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Abstract

Radiosity computation on scenes including objects with a complex geometry, or with a large number of faces and
meshes with very different sizes, is very complex. We present a new method (based on the Photon Maps method [ 7])
where density estimation on the tangent plane at each surface point is performed for irradiance computation by
using photon paths (line segments traveled by a ray) instead of photon impacts. Therefore we improve the results
for scenes containing small objects which receive only a few impacts. Also, geometry is completely decoupled from

radiosity computation.
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1 Introduction

In this article a methodfor computingthe radiosity value
at any point of a sceneis presented.This processs di-

videdinto two phasespatrticletracinganddensityestima-
tion [7, 13]. During the particletracingphaseall the rays
that are generatednustbe stored,alongwith someaddi-
tional information. This information (a list of rays,each
of them, carryinga certainamountof enegy) is usedto

perform densityestimationat ary point in orderto com-
putetheirradiance.This densityestimationis doneon the
planetangento the surfacepointby computinghow mary

raysintersecta disc on the tangentplanecenteredon that
point. Several optimizationsare usedto reducethe num-
beronray-discintersectiong€omputedandto speedip the
intersectiortestcomputation.

2 Motiv ation and Previous Work

Let's supposea scene composedof various polygon
meshes.The size of eachmeshis very different,andthe
sizeof eachpolygonis proportionalto the sizeof themesh
it belonggo. Thereareseveralmethodghatcouldbeused
to computeradiosityvalues.Hierarchicaradiosity[6] with
adaptve meshingcould be used,but the numberof small
facegamalkesit difficult to controlthemestresolutioninside
a mesh. Also, the minimum numberof top-level patches
can not be smallerthanthe numberof differentmeshes,
which might be large. If hierarchicalradiositywith clus-
tering is used[15], then, small faceswould still make it
very difficult to createa setof patcheswith adaptve reso-
lution insidelargemeshes.

Another solutionis to usea particle tracing passand to
counthitsoneachface[1]. Themainproblemof thistech-

nigueis thatvarianceis inverselyproportionatto facesize
[12]. Therefore,smallfacesor smallmeshesithercause
high varianceor requirea hugenumberof photons. The

hits densitymight be enoughfor larger faces,but not for

the smallerones. Therefore afew faceswill appearquite
bright but mostof themwill appeaalmostblack.

All the problems mentionedcome from the usage of

patchedor two differentpurposes.The patchesareat the

sametime: elementof the geometricmodelof the scene
and elementsusedin the reconstructionof the radiosity
function. Therefore,solutionswherethe geometryis de-
coupledfrom theradiosityseemnto bemoresuitable.

Thesekind of solutionshave beenproposedy severalau-
thors,who introducedparticletracingand photonmapsor
densityestimation13, 7]. However, thereis againa draw-
backof this technique.Small objectscausehigh variance
or requireahugenumberof photons A certainhits density
mightbeenoughfor largerobjectsbut notfor smallerones
[18].

Finally let usconsideranothemway of calculatingradiance
valuespresentedn [5]. Using particletracingandstoring
the approximatedistribution in a uniform 3D grid, den-
sity estimationis fully decoupledrom geometry The 3D
structureallows to approximatethe radiosityvalueon ary
pointinsidethe cube,with ary orientation.However, only
alow resolutionapproximatiorto radiosityis achieved,be-
causeof the storagerequirementémposedby the 3D grid.

3 Density Estimation on the Tangent Plane

As statedbefore,this renderingmethodcanbe dividedin
two phasesa photontrackingphaseanda densityestima-



tion phase.During the first phase photonsare shotfrom
thelight sourcesn thescenelt canalsobeviewedasrays
beingshotfrom thelight source®f thescene Whenapho-
ton strikesa surfaceit canbereflectedor absorbedAt this
stageof our work, no transparenbbjectsare considered
andthereforeno particlesaretransmittedo the interior of
ary surface.The BRDF andreflectiity of this surfacede-
terminesboth whethera photonshoulddie (be absorbed)
or shouldbereflectedandalsothedirectionin whichit is
reflected.

