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Abstract

Surfacesplattinghasdevelopednto a valuablealternativeto triangle meshesvhenit comego renderingof highly
detailedmassivedatasetsHowever, evenhighly accuiate splatapptoximationsof the givengeometrymaysome-
timesnot provide a sufcient renderingquality sincesurfacelighting mostlydependson normal vectos whose
deviationis not boundedby the Hausdorf approximationerror. Moreover, current point-basedenderingsystems
usuallyassociatea constaninormalvectorwith ead splat,leadingto renderingresultswhich are compaableto

at or Gouraudshadingfor polygonmeshes.

In contrast, we proposeto basethe lighting of a splaton a linearly varying normal eld associatedwith it, and
we showthat the resultingPhongSplatsprovide a visual quality which is far superiorto existingapproaces.We
presenta simpleandeffectivewayto constructa Phongsplatrepresentatiorfor a givensetof inputsamples.

Our surfacesplattingsysterris implementeadtompletelybasedon vertex and pixel shades of current GPUsand
achievesa splatrate of up to 4M Phongshaded, Iter ed, and blendedsplatsper secondln contrastto previous
work, our scancorversionis projectivelycorrectper pixel, leadingto more accurate visualizationandclipping at

sharpfeatues.

1. Intr oduction

Surface splattingis a well-establishedechniqueto render
high quality imagesof geometricobjectsthat are given by

asufciently densesetof samplepoints. The ideais to ap-
proximatelocal regionsof the surfaceby planarellipsesin

object spaceand then renderthe surface by accumulating
andblendingtheseellipsesin imagespace From the geo-
metric point of view, the setof ellipsesde nes a piecavise

linearapproximatiorof the givengeometryandthesizeand
aspectatio of theellipsesdependnthelocal principalcur

vatures(andthe approximationtoleranceprescribedy the

user).

Usually eachsplatis associatedvith a normalvectorin
orderto computelocal lighting, which leadsto a piecevise
constantshading— similar to at shadingfor polygonal
meshesBlending the splats' color contritutions by Gaus-
sian ltering improves the renderingfrom at shadingto
Gouraudshading.For polygons,much bettervisual quality
is achievedby Phongshading wherenormalvectorsarelin-
earlyinterpolatedacrosdrianglesleadingto a continuously
varyinglighting [Bui75]. However, normalinterpolationre-
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quiresconnectvity informationwhich is usually not avail-
ablefor surfacesplats.

Thebasicideaof Phongsplattingis to associate linearly
varying normal eld with eachsplatinsteadof keepingthe
normalconstantBy this, we achieve the samevisualquality
asPhongshadedolygonsbut we presere all theimportant
adwantageof point-basedsurfacerepresentations.g.,we
do nothave to constructa globally consistentonnectvity.

The rst to proposethe useof avaryingnormal eld for
surfacesplattingwere [KV01], generatinghormal mapped
splatsby samplingposition and cunvature information of
NURBS surfaces.n this paperwe presentan algorithmfor
thegeneratiorof Phongsplatshatprovidesasimplerformu-
lation aswell asa morerobustandaccurateapproximation
of thegeometryaswell asof its normal eld.

In orderto generatePhongsplat representationsve as-
sumethat the input dataconsistsof a setof samplepoints
with associatechormal vectors.Hence,eachpoint can be
consideredsa5-dimensionatampleThe rst threeentries
arethespatialpoint coordinatesndthelasttwo entriesrep-
resenthe (normalized)normalvector
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To approximatea certain surface region by an elliptic
splat,we t aleastsquareplaneto the correspondinget
of samplepointsthatbelongto this region. Thenwe project
the sampledto this planeand t a minimum enclosingel-
lipse. To derie the linear normal eld, we do exactly the
samej.e.we t alinearfunctionto thenormalvectorsin the
leastsquaresense.

The renderingof the resulting Phong splat representa-
tions canbe implementedvery ef ciently by exploiting the
featuresof modernprogrammablegraphicprocessorsOur
systemdelegatesall renderingtasksto the vertex and pixel
shadeunitsof theGPUandachiezesarenderingspeedf up
to 4M high-quality Itered Phongsplatsper second.Com-
paredto standardpoint-basedenderingalgorithms,Phong
splatting needssigni cantly fewer splat primitivesto pro-
ducethe samevisual quality. Taking this into account,our
methodis also more efcient than previous high-quality
splattingapproaches.

