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Abstract

Radiositycomputatioron scenesncluding objectswith a complex geometryor with a large numberof facesand
meshewwith very different sizes,is very complex. We presenta newv method(basedon the photonmapsmethod
6) whele densityestimationon the tangent plane at eac surfacepoint is performedfor irr adiancecomputation
by usingphotonpathsinsteadof photonimpacts.Other densityestimationtechniquesrequire locally simpleand
flat surfacesin order to be able to computeappioximationsto irr adiance This requirementis not presentin this
method pecauset doesnot usephotonimpacts.Thuswe claim thealgorithmis more independentf geometry
Thealgorithmrequiresfastray-discintersectiontests,so we proposetechniquesfor speedingup this part of the
processWe compae this approacd with the photonmaptecnique both qualitatively (in termsof its ability to
handlecomplexgeometry) andquantitatively(in termsof timeandstorage compleity). We obtainedresultswhich

showthatbetterimagesare obtainedwith someextra costbothin timeand memory

1. Introduction and Previous Work

In this articlewe try to find a solutionfor radiositycomputa-
tion in the caseof complex sceneslin this work compleity

is seerasthe presencef alargenumberof objectswith non
planarboundariesmndvery differentsizes.

In orderto computeradiosityvalues,hierarchicalradios-
ity 5 with adaptve meshingcould be used,but the number
of small facesmales it difficult to control the meshres-
olution inside a mesh,also, the minimum numberof top-
level patchescannot be smallerthanthe numberof different
mesheswhich might belarge.If hierarchicakadiositywith
clusteringis used?3, then, small faceswould still male it
very difficult to createa setof patcheswith adaptve resolu-
tion insidelarge meshes.

The photontrackingalgorithmis awell knovn technique
which simulatesthe electromagneticadiationenegy flow
in a sceneusingthe particle model of light. By using this
methodwe cancounthits on eachfacel. Themainproblem
of this techniquds thatvarianceis inverselyproportionalto
facesize19. Thus,smallfacesor smallmeshesithercause
high varianceor requirea hugenumberof photons Thehits
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density might be enoughfor larger faces,but not for the
smallerones.Therefore,fev faceswill appearquite bright
but mostof themwill appeaialmostblack.

In orderto overcometheselimitation, otherauthorspro-
posednew techniquesuchasphotonmapsor densityesti-
mation® 6. However, thereis againa dravbackof thistech-
nigue. Small objectscausehigh varianceor requirea huge
numberof photons.A certainhits densitymight be enough
for larger objectsbut not for smaller ones16.A technique
suitablefor complex sceness presentedn 4 but only alow
resolutionapproximatiorto radiosityis achieved,becausef
the storagerequirementémposedby the 3D grid used.

In this context we proposea nev method.This method
useshephotontrackingalgorithm,however, in our casewe
do not usethe photonimpactson surfaces.Insteadusethe
straightsegmentgoining two consecutie impactsof a pho-
ton.

By using this methodradiosity can be computedat ary
surfacepointx usingadisccenteredatx. Thisdiscis tangent
to the surfaceat x, thatis, perpendiculato the normalny at
X (seefigure1).
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Figure 1: Disctangentto surfaceat x

After aphotonis createdor reflected;t follows a straight
path until it hits anothersurface or leaves the scene.We
call ray eachof thesesgymentsvisited by a particle. A
ray is defined by a origin o and a direction vector v.
During the first phase,a vector of m rays are generated
{(Olavl)z (02,V2), e (Om, Vm)}

LetP = {1...m} bethesetof indexesof all theraysgen-
eratedduring the photontracking processl(x) C P is de-
finedasthesetof theindexesof all theraysthatintersecthe
disccenteredat x with radiusr . After thesedefinitions,the
expressiorof the estimatedrradianceis:

E() ~ ZieTllrr(;)m

whereg is theenegy carriedby thei-th ray.

@)

The accurag of the methodwe presentdoesnot depend
onthesizeof theobjectwhich containsx. It is alsonot nec-
essaryto assumehatthe surfaceis locally flat becausehe
geometryof thediscis independentn this property Thisis
not the caseof the photonmapsbecauseof the useof the
photonimpactson the surfaceof the objects.

