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Abstract

In the last years point-basedenderinghasbeenshown
to offer the potential to outperform traditional triangle
basedrenderingboth in speedand visual quality whenit
comesto processinchighly comple models. Existingsur
face splatting techniquesachieve superior visual quality
by proper Itering but they are still limited in rendering
speed. On the other handthe increasingavailability and
programmability of graphics hardware lead to the devel-
opementof very efcient hardware-acceleated rendering
methods.However, sinceno lter ed splatsare used,these
appoadestradevisual quality for renderingspeed.

In this paper we proposea rendering frameavork for
point-basedyeometryproviding high visual quality aswell
as efcient rendering Our approad is basedon a two-
passsplatting techniquewith Gaussian Itering, resulting
in a visual quality compagble to existing softwae render
ing systems.Using programmablegraphicshardware we
delgateall expensivaenderingtasksto the GPU, thereby
minimizingdata transferand savingCPU resouces. The
proposedsystemrendes up to 28M mid-quality or up to
10M high-quality surfacesplats per secondon the latest
graphicshardware.

1 Intr oduction

Due to their simplicity and ef ciency trianglesmeshes
arethe de facto standardyeometryrepresentatiomn com-
putergraphics. As the hardware componentgor the com-
plete meshprocessingpipeline, i.e. meshgeneration(3D
scanners)neshprocessingCPU)and nally meshrender
ing (graphicshardware),getsmoreandmorepowerful, the
typical surfaceor scenecompleity is steadilyincreasing.
Meshescontainingseveral millions of trianglesare nowa-
dayscommonlyused.

In contrastheresolutionof displaysis notincreasingat
the samespeed.Thereforerenderinghighly complex mod-
els resultsin triangleswhoseprojectedareais lessthana
few pixels. Usingstandardcanline-coversionmethodgor

therenderingof thesetiny trianglesbecomesnef cient be-
causeof thenecessargverheador thetrianglesetup.

Hence,above a certaincompleity, pointsarethe con-
ceptuallymore ef cient renderingprimitive. Holesin the
renderedmage(e.g.whenzoomingin) canbe avoided by
image-basediters, by adjustingthe samplingdensity or
by so-calledsurfacesplatting. In the latter caseeachpoint
is associategvith aradiusandanormalvectorandtherefore
representasmalldiscin 3-spacethatis projectedontothe
imageplane.

Anotheradwantageof point-basedendering(PBR) be-
sidegthehigheref ciency is thatit canalsoprovide superior
renderingguality comparedo standargolygon-baseden-
dering. For PBR the lighting computationsare performed
on a per point basis,correspondingo high quality Phong
shadingin the surfacecase. For anti-aliasedenderingso-
phisticatedsplattingtechniquesissigna Gaussianiter ker-
nel to the splats,resultingin an elliptically weightedaver-
age(EWA) ltering of theimage— similar to anisotropic
texture Itering [11].

An additionalbene t of point-basedjeometryrepresen-
tationsis their conceptuakimplicity. Sinceno connectvity
informationexists only a setof pointshasto be storedand
processedHierarchicalencodingschemedor point-based
geometryprovide compacstorageandef cient progressie
transmissiorof thesedatasetsRecently several meshpro-
cessingalgorithmshave beenreformulatedfor point-based
surfacerepresentationdjke e.g. spectralprocessing17],
geometrysimpli cation [18], surfaceediting[25] andmul-
tiresolutionshapemodeling[19].

Thefocusin this paperis onthe nal stageof the point-
basedgeometryprocessingpipeline, i.e. the renderingof
point-sampledyeometry In this topic, existing approaches
offer only a trade-of betweenrenderingspeedand visual
quality. On this scaleone extreme are the sophisticated
purely software-basedmplementation®f Itered splatting
thatprovide the highestrenderingquality. The majordraw-
backof theseapproachess thatthey put high load on the
main CPU, but still do not achiese higher ratesthan 4M
splatsperseconcdbon currenthardware[2].



On the otherextremepeoplearetrying to freethe CPU
for other tasksby making use of graphicshardware for
point-basedenderingmotivatedby the steadilyincreasing
performanceand programmabilityof moderngraphicpro-
cessingunits (GPUs). But since hardware-acceleratiolis
mainly tamgetting polygon-basedenderingthereis no ob-
vious way how to (mis-)usegraphicshardware for high-
quality ltered surfacesplatting. Hence,renderingquality
hadto besacri cedfor renderingspeed|eadingto arender
ing performanceof abose 50M pointspersecond— if the
pointsarerenderechssmallun ltered square$7].

