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ABSTRACT

In this paperwe presenta fastGPU-basedlgorithmfor ray-tracingpoint-basednodels whichincludesanef cient computa-
tion of secondarandshadaev rays,contraryto previouswork which supporteday-surficeintersectiongor primaryraysonly.
Volumetriceffectsare addedto the modelsby meansof scattereddatainterpolationin orderto combinepoint-basedurface
andvolumerenderingin the samescene.This allows usto obtaineffects suchasrefractionwithin volumetric objects. The
exibility of ourmethodis demonstratedly combiningshads, texturedobjects refractionandvolumetriceffectsin the same

scenecompriseduniquelyby point sets.
Keywords:

1 INTRODUCTION

Mesh-basedmethodshave becomethe standardde
factofor awide rangeof applications.Theadvancesn
mesh-basetkechniquesstimulatedthe developmentof
hardwarespeci ¢ to mesheswhichin turn encouraged
the developmentof new and bettermesh-basedneth-
ods. However, duringthe last ve years,the increase
in the computatiorpower of todaysprocessorandthe
e xibility provided by graphicshardware,allowedthe
arising of a new setof point-basedechniqueswhich
representan alternatve to mesh-basednethods. By
working directly with point clouds, the processing
is done on the raw data without the need for ary
intermediate representationand generally arti cial
connectvity relations'8. Since the only information
neededis the geometrygiven by the points, larger
modelscan be storedin memory Also, re-sampling
during extremedeformationsand topology changess
supportecef ciently .

Among the point-basedsurface approximationmeth-
odsdevelopedin the last yearsare Point Set Surfaces
(PSSP0 As statedby Adamsonand Alexa?, PSS
have clear advantagesover other point-basedsurface
approximationtechniqueswhen ray-tracingis to be
used, namely the locality of the computations,the
possibility of de ning a minimum featuresizeandthe
factthatthe surfaceis smoothandmanifold. Besidethe
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inherentimplicationsof thesethreecharacteristicsthe
secondadvantagecan be exploited when computing
the intersectionof the ray with the surface,whilst the
lastonemakesCSGoperationdeasible.

However, ray-tracinga PSSon currentstandard®Cpro-
cessorss notinteractive. To tacklethis problem,imple-
mentationson specialhardware have beenpresented.
Wald and SeideP® implementeda highly-tuned ray-
tracerthatusedAdamsonandAlexa's implicit surface
de nition 3 onanOpteronPC,makinguseof SIMD op-
erationsanda numberof acceleratioriechnique®rigi-
nally developedby theauthordn thelastyearsfor mesh
models. Tejadaet al.?” presentech GPU implemen-
tation to computeray-surfaiceintersectionf primary
with the PSSproposedy Alexaetal.®.

Thus,basedon the work by Tejadaet al., we choseto
renderthePSSontheGPUexploiting the e xibility and
new functionality offered by currently available com-
modity graphicshardware. As mentionedabove, this
approachincludesa fast computationof the intersec-
tion of primary rayswith the PSS.However, intersec-
tionswith secondanandshadev raysarecomputecby
meansof a bruteforce scheme.Therefore,computing
ef ciently theseintersectionsvith the PSSonthe GPU
is our main concernin this work. The resultingalgo-
rithm, whichwe presentn this paperallows usto work
with nestedsurfacesandto include self-shadwing in
the scene.In orderto includevolumetriceffectsin the
scenewe exploitedthetexture-basedlatastructurenve
usefor ray-tracingthe PSS to interpolatethe scalarat
the samplingpoints. This way, we are able to create
sceneswhereboth surfacerenderingof the PSSand
volumetric effects are combined. Furthermore if the
pointsbelongingto amaterialbboundaryof thevolumet-
ric objectare properlyidenti ed, we areableto com-



bine refractionwith volume renderingto obtaininter-
estingvisual effects.

2 RELATED WORK

As mentionedbefore,duringthe lastyearspoint-based
methodshave gaineda new popularity Modelingtools
and techniquesfor creating and editing point-based
modelshave beendeveloped?2%30, Also deformable
bodies simulationt®, animationt®?1, and rendering
algorithmgt3:92529 hase been proposed. Alexa et
al.® proposeda resamplingtechniquefor generating
densesamplingsin order to cover the image space
consistentlyby simply projectingthe points onto the
screen.The “surfaces'obtainedthis way aretherefore
known as Point Set Surfaces(PSS).PSSis a surface
approximationmethodthat, as statedin the previous
section,presentsmportantadvantagedor ray-tracing.
PSShave beenfurther studiedby Alexa et al.®, by

Adamsonand Alexa®4, and by Amenta and Kil 78,

who noted that PSSare an specialcaseof extremal
surfaces$®. AmentaandKil 7 also studiedimportant
characteristicaboutthe domainof point setsurfaces.