2. Speed up of ray-disc inter section computation

As hasbeenstatedabore, the bottleneckin the systemis
clearly in the computationof the setof raysintersectinga
discor disc.

The raw methodfor computingthose intersectionsre-
quiresexplicitly checkingeachray for intersectionwith the
disc.Evenby usinga highly optimizedray-discintersection
test,this approachs not efficient at all, because¢he number
of raysis usuallyvery high. We have performedestswhich
yield timesin the orderof onesecondper disc, for a setof
onemillion rays.

A moreefficient methodis obviously necessaryo obtain
a feasibleimplementationof the algorithm.In this section
we describea methodthat reducesthe numberof ray-disc
intersectiorcomputedlt is basecnthe obsenrationthatfor

almostall of thecasespnly avery smallfractionof therays
hit ary given disc. This techniqueperforman a priori se-
lectionof candidateaysfor intersection After that,eachof
thesecandidateraysis explicitly testedby usinga fastray-
discintersectiortest.

In orderto accelerate¢he ray-discintersectiortest,a ray-
triangle intersectiontestis donefirst. If the ray doesnot
intersecta triangle containingthe disc, then it cannotin-
tersectthe disc and thereforethe ray-discintersectiontest
is not necessaryRay-triangleintersectiontestis computed
muchfasterthantheray-discone.Severalray-triangleinter-
sectionalgorithmshave beentested:one basedon Pliicker
coordinates# 3 12 andthe algorithmsdevelopedby Mdéller
8, Segura ® and Badouel?. Pliicker coordinatesproved to
be the bestmethodfor our application.We testedthe pre-
intersectiortestwith Plicker coordinatesandobsered that
thetime reductionrangedirom 40%to 70%.

2.1. Theray cache

We have designeda techniquethat we call ray-cate This
techniqueis inspiredin the multilevel cachememoryfound
in currentcomputethardware.This speedsip mainmemory
accesgimesin the assumptiorthat memoryreferencesre
madewith somedegreeof coherence.

2.1.1. Propertiesand management of the structure.

We usea multilevel cachestructurewhich consistsn a dy-

namiclist of spheresFor eachof thesesphereswe include
alist with all theraysintersectingt. Spheresrenumbered,
startingfrom 1. Centerof i-th sphereis calledc;, while its

radiusis r;. Thefirst spherg(with index 1) hasits centercy

locatedat the centerof sceneboundingbox. Radiusr; is

chosenin sucha way that ary disc falls completelyinside
first sphere The list associatedo this first spherecontains
all theraysintersectingt (thatis, thecompletdist of raysto

process)Thelist of spherefiasn spheresindbothits length
andthespheredt containsdochangeon demandiuringpro-

cessingof discs.Beforestartingto procesdiscs,thelist is

built with just onesphergthefirst one).

At ary time duringthe computationthefollowing invari-
antshold:

1. Spherdist is neverempty(n > 0)

2. Thefirst spherecontainsall raysandis fixed (its center
andradiusnever change).

3. Thedistancefrom ¢; to ¢iy1 is smalleror equalthanr;.
Thatis, eachspherecenteris alwaysinsidethe previous
sphere.

4. A realvalue f exists (with 0 < f < 1) suchthatr; 1 =
f ri. This meanghatthe ratio of radiusbetweensucces-
sive spheress constant.

5. Beforeadiscis processedhespherdist mustbeupdated
sothatthediscis completelyincludedin the lastsphere
(then-th sphere).
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6. If n> 1then f ry mustbe smallerthandisc radius(this
implieswe couldnotinsertanew spherébetweerastone
andthedisc).

Theseconditionsimply thatthe setof raysassociatedo
one sphere(beyond the first) is alwaysincludedin the set
of raysassociatedo the previous one. This propertyis, of
coursegssentiato thealgorithm.

Whena new discis processedwe checkwhetherit is in-
cludedin n-th spherelf thisis thecasethenwe donotneed
to updatethe spherdist andthelist of candidateaysis ex-
actly thelist of raysintersectindastsphere This list is al-
readycomputedandall we needto dois returnit for explicit
ray-discintersectiortest.