Besideshigher performanceanotheradwantageof map-
ping the completerenderingprocesgo the GPU is thatthe
CPUis freeto handlethe actualprocessingf the geometry
data.Hence the geometryprocessinglgorithmsalsobene-
t from Phongsplatsaslessprimitiveshave to bestoredand
processed.

2. RelatedWork

Pointshave rst beenproposedas renderingprimitives by
Levoy andWhitted[LW85], followedby point-basedender
ing approachedasedon image-spaceeconstructiortech-
niques [GD98, PZvBG00,SD01] or object-spaceresam-
pling [ABCO 01,FCQASO03].

In contrastto this, surface splatting [ZPvBGO01] avoids
holesin the renderedimage by associatinga normal vec-
tor and a radius with each point, thereby considering
them as small discs or ellipsesin objects space.Build-
ing on this work, several point-basedenderingapproaches
have beendeveloped,the early ones being implemented
in software and thereforeputting a high load on the CPU
[zPvBG01,BWKO02].

Theincreasingef ciency andprogrammabilityof modern
graphiccardstriggeredthe developmentof hardware-based
splatting methods,starting with [RLOO]. The approachof
[RPZ03 renderssplatsusingobjectspacequads,causinga
multiplication of the numberof verticesto be processedby
a factor of four. More ef cient approachesnanageto ren-
derjustonevertex persplatandusevertex andpixel shaders
for the splatrasterizationBut alsothesemethodsrepresent
atrade-of betweenrhigh visual quality andefcient render
ing, differing in therenderingprimitivesand ltering meth-
odsthey use.Splatshapegangefrom simpleimagespace
squaregDVS03 over circular splats[CH02,BK03] to el-
liptical splatsthatnicely adaptto thelocal surfacecurvature
[ZRB 04].

High quality anisotropicanti-aliasingcan be achiezed
by assigninga Gaussianlter kernel to splats. Combin-
ing theseobject-spacaeconstructiorkernelswith a band-
limiting image-spacdter resultsin the high quality EWA
splattingtechniqugZPvBG01 RPZ02,ZRB 04].

However, all methodsmentionedabore use a constant
normalvectorfor lighting splats)eadingto resultssimilarto
at shadingn thepolygonrenderingcaseBlurring theshad-
ing discontinuitiesby Gaussianltering achieves render
ings comparabldo Gouraudshading Betterresultscanbe
achiesed by a perpixel EWA averagingof normalsin com-
binationwith deferredshadingasproposedy [ZPvBG01]
However, non-constannhormal elds yield an even higher
visual quality, as rst proposedby Kalaiah and Varshng
[KV01, KV03]. Sincetheir approachs the one mostsimi-
lar to ours,we will compareo it in moredetailin Sec.5. A
comparisorto [ZPvBGO] is givenin Sec.6.

Being piecevise linear primitives, surface splats also
gainedincreasingattentionasanalternatve geometryrepre-
sentationsincethey exhibit the sameapproximatiorpower
astrianglemeshesAs aconsequenceagreralgeometrypro-
cessingalgorithmshave beendevelopedfor point-basedye-
ometriesPG01,ZPKG02 PKKG03 PKGO0J. Therunning
time of thesealgorithmsis mostly dominatedby the num-
ber of splat primitives. To enableef cient processingand
renderingof thesedatasetssimpli cation and resampling
techniquedor point-basedgeometryhave beendeveloped
[PGKO02 Pajo3,WKO04]. We build upon this kind of ap-
proachesby addinga linearly varying normal eld to the
splatprimitives.

We simplify and improve the splat generationphaseof
[KV03] in Sec.3 andproposea Phongsplatrenderingsys-
tem that combinesperpixel lighting and high-quality |-
tering and correctly computesthe projection per pixel in
Sec.4. Finally Sec.6 shows thatthe resultingPhongsplat-
ting framework providesa superiorratio of quality to speed
comparedo existing splattingapproaches.

3. PhongSplat Generation

Givenadensesetof (input) surfacesamplep; weuseatech-
niquelike the onedescribedn [WKO04] to generatean op-
timized setof elliptical surfacesplatsthatapproximateshe
input datawithin a prescribecerrortolerancee. The ideaof
this techniqueis to locally estimatethe principal cunature
directionsat every input sampleand to align the ellipses'
axesaccordingly An initial selectionof splatsthatcoverthe
completesetof sampless thenoptimizedby a globalrelax-
ationprocedure.