In general, PSSmethodsmake useof classicaldiffer-
entialgeometryresultsto ensureconsistentocal repre-
sentationthroughpolynomial approximations.In this
respectZwicker et al.3% uselinear minimizationfunc-
tions basedon WeightedLeast-Square§WLS) to de-
ne thelocal polynomialfunctions whilst Alexaetal.®
employ a non-linearstrat@y basedon Moving Least-
SquaregMLS) to de ne alocal coordinatesystemon
which alocal polynomialapproximatiorof the surface
is calculatedusingWLS. This approachwasbasedon
thework by Levin 14 ontheapproximatiorpower of the
MLS method.Point-basedechniqueghat make useof
implicit functionswhosezerosetis guaranteedo gen-
eratesurfacerepresentationsere also proposed13,
Also, guarantee$or homeomorphicaapproximations
to the original object basedon this implicit function
have beenpresented™.

Ray-tracing?SShasbeenpreviously addressedothon
the CPU%28 andthe GPU?’. However, asalreadymen-
tioned, ray-tracinga PSSon the CPU is prohibitively
slow. Therefore,Wald and SeideP® presentech ray-
casterimplementednthe OpteronPC,for theimplicit
surfacede nition by Adamsonand Alexa®. Also, a
GPU-basedechniquewas proposed’, that ef ciently
computegheintersectiorof primaryrayswith the sur
face. Although, the advantageof this implementation
is the use of commodity hardware, a descriptionof
how to computetheintersectiorbetweersecondargnd
shadav rayswith the PSSef ciently is not presented.
Ray-tracingon the GPU hasbeenaddresseth a more
generakenseby Purcells,

3 POINT SET SURFACES

al.% de ne the correspondingPoint SetSurface S, as
the setof stationarypointsfor the projectionprocedure
describedn the following. First a local orthonormal
coordinatesystemis built uponthe planeH(n;r + tn),
wherethe normaln to the plane and the scalart are
obtainedby minimizing
rotmn>2q(kpi r tnk)

a <n 1)

pi2P(r)

with respectto both n andt. Here q(X) is a non-

negative, monotonicallydecreasingunction and P(r)

is the setof pointsin the neighborhoodf r. For the

weighting function g(x), authorsfrequentlymake use
2

of a Gaussiamg(x) = e E_Z, whereh representshe lo-
callevel of detail of the object(featuresize). Note that
theconstrainknk = 1 mustbeobsenedduringthemin-
imization. Also notethat, asa resultof this minimiza-
tion, H will be a planecloseto r andquasi-tangento
So.

Oncethe local coordinatesystemis built over H with
origin in g = r + tn, a local bivariate polynomial ap-
proximation g to the surfaceis computedusing the
pointsin P(r). If g; is the projectionof p; onto H,
(xi;yi) is thelocal representationf g; in the local sys-
temandfi=n (p; Q) (theheightof p; overH), then
the coefcients of this polynomialare found by mini-
mizing

fi)?q(kpi  gk):

a (axi;y) )

pi2P
Then, the projection P (r) onto S, is de ned by
P (r) = aq+ g(0;0).

Theminimizationde ned in Equationl is anon-linear
optimizationproblem. To solwe it, we usean iterative
procesghatdescend$o thenext local minima. Thisiit-
eratve processonsistof two steps:(1) minimizewith
respecto t and(2) minimize with respecto n. In or-
derto startthe processa rst approximationof n must
be computedusing covarianceanalysis®. Then,the
minimizationwith respectto t is performedusingthe
Brentwith derivativealgorithm?2, andtheresultingt is
then x edfor minimizing with respecto n. Sincemin-
imizing with respecto n in S? (the spaceof directions)
is computationakxpensve,anapproximatiorcould be
obtainedasin thework by Alexaetal.® by minimizing
gontheplanede nedby g= P (r)+ tnandthe previ-
ousn usingthe conjugategradientalgorithm?®. These
two stepsarerepeatedintil thechangen bothparame-
tersis smallerthana pre-de nedthreshold.With these
resultswe build the local coordinatesystemand com-
pute the local polynomial approximationas described