In this paperwe proposea renderingframeavork for
point-basedjeometryproviding high visual quality aswell
asefcient rendering.Our approachis basedon atwo-pass

Itered splattingtechniqueresultingin the a visual quality
comparabldo existing softwarerenderingsystems.Using
programmablgraphicshardwarewe delegateall expensve
renderingtasksto the GPU, therebyminimizing datatrans-
ferandsaving CPUresourcesTheproposedystenrenders
up to 28M mid-quality or up to 10M high-quality Itered
surfacesplatsperseconcbn thelatestgraphicshardware.

2 RelatedWork

Using pointsasrenderingprimitiveswas rst proposed
in thepioneeringvork of Levoy andWhitted[14], followed
by GrossmarandDally [10], presentingalgorithmsfor the
generationas well as and for the renderingof point sets.
Thiswork hasbeenimprovedin the Surfelspaperby P ster
etal. [20]. They sampleobjectsusing3 orthogonallLDls
anduseimage-spacdters to achieve ahole-freerendering.

Alexaetal. [1] uselocal LeastSquaresapproximations
to adjustthe point samplingfor displaying. Their point set
surfaceshave beenextendedo a progressie representation
in [9].

Zwickeretal. [26] introducesurfacesplattingby image-
basedEWA ltering, resultingin high quality anti-aliased
rendering,comparableo anisotropictexture Itering [11].
Similarto thefootprintsof Westwer[24] disc-shapedplats
in object-spacegrojectto elliptical splatswith Gaussiarnin-
tensity distribution in image-space.While this software-
basedapproactis only ableto proces250k splatspersec-
ondit providesthe highestvisual quality. Botschetal. [2]
presentanadaptve octreeencodingschemdor point-based
geometrythat providesvery compactstorageanda hierar
chicalrenderingalgorithm. Their methodis ableto process
upto 14M pointsor 4M high quality Itered splatspersec-
ondby usinga quantizatiorof splatshapes.

All the aborve software-basedenderingmethodshave
proven that point-basedrendering can be superior to
polygon-basedenderingfor highly complex scenesWhile
they can provide very high visual quality, their rendering
speeds limited to about4M splatsper secondon current

hardware. Evenif this point rate may be sufcient for to-
day's modelsthesesoftware implementationscompletely
blockthe CPUfrom othertasksbesidegsendering.

Thereforeseveral authorsproposeto usegraphicshard-
ware for point-basedrendering. Sophisticatedrendering
techniquesusedin software implementationslike e.g. A-
buffers[3], arenot availableon today's graphicshardware.
Hence, the proposedapproachesither lose somevisual
quality or try to compensatdor the missingfunctionality
by multiple renderingpasses.

The rst to use hardware accelerationfor PBR were
Rusikievicz andLevoy [22]. In orderto be ableto render
the large dataset®f the Digital Michelangeloproject[13]
they combinea hierarcly of boundingsphereswith a splat-
ting technique.In orderto blendoverlappingfuzzy splats
in some -depth-slaghey proposeatwo-passenderingap-
proach.

Stammingerand Drettakis[23] dynamicallyadjustthe
pointsampingatefor renderingof complex procedurabe-
ometry This approachis extendedto a mixed point and
polygonrenderingapproactfor comples plantecosystems
in Deusseretal. [8]. Furtherapproachemixing therender
ing of pointsandpolygonshave beenproposediy Chenet
al. [4] andCohenretal. [6]. Althoughwe aretargettingpure
point-basedenderingour methodsouldbeintegratedinto
their algorithmssincewe areusing standardOpenGLren-
deringonly.

Renetal. [21] reformulatethe imagebasedEWA |-
tering of [26] to object-spaceltering in orderto mapthe
surfacesplattingapproactto graphicshardware,alsousing
a two-passrenderingmethod. They rendereachsplatasa
texturedrectanglen object-spaceThis conceptcauseshe
numberof processeghointsto be multiplied by four, slow-
ing down therenderingio about2M—-3M splatspersecond.

