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Abstract

In the last years point-basedrenderinghasbeenshown
to offer the potential to outperform traditional triangle
basedrenderingboth in speedand visual quality whenit
comesto processinghighly complex models.Existingsur-
face splatting techniquesachieve superior visual quality
by proper �ltering but they are still limited in rendering
speed. On the other hand the increasingavailability and
programmabilityof graphicshardware lead to the devel-
opementof very ef�cient hardware-accelerated rendering
methods.However, sinceno �lter ed splatsare used,these
approachestradevisualquality for renderingspeed.

In this paper we proposea rendering framework for
point-basedgeometryproviding high visualquality aswell
as ef�cient rendering. Our approach is basedon a two-
passsplatting techniquewith Gaussian�ltering , resulting
in a visualquality comparable to existingsoftware render-
ing systems.Using programmablegraphicshardware we
delegateall expensiverenderingtasksto theGPU, thereby
minimizingdata transferand savingCPU resources. The
proposedsystemrenders up to 28M mid-quality or up to
10M high-quality surfacesplatsper secondon the latest
graphicshardware.

1 Intr oduction

Due to their simplicity andef�ciency trianglesmeshes
arethe de factostandardgeometryrepresentationin com-
putergraphics.As the hardwarecomponentsfor the com-
plete meshprocessingpipeline, i.e. meshgeneration(3D
scanners),meshprocessing(CPU)and�nally meshrender-
ing (graphicshardware),getsmoreandmorepowerful, the
typical surfaceor scenecomplexity is steadilyincreasing.
Meshescontainingseveral millions of trianglesarenowa-
dayscommonlyused.

In contrasttheresolutionof displaysis not increasingat
thesamespeed.Thereforerenderinghighly complex mod-
els resultsin triangleswhoseprojectedareais lessthana
few pixels.Usingstandardscanline-conversionmethodsfor

therenderingof thesetiny trianglesbecomesinef�cient be-
causeof thenecessaryoverheadfor thetrianglesetup.

Hence,above a certaincomplexity, pointsare the con-
ceptuallymoreef�cient renderingprimitive. Holes in the
renderedimage(e.g.whenzoomingin) canbeavoidedby
image-based�lters, by adjustingthe samplingdensity, or
by so-calledsurfacesplatting. In the lattercaseeachpoint
is associatedwith aradiusandanormalvectorandtherefore
representsasmalldiscin 3-space,thatis projectedontothe
imageplane.

Anotheradvantageof point-basedrendering(PBR) be-
sidesthehigheref�ciency is thatit canalsoprovidesuperior
renderingqualitycomparedto standardpolygon-basedren-
dering. For PBR the lighting computationsareperformed
on a per point basis,correspondingto high quality Phong
shadingin the surfacecase.For anti-aliasedrenderingso-
phisticatedsplattingtechniquesassignaGaussian�lter ker-
nel to the splats,resultingin an elliptically weightedaver-
age(EWA) �ltering of the image— similar to anisotropic
texture�ltering [11].

An additionalbene�t of point-basedgeometryrepresen-
tationsis their conceptualsimplicity. Sinceno connectivity
informationexistsonly a setof pointshasto bestoredand
processed.Hierarchicalencodingschemesfor point-based
geometryprovidecompactstorageandef�cient progressive
transmissionof thesedatasets.Recently, severalmeshpro-
cessingalgorithmshave beenreformulatedfor point-based
surfacerepresentations,like e.g. spectralprocessing[17],
geometrysimpli�cation [18], surfaceediting[25] andmul-
tiresolutionshapemodeling[19].

Thefocusin this paperis on the�nal stageof thepoint-
basedgeometryprocessingpipeline, i.e. the renderingof
point-sampledgeometry. In this topic, existing approaches
offer only a trade-off betweenrenderingspeedandvisual
quality. On this scaleone extreme are the sophisticated
purelysoftware-basedimplementationsof �ltered splatting
thatprovide thehighestrenderingquality. Themajordraw-
backof theseapproachesis that they put high load on the
main CPU, but still do not achieve higher ratesthan 4M
splatspersecondoncurrenthardware[2].