above. Theminimizationof Equation2 canalsobe per
formedusingconjugategradient

4 RAY-TRACING POINT SET SUR-
FACESON THE GPU

Basedon the obsenation that the in uence of a sam-
ple point p; on the shapeof the PSScan be limited,
AdamsonandAlexa? de ned atrustregion T; for each
samplepoint p; asthe ball with centeron p; andradius
b, where0:5h < b < h. The ideafor the ray-tracing
procesdss to computea rst approximationof the in-
tersectionbetweenthe ray andthe PSSandthencon-
verge iteratively to the actualintersection.For this, in
apre-processingtep,thelocal polynomialapproxima-
tion at eachpoint p; is calculatedas describedabove,
i.e. r= pi. The rst approximationfor the intersec-
tion is thenthe nearestintersectionx; of the ray with
thesepre-computedocal polynomials,that lies within
thetrustregion of the corresponding;. To corvergeto
the actualintersectionbetweenthe ray andS,, P (%)
is computed. Note that during this projectionprocess
alocal polynomialapproximatiorg; is found. Thedis-
tancebetweerP (x) andx givesusameasurdor the
error & of the currentintersectionx. If this erroris
greaterthanan userde ned threshold the intersection
betweeng; andthe ray is calculatedandtaken asthe
new x. If x lies outsidethe currenttrust region, the
next nearesintersectionof the ray with the pre-stored
local polynomialsis foundandthe processepeated.

Somesimpli cations wereintroducednto the GPUim-

plementatiorof the projectionoperatof’. Firstly, since
the pre-computatiorof the local polynomialsstoredin

eachp; requiresprojectingthe samplepoints, which

arealmoston S;, the iterative processor minimizing

Equationl is not performed. Instead,the initial n is

calculatedusingcovarianceanalysisandthelocal coor

dinatesystemis built over H(n; p;). The sameapplies
tothecomputatiorof P (x;) for thecurrentintersection
¥. Secondlyin orderto make feasiblethe computation
of the coefcients of the local polynomialapproxima-
tionsonthe GPU, anincompletepolynomialof degree
2is usednamelyg(x;y) = AX%+ By?+ Cxy+ D.

We introduceherea furthersimpli cation basedon the
obsenationthattheintersectiorof aray with thestored
polynomialsoften sufces for obtaininggoodapproxi-
mationsto the actualintersectiorpointbetweertheray
andthe point setsurface. This meansthat the itera-
tive procesausedto corvergeto the actualintersection
with S, is completelyavoided. As canbeappreciatedh

Section7, the resultingrenderingsare of good quality
evenwith this rst roughapproximationwhilst gaining
performance.

To store the information neededon the GPU, we
use a 2D texture tex_positions with the posi-
tions in spaceof the sampling points p; and a 3D
texture tex_neighbors with the pointersto the
nearestneighborsof each p;. These textures are
usedto calculatethe coefcients of the polynomial
gi(x;y) for each p;, which is written to the target
texture tex_polynomial , and the orthonormal
baseof thelocal coordinatesystem written to textures
tex_basea ,tex baseb andtex basec ,asdone
in previouswork?’.

With this information, the intersectionof the primary
rayswith S, canbe ef ciently computed’. However,
contraryto previous work, we approximatethis inter-
sectionasthe intersectionof the ray with the nearest
polynomialthat lies inside the correspondingrust re-
gion. The processs startedby renderingfor eachp;
a viewport-aligneddisc with centerin p; and radius
b. Eachfragmentgeneratedhis way represents ray
thatintersectghetrustregion T; of p;. In thefragment
shadertheray correspondingo the fragmentis trans-
formedto the local systemi|ts intersectiorwith thelo-
cal polynomial g; is computedand, in casethe inter-
sectionlies within T;, the intersectionpoint is written
to texture tex_intersection , and the normal at
the intersectionpoint to texture tex_normal . With
thisinformationthe viewablepartof the surfacecanbe
lit anddisplayed,asshavn in Figure1 wherethe sur
facerenderingof the Armadillo model(172974points)
obtainedwith our GPU rendereiis shavn. The perfor
mancefor this modelwas6 fps on anNvidia 7900GT
grahicscard.

5 SHADOWS, REFLECTIONS AND
REFRACTION ON THE GPU

To limit thenumberof pointstestedo nd theintersec-
tion of secondaryrayswith the local polynomials,we

build a Cartesiargrid of reducedesolution(about20®

for a point setof size 35000)covering the domainof

the point setasdepictedn Figure3a. Then,to nd the
intersectiorof a givenray with the point setsurfacewe

traversethe grid startingin the cell wherethe origin of

the ray lies andtestthe pointsstoredin eachtraversed
cell. If the origin of the ray lies outsidethe grid, the
intersectionof the ray with the boundingbox is found

andusedasthe new origin of theray.