Thesecongphaseusegheinformationgatheredn thepre-
viousphasen orderto computetheirradianceatary point
of thescene Oncetheirradiancevalueis known ata point
z, its radiosity value can be computeddirectly. In order
to estimatetheirradianceat a givenpointz, adisc,onthe
tangentplaneof thatpoint, is used.This discis definedby
the normalat x, a centerpoint which is z anda valuefor
theradius.At ary pointthe sameradiuswill beused.This
restrictionwill be overcomein future work. Adding the
enepy carriedby eachparticleor ray which intersectghat
disc,anddividing by the areaof the disc,anestimatiorfor
theirradianceat x is obtained.

The expressiorof the radianceleaving a point z in direc-
tion w, [9] is definedin expressionL:

Ly (z,w,) = /er(x,wo,w) Li(z,w) cos(8) dw (1)

wheref if the anglebetweerthe incidentdirectionw and
the normalvectorat z, L;(z,w) is the incidentradiance
from directionw at z, and f,(z,w,,w) is the BRDF at
z. If we only usediffusesurfaces(thatis, f,(z,w,,w) =

p(x)/m), equationl canbesimplifiedandradiosity(equa-
tion 2) valuesarecomputed:

L.(z) = @/QLi(:c,w) cos(0) dw = @E(x)

T

)
wherep(z) is thereflectvity atz and E(z) theirradiance
atz. Equation2 shawvsthatin orderto computetheradios-
ity valuesata pointz it is only necessaryo know theirra-
diancevalueatthatpoint. This irradianceis approximated
by addingthe enegy carriedby the raysthat intersecta
disc,centeredat z, anddividing by theareaof thatdisc.

After a photonis createdor reflected,it follows a straight
pathuntil it hits anothersurfaceor leavesthe scene.We
call ray eachof thesesegmentsvisited by a particle. A
ray is definedby a origin o and a direction vector v.
During the first phase,a vector of m rays are generated
{(017U1)7 (027 U2)7 s (Oﬂu Um)}

Let P = {1...m} bethe setof indexesof all the rays
generatedduring the photontracking process. I,.(z) C
P is definedasthe setof the indexesof all the raysthat
intersectthe disc centeredhat z with radiusr . After these
definitions,the expressiorof the estimatedrradianceis:

ZiGIr (z) ¢'L

2

E(x) ~ 3)

whereg; is theenegy carriedby thei-th ray.

Thebandwidthusedby thekerneldensityestimatioris the
radiusof the discused.Whena smalldiscis usedthe esti-
mationwill be moreaccuratebut moreraysareneededo
reducenoise. On the otherhand,if a big discis usedthe
estimationwill belessaccuratebut noiseis reduced17].

In figure 1 a sceneis shovn with a plane projecting a
shadev onto anotherplane. The radiususedwas 0.01
and240millions of particleswereshot(distributedin 100
passes).This scenewasusedto illustrate how the size of
thediscandthe numberof raysaffect theresultingimage.
Thebeforementionedmagecanbe usedasreference.

Figure 1. Radius=0.01. 100x2.400.000 rays

In figure 2, the sameradius(0.05) wasusedfor everyim-
age,but thenumberof raysweregraduallyincreasedThis
resultsin noisereductionasthe numberof raysincreases.

(a) 5.000patrticles (b) 105.000particles

(c) 1.005.00Qparticles (d) 2.455.00(particles

Figure 2. Radius=0.05

Finally, in figure 3, 55.000particleswereshotandthera-
dius was graduallyreduced. The smallerthe radius, the
moreaccuratevasthe imageandalsothe morenoiseap-
peared.In figure 4 the sameprocessvasrepeatedbut us-
ing 2.450.00@articles.

3.1 Error analysis

The describedalgorithm hasthree sourcesof error. We
enumeratehemhere:
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(c)Radius0.10  (d) Radius0.05

Figure 3. Particles=55.000

(a)Radius0.20  (b) Radius0.15

(c) Radius0.10 (d) Radius0.05

Figure 4. Particles=2.455.000

1. Ourtamgetis to computeirradianceat surfacepoints.
However it is not possibleto do thatfor eachsurface
point (there are infinite surface points), thereforeit
is necessaryo selecta finite setof points(meshver
texesin our system¥or irradiancecomputation.Then
irradianceis not computedat pointsin betweerthose
selectedandsomeclassof interpolationis done.We
call thisthediscretization error. Thiserroris lowered
by using more samplepointswith smallerdistances
betweenthem. Of course,the algorithmis lineally
dependanbn the numberof samplepoints. In figure
5ascends shavn wherethenumberof meshvertexes
in thelower planeis graduallyincrease@ndit canbe

obsenedhow discretization error decreasesFigure
5(a) shawvs an extremecasewhereno samplepoints
areundertheshadavedarea.

