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Abstract

Surfacesplattinghasdevelopedinto a valuablealternativeto trianglemesheswhenit comesto renderingof highly
detailedmassivedatasets.However, evenhighly accuratesplatapproximationsof thegivengeometrymaysome-
timesnot provide a suf�cient renderingquality sincesurfacelighting mostlydependson normal vectors whose
deviation is not boundedby theHausdorff approximationerror. Moreover, currentpoint-basedrenderingsystems
usuallyassociatea constantnormalvectorwith each splat,leadingto renderingresultswhich are comparableto
�at or Gouraudshadingfor polygonmeshes.
In contrast,weproposeto basethe lighting of a splaton a linearly varyingnormal �eld associatedwith it, and
weshowthat theresultingPhongSplatsprovidea visualquality which is far superiorto existingapproaches.We
presenta simpleandeffectivewayto constructa Phongsplatrepresentationfor a givensetof input samples.
Our surfacesplattingsystemis implementedcompletelybasedon vertex andpixel shaders of currentGPUsand
achievesa splat rateof up to 4M Phongshaded,�lter ed,andblendedsplatsper second.In contrast to previous
work,our scanconversionis projectivelycorrectperpixel, leadingto moreaccuratevisualizationandclippingat
sharpfeatures.

1. Intr oduction

Surfacesplattingis a well-establishedtechniqueto render
high quality imagesof geometricobjectsthat aregiven by
a suf�ciently densesetof samplepoints.The ideais to ap-
proximatelocal regionsof the surfaceby planarellipsesin
object spaceand then renderthe surfaceby accumulating
andblendingtheseellipsesin imagespace.From the geo-
metric point of view, the setof ellipsesde�nes a piecewise
linearapproximationof thegivengeometry, andthesizeand
aspectratioof theellipsesdependon thelocalprincipalcur-
vatures(andthe approximationtoleranceprescribedby the
user).

Usually, eachsplat is associatedwith a normalvectorin
orderto computelocal lighting, which leadsto a piecewise
constantshading— similar to �at shadingfor polygonal
meshes.Blending the splats' color contributions by Gaus-
sian �ltering improves the renderingfrom �at shadingto
Gouraudshading.For polygons,muchbettervisual quality
is achievedby Phongshading, wherenormalvectorsarelin-
earlyinterpolatedacrosstriangles,leadingto acontinuously
varyinglighting [Bui75]. However, normalinterpolationre-

quiresconnectivity informationwhich is usuallynot avail-
ablefor surfacesplats.

Thebasicideaof Phongsplattingis to associatealinearly
varying normal�eld with eachsplatinsteadof keepingthe
normalconstant.By this,weachieve thesamevisualquality
asPhongshadedpolygons,but wepreserveall theimportant
advantagesof point-basedsurfacerepresentations,e.g.,we
donothave to constructagloballyconsistentconnectivity.

The �rst to proposetheuseof a varyingnormal�eld for
surfacesplattingwere [KV01], generatingnormalmapped
splatsby samplingposition and curvature information of
NURBSsurfaces.In this paperwe presentanalgorithmfor
thegenerationof Phongsplatsthatprovidesasimplerformu-
lation aswell asa morerobustandaccurateapproximation
of thegeometryaswell asof its normal�eld.

In order to generatePhongsplat representationswe as-
sumethat the input dataconsistsof a setof samplepoints
with associatednormal vectors.Hence,eachpoint can be
consideredasa5-dimensionalsample.The�rst threeentries
arethespatialpoint coordinatesandthelasttwo entriesrep-
resentthe(normalized)normalvector.
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To approximatea certain surface region by an elliptic
splat,we �t a leastsquaresplaneto the correspondingset
of samplepointsthatbelongto this region.Thenwe project
the samplesto this planeand �t a minimum enclosingel-
lipse. To derive the linear normal �eld, we do exactly the
same,i.e.we�t a linearfunctionto thenormalvectorsin the
leastsquaressense.

The renderingof the resulting Phongsplat representa-
tionscanbe implementedvery ef�ciently by exploiting the
featuresof modernprogrammablegraphicprocessors.Our
systemdelegatesall renderingtasksto the vertex andpixel
shaderunitsof theGPUandachievesarenderingspeedof up
to 4M high-quality �ltered Phongsplatsper second.Com-
paredto standardpoint-basedrenderingalgorithms,Phong
splattingneedssigni�cantly fewer splat primitives to pro-
ducethe samevisual quality. Taking this into account,our
method is also more ef�cient than previous high-quality
splattingapproaches.

