue(the
interpolationfunction is the minimum function). In practice,we
found this methodproducespoor results. It generateslarge areas
wherethe original function is extremelyunderestimated,so it re-
quiresan impracticalnumberof points to producea goodimage.
As acompromise,ourpreprocessingprogramcantakeaparameter
that speci�es the minimum amountthe low-resolutionrepresenta-
tion canoverestimatethe original, allowing the userto decidethe
extentto whichthistypeof accuracy balancesthenumberof points.

3.3 Stora ge
Thelow-resolutionvolumetricdataandpointdataarecalculatedin
apreprocessingstepandstoredfor laterviewing. Thesamplingin-
terval anderrorthresholdareprovidedasparametersto theprepro-
cessingprogram.For points,theposition,errorvalue,andthevalue
andnormalof theoriginaldataat thatlocationarestored.Theorig-
inal function value is usedto mapthe point to the corresponding
color andopacitywhenit is displayed. The error value indicates
how much the opacity shouldbe scaledso that, when combined
with the volumetric data, the correctopacity is presentedon the
screen.Thepreprocessoralsocomputesnormalsfor eachvalueof

thevolumetricdata.All normalsarestoredasone-byteindicesinto
a lookup tablecontainingnormalvectorsuniformly distributedin
3-space.

If a 2563 grid is usedfor error calculation,eachpoint can be
storedwith 8-bit coordinates,giving astoragespaceof 6 bytes(one
byteeachfor x, y, z, normal,error, andoriginal functionvalue). If
a higher-resolutiongrid is used,eachpoint requires16-bit coordi-
nates,giving9 bytesof storageperpoint. An optimizedhierarchical
representationsuchasthatpresentedin [18] couldreducethestor-
agerequiredfor coordinatesto about16bitsfor eachpoint,giving 5
bytesstorageperpoint. Wedid not implementthismethodbecause
the datasize is dominatedby volumedataandthe corresponding
normals,and suchoptimizationwould only reducethe total data
sizeby 5–10%for theexamplespresentedin thispaper.

A 5123 volume with one-bytenormalscan thereforebe con-
vertedinto a 2563 volumewith enoughroomfor 26 million points
in thesameamountof �le space(46 million usingthe5-bytehier-
archicalcoordinaterepresentation).In practice,many fewer points
arerequiredto achievegoodresults,andevenlower resolutionvol-
umesareacceptablefor somepurposes.Therefore,thehybrid ap-
proachcangive a signi�cant savings in disk andmemoryrequire-
mentsover thenon-hybrid method.

4 RENDERING HYBRID DATA

Thevolumetricportionof theimageis renderedusingparallel,axis-
aligned,texture-mappedplanes. Eachtexture is an indexed-color
sliceof thedata,allowing fastupdatingof thetransferfunctionby
manipulatingthepalette.To preventthevolumefrom disappearing
whenthe slicesareviewed edge-on,threesetsof slicesaremain-
tained,onefor eachaxis,andthesetmostparallelto theview plane
is used. Sinceeachslice of the datais usuallypartially transpar-
ent, thevideocard's Z-buffer will not correctlyhandleorderingof
objects.Therefore,specialcaremustbetakento draw itemsback-
to-front.

Eachslice alsohasa correspondingnormal texture map. This
map containsthe one-bytenormal indicescomputedduring pre-
processing,storedasan indexed texture. A palettemapsthesein-
dicesto the specular(alphachannel)anddiffuse(red, green,and
bluechannels)lighting valuesfor thecorrespondingnormalvector.
Multitexturing andhardware register combinersareuseto multi-
ply eachdatavaluewith its diffuselighting value,andthenaddthe
specularlight value.