CoconuandHege[5] proposdo useanoctree-basespa-
tial datastructurecontainingpointsandtrianglesto do the
visibility calculations.By sortingandrenderingthe octree
cellsfrom backto front in eachframethey avoid usingthe
z-huffer at all. Although this avoids an expensve second
renderingpass,it leadsto the problemthat front andback
sidesof objectsareblendedwithout depthcontrol.

In a very recentpaperDachsbacheet al. [7] present
a hierarchicalLOD structurefor pointsthatis adaptvely
renderedby sequentiallyprocessingt by the GPU. They
reportimpressie pointratesabose 50M pointspersecond,
but the pointsarerenderedasun ltered view-planealigned
smallsquares.

3 GPU-BasedSplatting

In our approaclwe alsoproposeheuseof splatsasren-
deringprimitives,asthey have majoradwantagexompared
to pureone-pixel points. Sincesplatsarenot just a piece-



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

wise constantbut a piecavise linear geometryrepresenta-
tion, they exhibit the samequadraticapproximationorder
astrianglemeshes.Thereforea decentapproximationcan
beachievedwith arelatively low numberof splats offering
a goodcompromisebetweernpolygonalmeshesn the one
handandone-pixel pointson the otherhand.

The conceptof splat Itering by blendingoverlapping
splatsalso providesa muchhigherrenderingquality com-
paredto un Itered pointrenderingthat oftenleadsto high-
frequeng noisein theimage,especiallyin the caseof tex-
turedmodels.

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

Therenderingof point splatsinvolvesseveral sub-tasks:

rst the sizeandshapeof the splatshave to be determined
from the currentviewing parameterso thatwe geta hole-

freeimage(Sec.3.1and3.2). Usingthesetechniqueslone
alreadyresultsin mid-quality elliptical but still un Itered

surfacesplats.Neverthelesst providesamuchbetterrepre-
sentatiorof thegeometrythan x edsplatshapesespecially
noticablenearcontourd(cf. Fig. 1).

Furtherimprovementin visual quality canbe achieved
by blending overlapping splats using splat Itering
(Sec.3.3), resultingin high quality anti-aliasedrendering.
During rendering,splat contrikutions are accumulatedoy
additive bIending,slg that eachpixels containsa weighted
sumof colorvalues ; w;(rghb);. Thereforea nal normal-
ization stepdividing eachpixel's RGB color by the corre-
sponglingsumof weiq};tsis requiredto getthecorrect Iter -
ing (" ;wi(rgh)i)=( ;w). This nal normalizatiorstep
will bedescribedn Sec.3.4.

For all theserenderingtasksour goalis the consequent
delegationto the GPU. Thereforethe algorithmshave to be
formulatedin away they candirectly bemappedo thepro-
grammablevertex andfragmentshader®f thelatestgraph-
ics hardware.
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Figure 2. Transformation pipeline . The map-
ping from eye-space to image-space consists
of a projective warp of the viewing frustum to
the unit cube, a parallel projection and a 2D-
transf orm to match the windo w extent.

3.1 SplatSize

In orderto obtaina watertightrendering,the projected
size of a splathasto be determinedrom the viewing pa-
rametersaandthe splat's positionandradius.

The OpenGLprojectionpipelinefrom eye/cameraoor
dinategothe nal 2Dimageis depictedn Fig.2: Theview-
ing volumeis givenby the distancedo the near(n) andfar
(f) clipping planesandthe parametergop (t) and bottom
(b) controlling the openingangle. After this frustum has
beenprojectively warpedto the unit cube[ 1;1]°, a sim-
ple parallelprojectionis doneby omitting the z coordinate,
resultingin 2D coordinatesn [ 1; 1. Finally these2D co-
ordinatesare scaledup by the viewport mappingto match

This canalsobe consideredas projectingthe viewing vol-
umeontothenearplanez = n andscalingthe resulting
coordinatedy ;.

Theimage-spacsizeof a splatis the sizeof its projec-
tion ontothe imageplane. The exactresultis quite expen-
sive to compute,sinceit dependon the splatposition as
well ason the splatnormal. Insteadwe approximatethe
sizeby projectingthe boundingsphereof the splatandne-
glectingits x andy offsetsfrom the optical axis, as also
proposedn [4].