2. We wishto computetheirradianceat selectegoints.
By usingpatrticle-tracingwe cannotapproactthe ex-
actirradianceatthosepoints. All we candoisto com-
putethe averageirradianceon a disc centeredht that
point. We call this error the density estimation er-
ror, becauset is inherentto densityestimationalgo-
rithms. It canbereducedy choosingasmallerradius
r for thediscs.

3. Computatiorof theaveragerradianceinsideadiscis
not exact, becauseve do that computationby using
a stochastior Monte-Carloalgorithmbasedon ran-
domwalks. Thereforewe do not getthe exactvalue
but a samplefrom a randomvariablewhosemeanis
thatvalue. The deviation from the sampleto the tar
getvaluedis characterizedby the variance. Thuswe
simply call this kind of errorvariance. Thesecanbe
diminishedby increasinghe numberof particlesn or
by increasingdiscradiusr
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<

(a)bx6vertexes  (b) 21x21vertexes

(c) 51x51vertexes (d) 71x71vertexes

Figure 5. Radius=0.01. Particles=2455000

We define® asthetotal enegy emittedin the scenethat
is:

® = /Le(:c,w)cos(nx,w)dA(:E)da(w)

Let A = 7r2 betheareaof the disc usedfor densityesti-
mationatsomepointx. Let E betheaveragerradiancein
thedisc. It canbe shavn thatthe varianceV is definedby
thefollowing expression:

P? (e+e
V_X(WA —e)

wheree is equalto E/®, thatis, e is anormalized version
of E, n is thenumberof particles.With respecto ¢ it can




alsobeshownthatthisvalueis approximatelyequailto 2ep,
wherep is the averagenumberof timesa particleleaving
the disc hits the disc again. This lastnumberis nearzero
for smalldiscs.Thuse is usuallyalsonearzero.

Is is of coursenot possibleto computethevalueof V', but
its expressiorshaws thatthe varianceis inverselypropor
tionalto the areaof thediscused.

3.2 Selecting radius and number of particles

In our systemwe selectmeshvertexesand performirra-
diancecomputationon them. This meansthatwe do not
attemptto reducediscretizationerror, althoughthat can
be done by using somealgorithmto try to find the best
resolutionfor samplingirradiance.We focuson the other
two source®f error: densityestimatiorerrorandvariance.
Both errorscanbe characterizethy two parametersvhich
canbechangedsdesired.Thesearediscradiusandnum-
berof particles.

In figure 2 we seehow variancedecreasewhenthe num-
ber of particlesincreases.The noisein figure 2(a) is pro-
ducedby a large variancedueto a insufficient numberof
particles. Thusthis shavs the impacton the variancepro-
ducedby thenumberof particles.

Figure 4 shawvs a sequenceof imageswith low variance
(dueto alarge numberof particles), but with varyingden-
sity estimatiorerrordueto varyingradius.We obserethat
the effect of largeradiusis thattheirradiancefunctionap-
pearsblurred anddetailsarelost. Thisshavstheinfluence
of radiusontodensityestimation.

Computingtime and storageis mainly dependenbn the
numberof particles. We canfix this value accordingto
our qualityrequirementandour availability of timeand/or
memory Thentheradiusshouldbemadeinverselypropor
tional to the numberof particles.

To illustratethis figure 3 shavs againsequencef images
obtainedwith afixednumberof particlesandwith varying
radius. However in this casethis numberof particlesis

moderate(55.000). For a very large radius, (figure 3(a))
density estimationerror becomesdominant,and shadaev

disappears.On the other hand, for a very small radius,
varianceis visible in theform of noise(figure 3(d)).