Besideshigherperformance,anotheradvantageof map-
ping the completerenderingprocessto the GPU is that the
CPUis freeto handletheactualprocessingof thegeometry
data.Hence,thegeometryprocessingalgorithmsalsobene-
�t from Phongsplats,aslessprimitiveshaveto bestoredand
processed.

2. RelatedWork

Pointshave �rst beenproposedas renderingprimitivesby
Levoy andWhitted[LW85], followedbypoint-basedrender-
ing approachesbasedon image-spacereconstructiontech-
niques [GD98, PZvBG00,SD01] or object-spaceresam-
pling [ABCO� 01,FCOAS03].

In contrastto this, surfacesplatting [ZPvBG01] avoids
holes in the renderedimageby associatinga normal vec-
tor and a radius with each point, thereby considering
them as small discs or ellipses in objects space.Build-
ing on this work, several point-basedrenderingapproaches
have been developed, the early ones being implemented
in software and thereforeputting a high load on the CPU
[ZPvBG01,BWK02].

Theincreasingef�ciency andprogrammabilityof modern
graphiccardstriggeredthedevelopmentof hardware-based
splattingmethods,startingwith [RL00]. The approachof
[RPZ02] renderssplatsusingobjectspacequads,causinga
multiplicationof thenumberof verticesto beprocessedby
a factorof four. More ef�cient approachesmanageto ren-
derjustonevertex persplatandusevertex andpixel shaders
for thesplatrasterization.But alsothesemethodsrepresent
a trade-off betweenhigh visualquality andef�cient render-
ing, differing in therenderingprimitivesand�ltering meth-
ods they use.Splatshapesrangefrom simple imagespace
squares[DVS03] over circular splats[CH02,BK03] to el-
liptical splatsthatnicelyadaptto thelocal surfacecurvature
[ZRB� 04].

High quality anisotropicanti-aliasingcan be achieved
by assigninga Gaussian�lter kernel to splats.Combin-
ing theseobject-spacereconstructionkernelswith a band-
limiting image-space�lter resultsin the high quality EWA
splattingtechnique[ZPvBG01, RPZ02,ZRB� 04].

However, all methodsmentionedabove use a constant
normalvectorfor lighting splats,leadingto resultssimilar to
�at shadingin thepolygonrenderingcase.Blurring theshad-
ing discontinuitiesby Gaussian�ltering achieves render-
ings comparableto Gouraudshading.Betterresultscanbe
achievedby a per-pixel EWA averagingof normalsin com-
binationwith deferredshading,asproposedby [ZPvBG01].
However, non-constantnormal �elds yield an even higher
visual quality, as �rst proposedby Kalaiah and Varshney
[KV01, KV03]. Sincetheir approachis the onemostsimi-
lar to ours,we will compareto it in moredetail in Sec.5. A
comparisonto [ZPvBG01] is givenin Sec.6.

Being piecewise linear primitives, surface splats also
gainedincreasingattentionasanalternativegeometryrepre-
sentation,sincethey exhibit thesameapproximationpower
astrianglemeshes.As aconsequence,severalgeometrypro-
cessingalgorithmshave beendevelopedfor point-basedge-
ometries[PG01,ZPKG02, PKKG03, PKG03]. Therunning
time of thesealgorithmsis mostly dominatedby the num-
ber of splat primitives.To enableef�cient processingand
renderingof thesedatasets,simpli�cation and resampling
techniquesfor point-basedgeometryhave beendeveloped
[PGK02, Paj03,WK04]. 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 combinesper-pixel lighting and high-quality �l-
tering and correctly computesthe projection per pixel in
Sec.4. Finally Sec.6 shows that the resultingPhongsplat-
ting framework providesa superiorratio of quality to speed
comparedto existingsplattingapproaches.

3. PhongSplat Generation

Givenadensesetof (input)surfacesamplespi weuseatech-
niquelike the onedescribedin [WK04] to generatean op-
timizedsetof elliptical surfacesplatsthatapproximatesthe
input datawithin a prescribederror tolerancee. Theideaof
this techniqueis to locally estimatethe principal curvature
directionsat every input sampleand to align the ellipses'
axesaccordingly. An initial selectionof splatsthatcover the
completesetof samplesis thenoptimizedby aglobalrelax-
ationprocedure.