On theotherextremepeoplearetrying to free theCPU
for other tasksby making use of graphicshardware for
point-basedrendering,motivatedby thesteadilyincreasing
performanceandprogrammabilityof moderngraphicpro-
cessingunits (GPUs). But sincehardware-accelerationis
mainly targettingpolygon-basedrenderingthereis no ob-
vious way how to (mis-)usegraphicshardware for high-
quality �ltered surfacesplatting. Hence,renderingquality
hadto besacri�cedfor renderingspeed,leadingto arender-
ing performanceof above 50M pointspersecond— if the
pointsarerenderedassmallun�ltered squares[7].

In this paper we proposea renderingframework for
point-basedgeometryproviding high visualquality aswell
asef�cient rendering.Our approachis basedon a two-pass
�ltered splattingtechnique,resultingin thea visualquality
comparableto existing softwarerenderingsystems.Using
programmablegraphicshardwarewedelegateall expensive
renderingtasksto theGPU,therebyminimizing datatrans-
ferandsavingCPUresources.Theproposedsystemrenders
up to 28M mid-quality or up to 10M high-quality �ltered
surfacesplatspersecondon thelatestgraphicshardware.

2 RelatedWork

Using pointsasrenderingprimitiveswas�rst proposed
in thepioneeringwork of Levoy andWhitted[14], followed
by GrossmanandDally [10], presentingalgorithmsfor the
generationas well as and for the renderingof point sets.
Thiswork hasbeenimprovedin theSurfelspaperby P�ster
et al. [20]. They sampleobjectsusing3 orthogonalLDIs
anduseimage-space�lters to achieveahole-freerendering.

Alexa et al. [1] uselocal LeastSquaresapproximations
to adjustthepoint samplingfor displaying.Their point set
surfaceshavebeenextendedto aprogressive representation
in [9].

Zwickeretal. [26] introducesurfacesplattingby image-
basedEWA �ltering, resultingin high quality anti-aliased
rendering,comparableto anisotropictexture �ltering [11].
Similarto thefootprintsof Westover[24] disc-shapedsplats
in object-spaceprojectto elliptical splatswith Gaussianin-
tensity distribution in image-space.While this software-
basedapproachis only ableto process250ksplatspersec-
ond it providesthehighestvisualquality. Botschet al. [2]
presentanadaptiveoctreeencodingschemefor point-based
geometrythatprovidesvery compactstorageanda hierar-
chicalrenderingalgorithm.Theirmethodis ableto process
up to 14M pointsor 4M high quality �ltered splatspersec-
ondby usingaquantizationof splatshapes.

All the above software-basedrenderingmethodshave
proven that point-basedrendering can be superior to
polygon-basedrenderingfor highly complex scenes.While
they can provide very high visual quality, their rendering
speedis limited to about4M splatsper secondon current

hardware. Even if this point ratemay be suf�cient for to-
day's modelsthesesoftware implementationscompletely
block theCPUfrom othertasksbesidesrendering.

Thereforeseveralauthorsproposeto usegraphicshard-
ware for point-basedrendering. Sophisticatedrendering
techniquesusedin software implementations,like e.g.A-
buffers[3], arenot availableon today's graphicshardware.
Hence, the proposedapproacheseither lose somevisual
quality or try to compensatefor the missingfunctionality
by multiple renderingpasses.

The �rst to use hardware accelerationfor PBR were
Rusikiewicz andLevoy [22]. In orderto be ableto render
the large datasetsof the Digital Michelangeloproject[13]
they combinea hierarchy of boundingsphereswith a splat-
ting technique.In orderto blendoverlappingfuzzy splats
in some� -depth-slapthey proposea two-passrenderingap-
proach.

Stammingerand Drettakis[23] dynamicallyadjust the
pointsampingratefor renderingof complex proceduralge-
ometry. This approachis extendedto a mixed point and
polygonrenderingapproachfor complex plantecosystems
in Deussenetal. [8]. Furtherapproachesmixing therender-
ing of pointsandpolygonshave beenproposedby Chenet
al. [4] andCohenetal. [6]. Althoughwearetargettingpure
point-basedrendering,ourmethodscouldbeintegratedinto
their algorithmssincewe areusingstandardOpenGLren-
deringonly.

