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ABSTRACT

The scienti ¢ simulationand three-dimensionaiimaging systems
in usetodayareproducinglarge quantitiesof datathatrangefrom
gigabytesto petabytesin size. Direct volume rendering, using
hardware-basethree-dimensiondextures,is acommontechnique
for interactiely exploring thesedatasets. The mostseriousdraw-
backof thisapproachs the nite amountof availabletexturemem-
ory. In this paperwe introducea hybrid volume renderingtech-
nique basedon the use of hardware texture mappingand point-
basedrendering. This approachallows us to leveragethe perfor
manceof hardware-based/olumerenderingandthe e xibility of
apoint-basedenderingto generatea moreef cient representation
thatmakespossiblenteractve explorationof large-scalalatausing
asinglePC.

Keywords: interactve visualization, large data visualization,
point-basedendering,texture graphicshardware, volume render

ing

1 INTRODUCTION

Mary scienti c computationsandthree-dimensionamaging sys-
temsgeneratalataportrayingphysicalphenomenar structuresn
three-dimensionDirectvolumerenderings acommontechnique
usedfor visualizingthis type of data.lt is straightforvard andpre-
senesall the featuresof the original data,including structureghat
cannotbe analyticallyde ned. With theintroductionof hardware-
acceleratedolumerendering[23, 13], thesedatasetscanberen-
deredand explored at interactve rates. However, the amountof
available texture memoryandthe Il rate of the graphicssystem
limit the size of the datathat canbe processecfciently in this
manner Largedatasetsalsopresenthallengesvith respecto stor
ageandnetwork capacity In this paper we presenta hybrid ren-
deringtechniquedesignedo allow the interactive visualizationof
large volumetricdatawith low-costconsumegraphicscardssuch
astherVidia GeForce4 andcommodityPCswith limited network,
storageandmemorycapacity

Our hybrid technique leveragesthe speedof texture-based,
hardware-acceleratedblumerenderingandthe e xibility of point-
basedrendering. The volumetric datais usedto representarge,
smoothfeaturesandis augmentedvith point datain areasof ne
detail or fastchange. This approachallows a moreefcient allo-
cation of storageandrenderingresourceghaneithervolumeren-
deringor point-basedenderingalone,while producinglimited ar
tifacts.
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We do not intendto completelyreplacehigh-accurag volume
renderingwith this hybrid method. Rather this new approachal-
lows usto moreef ciently store transferandinteractvely preview
reasonablyaccuratedatausinga single low-costPC and graphics
card. More importantly the sizereductionthe hybrid methodpro-
videsallows real-timeinteractionwith datatoo largeto displayon
agivencomputerwhile maintainingasmuchdetailaspossible.

2 RELATED WORK

The useof pointsasa display primitive was rst introducedin [8]
andwasmorerecentlypresentedh [4]. More closelyrelatedto our
effort arethe point-basedenderingmethodsusedto handlethein-
teractive displayof largeandcomplex polygonaldatasets[18, 20].
In the context of volume rendering,splatting[22] hasbecomean
increasinglypopularapproach.We have seenthe developmentof
faster[7] and higherquality [19] splattingtechniquesthe use of
splattingfor renderingrregulargrid data[11, 12], amoreuniversal
approachin reconstructingurfaceandvolumedata[24], anda hy-
brid point renderingmethodfor renderingparticlebeamg10] that
usesvolumetricdatato represenhigh-densityregions.
Hardware-acceleratedolumerenderings usuallyimplemented
usingeithertwo-dimensional1] or three-dimensiondR3] texture-
mappinghardware. Dedicatedrolume-renderindpardware[13] has
also beenused. However, even on the most adwancedsystems,
the size of mary datasetscanfar exceedavailablevideo memory
Thereareseveralapproaches renderingargevolumetricdatathat
doesnot t within thevideocard's memory Thesimplestis texture
pagingwhichis oftenimplementedn thedisplaydriverandis used
automaticallywhenmemoryis full. Unfortunatelythe lateng re-
quiredfor transferringdataover the bus to video memoryinhibits
interactive display rates. Pastefforts have alsousedparallelren-
deringtechniquego increase¢he amountof availabletexturemem-
ory [9, 5]. While this approachis feasible the requiredamountof
hardwareis often costly, ef cient implementatiorcanbe comple,
andthesystemis still limited by a x edamountof texturememory
Finally, multi-resolutiontechniqueg21, 6] attemptto male better
useof texture memoryby usinglower samplingratesfor areasof
low interest. The disadwantageof this techniquearethe introduc-
tion of artifactsandlossof detailin thelower-resolutionareas.