3.3 Photon Tracking process

The photontracking processsimulatesthe enegy flow in
thescene Thissimulationis implementedy shootingpar
ticles from the light sourcesandby following the pathin
the sceneof eachparticleuntil it getsabsorbedr leaves
the scene.Eachparticlegoesthroughfinite a sequencef
states. The stateof a particle canbe describedby a ray
r = (z,w) anda weight ¢, which is a real value. The
first stateis called the initial state. At eachstepof the
simulation,a particlegoesfrom onestateto another This
is usually calleda transition. Theray of eachstateis se-
lectedstochasticallyaccordingo someprobabilitydensity
function,while theweightcanbe obtainedasa function of
previousweightandcurrentray.

Selectiorof thefirst stateis madestochasticallypy usinga

probabilitydensityfunctioncalledp,. Thevaluep,(z,w)
is the (differential)probabilityfor selectingay r = (z, w)
asthefirst ray for a particle. Transitionsare governedby
the transition probability densityfunction p;. The value
pe(r, s) is the (differential) conditionalprobability for se-
lecting ray s for the next statewhenr is the ray of cur
rent state. Note that both p; and p. are probability den-
sity functions.This meanghatthereexiststwo probability
measure$P, andFP;) suchthat

dPC('Z.7 w’)

_ _ dpt($7w7y7u)
pe(m,w) = o (w)

pe(z,w,y,u) = dA(y)do(u)

whereA areameasurendo is solid anglemeasure.

If r = (z,w) ands = (y,u), we canwrite p;(z,w, y, u)
insteadof p,(r, s). Thisvalueis cerowheny is notthefirst
visible pointfrom z in directionw

3.3.1 Transition probabilities and particle weight
update

Supposedheinitial stateof a particleis (xo,wp). Thenits
initial weightis:

1 Le(zo,wo)
n pe(To,wo)

¢0 = COS(TL(),’IU())

whereng is the normalat zg andn is thetotal numberof

particlesshot. After eachbounce the weightof a particle
needdo beupdatedLet assumehatk-th stateof aparticle
is (z,wg), andthe weight at that stepis ¢, (with & >

0). For the next statethe ray (zg+1,wr+1) IS selected.
Necessarilypointx; is thefirst visible pointfrom zy, in

directionwy. Directionwy.y; is selectedat random. The
next weight g1 is obtainedas:

_ fr(@hg1, Whpr, —wi) cO8(Ng41, Whi1)
Pry1 = P

DPe(Th, Wey Tht1, Wht1)

wheren1 isthenormalatpointzy 1.
3.3.2 Monoc hromatic particles in diffuse scenes

The general case has been explained in the previous
section, but in our application, scenesurfacesare dif-
fuse, this meansthat f,(zxy1,wr+1,wg) can be writ-
ten as p(zyy1)/m, where p(zy1) is the hemispherical-
hemisphericateflectvity atzx41 (this valueis betweerD
andl). Emissionof enepgy is alsodiffuse,thus L, (z,, w,)
doesnotdependon w.

Moreover, we usetwo simpleversionsof p, andp;. With
respecto p., it is definedas

= Le(m05 wO) COS(TLU; 'U)())

pe(IEo,wo) = 3

the factor1/® is introducedbecause, mustbe normal-
ized. (¥ is thetotalenegy emittedin thescene)rheabove
selectionof p. implies that particlesdo follow a diffuse
distribution when created(directionsnearthe normalare
moreoftenselectedhandirectionsnearthe horizon). This
is alsothe casefor the selectionof an outgoingdirection



after a reflectionbecausave usethe following versionof
yu2

) o8 (T41, Wh+1)

pt(il?k, wk7$k+1:wk+1) = P($k+1 p

factor 1/m above is also introducedfor normalization.
With thesedefinitions,we cansimplify theexpressiongor
¢o andey1. We obtain:

b=

- Pr+1 = Pk
Thus all monochromatigparticleshave the sameweight
(®/n) atall stepswhenonly diffusesurfacesareused.

Note that p(z1) is a factor of p;. This value is the
survival probability This meansthat with probability
1 — p(zr+1), the particleis absorbedafter k states,and
with probability p(z 1) it is reflected(at point zy1).

3.3.3 Coloured particles

The above formulationis valid for monochromatidight.
However, in reality eachphotonhasawavelength andboth
p andL, dependnwavelength producingcolouredight.
Thuswe cannotassumehat L, (zq,wq) Nor p(zy41) are
realvaluesbut functionsof wavelength.