The outputof this procedureis a setof elliptical surface
splatsSj that provide an approximationof the input point
cloud.A splat is de�ned by its centerc j andtwo orthogo-
nal principal tangentdirectionsu j andv j . The tangentsare
scaledaccordingto thecorrespondingellipseradii suchthat
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Figure 1: Sincelengthsare not important for the normal
�tting procedure, normalsare representedashomogeneous
pointsonanoffsettangentplane.

anarbitrarypointq in theplanespannedby u j andv j lies in
theinteriorof thesplatSj if its localparametervaluesu and
v satisfythecondition

u2 + v2 =
�

uT
j (q � c j )

� 2
+

�
vT

j (q � c j )
� 2

� 1: (1)

Theinsidetestcanbeappliedevento pointsthatdonot lie in
thesupportingplaneof thesplat.In thiscase,thetwo param-
etervaluesu andv correspondto theorthogonalprojection
of q into thatplane.

EachsplatSj is associatedwith asub-setPj of thesamples
pi which arecoveredby it, i.e., which arecontainedin the
elliptical cylindergeneratedby offsettingthesplatin normal
directionby eandby � erespectively. Noticethatusuallywe
expectPj \ Pk 6= ; for neighboringsplatsdueto themutual
overlap.

Thebasicideaof Phongshadingis to assignexplicit nor-
malvectorsto theverticesof apolygonmeshandthento in-
terpolatethesenormalsin apiecewiselinearfashion.Phong
splatting doesthe same,except that we cannotinterpolate
normal vectorsof neighboringsplats,since in generalno
connectivity informationis available.Hence,for eachsplat
we derive a linear normal �eld from the associatedset of
samplesPj .

For thegeometric�tting thesplat's centerandtangential
directionsareusuallyderivedby �tting aplaneto thesample
pointspi 2 Pj in the leastsquaressense.We do exactly the
samein orderto �t a linearnormal�eld to thegivennormals
ni associatedwith thesamplepointspi . Thisnormal�eld Nj
is speci�ed by a centernormaln̄ j andtwo scalarvaluesa j
andb j , suchthatthe(unnormalized)normalof a point q on
thesplatSj with parametervalues(u;v) is

Nj (u;v) = n̄ j + u a j u j + v b j v j ; (2)

i.e.we tilt thecenternormalalongthetangentialdirections.

For thenormal�tting we representa givennormalvector
ni w.r.t. thelocal framespannedby thesplat's tangentdirec-
tions (u j , v j ) andits normal(u j � v j ). Note that thecenter
normal n̄ j generallydiffers from u j � v j in order to mini-
mizethenormalerrorover thewholesplat.

For later lighting computationsthe length of the inter-
polatednormal vector is not relevant, since it can be re-
normalizedor is usedfor accessinga cube-map(Sec.4). As
a consequence,we cansetthe third local-framecoordinate
of ni to 1 suchthat eachnormal vector is actually repre-
sentedby a point (x;y) onanoffsettangentplane,similar to
homogeneouscoordinates(cf. Fig. 1).

If the centernormal n̄ is representedby (x̄; ȳ), and if
(ui ;vi) denotethe parametervaluesof the samplepi and
(xi ;yi) its local-framenormalvector, the normal�tting can
bewrittenasasetof linearequations

�
x̄
ȳ

�
+

�
ui a
vi b

�
!=

�
xi
yi

�
8 pi 2 Pj ;

whicharesolvedfor (x̄; ȳ), a andb in theleastsquaressense,
e.g.usingthenormalequations(ATAx= ATb). Sincein the
aboveequationthex andy componentsareuncoupled,it can
befurthersimpli�ed to thesolutionof two 2� 2 linearsys-
tems:

� �
�Pj

�
� å ui

å ui å u2
i

� �
x̄
a

�
=

�
å xi

å xi ui

�
(3)

� �
�Pj

�
� å vi

å vi å v2
i

� �
ȳ
b

�
=

�
å yi

å yi vi

�
; (4)

wherethesummationis doneover all pi 2 Pj . If thesesys-
temshappento beunderdetermined,e.g.if Pj containsless
than2 samples,we computethe leastnorm solutionusing
thepseudo-inverse[GL89].