Ren et al. [21] reformulatethe imagebasedEWA �l-
tering of [26] to object-space�ltering in order to mapthe
surfacesplattingapproachto graphicshardware,alsousing
a two-passrenderingmethod. They rendereachsplatasa
texturedrectanglein object-space.This conceptcausesthe
numberof processedpointsto bemultiplied by four, slow-
ing down therenderingto about2M–3M splatspersecond.

CoconuandHege[5] proposetouseanoctree-basedspa-
tial datastructurecontainingpointsandtrianglesto do the
visibility calculations.By sortingandrenderingtheoctree
cells from backto front in eachframethey avoid usingthe
z-buffer at all. Although this avoids an expensive second
renderingpass,it leadsto the problemthat front andback
sidesof objectsareblendedwithoutdepthcontrol.

In a very recentpaperDachsbacheret al. [7] present
a hierarchicalLOD structurefor points that is adaptively
renderedby sequentiallyprocessingit by the GPU. They
reportimpressive point ratesabove 50M pointspersecond,
but thepointsarerenderedasun�ltered view-planealigned
smallsquares.

3 GPU-BasedSplatting

In ourapproachwealsoproposetheuseof splatsasren-
deringprimitives,asthey have majoradvantagescompared
to pureone-pixel points. Sincesplatsarenot just a piece-



Figure 1. The typical thic kening and aliasing
effects of square splats (left) is effectivel y
avoided by using the correct ellipitical splats
shapes (right).

wise constantbut a piecewise linear geometryrepresenta-
tion, they exhibit the samequadraticapproximationorder
astrianglemeshes.Thereforea decentapproximationcan
beachievedwith a relatively low numberof splats,offering
a goodcompromisebetweenpolygonalmesheson theone
handandone-pixel pointson theotherhand.

The conceptof splat �ltering by blendingoverlapping
splatsalsoprovidesa muchhigherrenderingquality com-
paredto un�ltered point renderingthatoftenleadsto high-
frequency noisein the image,especiallyin thecaseof tex-
turedmodels.

Sincefor splatsthe point samplingrate doesnot have
to be adjustedeachframethe staticgeometrydatacanbe
storedin thevideoor AGPmemorywhereit canbedirectly
accessedin DMA mode,therebyminimizing datatransfer
costsduringrendering.

Therenderingof point splatsinvolvesseveralsub-tasks:
�rst thesizeandshapeof thesplatshave to bedetermined
from thecurrentviewing parameterssothatwe geta hole-
freeimage(Sec.3.1and3.2).Usingthesetechniquesalone
alreadyresultsin mid-quality elliptical but still un�ltered
surfacesplats.Neverthelessit providesamuchbetterrepre-
sentationof thegeometrythan�x edsplatshapes,especially
noticablenearcontours(cf. Fig. 1).

Furtherimprovementin visual quality canbe achieved
by blending overlapping splats using splat �ltering
(Sec.3.3), resultingin high quality anti-aliasedrendering.
During rendering,splat contributions are accumulatedby
additive blending,so that eachpixels containsa weighted
sumof colorvalues

P
i wi (r gb) i . Thereforea �nal normal-

ization stepdividing eachpixel's RGB color by the corre-
spondingsumof weightsis requiredto getthecorrect�lter -
ing (

P
i wi (r gb) i ) =(

P
i wi ). This �nal normalizationstep

will bedescribedin Sec.3.4.
For all theserenderingtasksour goal is the consequent

delegationto theGPU.Thereforethealgorithmshave to be
formulatedin awaythey candirectlybemappedto thepro-
grammablevertex andfragmentshadersof thelatestgraph-
icshardware.
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Figure 2. Transf ormation pipeline . The map­
ping from eye­space to image­space consists
of a projective warp of the viewing frustum to
the unit cube , a parallel projection and a 2D­
transf orm to matc h the windo w extent.

3.1 Splat Size

In order to obtaina watertightrendering,the projected
sizeof a splathasto be determinedfrom the viewing pa-
rametersandthesplat'spositionandradius.