3 HYBRID DATA GENERATION

Convertingahigh-resolutiorvolumedatasetto ahybridrepresenta-
tion involvesgenerating low-resolutionvolumeanda correspond-
ing setof points. The low-resolutionvolume datarepresentshe
larger, more uniform areasof the original, and the points arein-
sertedwvherethelow-resolutiondataskipsor de-emphasizespor-
tantdetails. Thus,storageandprocessingechniquesreallocated
accordingo the detailrequirement®f a givenregion of data.This
corversionis doneby a preprocessingrogramthatrequireson the
orderof tensof minutesfor typical datasetson a powerful desk-



top PC. We have also had succesgpreprocessingortionsof data
on smallercomputeraandmemging the resultinghybrid representa-
tions (this techniquecould be usedto ef ciently preprocesslatain
parallel).

Any standardsubsamplingechniquecanbeusedto generatehe
low-resolutionvolumedata;the bestchoicedependsn the nature
of the dataandthe applicationit is usedfor. Mostimagesin this
papemweregeneratedisingcubicinterpolation althoughothersub-
samplingtechniquesremoreappropriatén certaincasegse€‘Op-
timized Representationdielow).

3.1 Point Selection

Pointsare generatedat thoselocationswherethe volumetric data
containslarge amountsof error Theselocationsareidenti ed by
samplingthe differencebetweenthe low-resolutionrepresentation
andthe original dataat regular intenvals. Typically, the sampling
interval of theerrorgrid is thesameastheoriginal resolutionof the
data,meaningthe low-resolutiondatais comparedo eachof the
original datavalues.Lower-resolutionerrorgrids canalsobe used.
Linear interpolationis usedon the low-resolutiondatato simulate
the valuethe video cardwill computeat eacherror grid location.
Typical pointinsertionis donebasedon a thresholderror value: if
the errorvalueis above a userde ned level, a pointis insertedat
thatlocation. If, a maximumoutputsizeis desired,a given num-
ber of pointscanbeinsertedat the locationswith the highesterror
magnitude.

3.2 Optimiz ed Representations

Onesourceof errorresultsfrom thelimitation thatvideo cardscan
only add color on the screen. Thatis, points canonly contribute
to the opacityof a givenarea,andnever male it moretransparent.
On average,a low-resolutionrepresentationvill overestimatehe
original function asmuchasit underestimateso the addition of
pointscanonly make up 50% of theerrorin thebestcase.

If somethings known atthetime of preprocessingboutthetype
of transferfunctionthe userwill select,the errorcanbeimproved
by selectinghelow-resolutionrepresentatiosuchthatit never pro-
ducespositive error for the expectedtransferfunction. Onecom-
mon type of transferfunction is onethatis never decreasingthe
useroftenwishesto seeareaf highervalueasalwaysbeingmore
opaque. In this instance the low-resolutionrepresentatioris se-
lectedsothatit never overestimatesheoriginal functionvalue(the
interpolationfunction is the minimum function). In practice,we
found this methodproducespoor results. It generatesarge areas
wherethe original function is extremely underestimatedso it re-
quiresan impracticalnumberof pointsto producea goodimage.
As acompromisepur preprocessingrogramcantake a parameter
that speci esthe minimum amountthe low-resolutionrepresenta-
tion canoverestimatehe original, allowing the userto decidethe
extentto whichthistypeof accurag balanceshenumberof points.

3.3 Storage

Thelow-resolutionvolumetricdataandpoint dataarecalculatedn
apreprocessingtepandstoredfor laterviewing. The samplingin-
ternval anderrorthresholdareprovided asparameterso the prepro-
cessingprogram.For points,theposition,errorvalue,andthevalue
andnormalof theoriginal dataatthatlocationarestored.Theorig-
inal function valueis usedto mapthe point to the corresponding
color and opacitywhenit is displayed. The error value indicates
hov much the opacity shouldbe scaledso that, when combined
with the volumetric data, the correctopacity is presentecbn the
screen.The preprocessoalsocomputesiormalsfor eachvalue of

thevolumetricdata.All normalsarestoredasone-byteindicesinto
a lookup table containingnormal vectorsuniformly distributedin
3-space.