The outputof this procedurds a setof elliptical surface
splatsS; that provide an approximationof the input point
cloud. A splatis de ned by its centercj andtwo orthogo-
nal principaltangentdirectionsuj andvj. Thetangentsare
scaledaccordingto the correspondingllipseradii suchthat

¢ TheEurographic#ssociation2004.



Botsd, SpernatKobbelt/ PhongSplatting

0,0,1) (xy.1)
A /

0.0

Figure 1: Sincelengthsare not importantfor the normal
tting procedue, normalsare representedas hom@eneous
pointson an offsettangentplane

anarbitrarypointq in the planespannedy u; andv; liesin
theinterior of thesplatS; if its local parametewaluesu and
v satisfythe condition

= ul@ o) ¢ V@ o) 1

Theinsidetestcanbeappliedevento pointsthatdonotlie in
thesupportingplaneof thesplat.In this casethetwo param-
etervaluesu andv correspondo the orthogonalprojection
of g into thatplane.

EachsplatS; is associatewith asub-seP; of thesamples
pi which arecoveredby it, i.e., which are containedn the
elliptical cylinder generatedy offsettingthesplatin normal
directionby eandby erespectiely. Noticethatusuallywe
expectPj\ B8 ; for neighboringsplatsdueto the mutual
overlap.

Thebasicideaof Phongshadingis to assignexplicit nor
mal vectorsto theverticesof apolygonmeshandthento in-
terpolatethesenormalsin a piecaviselinearfashion.Phong
splatting doesthe same,exceptthat we cannotinterpolate
normal vectorsof neighboringsplats,sincein generalno
connectity informationis available.Hence,for eachsplat
we derive a linear normal eld from the associatedset of
samples;.

For the geometrictting the splat's centerandtangential
directionsareusuallyderivedby tting aplanetothesample
pointsp; 2 Pj in the leastsquaresenseWe do exactly the
samein orderto t alinearnormal eld to thegivennormals
n; associateavith thesamplepointsp;. Thisnormal eld N;
is speci ed by a centernormaln; andtwo scalarvaluesa j
andbj, suchthatthe (unnormalizedpormalof a pointg on
thesplatS; with parametewvalues(u;v) is

Nj(u;v) = nj+ uajuj+ vbjvj; 2
i.e.wetilt thecentemormalalongthetangentiadirections.

For thenormal tting we represent givennormalvector
n; w.r.t. thelocal framespannedy thesplatstangendirec-
tions (uj, vj) andits normal(u; vj). Notethatthe center
normaln; generallydiffersfrom u; v in orderto mini-
mizethenormalerroroverthewholesplat.
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For later lighting computationsthe length of the inter-
polatednormal vector is not relevant, sinceit can be re-
normalizedor is usedfor accessing cube-magSec.4). As
a consequenceye cansetthe third local-framecoordinate
of nj to 1 suchthat eachnormal vector is actually repre-
sentedby apoint(x;y) onanoffsettangentplane,similarto
homogeneousoordinategcf. Fig. 1).

If the centernormal n is representedy (X;y), and if
(ui;vi) denotethe parametewvaluesof the samplep; and
(xi;yi) its local-framenormalvector the normal tting can
bewritten asa setof linearequations

X uia ! Xi

— = 8pi2 P,

y vib Yi Pieti
whicharesolvedfor (x;y), a andb in theleastsquaresense,
e.g.usingthe normalequationgAT Ax= ATb). Sincein the
above equatiorthex andy componentareuncoupledit can
be furthersimpli ed to thesolutionof two 2 2 linearsys-

tems:

P auy X ax
N = o 3)
au  auy a axXu
Piav y ayi
o o = o ; 4
avi av b aYivi @

wherethe summatioris doneover all p; 2 Pj. If thesesys-
temshappento be underdetermineds.qg.if Pj containsless
than 2 sampleswe computethe leastnorm solutionusing
thepseudo-imerse[GL89].