Oneimportantissueto considelis shavn in Figure3b,
wherethecaseof apolynomialof apointin aneighbor
ing cell intersectinghe currentcell is exempli ed. To
dealwith this caseduring the testwe mustincludein
eachcell the pointsin neighboringcellsthatlie within
adistanceb from theboundarie®f thecell asshavn in
Figure3a.



Figure 1: The Armadillo model rendered with our GPU-
based point set surfaces renderer.

This processis also performedon the GPU. Thus, a
3D texture, tex_buckets , for the grid is created
where a pointer to a position in an intermediary
2D texture, tex_pointers , Is stored. In tex-
ture tex_pointers pointers to the positions in
tex_position andtex_neighbors  correspond-
ing to the points in the cell are stored sequentially
Then, given a fragmentcorrespondingo an arbitrary
ray (generatedy renderinga singlequadcoveringthe
viewport and following the refractingray) the points
correspondingo the cells intersectedby the ray are
testedin the fragmentshaderusing this texture-based
datastructure.

In Figure 2 we shav how this can be usedfor ray-
tracing a PSSfollowing only the secondaryrefracted
rays. A completeray-tracingalgorithm on the GPU
couldbe easilyimplementedrom this results(See-%24
for detailson the implementatiorof a GPU-baseday-
tracer). Oneimportantissueshovn in Figure?2 is the
needfor a CPUloop for traversingthe grid. Thisloop
could also be implementedin a fragmentshaderand
only onerendermasswould be necessaryor traversing
the completeobject nding all intersectionf the ray
(refractedeachtime an intersectionis found) with the
object. However, the numberof instructionsexecuted
by thefragmentprocessois limited andwhenthenum-
ber of pointsin the objectoverpasses certainlimit,

regionswith greenpixels areobtained. Therefore we
optedfor performinga renderpassfor eachtraversed
cell. We useping-pongrenderingin orderto fetchthe
resultsof the previous passin the currentpass,which
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Figure 2: Ray-tracing a PSS following the secondary
refracted rays only. The red pointed arrows represent
the loop on the CPU used for reducing the number of
instructions performed in a single pass.

includedthe position, direction, cell and accumulated
color (thereforewe renderto four rendertargets).

Also, supportfor differentindicesof refractionfor each
channelwasimplemented.Sinceit is only possibleto
have four rendertargets we have to executethe process
above describedfor eachchanneland combinetheir
resultsin a further renderpass. Shadavs, including
self-shadwing, are easily implementedby traversing
the grid following the light vector Figure4 shaws vi-
sualresultsof self-shadwing andshadevs betweerthe
StanfordBunry andthe point setof anarti cal terrain.

6 INTRODUCING VOLUME RENDER-
ING EFFECTS

As mentionedbefore,we alsoincludedvolumetric ef-
fectsin the scene For this, we make useof thetexture-
baseddatastructureto performscatterediatainterpo-
lation'” of scalarvaluesstoredat the samplingpoints.
Thesepoints are classi ed as belongingto a material
boundaryor not. The integrationfor a ray is started
by usingthe boundarypointsto nd the rst intersec-
tion xp of the ray with the object,with the procesgle-
scribedin the previous section. The ray is then sam-
pledusingaconstanstep.Theneighborof thecurrent
samplingpointxp arefoundusingthegrid describedn
the previoussection by accessinghe pointsin the cell
wherex, is stored,aswell asthe points belongingto



point. Theinterpolatedvalues(x) atx, is thengiven

5% by
oh g g
o 9% o8 2 ' d(x.: 0i)2=2
P %g00| 00 S(X ) _ a pi2N(xp) S(pl) eXp( (va pl) r) (3)
D 0g 0080 - o . —
o booog 228 | P 8 p2N(xp) &XP( d(Xp; pi)?=2r)
ocn %0090 gy g
30°% 006' 0, %00 whereN(xp) is the setof pointsin the k-neighborhood
b 003 S oo P § of Xp, d(Xp; pi) is thedistancebetweerx, andp; andr
%8 & 8pood is asmoothingparameter
o opo§
o® This processs easily combinedwith the onedepicted
in Figure 2 to rendermixed sceneswith both point-
basedsurfacesandscatteredsolumetricdata. Further

more,refractionat the boundarie®f avolumeis possi-
ble. During grid traversal,for eachvisited cell, we test
theintersectiorbetweertheray andthe polynomialsof
the points storedin the cell that belongto a material
boundary If anintersectionis found, the direction of
the refractedray is computedand the integration pro-
cesscontinueswith this new ray direction. Thisrender
ing procesgesultsin interestingvisual effects, as can

beseenn thenext section.