If a 256 grid is usedfor error calculation,eachpoint canbe
storedwith 8-bit coordinatesgiving a storagespaceof 6 bytes(one
byte eachfor X, y, z, normal,error, andoriginal functionvalue). If
a higherresolutiongrid is used,eachpoint requires16-bit coordi-
natesgiving 9 bytesof storageperpoint. An optimizedhierarchical
representatiosuchasthatpresentedn [18] couldreducethe stor
agerequiredfor coordinateso aboutl6 bitsfor eachpoint, giving 5
bytesstorageperpoint. We did notimplementthis methodbecause
the datasizeis dominatedby volume dataandthe corresponding
normals,and suchoptimizationwould only reducethe total data
sizeby 5-10%for the examplespresentedn this paper

A 512 volume with one-bytenormalscan thereforebe con-
vertedinto a 256° volumewith enoughroom for 26 million points
in the sameamountof le spacg46 million usingthe 5-bytehier
archicalcoordinaterepresentation)ln practice, mary fewer points
arerequiredto achievze goodresults, andevenlower resolutionvol-
umesareacceptabldor somepurposes.Therefore the hybrid ap-
proachcangive a signi cant savingsin disk andmemoryrequire-
mentsover the non-hybridmethod.

4 RENDERING HYBRID DATA

Thevolumetricportionof theimageis renderedisingparallel,axis-
aligned, texture-mappedlanes. Eachtexture is anindexed-color
slice of the data,allowing fastupdatingof the transferfunction by
manipulatingthe palette.To preventthe volumefrom disappearing
whenthe slicesare viewed edge-on threesetsof slicesare main-
tained,onefor eachaxis,andthesetmostparallelto theview plane
is used. Sinceeachslice of the datais usually partially transpar
ent, the video card's Z-buffer will not correctlyhandleorderingof
objects. Therefore specialcaremustbe takento drawv itemsback-
to-front.

Eachslice alsohasa correspondingnormaltexture map. This
map containsthe one-bytenormal indices computedduring pre-
processingstoredasan indexed texture. A palettemapsthesein-
dicesto the specular(alphachannel)and diffuse (red, green,and
blue channels)ighting valuesfor the correspondingiormalvector
Multitexturing and hardware register combinersare useto multi-
ply eachdatavaluewith its diffuselighting value,andthenaddthe
speculatight value.

Slicesof points are drawvn interleared with eachpair of volu-
metric planesso orderingis maintained.Thesepoints canbe ren-
deredusingeitheranOpenGLpoint primitive, whichis renderedas
a squareor a Gaussiarsplat. OpenGLpointsare sizedsuchthat
adjacenpointsoverlapslightly (Gaussiarsplatsmustoverlapmore
sincetheir opacity falls off toward the edges). If adjacentpoints
do not meet, distractingpatternswill appearandif they overlap
too much,the coveredareawill be moreopaquethanwasintended
during preprocessing SinceOpenGL pointsare dravn with inte-
gerpixel sizesonly, problemscanarisewhenthecorrectpointsize
is asmallnon-intger In thesecasesthe roundof erroris alarge
fraction of the correctvalue,resultingin pointsthataremuchtoo
big or too small. To combatthis problem, point sizesare always
roundedup whenpassedo OpenGL,andtheir opacityis adjusted
downward proportionalto theincreasen areaof the point.

For greaterrenderingef ciency whendraving OpenGLpoints,
eachslice of points betweenadjacentpairs of planesare loaded
into adisplaylist. This triplesthe amountof memoryrequiredfor
point storageon the video card,sinceeachpointis loadedinto one
displaylist for eachaxis, but yields greaterrenderingef ciency:
evenif thevideodriver mustpagethedisplaylist dataout of video
memory it is still fasterthanloadingthe point datafrom scratch.
Gaussiarsplatsarerenderedisinga Gaussiarnexture mappednto



forward-facing squareg(billboards). Sincerenderinga forward-
facingprimitiveis aview-dependenbperation Gaussiarsplatscan
notbeloadedinto displaylists, increasingenderingtime.