Note thatthe overall methodworks bestif the tangential
directionsare roughly alignedto the directionsof minimal
and maximumnormal deviation of the samplenormalsn;,
i.e.totheprincipalcurvaturedirectionsf thisis notalready
provided by the geometrytting schemelike e.g.[WKO04],
thedirectionsuj andv; caneasilybeestimatedy theeigen-
vectorscorrespondingo the two smallereigervaluesof the
covariancematrix of samplenormalsg; niniT (see[Gar99g
for details).

Theresultof thisnormal tting processs acentemormal
n;j andtwo scalarsaj andb; associateavith eachsplatS;,
representingnoptimal t to thegiveninputnormals.

4. PhongSplat Rendering

In this sectionwe shav how to renderthe Phongsplatrepre-
sentatiorbasedn thefeatureof modernGPUs.ThePhong
splattingsystemwe proposeis targeting at superiorvisual
quality, thereforewe combineperpixel lighting usinglinear
normal elds with elliptical splatshapesindantialiasingoy
Gaussianltering andblending.

For efciency reasonswve want to rendereachsplat by
sendingonly onevertex throughthe graphicspipeline.Like
in previous approachesye determinethe projectedsize of
thesplatandadjustthe OpenGLpointsize,suchthata suf-
cientlylargesquarewill begenerate@ndrasterizedln order
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Figure 2: We computethe point g correspondingo a given
window pixel by castinga ray throughthe respectivepoint
gn onthenearplaneandintersectingit with thesplatplane

to avoid the complicateccomputatiorof the exactprojected
size [ZRB 04], we conseratively estimateit by perspec-
tively foreshorteninghe larger of the ellipse radii r using
thedepthvaluezeye of the splatcenterc like in [BKO3]
size= or M v :

Zeye t b
wheren, t andb arethe parametersf the viewing frustum
(cf. Fig. 2) andhyp is the heightof the viewport.

®)

This will rasterizea size sizeimage-spacesquaresuch
that we have to determinethe local splatparametewvalues
for eachpixel generatedy it. Basedon thesecoordinates
we decidewhetherthe pixel is within the splator should
be discardedl|eadingto the correctelliptical splatshapeln
contrastto otherapproachesve basethis on the computa-
tion of theexact3D point correspondingdo the currentpixel
positionby invertingthe viewing andprojectiontransforma-
tions. The rst stepis to computethe point gn on the near
planethatis beingprojectedo the currentwindow pixel po-
sition (x;y), which is basicallyaninversionof the viewport
transformation:

0 1
X s %
m=oyE %K
hp 2
n

wherews pypg andh yog denotethewidth andheightof the
nearplaneandviewport, respectiely. Castingaray fromthe
origin (theeye) throughthis pointandintersectingt with the
splat's supportingplaneyieldsthe correspondingpointq on
thesplat(cf. Fig. 2):

c'n
q=0n ain’ (6)
wherec andn denotethe splats centerand normal vector
in eye coordinatesAfter computingg, the parameteralues
(u;v) caneasilybe determinecby Eq. 1. If the pixel is ac-
ceptedj.e. w+v2 1,we computeits normalvectorusing

Eq.2 andderive a color by lighting it.

If technicaldatasetsreto be renderecby surfacesplat-
ting, sharpedgesor cornerscanbe representedby clipped
splats,as rst proposedy [PKKGO03]. Basedon the object-
spaceparametewralues(u; V), this methodcaneasilybein-
tegratedinto our framevork. We represeng clip line in the
splat’s tangentspaceby threescalarya; b; ¢), suchthatthe
point g is to be clippedif au+ bv+ c< 0, i.e. at the cost
of onedot product.Noticethatthisis mucheasiercompared
to [ZRB 04], sincetheirapproachrequiresthe projectionof
two pointsrepresentinghe clip line to imagespacen order
to dothe half-spaceestthere.

What remainsto be doneis correctingthe pixel's depth
valuethatwould otherwiseequalthedepthvalueof thecen-
ter point all over the splat,causingblendingartifactsaswas

rst pointedout by [BKO03]. Sincewe know the exactdepth

in eye-coordinates)z, we canderive the fragments depth

valuez,p by

1 fn f
—

T T T

Notethatthis actuallyresultsin perpixel correctdepthval-
ues,in contrasto previousapproachessingaf ne approxi-
mationsto the projectve mapping[BK03, ZRB 04].