In orderto accountfor colour, we have two options: one
of themis to assigna wavelengthto eachparticle. How-
ever this hasa dravback, becauset may causeuncorre-
lated noiseat eachwavelength. This implies thatnoiseis
moreperceptiblehanit is for monochromatidight.

Secondoption we have is to use vectors for particle
weights. In this case gachparticleweightis a vectorwith
onerealvaluefor eachcolor componentthreein our case,
correspondindo the rgb colour model). This impliesthat
particlesare colouredparticlesinsteadof monochromatic
or single-wavelengthparticles.Thisis anartificial concept
introducedto performthe light transportsimulation. The
vectorweightof a particlecanbeinterpretedasits colour.
Eachcomponentf thecolourof aparticleis updatedhfter
eachreflectionby usingthe sameformulationintroduced
previously.

Note that p(z) is also a vector with one real value for

eachcomponent. This implies we canno longerusethe
value p(z) asthe survival probability. Insteadof this, we

needto usea survival probability which is equalfor all

wavelengthor colourcomponentgotherwisesomecolour
componentsnay be absorbedandothermay be reflected,
which hasno sensen this context).

Thus,we will assumehatweightsg, or ¢4 arevectors,
andthis is alsothe caseof hemisphericateflectvity p(z).
In our system{ransitionprobabilitiesareequalto:

Pe(Th, Wey Th1, Wht1) = S(Ory Tt -

whereS(¢y, zx11) is arealvalue(betweerD and1) which
dependon both previous weight vector ¢, andpoint .

) €08(Tp41, Wh1)

Thusthis valuecanbeinterpretedasthe survival probabil-
ity afterstepk. With thisversionof p,, updatingof vector
weightsis doneby usingthe following formulation:

P(Tkt1)
S(#k, Tk+1)

for ary vectora and scene-point, real value S(a, z) is
definedas:

Opt1 =

lum(a p(z))
lum(a)

S(a,r) =

For ary vectorv encodinga colour, lum(v) is the lumi-
nanceof v. Luminanceof a colourv canalwaysbe ob-
tainedasa weightedsumof the component®f v, thatis,
theluminanceof v is thedot productof v andanotherec-
tor ¢ (whosecomponentsumto one)[4].

Notethat,for ary coloura, luminanceof a p(z) is always
smalleror equalto the luminanceof a. Thenwe deduce
thatfor ary pointz, 0 < S(a,z) < 1. Thisensuresve can
useS(ayx, zr) asthesurvival probabilityat stepk.

3.4 Ray-disc Intersection calculation

In orderto perform a density estimationon the tangent
plane,ray-discintersectionmeedto be computed. First,
it is necessaryo obtainthe intersectionpoint ; of theray
andthe planewhich containsthe discandthento checkif
thedistancebetweertheintersectiorpoint: andthecenter
of thediscz is lessor equalto theradius. If the distance
squareds greatethantheradiussquared theray doesnot
intersectthe disc. This methodimplies several operations
which canintroducea greatoverheadvhenmary of these
intersectiongestsarecomputed.

Becausethe disc size is generallyrelatively smaller as
comparedto the size of the scene,only a small sub-
setof rayswill intersecteachdisc. A ray-trianglepre-
intersectiortest,whichis computedasterthentheray-disc
one, could be usedto discardraysthat can not intersect
eachcircle. If no intersectionis found, thenno intersec-
tion point needsto be computed. If aray doesnot inter-

secta triangle containingthe disc, thenit cannotintersect
the disc andthereforethe ray-discintersectiontestis not
necessaryTherefore time consumptioris reducedunless
mostof theraysintersecthe disc (which doesnot happen
in ourapplication).

Several ray-triangle intersection algorithms have been
tested: one basedon Plicker coordinatesand the algo-
rithmsdevelopedby Méller [10], Segura[11] andBadouel
[2]. Also a performanceanalysishas beenmadeabout
thesealgorithmsin orderto usethemostefficientone. The
useof Plicker coordinateprovedto be the bestmethod
for our application.