The image-spacesplat size sizgyj, canthen be com-
putedby a projectiononto the nearplaneanda scalingto
transformfrom nearplanecoordinateso image-planeco-
ordinates:

n h

Zegye t b (1)

SiZ&yin =
wherezgye is the splats distancefrom the cameray is its
radius,andn, t, b, h aretherespectre projectionparameters
depictedn Fig. 2.
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Figure 3. Splat size and shape. Adjusting
the splat size just results in screen-space
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 show the
effect).

Adjusting the image-spacesize causesa Sizgyp
Sizgyin image-spacsquareto be rendereccenteredat the
splatcenters projectedposition(cf. Fig. 3, topright).

3.2 Splat Shape

Sincea splatrepresents smalldiscin object-spaceits
projectionontotheimageplaneis anellipse. Theradii and
orientationof this ellipsedependn the splat's normalvec-
tor transformedto eye-coordinates.Adjusting the splat's
shapebasedon its eye-spacenormal vector resultsin the
desiredbehaiour (cf. Fig. 3).

Initially theadjustmendf splatsizecausesmallimage-
planealignedsquarego berendered For eachof its pixels
we have to determinewhetherit is the projectionof a point
insideor outsidethesplat,i.e. whetherthepointcorrespond-
ing to the pixel hasa distanceto the 3D splatcenterthatis
lessthanthe splatradiusor not.

Similarto [5] weusetheNV_point _sprite  extension
to get a parameterizatiorof the image-spacequareover
[ 1;1]%. For apixel having coordinategx;y) 2 [ 1;1J
we computeits depthoffset z from the splatcenterasa
linear function determinedby the eye-spacenormalvector
(nx;ny;nz)T, cf. Fig. 4:

- Ny

z= n X n. y (2)

Thedepthoffset z canthenbeusedto computethe3D-
distancefrom the splat center: the pixel correspondgo a
point inside the splatiff the length (x;y; z)T , IS less
thanone. Note thatthe depthoffset z is just anapproxi-
mation,sincewe assumea parallelprojectionin Eq. 2, ne-
glectingthe anglebetweenthe viewing ray andthe splat's

’
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Figure 4. Depth correction.  Adjusting the
image-space splat size yields a square par-
allel to the image plane. The required
depth correction z can be computed from
the image-plane square coordinates (X;y) 2
[ 1;1]? and the splat's eye-space normal vec-
tor n.

normal. Sincethis may causeellipsesto becometoo at
(resultingin holes),we boundthe maximumforeshortening
of theellipses,asalsoproposedn [22, 5].

Using the correctsplatsize and splatshaperesultsin a
hole-freerenderingvith amuchbettervisualquality of con-
tours,sincethetypical thickeningeffect of squaresplatsis
effectively avoidedby elliptical splats(cf. Fig. 1 andFig. 3).
Neverthelessor highquality anti-aliasingve shouldusethe
splat Itering describedn thenext section.

3.3 SplatFiltering

For splat Itering eachsplatin object-spacés associated
a radially decreasingsaussianweight function. The pro-
jectionof this Gaussiarresultsin animage-spacelliptical
Gaussiamwhosevaluesareusedto blendtherespecitie pix-
els. Thereforetheimage-spacaveightof a pixel is a func-
tion of the 3D distanceof its correspondingobject-space
pointto the splat's centeri.e.thenorm (x;y; z)' , that
hasalreadybeencomputedto determinethe splat shape.
Hencethe nal weightcanbelookedupin a1D Gaussian
texture:

(x;y) = Gauss®&turelD (x;y; z)" 3)

For the conceptof splat Itering overlapping splats
shouldbe blendedif andonly if their z-distanceis suf-
ciently small, otherwisethe splatin front shouldoverwrite
the splatbehind.While software-basea@lgorithmscaneas-
ily implementhisbehaiour using,e.g.,modi ed A-buffers
[3], thereis nowayto mapthis -depth-testo currentgraph-
ics hardware. Althoughsomesplatscanbe culled basedn
theirbackfcingorientation thisis notsufcient in thegen-
eralcase.