TheOpenGLprojectionpipelinefrom eye/cameracoor-
dinatesto the�nal 2D imageis depictedin Fig.2: Theview-
ing volumeis givenby thedistancesto thenear(n) andfar
(f ) clipping planesandthe parameterstop (t) andbottom
(b) controlling the openingangle. After this frustum has
beenprojectively warpedto the unit cube[� 1; 1]3, a sim-
pleparallelprojectionis doneby omitting thez coordinate,
resultingin 2D coordinatesin [� 1; 1]2. Finally these2D co-
ordinatesarescaledup by the viewport mappingto match
the (integer) window coordintesf 0; : : : ; wg � f 0; : : : ; hg.
This canalsobeconsideredasprojectingtheviewing vol-
umeonto thenearplanez = � n andscalingthe resulting
coordinatesby h

t � b.
The image-spacesizeof a splatis thesizeof its projec-

tion onto the imageplane.Theexact resultis quiteexpen-
sive to compute,sinceit dependson the splatpositionas
well as on the splat normal. Insteadwe approximatethe
sizeby projectingtheboundingsphereof thesplatandne-
glecting its x and y offsetsfrom the optical axis, as also
proposedin [4].

The image-spacesplat size sizewin can then be com-
putedby a projectiononto the nearplaneanda scalingto
transformfrom near-planecoordinatesto image-planeco-
ordinates:

sizewin = r �
n

zeye
�

h
t � b

; (1)

wherezeye is thesplat's distancefrom thecamera,r is its
radius,andn, t, b, h aretherespectiveprojectionparameters
depictedin Fig. 2.



Figure 3. Splat size and shape . Adjusting
the splat size just results in screen­space
squares to be rendered at the splat center' s
position (top). Additionall y using the correct
elliptical splat shape gives a much better ap­
proximation, especiall y near contour s (splat
radii have been decreased to better sho w the
effect).

Adjusting the image-spacesize causesa sizewin �
sizewin image-spacesquareto be renderedcenteredat the
splatcenter's projectedposition(cf. Fig. 3, top right).

3.2 Splat Shape

Sincea splatrepresentsa smalldisc in object-space,its
projectionontotheimageplaneis anellipse.Theradii and
orientationof this ellipsedependon thesplat's normalvec-
tor transformedto eye-coordinates.Adjusting the splat's
shapebasedon its eye-spacenormal vector resultsin the
desiredbehaviour (cf. Fig. 3).

Initially theadjustmentof splatsizecausessmallimage-
planealignedsquaresto berendered.For eachof its pixels
we have to determinewhetherit is theprojectionof a point
insideoroutsidethesplat,i.e.whetherthepointcorrespond-
ing to thepixel hasa distanceto the3D splatcenterthat is
lessthanthesplatradiusor not.

Similar to [5] weusetheNV point sprite extension
to get a parameterizationof the image-spacesquareover
[� 1; 1]2. For a pixel having coordinates(x; y) 2 [� 1; 1]2

we computeits depthoffset � z from the splat centerasa
linear functiondeterminedby theeye-spacenormalvector
(nx ; ny ; nz )T , cf. Fig. 4:

� z = �
nx

nz
x �

ny

nz
y (2)

Thedepthoffset� z canthenbeusedto computethe3D-
distancefrom the splat center: the pixel correspondsto a
point inside the splat if f the length
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2 is less
thanone. Note that the depthoffset � z is just an approxi-
mation,sincewe assumea parallelprojectionin Eq. 2, ne-
glectingthe anglebetweenthe viewing ray andthe splat's

dz

n  p=0T

n

(x,y)
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Figure 4. Depth correction. Adjusting the
image­space splat size yields a square par­
allel to the image plane . The required
depth correction � z can be computed from
the image­plane square coor dinates (x; y) 2
[� 1; 1]2 and the splat' s eye­space normal vec­
tor n.

normal. Sincethis may causeellipsesto becometoo �at
(resultingin holes),weboundthemaximumforeshortening
of theellipses,asalsoproposedin [22, 5].