Note that theoverall methodworksbestif the tangential
directionsareroughly alignedto the directionsof minimal
andmaximumnormaldeviation of the samplenormalsni ,
i.e. to theprincipalcurvaturedirections.If this is notalready
providedby thegeometry�tting scheme,like e.g.[WK04],
thedirectionsu j andv j caneasilybeestimatedby theeigen-
vectorscorrespondingto thetwo smallereigenvaluesof the
covariancematrix of samplenormalså i nin

T
i (see[Gar99]

for details).

Theresultof thisnormal�tting processis acenternormal
n̄ j andtwo scalarsa j andb j associatedwith eachsplatSj ,
representinganoptimal�t to thegiveninputnormals.

4. PhongSplat Rendering

In thissectionweshow how to renderthePhongsplatrepre-
sentationbasedonthefeaturesof modernGPUs.ThePhong
splattingsystemwe proposeis targetingat superiorvisual
quality, thereforewecombineper-pixel lighting usinglinear
normal�elds with elliptical splatshapesandantialiasingby
Gaussian�ltering andblending.

For ef�ciency reasonswe want to rendereachsplat by
sendingonly onevertex throughthegraphicspipeline.Like
in previous approaches,we determinethe projectedsizeof
thesplatandadjusttheOpenGLpointsize,suchthatasuf�-
cientlylargesquarewill begeneratedandrasterized.In order
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Figure 2: We computethepoint q correspondingto a given
windowpixel by castinga ray throughthe respectivepoint
qn onthenearplaneandintersectingit with thesplatplane.

to avoid thecomplicatedcomputationof theexactprojected
size [ZRB� 04], we conservatively estimateit by perspec-
tively foreshorteningthe larger of the ellipse radii r using
thedepthvaluezeye of thesplatcenterc like in [BK03]

size= 2r �
n

zeye
�

hvp

t � b
; (5)

wheren, t andb aretheparametersof theviewing frustum
(cf. Fig. 2) andhvp is theheightof theviewport.

This will rasterizea size� sizeimage-spacesquaresuch
that we have to determinethe local splatparametervalues
for eachpixel generatedby it. Basedon thesecoordinates
we decidewhetherthe pixel is within the splat or should
bediscarded,leadingto thecorrectelliptical splatshape.In
contrastto otherapproacheswe basethis on the computa-
tion of theexact3D point correspondingto thecurrentpixel
positionby invertingtheviewing andprojectiontransforma-
tions.The �rst stepis to computethe point qn on the near
planethatis beingprojectedto thecurrentwindow pixel po-
sition (x;y), which is basicallyan inversionof theviewport
transformation:

qn =

0

B
@

x� wn
wvp

� wn
2

y� hn
hvp

� hn
2

� n

1

C
A ;

wherewf n;vpg andhf n;vpg denotethewidth andheightof the
nearplaneandviewport,respectively. Castingarayfrom the
origin (theeye)throughthispointandintersectingit with the
splat's supportingplaneyieldsthecorrespondingpoint q on
thesplat(cf. Fig. 2):

q = qn �
cTn
qT

n n
; (6)

wherec andn denotethe splat's centerandnormalvector
in eye coordinates.After computingq, theparametervalues
(u;v) caneasilybe determinedby Eq. 1. If the pixel is ac-
cepted,i.e.u2 + v2 � 1, wecomputeits normalvectorusing
Eq.2 andderiveacolorby lighting it.

If technicaldatasetsareto be renderedby surfacesplat-
ting, sharpedgesor cornerscanbe representedby clipped
splats,as�rst proposedby [PKKG03]. Basedon theobject-
spaceparametervalues(u;v), this methodcaneasilybe in-
tegratedinto our framework. We representa clip line in the
splat's tangentspaceby threescalars(a;b;c), suchthat the
point q is to be clipped if au+ bv+ c < 0, i.e. at the cost
of onedotproduct.Noticethatthis is mucheasiercompared
to [ZRB� 04], sincetheirapproachrequirestheprojectionof
two pointsrepresentingtheclip line to imagespacein order
to do thehalf-spacetestthere.