Slicesof points are drawn interleaved with eachpair of volu-
metricplanesso orderingis maintained.Thesepointscanbe ren-
deredusingeitheranOpenGLpointprimitive,which is renderedas
a square,or a Gaussiansplat. OpenGLpointsaresizedsuchthat
adjacentpointsoverlapslightly (Gaussiansplatsmustoverlapmore
sincetheir opacity falls off toward the edges). If adjacentpoints
do not meet,distractingpatternswill appear, and if they overlap
too much,thecoveredareawill bemoreopaquethanwasintended
during preprocessing.SinceOpenGLpointsaredrawn with inte-
gerpixel sizesonly, problemscanarisewhenthecorrectpoint size
is a smallnon-integer. In thesecases,the roundoff error is a large
fraction of the correctvalue,resultingin pointsthat aremuchtoo
big or too small. To combatthis problem,point sizesarealways
roundedup whenpassedto OpenGL,andtheir opacityis adjusted
downwardproportionalto theincreasein areaof thepoint.

For greaterrenderingef�ciency whendrawing OpenGLpoints,
eachslice of points betweenadjacentpairs of planesare loaded
into a displaylist. This triples theamountof memoryrequiredfor
point storageon thevideocard,sinceeachpoint is loadedinto one
display list for eachaxis, but yields greaterrenderingef�ciency:
evenif thevideodriver mustpagethedisplaylist dataout of video
memory, it is still fasterthanloadingthe point datafrom scratch.
GaussiansplatsarerenderedusingaGaussiantexturemappedonto



forward-facing squares(billboards). Since renderinga forward-
facingprimitive is aview-dependentoperation,Gaussiansplatscan
notbeloadedinto displaylists, increasingrenderingtime.

No careis takento renderpointswithin asliceback-to-front,and
thiscanintroduceartifacts[8]. Althoughahardware-basedsolution
is given in [18], it increasesrenderingtime, and the goal of our
hybrid methodis to displaya reasonablyaccuraterepresentationof
largevolumesasfastaspossible.If a moreaccuraterepresentation
is desired,a moreeffective useof display resourceswould be to
increasevolumeresolutionor point counts.Furthermore,artifacts
arelimited for two reasons.First, whereasthepreviouswork uses
pointsto displayprimarily opaquesurfaces,our pointsaremostly
transparentandorderingis lessof a factorin thecombinedresult.
Second,sincetheerrorsamplinggrid is only asmallfactor(usually
two to eight)greaterthanthevolumetricsliceresolution(thescale
at which orderingis correct),the numberof pointswith incorrect
orderingis limited to thesamesmallfactor.

Thevideomemoryrequirementsof thetexturedatacouldbere-
ducedby usingthevolumetrictexturesupportof recentvideocards,
which would eliminate the dataduplicationcausedby maintain-
ing threesetsof planesfor thevolume. Unfortunately, mostvideo
cardsdo not supporttexture pagingfor portionsof a volumetric
texture, preventing the useof textureslarger thanvideo memory.
This meansa maximum volumetric texture size of 2563 on the
nVidia GeForce4usedfor this project. Nevertheless,volumetric
texturesarestill desirablebecausetheparallelplanesdrawn on the
screendo not have to bealignedon the texture's axis. Theplanes
canbe alwaysbe drawn parallel to the view planewhile the tex-
turecoordinatesaretransformed,andthevideocardwill interpolate
the texture in three-dimensions,reducingrenderingartifacts[23].
However, this methodgreatly complicatescorrectorderingwhen
combinedwith pointrendering,sincearbitraryslicesof pointsmust
be selectedto interleave with eachtexture-mappedplane. It also
preventsthe useof display lists for point slices,sincethe shape
of eachslice of points is view-dependent.As a result,we chose
to staywith axis-alignedrenderingplanesfor betterspeed,easeof
implementation,andto beableto generatelarge(5123) hardware-
acceleratedreferencerenderings.