Using the correctsplatsizeandsplatshaperesultsin a
hole-freerenderingwith amuchbettervisualqualityof con-
tours,sincethe typical thickeningeffect of squaresplatsis
effectively avoidedby elliptical splats(cf. Fig.1 andFig.3).
Neverthelessfor highqualityanti-aliasingweshouldusethe
splat�ltering describedin thenext section.

3.3 Splat Filtering

For splat�ltering eachsplatin object-spaceis associated
a radially decreasingGaussianweight function. The pro-
jectionof this Gaussianresultsin animage-spaceelliptical
Gaussian,whosevaluesareusedto blendtherespectivepix-
els. Thereforethe image-spaceweightof a pixel is a func-
tion of the 3D distanceof its correspondingobject-space
point to thesplat's center, i.e. thenorm
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2 that
hasalreadybeencomputedto determinethe splat shape.
Hence,the�nal weightcanbelookedup in a 1D Gaussian
texture:

� (x; y) = GaussTexture1D
� 

 (x; y; � z)T




 �

(3)

For the concept of splat �ltering overlapping splats
shouldbe blendedif and only if their z-distanceis suf�-
ciently small,otherwisethesplatin front shouldoverwrite
thesplatbehind.While software-basedalgorithmscaneas-
ily implementthisbehaviour using,e.g.,modi�ed A-buffers
[3], thereisnowaytomapthis� -depth-testtocurrentgraph-
ics hardware.Althoughsomesplatscanbeculledbasedon
theirbackfacingorientation,this is notsuf�cient in thegen-
eralcase.



Figure 5. Splat �ltering inc luding per­pix el normalization results in high quality image reconstruction.
This effect becomes especiall y visib le in the case of high frequenc y textures. While in the left
un�ltered image alias­pr oblems appear, the splat �ltering on the right provides a smooth result.

Thereforewe usea two-passrenderingapproach,like
proposedin [22,21]: In a�rst passthesceneis renderedjust
to thez-buffer, with all z-valueshaving an� -offsetaddedto
them. If for the secondpassthe z-buffer updateis turned
off, i.e. thez-valuesfrom the �rst passareusedread-only,
this resultsin the desiredblendingof splatswhosedepth
distanceis lessthan� .

For this � -depthtest to work reliably we have to make
surethateachpixel'sdepthvalueis correct.Sincethesplats
we renderare up to now just image-planealignedellipti-
cally trimmed rectangles,all of their pixels' depthvalues
equalthedepthvalueof thesplat'scentervertex (cf. Fig.6).
Especiallywhenviewing a splatfrom a �at anglethis will
lead to large errors in the depthcomponent,resulting in
blendingartifactsnearcontours.

To addressthis issueweuseaper-pixel depthcorrection,
i.e.for eachpixel wecomputeits correctdepthvaluein win-
dow coordinatesbasedonthesplat'seye-spacenormalvec-
tor. Thecorrespondingobject-spacedepthoffset� z w.r.t. to
thesplatcenterhasalreadybeencomputedto determinethe
splatshape,seeEq.2.

Therequiredwindow z-coordinatezwin hasto becom-
putedfrom theadjustedeye-spacez-coordinatezeye+ � z by
applyingthefrustumandviewportmappingto it (cf. Fig.2).
This transformationcanbewrittenas

zwin =
a

�
zeye+ � z

�
+ b

zeye+ � z
; (4)

wherea = f =(f � n) andb = � 2f n=(f � n) arederived
from thecompositionof projectionandviewport mapping.
The frustumparametersf andn areagain thedistancesto
thenearandfarplane,respectively.

In the secondrenderingpasswe accumulateall splats
passingthe� -depthtestby weightedadditiveblending,such
that eachpixel stores(

P
i � i (r gb) i ;

P
i � i ). Hence,in a

�nal normalizationsteptheRGB parteachpixel hasto be
dividedby its � component.

Figure 6. In order to sho w the effect of depth
correction the z­buff er of the left scene has
been re­pr ojected using the techniques of
[12]. While splats rendered without depth
correction (center) have constant depth, like
being parallel to the image plane , per­pix el
depth correction solves this problem and
avoids blending artifacts (right).