What remainsto be doneis correctingthe pixel's depth
value,thatwouldotherwiseequalthedepthvalueof thecen-
ter point all over thesplat,causingblendingartifactsaswas
�rst pointedout by [BK03]. Sincewe know theexactdepth
in eye-coordinatesqz, we can derive the fragment's depth
valuezvp by

zvp =
1
qz

�
f n

f � n
+

f
f � n

:

Notethat this actuallyresultsin per-pixel correctdepthval-
ues,in contrastto previousapproachesusingaf�ne approxi-
mationsto theprojectivemapping[BK03, ZRB� 04].

4.1. Implementation Details

In order to renderan elliptical Phongsplat we sendone
(colored)vertex locatedat thecenterpositionc throughthe
OpenGLrenderingpipelineandpassthe(scaled)tangential
vectors(u, v) andthenormal�eld (n̄, a, b) astexturecoor-
dinates.Hence,in comparisonto standardelliptical splatting
approacheswe need17 insteadof 12 �oating point values
per splat.However, sincewe needoneorderof magnitude
fewersplatprimitivesto achieve thesamevisualquality, the
overallmemoryconsumptionis lower for Phongsplats.

A vertex programtransformsthe splatcenterto window
coordinatesandthetangentsandcenternormalto eye-space.
It alsocomputesthesizeof theimage-spacesquareto beras-
terized(Eq. 5) andoptionally (for closedmodels)a conser-
vative backfacetestbasedon the transformednormal�eld.
In addition,thevertex programprecomputesthescalednor-
maln � (cTn)� 1 for thelaterray intersection(Eq.6).

In thefragmentprogramwethenneedonly 6 instructions
to computethe local parametervalues.Basedon them,we
either discardthe fragmentor computeits normal vector.
For ef�cient per-pixel lighting, we usea cubemapto store
precomputedlighting termsasa functionof normalvectors.
This precomputationderives the lighting componentsthat
are independentfrom the surfacecolor, basedon lighting
conditionsand achromaticsurfacere�ectance.Coloredor
texturedmodelscanthenbe renderedby multiplying these
intensity valuesby the color of the splat or pixel, respec-
tively. In the caseof achromaticlight sources(r=g=b), we
canevenstoreseparatediffuseandspecularintensityvalues
in oneluminance-alphacubemap.
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Figure3: A leastsquaresplane(dashed)generally provides
a betterapproximationto a setof samplepointsthana tan-
gentplane(solid).

Whenrenderingmodelscontainingclippedsplats,we or-
der themsuchthat �rst all non-clippedsplatsarerendered
andthenall splatswith oneor two clipping lines.This min-
imizestheoverheadcausedby additionalsplatattributesby
switchingtherespectiveshaderprograms.

For high-quality�ltering andblendingwe exactly follow
the approachof [BK03]. We assigna radially decreasing
weight to splatpixels andsumup their weightedcontribu-
tionsby alphablending.In orderto blendonly overlapping
pixelswith slightly differentdepths,wehaveto usetwo ren-
deringpasses,the �rst onedoing so-calledvisibility splat-
ting. A �nal normalization,i.e. a per-pixel division by the
sum of weights, is done in a pixel shaderby renderinga
viewport-sizedquadthat is texturedby the outcomeof the
two renderingpasses.

5. Discussion

Usingvaryingnormal�elds for splatrenderingwas�rst pro-
posedby [KV01]. They generatepointdatasetsby sampling
continuoussmooth NURBS surfaces or triangle meshes
[KV03], usinga local Taylor expansionto estimatediffer-
entialpropertiesat thesplatcenter. Thegeometryis approx-
imatedby the tangentplaneat the splatcenterandnormal
vectorsareconstructedbasedon theprincipalcurvaturesat
thecenterpoint.

In contrast,the input datawe considerare just sample
pointswith associatednormalvectors,i.e.wedonot require
explicit surfacegeometryor topology information. In this
sense,ourapproachmorecloselyfollows thespirit of point-
basedgraphics.In addition,our splatgenerationphasedoes
not even requirethe samplenormalsto be consistentlyori-
ented,astheorientationis canceledoutby thehomogeneous
normal representation.To get consistentlyorientednormal
�elds for therenderingprocess,only thesplatsSj (de�ning
the offset tangentplanes)shouldbe consistentlyoriented,
but their numberis signi�cantly smallerthanthenumberof
theinput samples.