Figure 5. Splat Itering

un ltered

Thereforewe use a two-passrenderingapproach like
proposedn [22,21]: In a rst pasghescendsrenderedust
to the z-buffer, with all z-valueshaving an -offsetaddedo
them. If for the secondpassthe z-buffer updateis turned
off, i.e. the z-valuesfrom the rst passareusedread-only
this resultsin the desiredblendingof splatswhosedepth
distances lessthan .

For this -depthtestto work reliably we have to make
surethateachpixel's depthvalueis correct.Sincethesplats
we renderare up to now just image-planealignedellipti-
cally timmed rectanglesall of their pixels' depthvalues
equalthedepthvalueof thesplat's centervertex (cf. Fig. 6).
Especiallywhenviewing a splatfrom a at anglethis will
lead to large errorsin the depthcomponentresultingin
blendingartifactsnearcontours.

To addresshisissuewe usea perpixel depthcorrection,
i.e.for eachpixel we computdts correctdepthvaluein win-
dow coordinatedbasednthesplat's eye-spacaormalvec-
tor. Thecorrespondingbject-spacéepthoffset z w.r.t. to
thesplatcenterthasalreadybeencomputedo determinghe
splatshapeseeEq. 2.

Therequiredwindow z-coordinatez,y;, hasto be com-
putedfrom theadjusteceye-space-coordinateeyet+ z by
applyingthefrustumandviewportmappingtoit (cf. Fig. 2).
Thistransformatiorcanbewritten as

a Zeye+ V4 +b_

Win T T g 2 (4)
wherea= f=(f n)andb= 2fn=(f n) arederived
from the compositionof projectionandviewport mapping.
Thefrustumparameter$ andn areagain the distancego
thenearandfar plane respectiely.

In the secondrenderingpasswe accumulateall splats
passinghe -depthtestlgyweightedagditiveblending,such
that eachpixel stores( ; i(rgh)i; ; i). Hence,in a
nal normalizationstepthe RGB parteachpixel hasto be
dividedbyits component.

including per-pix el normalization results in high quality image reconstruction.
This effect becomes especiall y visib le in the case of high frequency textures.

While in the left

image alias-pr oblems appear, the splat Itering on the right provides a smooth result.

Figure 6. In order to show the effect of depth
correction the z-buffer of the left scene has
been re-projected using the techniques of
[12]. While splats rendered without depth
correction (center) have constant depth, like
being parallel to the image plane, per-pixel
depth correction solves this problem and
avoids blending artifacts (right).

3.4 Per-Pixel Normalization

In [5] all splatsareblendedin back-to-frontorderwith-
out takingthe depthbuffer into account.Theresultingarti-
factsareacceptedor theadwantageof aone-passendering
algorithm. In contrastthe issueof correctEWA splatting
includingtherequirednormalizationhasbeenaddresseth
[21]. Insteadof doinga perpixel normalizatiorthey switch
to a lower quality persurfel normalization,wherethe sum
of -weightsis approximatedo be constanfor eachsplat.

On todaysgraphicshardware,however, a perpixel nor
malizationcanbe performedvery ef ciently. Readingthe
buffer, doingthe normalizationon the CPU andwriting the
resultingbuffer backmaybea rst idea,but is in factpro-
hibitively expensve becaus®f therequireddatatransfer

Insteadwe proposeo accumulatehe weightedsplatsin
anoffscreerbuffer. Thisbuffer canthenbeusedasatexture
for one single rectangleof the window's size. Rendering



this rectanglewill causeeachpixel to go throughthe frag-
mentpipelineagain, sothata pixel shadercando the nec-
essarydivision by

Sincethis techniqueeffectively avoids sendingthe pixel
dataover the AGP bus, the perpixel normalizationcanbe
performedat the costof renderingone textured rectangle
usinga smallpixel shademprogram.Comparedo thetime
thetwo renderingpassesake, thisis basicallynegligible.

Theresultingimagesprovide a high visual quality com-
parableto existing software-or hardware-basedmplemen-
tationsof EWA ltered surface splatting (c.f. Fig. 5 and
Fig. 8). But, aswe will describein the next sectionsour
approachs siginicantlyfasterthanexisting methods.