4.1. Implementation Details

In order to renderan elliptical Phongsplat we sendone
(colored)vertex locatedat the centerpositionc throughthe
OpenGLrenderingpipelineandpassthe (scaled)tangential
vectors(u, v) andthenormal eld (n, a, b) astexture coor

dinatesHencen comparisorto standarcklliptical splatting
approachesve need17 insteadof 12 oating point values
per splat. However, sincewe needone order of magnitude
fewer splatprimitivesto achieve the samevisualquality, the
overall memoryconsumptioris lower for Phongsplats.

A vertex programtransformsthe splatcenterto window
coordinategndthetangent@ndcentemormalto eye-space.
It alsocomputeghesizeof theimage-spacsequareo beras-
terized(Eqg. 5) andoptionally (for closedmodels)a conser
vative backBcetestbasedon the transformechormal eld.
In addition,the vertex programprecomputeshe scalednor-
maln (c'n) ?forthelaterrayintersection(Eq.6).

In thefragmentprogramwe thenneedonly 6 instructions
to computethe local parametervalues.Basedon them,we
either discardthe fragmentor computeits normal vector
For efcient perpixel lighting, we usea cubemapto store
precomputedighting termsasa functionof normalvectors.
This precomputatiorderives the lighting componentghat
are independenfrom the surface color, basedon lighting
conditionsand achromaticsurface re ectance.Colored or
textured modelscanthenbe renderedby multiplying these
intensity valuesby the color of the splator pixel, respec-
tively. In the caseof achromatidight sourcegr=g=b), we
canevenstoreseparataliffuseandspeculatintensityvalues
in oneluminance-alphaubemap.
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Figure 3: Aleastsquaesplane(dashedgeneally provides
a betterapproximationto a setof samplepointsthana tan-
gentplane(solid).

Whenrenderingmodelscontainingclippedsplats,we or-
derthemsuchthat rst all non-clippedsplatsare rendered
andthenall splatswith oneor two clipping lines. This min-
imizesthe overheadcausedy additionalsplatattributesby
switchingtherespectie shadeiprograms.

For high-quality Itering andblendingwe exactly follow
the approachof [BK03]. We assigna radially decreasing
weightto splatpixels and sumup their weightedcontritu-
tions by alphablending.In orderto blendonly overlapping
pixelswith slightly differentdepthswe have to usetwo ren-
dering passesthe rst onedoing so-calledvisibility splat-
ting. A nal normalization,i.e. a perpixel division by the
sum of weights,is donein a pixel shaderby renderinga
viewport-sizedquadthatis textured by the outcomeof the
two renderingpasses.

5. Discussion

Usingvaryingnormal elds for splatrenderingvas rst pro-
posedby [KVO1]. They generatgoint datasetdy sampling
continuoussmooth NURBS surfacesor triangle meshes
[KV03], usinga local Taylor expansionto estimatediffer-
entialpropertiesat the splatcenter The geometryis approx-
imatedby the tangentplaneat the splatcenterand normal
vectorsare constructecasedon the principal curvaturesat
thecenterpoint.

In contrast,the input datawe considerare just sample
pointswith associateshormalvectors,.e. we donotrequire
explicit surface geometryor topology information. In this
sensepur approachmorecloselyfollows the spirit of point-
basedgraphicsIn addition,our splatgeneratiorphasedoes
not even requirethe samplenormalsto be consistentlyori-
entedastheorientationis canceledutby thehomogeneous
normalrepresentationTo get consistentlyorientednormal
elds for therenderingprocesspnly the splatsS; (de ning
the offset tangentplanes)should be consistentlyoriented,
but their numberis signi cantly smallerthanthe numberof
theinputsamples.

Comparinghetwo approximatiormethods|eastsquares
planescanapproximatehelocal geometrybetterthanatan-
gentplane(cf. Fig. 3). In strictly corvex/concae con gura-
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tions, the approximationerror of the leastsquaressolution
is roughly half of the error of thetangentplane.In the same
senseour leastsquaresinearnormal eld approximatedet-
ter thanthe normal eld of a quadraticsurfaceapproxima-
tion usedin [KVO1].

Fromasignalprocessingoint of view theirapproachs a
subsamplingporocesswhile we approximateboth geometry
andnormalsby leastsquaresnethodswhich canbe consid-
eredasalow-passltering processHence,our approxima-
tion effectively avoids alias artifacts,that would otherwise
resultin shadingdiscontinuities.