No careis takento rendemointswithin asliceback-to-frontand
this canintroduceartifacts[8]. Althoughahardware-basedolution
is givenin [18], it increasegenderingtime, and the goal of our
hybrid methodis to displayareasonablyccurateepresentationf
largevolumesasfastaspossible.If amoreaccurateepresentation
is desired,a more effective useof display resourcesvould be to
increasevolumeresolutionor point counts. Furthermoreatrtifacts
arelimited for two reasonsFirst, whereashe previous work uses
pointsto display primarily opaquesurfaces,our pointsare mostly
transparenandorderingis lessof a factorin the combinedresult.
Secondsincetheerrorsamplinggrid is only asmallfactor(usually
two to eight) greaterthanthe volumetricslice resolution(the scale
at which orderingis correct),the numberof pointswith incorrect
orderingis limited to the samesmallfactor

Thevideo memoryrequirement®f thetexture datacould bere-
ducedby usingthevolumetrictexturesupporiof recentvideocards,
which would eliminate the data duplication causedoy maintain-
ing threesetsof planesfor the volume. Unfortunately mostvideo
cardsdo not supporttexture pagingfor portionsof a volumetric
texture, preventing the useof textureslarger thanvideo memory
This meansa maximum volumetric texture size of 256° on the
nVidia GeForce4 usedfor this project. Neverthelessyolumetric
texturesarestill desirablebecausehe parallelplanesdravn onthe
screendo not have to be alignedon the texture's axis. The planes
canbe always be dravn parallelto the view planewhile the tex-
turecoordinatesiretransformedandthevideocardwill interpolate
the texture in three-dimensiong,educingrenderingartifacts[23].
However, this methodgreatly complicatescorrectorderingwhen
combinedwith pointrenderingsincearbitraryslicesof pointsmust
be selectedo interleare with eachtexture-mappedlane. It also
preventsthe use of display lists for point slices, sincethe shape
of eachslice of pointsis view-dependent.As a result, we chose
to staywith axis-alignedrenderingplanesfor betterspeed gaseof
implementationandto be ableto generatdarge (512°) hardware-
acceleratedeferencaenderings.

4.1 Sources of Error

Althoughthe hybrid methodcanmale up considerablemountsof
error presentin lower-resolutionvolume representationdt is not
without its own sourcesof error  First, as was discussedabore,
pointsareonly additve andcannot compensatéor overestimation
errors.Secondif thetransferfunction's color mapis rapidly chang-
ing, or erroris great thevolumetricdatawill mapto asigni cantly
differentcolor thanthe correctvaluerepresentethy a point at that
location. The renderingalgorithmdescribedabore only givescor
rect opacityfor the combinationof a point andvolume, the color
may beincorrect(morepreciselyit will bethe averageof the cor
rect color and the color of the volume data). Last, sincethe hy-
brid methodis essentiallya multi-resolutionrenderingmethod,it is
subjectto the samesourcesof error In areasdisplayedat higher
resolutionthroughthe useof points,the transferfunction mustbe
adjusteddownward to give consistentopacity over the entireim-
age.In addition,sincethe pointstendto exist onedgesandcorners,
the amountof adjustmentequiredis highly view-dependentWe
chosenot to addresghe view-dependenmulti-resolutionproblem
in this currentwork, andfoundthatglobal point transparenc can
be manuallyadjustedo achieve acceptableesultsin mary cases.

5 RESULTS

We comparechybrid renderingsgeneratedvith differentparame-
terswith standardsolumetricrepresentationsf the samedata. All
testsandtiming measurementseredoneon a 1.0 GHz Pentium3
XeonrunningLinux with 1 GB RAM andan rVidia GeForce4Ti
4600graphicscardwith 128 MB of videomemory

5.1 The Argon Bubb le Data Set

Theargonbubbledatasetis oneframeof a640 256 256time-
varyingsimulationof anargonbubble. It waspaddedcandcorverted
to 512° usingtricubic interpolation. This stepis requiredfor an
accurataeferencesincemostvideo cardsrequiretexture sizesto
be powersof two. The hybrid representationandlower-resolution
volumerepresentationsereall generatedrom the5128 versionof
thedata.

The argon bubble containssomevery ne detail in the turbu-
lence,aswell as mary localized areasof very high density sur
roundedby areasof low density As canbe seenin in Figure 1,
a 256° volume renderingmissessomedetails, producesincorrect
densityvaluesfor somesmallfeaturegfor example,the small pro-
trusion at the top-center)and exhibits severe pixelation artifacts.
Usingthis low-resolutionvolume,a hybrid representatiowmasgen-
eratedusinganerrorcalculationgrid of 512 andanerrorthreshold
of 1/64, producing361K points. The size of the hybrid represen-
tationis a mere37MB, comparedo 33MB for the low-resolution
volumerenderingalone,and268MB for theoriginal.