In the casea discis notincludedin lastspherewe com-
putethemaximalintegervaluei suchthatthediscisincluded
in i-th spherg(i is atleastl). Thenwe remove anddeleteall
spheresdeyond thatone,andn is madeequalto i. We call
this a cadche fault at level i, becauseéhis meanswe needto
processa disc which is notincludedin the last level of our
cachestructure.

After thatwe checklast conditionfrom the above list. If
it doesnot hold, this meanswe must createa new sphere
(whichwill bethe (n+ 1)-th spherejandaddit attheendof
thelist. Its radiusis fixed by condition (4), while its center
mustbe choserso both (3) and(5) hold. In fact,we choose
a point on the line betweencn anddisc center exactly the
closespossibleo disccenter(it maybeequalin somecases)
suchthatnew spherds still includedin previousone.Thelist
of raysfor thisnew spheres obtainedby explicitly checking
every ray in the n spherefor intersectionagainst(n+ 1)-th
sphereWhenthis new sphereis created,t is addedto the
list andn is increasedn one.

We thengo backto the point wherewe checled for last
condition, enteringa loop which endswhenit holds. This
happensvhenwe cannotaddnew sphereso thelist, because
they would be smallerthanthe querydiscradius.

2.1.2. Discscoherency and sorting

The efficiengy of the previous algorithmis completelyde-
pendenbn cohereng of disclocations If adiscis very near
thepreviousone(discsorientationdoesnot matterhere) the
probability of a cachefault is low, andwe reusethe candi-
dateray set,resultingin agreatsaving of time.

We have testedthe algorithm for polygon meshmod-
els, performingirradiancecomputationon eachmeshver-
tex. The list of vertexes obtainedfrom the model exhibits
coherenyg, aseachgroup of vertexes of a sameobjectsur
facearestoredusuallyin sequenceln mostof the casesa
vertex andthe next shareone edge,which is usually short
for comple scenesResultsobtainedoutperformthe other
techniguedescribedn this paper(seeresultsections).

However the usageof this techniqueimposesa require-
ments(coherenyg) on the geometryin orderto be efficient,
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whichis in contradictionof our goal expressedn theintro-
duction(thatis, to producean algorithmasmuchindepen-
dentof geometryaspossible) Moreover, it may happerthat
in otherapplicationgsuchasray-tracing) thecohereng can
belower thanin theonewe have tested.

In order to improve this, we have implementeda pre-
orderingof thediscswhichyieldsa sequencevith increased
cohereng. This pre-orderings basednthefactthatwe can
know and storein adwancethe whole setof discsto pro-
cess.For eachdisc we storethe positionof its center This
positionis expressedas a tuple (x,y, z) of three16 bit un-
signedintegervalues.Floatingpoint disc centercoordinates
arelinearly transformedso the whole rangeof availablein-
tegervaluesareused.Any of thesea valuescanbe seenas
avectorof 16 bits, andwe usea[i] to meanthei-th bit in a,
with i in the rangefrom 0 (the lesssignificative one)to 15
(themostone).

The sorting algorithm usesa comparisorbetweendiscs
which is basedon theseinteger coordinatesLets suppose
we want to compute whetheri-th disc with coordinates
(%i,¥i,z) is smaller(goesfirst) than j-th disc with coordi-
nates(x;j, Yj, zj). Wefist checkif x[15] < x;[15), in thatcase
the testis positive (i goesfirst). If x;[15 < x[15], the test
is negative and j-th disc doesnot go before(is not smaller)
thani-th one. If both bits are equal,thenwe do the same
checkwith y;[15] andy;[15], andif they areequalagain,we
compareMSB bits of z values.If MSB bit is notenoughwe
move to the next bit (the 14th one),andwe continuedown
to LSB bit (0) until the comparisorcanbe decidedor both
tuplesare equal (which may happenbecauseve are using
discretevalues but in thatcasebothdiscsarevery near).

Thealgorithmis basedn examiningbits andcanbe eas-
ily implementedBy usingan efficient quicksortalgorithm,
thewhole sortingof discscanbe donevery fast,typically in
timesin the orderof oneor two secondgor setsof 100000
discs.