The normalapproximationof [KV01] canbe considered
to be the normal eld of a quadraticpatch parameterized
overthetangenplanef(u;v) = aul?+ bv? + cuv+ du+ ev+
f. Sinceat the splatcenter(0;0) they interpolateposition
andnormalvector i.e. f(0;0) = fy(0;0) = fy(0;0) = 0,and
sincethe axesu andv arealignedto principal curvaturedi-
rections,i.e. fuy(0;0) = 0, the quadraticpatchactually has
the form f(u;v) = al? + b\, In contrast,we usea linear
functionn(u;v) = au+ bv+ c for thenormal tting, which
correspondso usingthenormal eld of ageneralquadratic
function f(u;v) = a’+ b’ + du+ ev+ f. Again, theterm
cuvvanishessincethe tangentcoordinatesystemis aligned
to the principal axes. The additionaldegreesof freedomd
ande correspondo theadjustmenbf thecentemormalnin
orderto improve the normal tting. The offset f represents
the factthatour leastsquaregplaneis not x ed at the splat
centerp;.

More importantfrom a practicalpoint of view is thatour
decouplingof the normal tting from the geometry tting
leadsto the simple solution of two 2 2 linear systems
(Eg. 3). Our methodis alsomorerohustin the presencef
imperfectreal-world datasetssincetheleastsquaresnethod
smoothly distributesthe error over the whole splat, while
the estimatedcurvatureinformation at the splatcenterwill
getunreliable.The slight shadingdiscontinuitiescausedy
inevitableapproximatiorerrorsof thelinearnormal eld re-
quire the useof high-quality ltering and blending— this
wasnotnecessaryor the cleandatasetsisedin [KVO1].

An importantdifferenceto otherGPUbasedsurfacesplat-
ting methodsis that our approachis projectively correct
since it doesnot approximatethe projectionby an afne
mapping.The resultingexact parametewvaluesare impor-
tantfor splatshapenormalcomputationandsplatclipping,
andthey enableasimplerimplementationUsingexactdepth
valuesfor eachpixel leadsto more robust blending and
avoids artifactseven for large splatswhich are almostper
pendicularto theimageplane.

On the otherhand,not usingan afne approximationto
the projective mappingdisablesus to use EWA splatting,
i.e.to combineobject-spaceeconstructionlter andimage-
spaceband-limiting Iter into oneGaussianHowever, using
the object-spaceeconstructionlter aloneturnedoutto be
sufcient in practice asalsomentionedn [BKO03].
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Figure 4: The sametorso datasetcontaining3k splats(left) rendeed using at shadingwithout blending(centerleft), at
shading+ Gaussiarblending(centerright) and Phongsplatting(right).

Figure 5: To achieve compaagble visual quality the modelcompleity hasbeenadjustedfor each renderingmode Fromleft to
right: at shading(170ksplats), at shadingt+ Gaussiarblending(33ksplats),Phongsplatting(3k splats).

6. Results

We compareour Phongsplattingsystento relatedwork both
in termsof renderingquality and renderingef ciency. For
themodelswe presentaPhongsplatrepresentatiohasbeen
generatedisingthealgorithmdescribedn Sec.3.

Fig. 4 shavsatorsomodelof 3k splatsusingdifferentren-
deringtechniquesUsing standardsurfacesplattingwithout

ary ltering clearly shawvs the at shadingdiscontinuities.

Gaussiarblending(usingtwo renderingpassesjnanageso
decreas¢heseartifacts,but alsoblurstheimagenoticeably
Phongsplattingusesperpixel lighting andclearly achieres
the highestrenderingquality. Note that thesethreeresults
are comparableto at shading,Gouraudshading(smooth
shadingbut no sharphighlights)and Phongshadingin the
trianglemeshrenderingcase.

The samemodelis shavn in Fig. 5, but the numberof
points has been adjustedsuch that each renderingmode
achieves aboutthe samevisual quality. Although using a
very high splatcount(170ksplats) the at shadingartifacts

canhardly be removed without blending.Evenwith blend-
ing enabledthe samplinghasto be quite densg(33k splats)
in order to resultin high visual quality and sharp high-
lights. Using Phongsplatting,we needone order of mag-
nitude fewer splatprimitives(3k splats)in orderto achiese
the samevisual quality. This is con rmed by Fig. 8, that
shawvs the decreaseén visual quality for several simpli ca-

tionsof ascannedtatuelt is clearlynoticeablehattheren-
deringqualityis notastightly relatedto geometriccomplex-

ity for Phongsplattingasfor standardsplatting.An example
of Phongshadingfor texturedmodelsis shavn in Fig. 6.