4 Implementation

Our implementationis basedon OpenGL, the results
we presentare measuredn a 2.8GHz Pentium4with a
GeForceFX5800Ultra graphicscard, running Linux. We
delegate the differentrenderingtasksdescribedn the pre-
vioussectiongo theprogrammableertex shadergl5] and
pixels shadersrespectiely. Although we usedNVIDIA
speci ¢ OpenGL extensions,the samewould have been
possibleusing the recently releasedvendor independent
ARBvertex _program andARBfragment _program
extensionr evenusingthemorecomfortableandplatform
independentanguageCg [16].

Datalayout: Whenprocessingomple pointdatasetin-

cluding additional datalike, e.g. normalsand colors, the
data transfercan becomethe limiting factor Therefore
the static scenegeometryis storedin video or AGP mem-
ory sothatit canbe accessethy the GPUin 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 orderto

prevent cachemissesthe datashouldbe arrangedn inter

leavedvertex arrays.

Vertex stage: A vertex programis usedto transformthe

vertex positionandto computethe eye-spaceormalvector

Using Eg. 1 it computeghe image-spacesplatsize,where
roundingtheresultingsizeto anintegervalueturnedoutto

increaseef ciency. Finally the vertex programsetsup the

datarequiredfor computingthe perpixel depthoffsetand
depthcorrection. This datais passedo the fragmentstage
in thetexture coordinateegisters therebykeeping32 bit of

accurag.

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

This program rst combineslighting and texture/colorin-
formation,wherethelighting canbe precomputeéh acube
map for higherefciency. In orderto computethe depth
offset a parameterizatiorof the splat squareis required.
Usingthe NV_point _sprite  extensiontheseparameter
valuescanbe derived from the point sprite texture coordi-
nates.They areusedto computethe depthoffsetaccording
to Eq. 2. Eitherthe (squarednorm (x;y; z)7 2 (no I-
tering) or the correctGaussiarweight ( Itering) arestored
in the componentsothatthe testcandiscardpixels
outsidethe elliptical image-spacaplat. For splat Itering
andblendingadditionallythe perpixel depthcorrectionhas
to bedone(Eq. 4).

Blending: In orderto accumtrgatethe weigpted contri-
butions of splatsin the form ( ;, i(rgb); ; ) dif-
ferent blending modes have to be used for the RGB
and components,which can be achiezed using the
EXT.blend _func _separate extension.

Normalization: For the nal perpixel normalizationthe
two renderingpassearerenderedo anoffscreerbuffer that
is thenusedastextureimagefor a window-sizedrectangle.
In orderto allow for non-paver-of-two viewportwidth and
heighttheNV_texture _rectangle extensionis used.

Performance The bottleneckof our renderingalgorithm
is thefragmentprocessingmainly becaus®f the perpixel
depthcorrection.In orderto avoid generatingunnecessary
fragmentswe addeda backfce-cullingmethodto the ver-
tex shaderthat drops a splat dependingon its eye-space
normalvector This simpletechniqueeffectively removes
about40%of the splatsandspeedsip therenderingsigni -
cantly However, sincefragmentprogramsareavery recent
featurethey aresupposedo have room for improvements,
sothatfuturedriversor cardswill yield betterperformance.

5 Discussion

Our point-renderingnethodcan be usedon two differ-
entquality levels: for the fasterbut the lower quality solu-
tion we only adjustsplatsize and splatshapeasdescribed
in Sec.3.1and3.2. As shavn in Fig. 1, this alreadygives
muchbetterresultsthanusing x edsplatshapesndeffec-
tively avoidsthetypical thickeningeffect nearcontours.On
this quality level our methodis ableto renderabout28M el-
liptical un- Itered splatspersecondna2.8GHzPentium4
with a GeForceFX5800Ultra graphicscard.

For high quality Itered surfacesplattingwe have to use
two renderingpassespecauseon current graphicshard-
ware thereis no otherway to implementthe -depthtest
describedn Sec.3.3. As proposecby Dachsbacheet al.



512 512 1024 1024
#points  un ltered Itered un ltered Itered
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
brackets are million splats per second.

[7] addingthis additionalfeatureto future GPUswould in-
creasethe renderingperformanceor high quality Itered
primitivesby a factorof two. However, our currentimple-
mentationis basedon a two-passrenderingand the nec-
essaryperpixel normalization. It achieres a splatrate of
about10M high quality Itered splatspersecond.