Comparingthetwo approximationmethods,leastsquares
planescanapproximatethelocalgeometrybetterthanatan-
gentplane(cf. Fig. 3). In strictly convex/concave con�gura-

tions, the approximationerror of the leastsquaressolution
is roughlyhalf of theerrorof thetangentplane.In thesame
senseour leastsquareslinearnormal�eld approximatesbet-
ter thanthe normal�eld of a quadraticsurfaceapproxima-
tion usedin [KV01].

Fromasignalprocessingpointof view theirapproachis a
subsamplingprocess,while we approximatebothgeometry
andnormalsby leastsquaresmethods,whichcanbeconsid-
eredasa low-pass�ltering process.Hence,our approxima-
tion effectively avoids aliasartifacts,that would otherwise
resultin shadingdiscontinuities.

Thenormalapproximationof [KV01] canbeconsidered
to be the normal �eld of a quadraticpatchparameterized
over thetangentplanef (u;v) = au2 + bv2 + cuv+ du+ ev+
f . Sinceat the splat center(0;0) they interpolateposition
andnormalvector, i.e. f (0;0) = fu(0;0) = fv(0;0) = 0, and
sincetheaxesu andv arealignedto principalcurvaturedi-
rections,i.e. fuv(0;0) = 0, the quadraticpatchactuallyhas
the form f (u;v) = au2 + bv2. In contrast,we usea linear
functionn(u;v) = au+ bv+ c for the normal�tting, which
correspondsto usingthenormal�eld of a generalquadratic
function f (u;v) = au2 + bv2 + du+ ev+ f . Again, theterm
cuvvanishessincethe tangentcoordinatesystemis aligned
to the principal axes.The additionaldegreesof freedomd
andecorrespondto theadjustmentof thecenternormaln̄ in
orderto improve thenormal�tting. Theoffset f represents
the fact that our leastsquaresplaneis not �x edat thesplat
centerpi .

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
(Eq. 3). Our methodis alsomorerobust in the presenceof
imperfectreal-world datasets,sincetheleastsquaresmethod
smoothlydistributes the error over the whole splat, while
the estimatedcurvatureinformationat the splatcenterwill
getunreliable.Theslight shadingdiscontinuitiescausedby
inevitableapproximationerrorsof thelinearnormal�eld re-
quire the useof high-quality �ltering andblending— this
wasnotnecessaryfor thecleandatasetsusedin [KV01].

An importantdifferenceto otherGPUbasedsurfacesplat-
ting methodsis that our approachis projectively correct
since it doesnot approximatethe projectionby an af�ne
mapping.The resultingexact parametervaluesare impor-
tantfor splatshape,normalcomputation,andsplatclipping,
andthey enableasimplerimplementation.Usingexactdepth
values for eachpixel leads to more robust blending and
avoids artifactseven for large splatswhich arealmostper-
pendicularto theimageplane.

On the otherhand,not usingan af�ne approximationto
the projective mappingdisablesus to useEWA splatting,
i.e. to combineobject-spacereconstruction�lter andimage-
spaceband-limiting�lter into oneGaussian.However, using
theobject-spacereconstruction�lter aloneturnedout to be
suf�cient in practice,asalsomentionedin [BK03].
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Figure 4: Thesametorso datasetcontaining3k splats(left) rendered using �at shadingwithout blending(centerleft), �at
shading+ Gaussianblending(centerright) andPhongsplatting(right).

Figure 5: To achievecomparablevisualquality themodelcomplexity hasbeenadjustedfor each renderingmode. Fromleft to
right: �at shading(170ksplats),�at shading+ Gaussianblending(33ksplats),Phongsplatting(3ksplats).

6. Results

WecompareourPhongsplattingsystemto relatedwork both
in termsof renderingquality andrenderingef�ciency. For
themodelswepresent,aPhongsplatrepresentationhasbeen
generatedusingthealgorithmdescribedin Sec.3.

Fig.4 showsatorsomodelof 3ksplatsusingdifferentren-
deringtechniques.Usingstandardsurfacesplattingwithout
any �ltering clearly shows the �at shadingdiscontinuities.
Gaussianblending(usingtwo renderingpasses)managesto
decreasetheseartifacts,but alsoblurstheimagenoticeably.
Phongsplattingusesper-pixel lighting andclearlyachieves
the highestrenderingquality. Note that thesethreeresults
are comparableto �at shading,Gouraudshading(smooth
shadingbut no sharphighlights)andPhongshadingin the
trianglemeshrenderingcase.