In orderto avoid shadingdiscontinuities[ZPvBGO0]] pro-
posedto splat normal vectorsin additionto colorsandto
computethe nal pixel colorsby a deferredshadingof these
averagedperpixel values However, whenblendingthe nor
mal vectors the gradientof thenormal eld depend®nthe
distanceof neighboringsplatswhile in the caseof Phong
splatswe derive thenormalgradientdirectly from thehighly
detailedinput data(cf. Fig. 7). Additionally, this methodis
not suitablefor animplementatioron currentGPUs,since
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Figure 6: A comparisorof standad splatting(top closeup)
to Phong splatting (bottom closeup) for the colored
chameleomodelconsistingof 100ksplats.

the accumulatedalphablended)normalssuffer from dis-
cretizationartifacts.

Finally, the combinationof splat clipping and Phong
splattingis shawvn in Fig. 9, wherethe well-known fandisk
datasets renderedas point-basedepresentatiomusing the
differentshadingmodes.

Besidesconsiderablyhigher visual quality, our Phong
shadingsystemalso provides splatratescomparabléeo re-
centapproachesOn a 3GHz Pentium4,GeForceFX 5950,
we achiee splatratesbetween3.5M and4M splats/sedor
a window sizeof 512 512. Taking into accountthat we
needsigni cantly fewer splatsfor the samevisual quality;
our methodcanevenbe consideredo bemoreef cient than
previousapproaches.

7. Conclusion

In this paperwe proposedo usea linearly varying normal
eld for perpixel lighting of surfacesplats.The resulting
Phongsplatshave beenshavn to resultin amuchhigherren-
deringqualitycomparedo at shadedplats Althoughnon-
constanhormal elds have beenusedbeforeby [KV01], our
Phongsplatgenerationprovides an easierformulation and
alsooffersamorerobust tting of boththegeometryandthe
normal eld, which is especiallyimportantfor noisy real-
world datasets.

The presentedPhong splatting systemis implemented
completelyon the GPU, leadingto a renderingspeedof
up to 4M splats/secAdditionally, our approachresultsin
a projectively correctrasterizationwith pixel-exact depth
values,leadingto more preciseresults. The example im-
plementation®f the vertex and pixels shademprogramsin-
cludedin the supplementarynaterialwill alsobe available
at http://www.rwth-graphics.de

As generalgeometryprocessingalgorithmsalso bene t
from thelower splatcountswe believe thatPhongsplatscan
evolveto aninterestingalternatve to standard at” splats.
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Figure 7: A coarse model (9k splats) rendeed by de-
ferred per-pixel shadingof averaged splat normals (left)
and Phongsplatting (right). Sincethe normalsof the for-
mer methodare not basedon the detailedinput data (p;,
n;), highlightsare not representedsufciently. The highest
frequencyperturbationsin the left image are dueto GPU
discretizationsand not relatedto the approac in geneal.

Figure 8: The deceasein visual quality relatedto model
compleities of 350k,110kand 35k splats,shownas close-
upsfor standad splatting(left) and Phongsplatting(right).
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Figure 9: Phongsplattingcaneasilybe combinedwith splatclipping, resultingin sharpfeatues.A splatrepresentatiorof the
fandiskdataset(left) is rendeed using at shading(centerleft), at shading+ Gaussiarblending(centerright), and Phong
splatting(right).

References

[ABCO 01] ALEXA M., BEHR J., COHEN-OR D., FLEISHMAN

[BKO3]

[Bui75]

[BWK02]

[CHO2]

[DVS03]

[FCOAS03]

[Gar99]

[GD9S8]

[GL89]

[Kv01]

[KV03]

[Lw85]

S., SILVA C.: Pointsetsurfaces. In Proc. of IEEE
Visualization01 (2001),pp.21-28.

BOTSCH M., KOBBELT L.: High-qualitypoint-based
renderingpnmodernGPUs.In Proc.of Paci ¢ Graph-
ics 03 (2003).

Bul-TONG PHONG: lllumination for ComputerGen-
eratedPictures.CACM 18(6)(1975),311-317.