4.1 Sour ces of Error

Althoughthehybrid methodcanmake up considerableamountsof
error presentin lower-resolutionvolumerepresentations,it is not
without its own sourcesof error. First, as was discussedabove,
pointsareonly additiveandcannotcompensatefor overestimation
errors.Second,if thetransferfunction'scolormapis rapidlychang-
ing, or erroris great,thevolumetricdatawill mapto asigni�cantly
differentcolor thanthecorrectvaluerepresentedby a point at that
location. Therenderingalgorithmdescribedabove only givescor-
rect opacityfor the combinationof a point andvolume,the color
maybeincorrect(moreprecisely, it will betheaverageof thecor-
rect color and the color of the volumedata). Last, sincethe hy-
brid methodis essentiallyamulti-resolutionrenderingmethod,it is
subjectto the samesourcesof error. In areasdisplayedat higher
resolutionthroughtheuseof points,the transferfunctionmustbe
adjusteddownward to give consistentopacityover the entire im-
age.In addition,sincethepointstendto exist onedgesandcorners,
the amountof adjustmentrequiredis highly view-dependent.We
chosenot to addresstheview-dependentmulti-resolutionproblem
in this currentwork, andfound that globalpoint transparency can
bemanuallyadjustedto achieveacceptableresultsin many cases.

5 RESULTS

We comparedhybrid renderingsgeneratedwith differentparame-
terswith standardvolumetricrepresentationsof thesamedata.All
testsandtiming measurementsweredoneon a 1.0GHz Pentium3
Xeon runningLinux with 1 GB RAM andan nVidia GeForce4Ti
4600graphicscardwith 128MB of videomemory.

5.1 The Argon Bubb le Data Set
Theargonbubbledatasetis oneframeof a 640� 256� 256time-
varyingsimulationof anargonbubble.It waspaddedandconverted
to 5123 using tricubic interpolation. This stepis requiredfor an
accuratereference,sincemostvideo cardsrequiretexture sizesto
bepowersof two. Thehybrid representationsandlower-resolution
volumerepresentationswereall generatedfrom the5123 versionof
thedata.

The argon bubble containssomevery �ne detail in the turbu-
lence,as well as many localizedareasof very high densitysur-
roundedby areasof low density. As canbe seenin in Figure1,
a 2563 volumerenderingmissessomedetails,producesincorrect
densityvaluesfor somesmallfeatures(for example,thesmallpro-
trusion at the top-center)and exhibits severe pixelation artifacts.
Usingthis low-resolutionvolume,ahybrid representationwasgen-
eratedusinganerrorcalculationgrid of 5123 andanerrorthreshold
of 1/64, producing361K points. The sizeof the hybrid represen-
tation is a mere37MB, comparedto 33MB for the low-resolution
volumerenderingalone,and268MBfor theoriginal.

Thehybrid renderings,evenwith this relatively low point count
(the later examplesuseseveral million points) is able to improve
thelow-resolutionrenderingin severalrespects.Pixelationartifacts
in key areasaredecreased,andshapesaremoreobvious. It also
correctscolor in someareas,suchas the small yellow featurein
the top center, which appearsasred in the low-resolutionversion.
Noticethatanartifactof point rendering,particularlyvisibleat this
extrememagni�cation, is that small detailstendto get larger (this
hybrid volumewasnotproducedusingtheoptimizedrepresentation
givenabove to reducetheeffect).

The hybrid renderingdrawn with OpenGLpointsin the lower-
left of Figure1 displayinteractively (10fps),but theirsquareshape
is clearlyvisiblewhenzoomedin. TheGaussiansplatsin thelower-
right imagelook muchsmoother, but takeseveralsecondsto render.
Oneapproachwould beto useOpenGLpointsfor normalinterac-
tion, and useGaussiansplatswhen the userpausesas the zoom
level is high.

5.2 The Chest Data Set
The chestdataset is a 5123 MRI scanof a man's chest. At full
resolution,the�ne airwaystructureof thelungsis clearlyresolved.
However, at lower resolutions,almostall of this detail is lost. The
hybrid approachis able to restoremuchof this detail. However,
becauseof the largeareacoveredby �ne detail,a greatnumberof
pointsarerequiredto make up the difference.Therefore,a loose
errorthresholdfor point insertionsis requiredto achieveacceptable
performanceandstoragerequirements.