@
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———————— 7 RESULTS

Here we presentperformanceand visual results ob-
tainedwith known datasetsfrom testscarriedout on
a PC equippedwith anNVidia 7900GT graphicscard
and renderingto a viewport of size 640 480. We
run testswith the models using refraction, shadavs

ﬁéﬁg

¢

(b)

Figure 3: The Cartesian grid to traverse the object. In
(a) the points within the bright green and red areas are
included in the list of points of the cell colored light
red, due to the case shown in (b) for the shaded cell.
Although there is no point inside the cell, a segment

computation,volume renderingand volume rendering
with refraction.Also, resultsfor surfacerenderingwith

differentindicesof refraction(IOR) for eachchannel
arepresented.All theserenderingmodescanbe seen
in Figure 7. For surfacerenderingwithout refraction

we achieved framesrates of 28 and 20 fps for the
StanfordBunry dataset(35947 points) and the Horse
datase{48485points)respectiely. Includingshadaevs
reducedhe performanceo 10fpsfor theBunny andto
11fpsfor theHorse.

Complex scenescan be describedby meansof point
clouds as seenin the gures, where exampleswith
texturized point-basedterrains, sceneswith refracted
surfacesand volumes, self-shadwing and refracted
volumesare shavn. Furthermore,sceneswith com-
binedmodalities,e.g. refractedvolumesandtexturized
terrains, are supported. Following the refractedray
throughthe objectwe obtainedframeratesof 1:33 fps
for the StanfordBunry and of 2:16 fps for the Horse
model. As statedabore, multiple indicesof refraction
were also implementedusing multiple passeswhich
turnedinto a slow down of therenderingorocesg0:25
and0:22fpsfor the Bunny andtheHorserespectiely).

(shown in red) of the Point Set Surface could intersect
it.

Figure 4: The Stanford Bunny model generating a
shadow on the point-based texturized terrain. Self-

shadowing is also computed.
On the otherhand,including volumetriceffectsin the

renderingdoesnothave asigni cantimpactonthe per

the neighboringcells. From thesepointswe only use
formancesincethescalarvaluesareinterpolatecatthe

thosewithin a pre-de neddistancek to the integration



Figure 5: The Stanford Bunny and Horse point sets rendered with the techniques implemented. Starting with the
left-top image row-wise: the raw point set, the point set surface, refraction with single IOR, refraction with multiple
IOR, volume rendering with refraction and volume rendering using transfer functions.

samepositionson the ray we useto traversethe grid
structurewhile computingthe intersectionsof the ray
with the surface. Thus,1:08 fps wereachievedfor the
Bunry using combinedrefraction and volumetric ef-
fects. In this case the performancdor the Horsewas
0:96fps.

8 CONCLUSION

In this paper we presentedsPU-basedenderingtech-
niquesto renderscenesompriseddy volumesandsur
facesdescribedonly by pointswith no otherinforma-
tion than the position of the pointsin spaceand the
scalarvalueassociatedo them. By implementingour

technique®nthe GPU,we managedo reducehecom-
putationtime comparedo CPU implementations Al-
thoughhigherframerateshave beenachiezedwith im-
plementationon specializechardware, the advantage
of working with commodity graphicshardware is the
accessibilityto desktopusersandthe rapid increasdn
computationapowerand e xibility comparedo CPUs.

Currentlythe mostimportantproblemwe nd for con-
tinuing with the developmentof point-basednethods
is the compleity of the proximity queries.In orderto
reducethe time spentin this queries,we hadto pre-
computethe nearesteighborsfor the samplepoints
and usea grid-basedstructureduring ray traversalas



in previouswork on ray-tracingon the GPU. However,
this hasthe disadwantageof using additional storage
spacethat, althoughis not aslarge asthe requiredby
surface meshesor structuredand non-structuredvol-
umes,could becomea seriousproblemfor larger mod-
els. On the otherhand,we believe that the advances
on point-basednethodswill capturetheattentionof re-
searcherand hardware manufcturersin the nearfu-
ture, resultingin theinclusionof suchexpensve oper
ationsin hardware allowing the further developing of
point-basedomputergraphics.
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