The samemodel is shown in Fig. 5, but the numberof
points has beenadjustedsuch that each renderingmode
achieves about the samevisual quality. Although using a
very high splatcount(170ksplats),the�at shadingartifacts

canhardlybe removed without blending.Even with blend-
ing enabled,thesamplinghasto bequitedense(33k splats)
in order to result in high visual quality and sharphigh-
lights. Using Phongsplatting,we needone order of mag-
nitudefewer splatprimitives(3k splats)in orderto achieve
the samevisual quality. This is con�rmed by Fig. 8, that
shows the decreasein visual quality for several simpli�ca-
tionsof ascannedstatue.It is clearlynoticeablethattheren-
deringquality is notastightly relatedto geometriccomplex-
ity for Phongsplattingasfor standardsplatting.An example
of Phongshadingfor texturedmodelsis shown in Fig. 6.

In orderto avoid shadingdiscontinuities,[ZPvBG01] pro-
posedto splat normal vectorsin addition to colors and to
computethe�nal pixel colorsby adeferredshadingof these
averagedper-pixel values.However, whenblendingthenor-
mal vectors,thegradientof thenormal�eld dependson the
distanceof neighboringsplatswhile in the caseof Phong
splatswederivethenormalgradientdirectly from thehighly
detailedinput data(cf. Fig. 7). Additionally, this methodis
not suitablefor an implementationon currentGPUs,since
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Figure 6: A comparisonof standard splatting(top closeup)
to Phong splatting (bottom closeup) for the colored
chameleonmodelconsistingof 100ksplats.

the accumulated(alphablended)normalssuffer from dis-
cretizationartifacts.

Finally, the combinationof splat clipping and Phong
splattingis shown in Fig. 9, wherethe well-known fandisk
datasetis renderedaspoint-basedrepresentationusing the
differentshadingmodes.

Besidesconsiderablyhigher visual quality, our Phong
shadingsystemalsoprovidessplat ratescomparableto re-
centapproaches.On a 3GHz Pentium4,GeForceFX5950,
we achieve splatratesbetween3.5M and4M splats/secfor
a window size of 512� 512. Taking into accountthat we
needsigni�cantly fewer splatsfor the samevisual quality,
ourmethodcanevenbeconsideredto bemoreef�cient than
previousapproaches.

7. Conclusion

In this paperwe proposedto usea linearly varying normal
�eld for per-pixel lighting of surfacesplats.The resulting
Phongsplatshavebeenshown to resultin amuchhigherren-
deringqualitycomparedto �at shadedsplats.Althoughnon-
constantnormal�elds havebeenusedbeforeby [KV01], our
Phongsplatgenerationprovidesan easierformulationand
alsooffersamorerobust�tting of boththegeometryandthe
normal �eld, which is especiallyimportantfor noisy real-
world datasets.

The presentedPhong splatting systemis implemented
completelyon the GPU, leading to a renderingspeedof
up to 4M splats/sec.Additionally, our approachresultsin
a projectively correct rasterizationwith pixel-exact depth
values,leading to more preciseresults.The example im-
plementationsof the vertex andpixels shaderprogramsin-
cludedin the supplementarymaterialwill alsobe available
athttp://www.rwth-graphics.de .

As generalgeometryprocessingalgorithmsalso bene�t
from thelowersplatcounts,webelievethatPhongsplatscan
evolve to aninterestingalternative to standard“�at” splats.

Figure 7: A coarse model (9k splats) rendered by de-
ferred per-pixel shadingof averaged splat normals (left)
and Phongsplatting (right). Sincethe normalsof the for-
mer methodare not basedon the detailedinput data (pi ,
ni), highlightsare not representedsuf�ciently. Thehighest
frequencyperturbationsin the left image are due to GPU
discretizationsandnot relatedto theapproach in general.

Figure 8: The decreasein visual quality relatedto model
complexitiesof 350k,110kand35ksplats,shownasclose-
upsfor standard splatting(left) andPhongsplatting(right).

c
 TheEurographicsAssociation2004.



Botsch, Spernat,Kobbelt/ PhongSplatting

Figure9: Phongsplattingcaneasilybecombinedwith splatclipping, resultingin sharpfeatures.A splatrepresentationof the
fandiskdataset(left) is rendered using�at shading(centerleft), �at shading+ Gaussianblending(centerright), andPhong
splatting(right).
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