Figure2 showsrenderingsof severaldifferentrepresentationsof
thechestdata.Thetwo hybrid renderingsusinga volumetricreso-
lution of 1283 in images(c) and(d), provide a large improvement
over the 1283 volumerenderingalonein image(b). The 1/64 er-
ror thresholdin image(d) producesan improvementover the1/32
errorthresholdin image(c) by extendingthevery endsof thelung
airways.The2563 volumerenderingin image(e) is ableto capture
the larger airways, but notice that the color is slightly incorrect:
the airwaysaremorepink than thosein the original. This is be-
causethevery low densityareasaroundtheairwayssmearout the



Figure1: Close-upimagescomparingrenderingsof theargonbubble. Thetop row shows standardvolumerenderingsof theoriginal 5123

volume(left) andthe lower-resolution2563 volume(right). Thebottomrow shows the thesame2563 volumewith 361K points,rendered
with squareOpenGLpoints(left) andwith Gaussiansplats(right). Themiddleimageis theentireview at5123 with thezoomareamarked.



Figure3: Pixel differencebetweena5123 resolutionrenderingand
(top)a1283 volumerendering,and(bottom)thesame1283 volume
with 11 million points. Darker colors indicateregions of higher
error.

highervalues,resultingin densityvaluesthataretoo low. Thehy-
brid representationin (f) is ableto correctmuchof this error and
addadditionaldetailto the�ne structures.

Figure3 showstheimprovementthattheadditionof pointsoffer
for a1283 volumerepresentation.Theseimagesweregeneratedby
subtractingthe standardand hybrid representations,respectively,
from a 5123 referencerendering,and inverting the result for bet-
ter clarity in print. The hybrid renderingnoticeablyreducesthe
magnitudeof the darker regions (thosewith highesterror) of the
differenceimage. Themagnitudeof the lightly-colored,low-error
regionswerenot affected,becausetheerrorvalueof thoseregions
wasbelow the thresholdsetduring point generation(in this case,
1/64).

5.3 The Furb y R
 Data Set
The hybrid renderingmethodis particularly well-suited for me-
chanicaldata.This typeof datais oftencharacterizedby highreso-
lution, sharpedges,�ne detail,andlargedifferencesin density. The
Furbydatasetis a512� 512� 2048CT scanof aFurby, amechan-
ical toy that interactswith peopleby moving its bodyandplaying
recordedpiecesof conversation.It consistsof a fur-coveredplastic
shell (the fur is not resolved in the limited dynamicrangeof the
data)containinga varietyof electronicandmechanicalparts. The
original datawasreconstructedfrom 361X-ray views at a resolu-
tion of 1746� 1869.

The Furby exhibits many of the propertiesof mechanicaldata:
it is too big to visualizein realtime on commodityhardware(1GB
with one-bytenormals),densityvaluesareconcentratedat theup-
perandlower extremes,andtherearemany small, sharpfeatures.
In theleft columnof Figure4, thetransferfunctionwasselectedto

provide a faint outline of the plasticbody in red, andto highlight
thehigh-densitymetalpartsin in yellow. Theright columnshowsa
slightly differenttransferfunctionandview angle,with theoutline
of the cloth exterior (and,unfortunately, the box usedto hold the
toy) in purple,andthemetalpartsin yellow andgreen.

Few metalpartsarevisiblein thevolumerendering(parts(a)and
(b) of Figure4) becausethedownsamplingblurredthese�ne details
into thesurroundinglow-densityarea(air). Theseareashave incor-
rectdensityvaluesandsodo not appearwhenthetransferfunction
is selectedto highlight metalparts. The largermetalpartsthatdo
appeararepoorly resolved. However, in thehybrid renderings,the
printedcircuit board,with theelectronicspartscomingoff thetop,
is clearlyvisible in theabdomenof theFurby. Thehybrid method
alsorestoresthe sharpcornerson the metalbarsusedto pivot the
joints, resolves the headson the screws, and doesa particularly
goodjob on thewiresleadingto thesensorsin theforehead.