3.4 Per­Pixel Normalization

In [5] all splatsareblendedin back-to-frontorderwith-
out takingthedepthbuffer into account.Theresultingarti-
factsareacceptedfor theadvantageof aone-passrendering
algorithm. In contrastthe issueof correctEWA splatting
includingtherequirednormalizationhasbeenaddressedin
[21]. Insteadof doingaper-pixel normalizationthey switch
to a lower quality per-surfel normalization,wherethesum
of � -weightsis approximatedto beconstantfor eachsplat.

On todaysgraphicshardware,however, a per-pixel nor-
malizationcanbe performedvery ef�ciently . Readingthe
buffer, doingthenormalizationon theCPUandwriting the
resultingbuffer backmaybea �rst idea,but is in factpro-
hibitively expensive becauseof therequireddatatransfer.

Insteadweproposeto accumulatetheweightedsplatsin
anoffscreenbuffer. Thisbuffer canthenbeusedasatexture
for onesingle rectangleof the window's size. Rendering



this rectanglewill causeeachpixel to go throughthe frag-
mentpipelineagain, so thata pixel shadercando thenec-
essarydivisionby � .

Sincethis techniqueeffectively avoidssendingthepixel
dataover the AGP bus, the per-pixel normalizationcanbe
performedat the cost of renderingone textured rectangle
usinga smallpixel shaderprogram.Comparedto the time
thetwo renderingpassestake, this is basicallynegligible.

Theresultingimagesprovide a high visualquality com-
parableto existing software-or hardware-basedimplemen-
tationsof EWA �ltered surfacesplatting (c.f. Fig. 5 and
Fig. 8). But, aswe will describein the next sections,our
approachis siginicantlyfasterthanexistingmethods.

4 Implementation

Our implementationis basedon OpenGL, the results
we presentare measuredon a 2.8GHz Pentium4with a
GeForceFX5800Ultra graphicscard,runningLinux. We
delegatethe differentrenderingtasksdescribedin the pre-
vioussectionsto theprogrammablevertex shaders[15] and
pixels shaders,respectively. Although we usedNVIDIA
speci�c OpenGL extensions,the samewould have been
possibleusing the recently releasedvendor independent
ARBvertex program andARBfragment program
extensionsor evenusingthemorecomfortableandplatform
independentlanguageCg [16].

Data layout: Whenprocessingcomplex pointdatasetsin-
cluding additionaldata like, e.g. normalsand colors, the
data transfercan becomethe limiting factor. Therefore
the staticscenegeometryis storedin video or AGP mem-
ory so that it canbe accessedby the GPU in DMA mode.
Although we usethe NV vertex array range exten-
sions for this, it should also be possibleusing the new
ARBvertex buffer object extension. In order to
prevent cachemissesthe datashouldbe arrangedin inter-
leavedvertex arrays.

Vertex stage: A vertex programis usedto transformthe
vertex positionandto computetheeye-spacenormalvector.
UsingEq. 1 it computesthe image-spacesplatsize,where
roundingtheresultingsizeto anintegervalueturnedout to
increaseef�ciency. Finally the vertex programsetsup the
datarequiredfor computingthe per-pixel depthoffset and
depthcorrection.This datais passedto the fragmentstage
in thetexturecoordinateregisters,therebykeeping32bit of
accuracy.

Fragment stage: The fragments generatedfrom the
image-spacesquaresare processedby a fragmentshader.

This program�rst combineslighting andtexture/colorin-
formation,wherethelighting canbeprecomputedin acube
map for higheref�ciency. In order to computethe depth
offset a parameterizationof the splat squareis required.
Using the NV point sprite extensiontheseparameter
valuescanbe derived from the point spritetexture coordi-
nates.They areusedto computethedepthoffsetaccording
to Eq. 2. Either the (squared)norm
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(no �l-
tering)or thecorrectGaussianweight (�ltering) arestored
in the � component,so that the � test can discardpixels
outsidethe elliptical image-spacesplat. For splat �ltering
andblendingadditionallytheper-pixel depthcorrectionhas
to bedone(Eq.4).