Thehybrid renderingsevenwith this relatively low point count
(the later examplesuse several million points)is ableto improve
thelow-resolutionrenderingn severalrespectsPixelationartifacts
in key areasare decreasedand shapesare more olvious. It also
correctscolor in someareas,suchasthe small yellow featurein
thetop center which appearsasredin the low-resolutionversion.
Noticethatanartifactof pointrendering particularlyvisible at this
extrememagni cation, is that small detailstendto get larger (this
hybridvolumewasnotproducedisingtheoptimizedrepresentation
givenabore to reducethe effect).

The hybrid renderingdravn with OpenGLpointsin the lower
left of Figurel displayinteractiely (10fps), but their squareshape
is clearlyvisiblewhenzoomedn. TheGaussiarsplatsn thelower
rightimagelook muchsmootherbut take severalsecondso render
Oneapproachwould be to useOpenGLpointsfor normalinterac-
tion, and use Gaussiarsplatswhen the userpausesas the zoom
level is high.

5.2 The Chest Data Set

The chestdatasetis a 5122 MRI scanof a mans chest. At full
resolutionthe ne airway structureof thelungsis clearlyresoled.
However, atlower resolutionsalmostall of this detailis lost. The
hybrid approachis ableto restoremuch of this detail. However,
becausef thelarge areacoveredby ne detail,a greatnumberof
pointsarerequiredto malke up the difference. Therefore,a loose
errorthresholdor pointinsertionds requiredto achie/e acceptable
performanceandstoragerequirements.

Figure2 shawvs renderingof several differentrepresentationsf
the chestdata. Thetwo hybrid renderingsisinga volumetricreso-
lution of 128 in images(c) and (d), provide a large improvement
over the 128 volumerenderingalonein image(b). The 1/64 er-
ror thresholdin image(d) producesanimprovementover the 1/32
errorthresholdin image(c) by extendingthe very endsof thelung
airways. The256° volumerenderingn image(e) is ableto capture
the larger airways, but notice that the color is slightly incorrect:
the airways are more pink thanthosein the original. This is be-
causethe very low densityareasaroundthe airwayssmearout the



Figure1: Close-upimagescomparingrenderingf the argon bubble. The top row shavs standardsolumerenderingsf the original 5128
volume (left) andthe lower-resolution256° volume (right). The bottomrow shavs the the same256° volumewith 361K points, rendered
with squareOpenGLpoints(left) andwith Gaussiarsplats(right). Themiddleimageis the entireview at 5122 with thezoomareamarked.
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Figure3: Pixel differencebetweera 512 resolutionrenderingand
(top)a 128 volumerenderingand(bottom)thesamel 28 volume
with 11 million points. Darker colors indicateregions of higher
error

highervalues resultingin densityvaluesthataretoo low. The hy-
brid representatioin (f) is ableto correctmuchof this errorand
addadditionaldetailto the ne structures.

Figure3 shavs theimprovementthattheadditionof pointsoffer
for a128 volumerepresentationTheseémagesweregeneratedy
subtractingthe standardand hybrid representationsiespectiely,
from a 512° referencerendering,andinverting the resultfor bet-
ter clarity in print. The hybrid renderingnoticeablyreducesthe
magnitudeof the darler regions (thosewith highesterror) of the
differenceimage. The magnitudeof the lightly-colored,low-error
regionswerenot affected,becausehe errorvalueof thoseregions
wasbelav the thresholdsetduring point generation(in this case,
1/64).

5.3 The Furby® Data Set

The hybrid renderingmethodis particularly well-suited for me-
chanicaldata. This typeof datais oftencharacterizetby high reso-
lution, sharpedges,ne detail,andlargedifferencesn density The
Furbydatasetisa512 512 2048CT scanof aFurby amechan-
ical toy thatinteractswith peopleby moving its body andplaying
recordedpiecesof corversation.lt consistof a fur-coveredplastic
shell (the fur is not resoled in the limited dynamicrangeof the
data)containinga variety of electronicandmechanicaparts. The
original datawasreconstructedrom 361 X-ray views at a resolu-
tionof 1746 1869.

The Furby exhibits mary of the propertiesof mechanicadata:
it is too big to visualizein realtime on commodityhardware (1GB
with one-bytenormals),densityvaluesare concentrateét the up-
perandlower extremes,andtherearemary small, sharpfeatures.
In theleft columnof Figure4, thetransferfunctionwasselectedo

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

Few metalpartsarevisiblein thevolumerenderingparts(a) and
(b) of Figure4) becaus¢hedownsamplingolurredthesene details
into the surroundindow-densityarea(air). Theseareashave incor
rectdensityvaluesandsodo not appeamwhenthetransferfunction
is selectedo highlight metalparts. The larger metalpartsthatdo
appeaiarepoorly resohed. However, in the hybrid renderingsthe
printedcircuit board,with the electronicgpartscomingoff thetop,
is clearlyvisible in the abdomerof the Furby The hybrid method
alsorestoreghe sharpcornerson the metalbarsusedto pivot the
joints, resoles the headson the scravs, and doesa particularly
goodjob onthewiresleadingto thesensorsn theforehead.