Raisingthe resolutionof the error samplinggrid makesa vis-
ible differencein the quality of renderinggenerated,but requires
the error thresholdbe raisedto prevent too many pointsfrom be-
ing generated.Figure4 showsthedifferencebetweenerrorgridsof
5123 and10243. (Unfortunately, our preprocessingprogramdoes
not yet handlenon-cubicerror grids, which prevent us from sam-
pling at the original resolutionof 512� 512� 2048. Samplingat
theoriginal resolutionshouldgiveslightly betterresults.)

Raisingthe error thresholdfor the 10243 error calculationgrid
above 1/8 (thebottomrow of Figure4) to 1/12(not shown) makes
almostno visible differencein the quality of rendering. This is
becauseboth1/8and1/12areenoughto captureenougherrorfrom
theverydensemetalparts,andneither1/8nor1/12is smallenough
to captureerrorpresentin thelow-densityplasticandclothregions.
Raisingthe error thresholdeven further to 1/16 startsto capture
error for the plastic regions, but using a samplinggrid of 10243

producesover20million points:toomany to renderin realtime.

6 CONCLUSIONS

The hybrid point/volumetric storageand renderingmethod im-
provesrenderingquality availablefor a given amountof graphics
hardware,andsigni�cantly reducestheamountof storagespacere-
quired. It is able to work on many different typesof volumetric
data,includingmedical,mechanical,andsimulationdata.

While the hybrid methodcan effectively compressrelatively
small (lessthan5123) volumetricdatasetswith limited lossin de-
tail, it is mostusefulfor caseswheretheoriginal datais too big to
berenderedonagivencomputer. In thesecasesit allowsinteraction
thatwasnot previously possible,while preservingmany detailsat
their original resolution.

Our systemdoesnot yet handleerrorcomputationgridsthatare
not cubes,andmany scanningtechnologiescanproducedifferent
resolutionsfor differentaxes.Changingthepreprocessingprogram
to handlethesecasesis straightforward. During viewing, however,
thepoint sizewould needto beadjusteddependingon theviewing
angleto properly cover the area. We would also like to look at
compressingtime-varying datawith a similar hybrid method,and
usingvariablepoint sizesto allow furtheroptimization.
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(a)5123 volumerendering:0.35s/frame,268MB. (b) 1283 volumerendering:0.01s/frame,4MB

(c) 1283 volume renderingwith 3979K points: 5123 error
samplinggrid, 1/12errorthreshold,0.29s/frame,40MB.

(d) 1283 volumerenderingwith 10999Kpoints: 5123 error
samplinggrid, 1/64errorthreshold,0.75s/frame,103MB.

(e)2563 volumerendering:0.04s/frame,33MB. (f) 2563 volume renderingwith 7058K points: 5123 error
samplinggrid, 1/64errorthreshold,0.47s/frame,97MB.

Figure2: Comparisonof renderingtechniquesof thechestMRI dataset.In all pictures,thefront andbackhavebeenclippedby 20%to allow
thedetailof the lungsto bevisible. Althoughrenderingtimesfor hybrid representationsarenot necessarilylessthanfor thefull-resolution
data(dependingon thenumberof pointsgenerated),they placemuchlessstresson thememorysystems,makingit possibleto displaydata
thatwill not �t on thecomputeror videocardat full-resolution.



(a)and(b): 2563 volumerendering,0.07s/frame,33MB.

(c) and(d): 2563 volumerenderingwith 2.9M points,5123 errorsamplinggrid, 1/16errorthreshold,0.36s/frame,59MB.

(e)and(f): 2563 volumerenderingwith 4.7M points,10243 errorsamplinggrid, 1/8errorthreshold,0.58s/frame,71MB.

Figure4: Comparisonof hybrid renderingfor theFurbydataset.Theoriginal resolutionwas512� 512� 2048(1GB with 1-bytenormals),
too big to displayon commodityhardware.Thehybrid techniqueis ableto restoremuchof thedetail lost by subsampling.Theleft column
shows theFurbyfrom theback,its plasticshell is visible in red,andthemetalis visible in yellow. Theright columnshows theFurbyat an
angle,andrevealsthefaintpurpleoutlineof thefabricandtheboxusedto hold it.
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