Blending: In order to accumulatethe weightedcontri-
butions of splats in the form (

P
i � i (r gb) i ;

P
i � i ) dif-

ferent blending modes have to be used for the RGB
and � components,which can be achieved using the
EXT blend func separate extension.

Normalization: For the �nal per-pixel normalizationthe
two renderingpassesarerenderedto anoffscreenbuffer that
is thenusedastextureimagefor a window-sizedrectangle.
In orderto allow for non-power-of-two viewport width and
heighttheNV texture rectangle extensionis used.

Performance The bottleneckof our renderingalgorithm
is thefragmentprocessing,mainly becauseof theper-pixel
depthcorrection.In orderto avoid generatingunnecessary
fragmentswe addeda backface-cullingmethodto the ver-
tex shaderthat drops a splat dependingon its eye-space
normalvector. This simple techniqueeffectively removes
about40%of thesplatsandspeedsuptherenderingsigni�-
cantly. However, sincefragmentprogramsareavery recent
featurethey aresupposedto have roomfor improvements,
sothatfuturedriversor cardswill yield betterperformance.

5 Discussion

Our point-renderingmethodcanbe usedon two differ-
entquality levels: for the fasterbut the lower quality solu-
tion we only adjustsplatsizeandsplatshapeasdescribed
in Sec.3.1 and3.2. As shown in Fig. 1, this alreadygives
muchbetterresultsthanusing�x edsplatshapesandeffec-
tively avoidsthetypical thickeningeffectnearcontours.On
thisquality level ourmethodis ableto renderabout28M el-
liptical un-�ltered splatspersecondona 2.8GHzPentium4
with aGeForceFX5800Ultra graphicscard.

For high quality �ltered surfacesplattingwe have to use
two renderingpasses,becauseon current graphicshard-
ware thereis no other way to implementthe � -depthtest
describedin Sec.3.3. As proposedby Dachsbacheret al.



512� 512 1024� 1024

# points un�ltered �ltered un�ltered �ltered

Charlemagne 1.63M 17.2(28.1) 6.3(10.4) 16.9(27.6) 6.2(10.1)

St. Matthew 1.57M 17.2(27.1) 6.4(10.1) 16.9(26.6) 6.3( 9.9)

David Head 1.08M 25.6(27.9) 9.4(10.3) 24.1(26.2) 9.0( 9.8)

David 1.06M 26.4(28.0) 9.5(10.0) 25.7(27.3) 9.3( 9.9)

Max 655k 42.7(27.9) 15.3(10.0) 40.4(26.4) 14.2( 9.3)

Male 148k 124.2(18.4) 56.5( 8.4) 112.4(16.7) 46.6( 7.0)

Balljoint 137k 172.6(23.7) 73.2(10.0) 124.3(17.0) 45.3( 6.2)

Chameleon 101k 178.7(18.2) 74.9( 7.6) 150.3(15.3) 55.3( 5.6)

Table 1. The resulting timings for several models, given for windo w resolutions of 512 � 512 and
1024� 1024, and un�ltered or �ltered rendering. The �r st values are frames per second, the values in
brac kets are million splats per second.

[7] addingthis additionalfeatureto futureGPUswould in-
creasethe renderingperformancefor high quality �ltered
primitivesby a factorof two. However, our currentimple-
mentationis basedon a two-passrenderingand the nec-
essaryper-pixel normalization. It achievesa splat rateof
about10M highquality �ltered splatspersecond.

We testedtheperformanceof our implementationusing
modelsof stronglyvarying complexities from 100k points
up to 1.6M points. Table 1 lists the respective rendering
timesin framesper secondsandin million splatsper sec-
ond. Sinceour renderingapproachis limited by the frag-
mentprocessingspeed,modelscontainingmorepointsre-
sultsin highersplatratesastheprojectedsizeof splatswill
besmaller. Comparingthetimingsfor a window resolution
of 512 � 512 or 1024� 1024, respecively, con�rms this
result. Sincefor the morecomplex modelsprojectedsplat
sizesarestill just a few pixels, their renderingspeedstays
almostthe same. Low complexity modelsgeneratelarger
image-spacesplats,puttingmoreloadon thefragmentpro-
cessing.