Raisingthe resolutionof the error samplinggrid makes a vis-
ible differencein the quality of renderinggeneratedbut requires
the error thresholdbe raisedto preventtoo mary pointsfrom be-
ing generatedFigure4 shavs thedifferencebetweererrorgrids of
512 and1024. (Unfortunately our preprocessingrogramdoes
not yet handlenon-cubicerror grids, which prevent us from sam-
pling at the original resolutionof 512 512 2048. Samplingat
theoriginal resolutionshouldgive slightly betterresults.)

Raisingthe error thresholdfor the 1024 error calculationgrid
above 1/8 (the bottomrow of Figure4) to 1/12 (not shavn) makes
almostno visible differencein the quality of rendering. This is
becauséoth1/8 and1/12areenoughto captureenougherrorfrom
thevery denseametalparts,andneitherl/8 nor 1/12is smallenough
to captureerrorpresentn thelow-densityplasticandcloth regions.
Raisingthe error thresholdeven further to 1/16 startsto capture
error for the plastic regions, but using a samplinggrid of 1024
produceover 20 million points:too mary to renderin realtime.

6 CONCLUSIONS

The hybrid point/volumetric storageand renderingmethodim-
provesrenderingquality availablefor a given amountof graphics
hardware,andsigni cantly reducesheamountof storagespacee-
quired. It is ableto work on mary differenttypesof volumetric
data,includingmedical,mechanicalandsimulationdata.

While the hybrid method can effectively compressrelatively
small (lessthan512) volumetricdatasetswith limited lossin de-
tail, it is mostusefulfor caseswvherethe original datais too big to
berenderednagivencomputerin thesecasest allowsinteraction
thatwasnot previously possible while preservingmary detailsat
their original resolution.

Our systemdoesnot yet handleerrorcomputatiorgridsthatare
not cubes,and mary scanningtechnologiescan producedifferent
resolutiondor differentaxes. Changingthe preprocessingrogram
to handlethesecasess straightforvard. During viewing, however,
the point sizewould needto be adjusteddependingon the viewing
angleto properly cover the area. We would also like to look at
compressingime-varying datawith a similar hybrid method,and
usingvariablepoint sizesto allow furtheroptimization.
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(c) 128® volume renderingwith 3979K points: 512 error  (d) 128 volumerenderingwith 10999K points: 5128 error
samplinggrid, 1/12errorthreshold0.29s/frame 40MB. samplinggrid, 1/64 errorthreshold0.75s/frame, 103MB.

(e) 256° volumerendering:0.04s/frame,33MB. (f) 256 volume renderingwith 7058K points: 512% error
samplinggrid, 1/64 errorthreshold0.47 s/frame 97MB.

Figure2: Comparisorof renderingechnique®f thechestMRI datasetin all picturesthefront andbackhave beenclippedby 20%to allow
the detail of the lungsto bevisible. Althoughrenderingtimesfor hybrid representationare not necessarilyessthanfor the full-resolution
data(dependingon the numberof pointsgenerated)they placemuchlessstresson the memorysystemsmakingit possibleto displaydata

thatwill not t onthecomputeror video cardat full-resolution.



(a)and(b): 256° volumerendering0.07s/frame,33MB.

(c) and(d): 256° volumerenderingwith 2.9M points,512 errorsamplinggrid, 1/16 errorthreshold0.36s/frame 59MB.

(e)and(f): 256 volumerenderingwith 4.7M points,1024 errorsamplinggrid, 1/8 errorthreshold0.58s/frame,71MB.

Figure4: Comparisorof hybrid renderingfor the Furby dataset. The original resolutionwas512 512 2048(1GB with 1-bytenormals),
too big to displayon commodityhardware. The hybrid techniqueis ableto restoremuchof the detaillost by subsamplingTheleft column
shaws the Furby from the back, its plasticshellis visible in red,andthe metalis visible in yellow. Theright columnshavs the Furbyatan
angle,andrevealsthefaint purpleoutline of thefabricandthe box usedto holdit.
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