Theproposedortingincreasesohereng becausd tends
to put togetherdiscswhich only differ in lesssignificatve
bits. In factit canbe shavn that the orderingis the same
we would obtainif we usedanoctreestructureto sortdiscs.
When using this technique the numberof cachefaultsis
greatlyreducedandthus computingtime alsoreducegsee
resultsection).

3. Avoiding Artifacts

The density estimationtechniquepresentedmay produce
certainerrorsin the irradianceestimation,and thereforein

theimageobtained,dueto the way it works. Theresultare
somevisible artifactsin thefinal image.

Two kind of artifactswill bediscussediere.Oneof them
appearedn non corvex partsof a meshandthe otherone
arosewhen part of the disc was unreachabldor ary ray.
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We proposesolutionsto theseproblemsandbiasedandcor-
rectedimageswill beshawn to illustrateeachof them.

3.1. Concave meshes

This artifact produceda biasin concae mesher partsof
a mesh.Thennon corvex partsof the sceneresultedmuch
darker asthey shouldasif no rays,or only a smallamount
of themreachedhesezones An exampleis shavn in figure
2 on top. On the bottom of this figure the correctimageis
alsoshawn. Figure 3 will be usedto explain why this hap-

(a)uncorrectedmage

(b) correctedmage

Figure 2: Concavameshedias

pens.Point x lies within a concaity and mostof the rays
mainly intersecthe meshbeforethey canintersecthedisc.

Thereforeall theserays aretreatedlike blocked rays, asif

ashadw is projectedon x. In orderto avoid this undesired
effect, not only theray parametewalue of thefirst intersec-
tion of eachray is stored,but alsothe secondone (in case
it exists). If aray intersectawith the disc beforethe second

S

Figure 3: Concavameshedias

intersectiorpoint (the secondntersectionwith an objectof

thescendn thedirectionof theray) andthefirstintersection
point is in the samemeshasx, thenthe ray is countedas
intersectinghe disc. Otherwiseit is consideredhattheray
doesnotintersecthedisc.

In figure 4 theintersectiorof the ray andthe discassoci-
atedto point x happensafter the secondintersectionpoint.
If intersectionstthe backof afacearenot consideredthen
it could be saidthatthe intersectionof the ray andthe disc
happengxactly atthe secondntersectiorof theray andthe
mesh.Thisintersections rejectedaryway becauseasit has
beenexplainedbefore,it doesnothapperbeforethesecond
intersectiorwith themesh.In this caseheenepy carriedby
the ray will not have ary influenceon x becauset is in a
shadevedregion for rayscomingfrom thatdirection.

SR RHIHEE TR R
X

4

Figure 4: Anotherconcavearea

3.2. Unreachableregions

Thereis anotherkind of artifactthatwasdetectedn ascene
which wasformedby aroomandalight sourceon theceil-
ing. In this scenethe boundarief the walls andthe floor
were muchdarker thanthe restof the scene.The situation
is in somavay similar to the classicalboundarybiasasde-
scribedin 15, In figure5 this situationis illustrated.Any ray

Figure5: Unreatableregionsbias

reflectedor originatedon the planeof figure5 cannotreach
theshadegartof thedisc,but, ontheotherhand theenegy
of theseraysgetsdivided by the total areaof the disc. This
producesa biasedower valuefor theirradiancein thesear
eas.In generalthis happensvhena proportionof the disc
is not visible from the origin of theray, becauseartof it is
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underthe planetangento the surfaceat theray origin. This
line dividesthe areaof the discthatcanbereachedy aray
andthe areawherethat cannot happenThis kind of situa-
tion hasto be detectecandfor eachray, the areaof the disc
wheresucha ray could intersectthatdiscis calculatedand
usedinsteadof thewholearea.

In figure 6 an exampleof this kind of biasis shavn, as
well asthecorrectimage.