Comparingour approachto the oneof [21], we follow
more closely the idea of point-basedrendering,sincewe
representandrendereachsplatusingjust onevertex. Since
our resultingsplatrenderingis mainly pixel-based,several
computationscanbeformulatedeasierandsolvedmoreef-
�ciently . E.g. in order to computethe � depthoffset for
the �rst renderingpass,Renet al. have to shift eachvertex
alongtheviewing raysin object-space.Sinceweupdatethe
fragment's depthvalueanyway we just have to changeone
constantparameterof the pixel shader. Anotherlimitation
of [21] is the symmetricmatrix decompositionthat hasto
bedonefor eachvertex in orderto computethecorrespond-
ing object-spacerectangle's cornerpositions. Again, we
determinethesplatshapeandGaussian� -maskby simple

image-spacecomputationsasdescribedin Sec.3.2. While
the approachof [21] rendersup to 3M surfacesplatsper
secondusingtheheuristicper-surfelnormalization,our im-
plementationachievessigni�cantly highersplatratesusing
theper-pixel normalization.

It is harderto compareour approachto thework of Co-
conuandHege[5] sincebothmethodsaretargetingdiffer-
ent goals. By usingonly onerenderingpassandblending
all splatsregardlessof their depthdistance,[5] tradevisual
quality for renderingspeed.In constrastwe aim at a depth-
correctimplementationof �ltered surfacesplatting,requir-
ing theexpensivetwo-passapproach.Neverthelessweman-
ageto achieve higherframerates.Themajorbottleneckof
[5] seemsto betheCPUintensivesortingof theoctreecells
from backto front, whereasour methodputsno loadat all
on themainCPU.

While our approachis signi�cantly slower than[7], we
achieve improved visual quality even whenusinglesssur-
facesplats,sincethepiecewiselinearsplatshave betterap-
proximationproperties.Neverthelessour renderingmethod
shouldseamlesslyintegrateinto the sequentialpoint trees.
This promisingcombinationwould result in a GPU-based
hierarchicallevel-of-detailrenderingof high-qualitysplats.

6 Conclusion

In this paperwe presentedan algorithmfor the render-
ing of point-basedgeometrythat closesthe gap between
high quality software implementationsand lower quality
hardware-acceleratedapproaches.

We proposethe consequentdelegation of the involved
renderingtasksto the GPU,sincethis keepsthe CPU free
for other tasks. As moreandmorepoint-basedgeometry
processingmethodsareused,it is evenmoreimportantthat



thesealgorithmsdo not have to shareCPU resourceswith
the renderingprocess.Sincethe ef�ciency aswell as the
programmabilityof currentGPUsis increasingat a much
higherratethanCPUperformance,usingtheGPUfor most
ef�cient renderingseemsto be the straightforward conse-
quence.

Futurework includesan implementationbasedon ven-
dor independentARB extensionsonly or even using the
high-level languageCg. This would provide high quality
splat renderingfor on a wider rangeof graphiccards. A
verypromisingdirectionof futureresearchis theintegration
of this work into thesequentialpoint treesof Dachsbacher
et al. [7], sincethis would result in a high quality hierar-
chicallevel-of-detailrenderingalgorithmthatis completely
processedby theGPU.
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Figure 7. Some models we tested our implementation on and whose rendering timings and comple x­
ities are sho wn in Table 1. From left to right: St. Matthe w, Max Planc k, Male, Balljoint, Chameleon.

Figure 8. Splat �ltering results in high quality
image reconstruction similar to anisotr opic
texture �ltering. In the upper left image and
the upper close­up no �ltering has beed used,
leading to str ong alias­ar tifacts. Splat �l­
tering instead effectivel y remo ves these ar­
tifacts (upper right and lower close­up).

Figure 9. The models of Michelang elo' s David
and Charlema gne are both 3D rang e scanned
statues. For the David a consistent deci­
mated triangle mesh has been sampled. The
input data for the Charlema gne model are just
the set of registered but unconnected rang e
scans.