BoTscH M., WIRATANAYA A., KOBBELT L.: Ef-
cienthigh quality renderingof point sampledgeome-
try. In Proc. of EurographicsWorkshopon Rendering
02(2002).

CoCONU L., HEGE H.-C.: Hardware-accelerated
point-basedrenderingof comple scenes. In Proc.
of Eurographics Workshopon Rendering02 (2002),
pp.41-51.

DACHSBACHER C., VOGELGSANG C., STAM-
MINGER M.: Sequentiapointtrees. In Proc. of Sig-
graph03(2003).

FLEISHMAN S., COHEN-OR D., ALEXA M., SILVA
C. T.: Progressie point setsurfaces.ACM Transac-
tionson Graphics22, 4 (2003).

GARLAND M.: Quadric-BasedPolygonal Surface
Simpli cation. PhD thesis,Carngie Mellon Univer-
sity, CSDept.,1999.

GROSSMAN J. P., DALLY W. J.: Pointsamplerender
ing. In Proc. of EurographicsWorkshopon Rendering
98(1998),pp.181-192.

GoLuB G. H., LoaN C. F. V.: Matrix Computations
JohnsHopkinsUniversity PressBaltimore, 1989.

KALAIAH A., VARSHNEY A.: Differentialpointren-
dering. In Renderinglechniques2001(2001).

KALAIAH A., VARSHNEY A.: Modelingandrender

ing points with local geometry IEEE Transactions
on Misualizationand ComputerGraphics9(1) (2003),
30-42.

LEvoYy M., WHITTED T.: Theuseof pointsasdisplay
primitives Tech.rep.,CS Departementyniversity of
North Carolinaat ChapelHill, Januaryl985.

[Pajo3]

[PGO1]

[PGKO02]

[PKGO3]

[PKKGO3]

[PZvBGOO]

[RLOO]

[RPZ02]

[SDO1]

[WKO04]

[ZPKGO02]

[ZPVBGO1]

[ZRB 04]

PajarOLA R.: Efcient level-of-detailsfor point
basedendering.In Proc.of IASTEDComuterGraph-
icsandImaging (2003).

PauLYy M., GRoss M.: SpectralProcessingf Point-
SampledGeometry In Proc. of Siggraph01 (2001).

PauLy M., GRoss M., KoOBBELT L.: Ef cient sim-
pli cation of point-sampledurfacesIn Proc.of IEEE
Visualization02 (2002).

PauLy M., KEISER R., GROSs M.: Multi-scalefea-
ture extractionon point-sampledurfaces.In Proc. of
Eurographics03 (2003).

PauLy M., KEISER R., KOBBELT L., GROSS M.:
ShapeModeling with Point-SampledSeometry In
Proc. of Siggraph 03 (2003).

PFISTER H., ZWICKER M., VAN BAAR J., GROSS
M.: Surfels:Surfaceelementsasrenderingprimitives.
In Proc. of Siggraph00 (2000),pp. 335-342.

RUSINKIEWICZ S., LEVOY M.: QSplat:a multires-
olution point renderingsystemfor large meshes. In
Proc. of Siggraph 00 (2000),pp. 343-352.

REN L., PFISTER H., ZWICKER M.: Objectspace
ewa surface splatting: A hardware acceleratedap-
proachto high quality point rendering. In Proc. of
Eurographics02 (2002),pp. 461-470.

STAMMINGER M., DRETTAKIS G.: Interactve sam-
pling andrenderingor complex andproceduraeom-
etry. In Proc. of EurographicsWorkshopon Rendering
01(2001),pp.151-162.

Wu J., KOBBELT L.: Optimizedsubsamplin@f point
setsfor surfacesplatting.In Proc. of Eurographics04
(2004).

ZWICKER M., PauLY M., KNOLL O., GROSS M.:
PointShomD: An Interactve Systenfor Point-Based
SurfaceEditing. In Proc. of Siggraph 02 (2002).

ZWICKER M., PFISTER H., VAN BAAR J., GROSS
M.: Surfacesplatting.In Proc. of Siggraph01 (2001),
pp.371-378.

ZWICKER M., RASANEN J., BOTSCH M., DACHS-
BACHER C., PauLY M.: Perspectie accuratesplat-
ting. In Proc. of Graphicsinterface04 (2004).

¢ TheEurographic#ssociation2004.