(a)uncorrectedmage

(b) correctedmage

Figure 6: Unreadableregionsbias

4. Comparison with Photon Maps

The photonmapstechniqué is a densityestimatiormethod
which usesphotonimpactson the objectsstoredin a data
structurecalled photonmap. The searchfor photonsis per
formedinsidea sphere The densityestimationmethodpre-
sentedin this article has beencomparedwith the photon
map methodusingthe sourcecodepublishedin 7. Both al-
gorithmswereintegratedin the samerenderingsystemand
alsothe samephotontrackingimplementationvas usedin
bothcases.

Thereis aimportantdifferenceaboutthe densityestima-
tion usedin eachmethod.Whenusing photonmaps,the n
nearesphotonsinsidea sphereof radiusr centeredat point
X, whereirradianceneeddo beestimatedarelocated If this
spherecontainam photonswherem > n, therestof thepho-
tons,m— n, arenot used.Becauseén the methodwe present
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all theraysthatintersectthe disc centeredat x areused al-
waysa high valuefor n wasusedto force the photonmaps
methodto useall the photonscontainedn the sphere.

The comparisonwith the photon mapsmethodwill be
doneconsideringheerrorseachmethodproducesn theim-
agesthe storageequirementandtime consumption.

All theimageswereobtainedusingdensityestimationon
the vertexes of eachmesh.This way view-independente-
sultswereachiered. Ray tracingcould have alsobeenused
to selectthe pointsfor irradiancecomputation.In fact, the
methodthatwe presengllows theirradiancecomputatiorat
ary pointof the spaceandonly anormalvectoris needed.

4.1. Errors

Theartifactsor errorsproducedy thedensityestimatioron
thetangenfplane,alongwith its solutionshave alreadybeen
discussedThe photonmapsmethodalso producesmages
with errorsundercertaincircumstancesSomeof thesesitu-
ationswill bestudied.

In figure 7 aplaneis shavn anddensityestimationis per
formedatapointx closeto oneof its edgesThereis aregion
R of the spacavhereno photonimpactscanbefoundbut the
irradianceestimategetsfinally dividedby thevolumeof the
whole sphere This producesobjectswith too dark edges’.
In figure 10(a) anexamplecanbe seenTheeffectis similar
to the unreachableegionsartifactintroducedbefore(dark-
eningneartheedges).

X

Lo

R

Figure 7: Darkeningneartheedges

Anothersituationwherea biasedimageis obtainedis il-
lustratedin figure 8. On the top of the figure a light source
L canbeseemndin themiddle anobstacleA, which should
producesomekind of shadev on the planebelow, hasbeen
placed.If thedistancebetweerthis planeandA is lessthan
the radiusof the sphereusedfor irradianceestimationon
a point like x, thenthe shadav will not be obtained.This
happendecausehotonson A will be usedto computethe
irradianceestimateat x. This kind of problemsdo not arise
whenusingraysinsteadof photonimpacts.An exampleof
this situationcanbe seenin figure9

Finally, asstatedin the introduction,whensmall objects
arepartof ascenethey mightappeamuchdarkerthanthey
should,becausehey do not receive enoughphotonimpacts.
In figure 10 a scends shavn wherea setof little rectangles
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Figure 8: Photonmapsmissingshadowbias

Figure 9: Photonmapsmissingshadowbiasexample

that are beingilluminated from above. The obserer is ap-
proximatelysituatedunderthe centerof the light source.In
figure 10(a), obtainedusingphotonmaps therectanglese-
sult muchdarker androughlyilluminatedasin figure 10(b)
which wasobtainedapplyingthe tangentplanedensityesti-
mation.

4.2. Storage requirements

According to the photon mapsimplementationin 7, each
photonis storedasfollows:

typedef struct Photon {

/1 photon position

float pos[3];

/1 splitting plane for kd-tree
short pl ane;

/1 incom ng direction

unsi gned char theta, phi;

/'l photon power (unconpressed)
float power[3];

} Phot on;

Theinformationstoredfor eachrayin our methodhasthe
following structure:

typedef struct Ray{
/lray origin
float ray_origin[3];
/lray direction
float ray_direction[3];
//distance fromorigin to 1st intersection
float inter;
//distance fromorigin to 2nd intersection
float inter2;

(b) Tangentplaneestimation

Figure 10: Qualitative comparisonwith photonmapsin a
scenewith smallobjects

/] phot on power
float rgb[3];
//normal at the origin of the ray
float normal [3];
} Ray;

As canbe seenthe storagerequirementdor our method
aregreaterEachphotonis storedn the photonmapusing28
bytesandwe need56 bytesfor eachray. If theray direction
would be codedasin the photonmapsmethod,then, each
ray could be representedising 46 bytes.This overheadis
causedby the factthat we needthe distancesrom the ray
origin to thefirst andsecondntersectiorof theray andalso
thenormalvectorattheray origin.