We testedthe performanceof ourimplementatiorusing
modelsof stronglyvarying compleities from 100k points
up to 1.6M points. Table 1 lists the respectre rendering
timesin framesper secondsandin million splatsper sec-
ond. Sinceour renderingapproachis limited by the frag-
mentprocessingpeed modelscontainingmore pointsre-
sultsin highersplatratesasthe projectedsizeof splatswill
be smaller Comparingthetimingsfor awindow resolution
of 512 512 0r 1024 1024 respeociely, con rms this
result. Sincefor the more complex modelsprojectedsplat
sizesarestill just afew pixels, their renderingspeedstays
almostthe same. Low compl&ity modelsgeneratdarger
image-spacsplats puttingmoreloadon thefragmentpro-
cessing.

Comparingour approachto the one of [21], we follow
more closely the idea of point-basedendering,sincewe
represenandrendereachsplatusingjust onevertex. Since
our resultingsplatrenderingis mainly pixel-basedseveral
computationsanbe formulatedeasierandsolved moreef-
ciently. E.g.in orderto computethe depthoffset for
the rst renderingpassRenetal. have to shift eachvertex
alongtheviewing raysin object-spaceSincewe updatethe
fragments depthvalueanyway we just have to changeone
constantparametef the pixel shader Anotherlimitation
of [21] is the symmetricmatrix decompositiorthat hasto
bedonefor eachvertex in orderto computethe correspond-
ing object-spaceectangles cornerpositions. Again, we
determinethe splatshapeand Gaussian -maskby simple

rendering. The r st values are frames per second, the values in

image-spaceomputationsasdescribedn Sec.3.2. While
the approachof [21] rendersup to 3M surface splatsper
secondusingthe heuristicpersurfelnormalizationpurim-
plementatiorachievessigni cantly highersplatratesusing
the perpixel normalization.

It is harderto compareour approactto thework of Co-
conuandHege [5] sinceboth methodsaretargetingdiffer-
entgoals. By usingonly onerenderingpassandblending
all splatsregardlessof their depthdistance[5] tradevisual
quality for renderingspeed.In constrastve aim ata depth-
correctimplementatiorof Itered surfacesplatting,requir
ing theexpensvetwo-passapproachNeverthelessve man-
ageto achieve higherframerates. The major bottleneckof
[5] seemgo bethe CPUintensve sortingof theoctreecells
from backto front, whereasour methodputsno load at all
onthemainCPU.

While our approachs signi cantly slower than[7], we
achieve improved visual quality even whenusinglesssur
facesplats,sincethe piecaviselinear splatshave betterap-
proximationproperties Nevertheles®ur renderingnethod
shouldseamlesshyntegrateinto the sequentiapoint trees.
This promisingcombinationwould resultin a GPU-based
hierarchicalevel-of-detailrenderingof high-qualitysplats.

6 Conclusion

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

We proposethe consequentelegation of the involved
renderingtasksto the GPU, sincethis keepsthe CPU free
for othertasks. As more and more point-basedyeometry
processingnethodsareused,t is evenmoreimportantthat



thesealgorithmsdo not have to shareCPU resourcesith

the renderingprocess. Sincethe ef ciency aswell asthe
programmabilityof currentGPUsis increasingat a much
higherratethanCPU performanceusingthe GPUfor most
efcient renderingseemso be the straightforvard conse-
guence.

Futurework includesan implementatiorbasedon ven-
dor independentARB extensionsonly or even using the
high-level languageCg. This would provide high quality
splatrenderingfor on a wider rangeof graphiccards. A
very promisingdirectionof futureresearclis theintegration
of this work into the sequentiapoint treesof Dachsbacher
etal. [7], sincethis would resultin a high quality hierar
chicallevel-of-detailrenderingalgorithmthatis completely
processetby the GPU.
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Figure 7. Some models we tested our implementation on and whose rendering timings and comple x-
ities are shown in Table 1. From left to right: St. Matthew, Max Planck, Male, Balljoint, Chameleon.

Figure 8. Splat Itering results in high quality
image reconstruction similar to anisotr opic
texture lItering. In the upper left image and
the upper close-up no ltering has beed used,
leading to strong alias-artifacts. Splat I-
tering instead effectively removes these ar-
tifacts (upper right and lower close-up).

Figure 9. The models of Michelang elo's David
and Charlema gne are both 3D range 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 range
scans.