If the ray-triangleintersectiontestis used,then Plicker
coordinate®f eachray needalsoto be stored.This meanss
floating pointnumberg24 bytes)morefor eachray.

4.3. Time consumption

Themainadwantageof the photonmapsmethodis its speed
during the photonlocation process.Sometestshave been
doneusingdifferentscenes.

In figure 11 thefirst sceneis shavn. This sceneis com-
posedof 46701 vertexes and 4.500.000photonswere shot
during the particletracingphase The radiususedwas4 %
of theradiusof the boundingsphereof thescene.
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Figure 11: Teapotgestscene

To obtainthe resultsthatareshawn in table1 aboutthis
sceneonly 200.000photonswere shotandthe radiusused
was 2 % of radiusof the boundingsphereof the sceneln
thistablethefirst columnis relatedto the densityestimation
methodused the secondcolumnhasthe densityestimation
time per samplepoint expressedn hundredth®f a second,
andthe third columnhasthe total density estimationtime
expressedn seconds.

Method per point (secs/100) Total time (secs.)

1 0.549 256.0
2 0.330 154.0
3 0.003 1.4
Method

1 Raycachewithoutsortingandwith Plicker coord.
2 Raycachewith sortingandPlucker coordinates
3 Photonmaps

Table 1: Time consumptiorfor irr adiancecomputatiorfor
theteapotgtestscene

Another sceneusedcan be seenin figure 12 (obtained
with densityestimationon the tangentplane)andin figure
13 (obtainedusing photonmaps).The scenerepresentshe
Tower of Pisawith four coloredlights aroundit. It is com-
posedof 169.831vertexes and 2.000.000photons(divided
into four passeof 500.000particles)were shotduring the
particletracingphase Theradiususedin this casewas3 %
of radiusof theboundingsphereof thesceneTheirradiance
estimatiortime obtainedor thisscenecanbeseerin table2.
Again, in this tablethefirst columnis relatedto the density
estimationmethodused the secondcolumnhasthe density
estimatiorntime persamplepointexpressedn hundredthof
a secondandthethird columnhasthe total densityestima-
tion time expressedn seconds.

The photonmapsmethodoutperformsin termsof time
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Figure 12: Obtainedwith densityestimationon thetangent
plane

Figure 13: Obtainedwith photonmaps
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Method per point (secs./100) Total time (secs.)

4 0.27 1836

5 0.08 544
Method

4 Raycachewith sortingandPlicker coordinates
5 Photonmaps

Table 2: Time consumptiorfor irr adiancecomputationfor
the Towerof Pisascene

consumptiorthe densityestimationon thetangentplanebe-
causet is morecomplicatedo work in the lines spacethan
in the3D pointsone.Therehasalsoto betakeninto account
that the implementationof photonmapsuseddoesnot in-

cludeary errorcontrolcodeasthecodeusedfor ourmethod.

Finally, it is alsoimportantto statethat the densityes-
timation time differencebetweenthe two methodsis much
smallerfor the Tower of Pisascenghanin theotherone,and
alsothe resultingimageof this scenes of a higherquality
usingthe densityestimationon the tangentplanethanusing
photonmaps.

5. FutureWork

The storagerequirementdor the rays shouldbe decreased
in orderto allow moreraysto becreatedOntheotherhand,
someextensiondo thebasicalgorithmarealsoplannednon
purely diffuse surfacesand other geometricmodelsshould
be allowed,the useof moreadwanceddensityestimational-
gorithmsandobtentionof iterative solutions.
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