3.4.1 Plicker coordinates

Plucker coordinatesare usedto accelerateay-discinter-
sectiontests.Any directed! line in 3D spacecanberepre-
sentedusingPliicker coordinateg16, 3, 14] asa six-tuple
II;. Usingthe permutednnerproductof two of thesesix-
tuplesthe relative orientationof the two directedlinesry,



ro canbeobtained.If this product]l,; ® II,., is zerothen
the two lines are coplanarwhich meansthey intersector
areparallel. If the permutednnerproductis positive then
r1 goescounterclockwiseroundr, andvice versa.lf the
permutednnerproductis negativethenthenr; goesclock-
wisearoundr, andvice versa.

In figure 6 thesetwo situationsareillustrated. On the pic-
tureson left sider, goescounterclockwisearoundr; and
on the pictureson theright sider, goesclockwisearound
r1. In figures6(b), and6(d) line r; is representedsa
dot andis perpendiculato the paperandpointinginto the
paper
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Figure 6. Relative orientation of two lines

Plicker coordinateganbe usedto testwhetherarayinter-
sectsa polygon. If the edgesof a polygonarerepresented
usingPlucker coordinatesa ray intersectghat polygonif
andonly if it hits oneof the edgesor it goesclockwiseor
counterclockwisearoundall the edges. |t is importantto
statethat the ray mustgo aroundin the sameway for all
theedgespr otherwiseit doesnotintersecthe polygon.

In ourapplicationintersectiongtthebacksideof thepoly-

gon shouldbe discarded.Thus, evenif aray goesin the
samedirection aroundall the edgesonly one orientation
(counterclockwiseforrespond$o a ray-polygonintersec-
tion atthefront face.

Figure 7. Ray-triangle inter section with ori-
ented edges

In our implementationye usea triangleformedby three
directedlines for eachdisc. Eachtriangleis constructed
counterclockwiséasin figure7), which meansdts directed

edgesgo counterclockwisavhenlooking at the triangle’s

frontface(thenormaln comedowardsthereader)If aray

intersectsone of thesetrianglesit mustgo counterclock-
wise aroundthe threeedges.Therefore if theinnerprod-

uct of the Plucker coordinateof the ray andone edgeis

negative, thenthatray doesnotintersecthetriangleatthe

front faceandneitherthedisc.

Theray-discintersectiortestis thereforeperformedasfol-

lows. For eachdisc usedfor densityestimationa triangle
containingthat discis defined. The threeedgesare con-
vertedto directedlines. Thesethreelines arethenrepre-
sentedwith Plicker coordinates.Also, eachray haspre-
viously beenrepresentedvith Pliicker coordinates. Be-

fore the ray-disc intersectiontest is computed,the ray
is testedto go counterclockwisearoundthe three edges,
which meanghe permutednnerproductof eachedgeand
theray mustbepositive or zero.

3.5 Ray Discretization

A fastray-discintersectiortestis notenoughto efficiently

procesghousand®r millions of raysat eachvertex. The

irradiancecomputatiorwould not be efficient if everyray

hadto betestedfor intersectiorwith the discassociatedo

eachpoint. In our application,the discradiuswill aways
be smallin comparisorto the scenesize. Therefore most
of therayswill notintersecieachdiscbut thelargenumber
of intersectiortestscalculatedvould producearemarkable
overhead A fastway to rejectmostof theraysthatdo not

intersecteachdisc is needed. We have developeda ray

discretizatiorschemeo achieve this.

In orderto explain how the discretizationschemeworks,
firstaninitial assumptiomwill bemade:thatonly rayswith

thesamedirectionareused.Thissimplificationwill helpto

understandhe generalcaseexplainedlater Therayscan
have differentorigins, but the samedirectionvector Un-

dertheseconditionswe could precomputdhe intersection
point of eachray with a planeperpendiculato this direc-
tion. The areaof the planewheretheseintersectionscan
befoundmustbeinsidethesceneéboundingsphereandcan
bedividedusinga 2D uniform grid. Thus,eachcell in this

grid will containalist of rayswhoseintersectiorwith the

perpendiculaplanearelocatedinsideits associate@rea.
Eachray will thereforebein theray list associatedo one,
andonly onecell.

If a discis projected(along the rays direction) onto the
beforementionedplane,the projectionof thediscwill fall

over someof the grid cells. Theraysthat canintersecthe
disc are only thosewhoseintersectionbelongsto that set
of grid cells coveredby the projecteddisc. This way, the
problemof finding which raysintersecta discis reduced
form threeto two dimensions.Potentialintersectionsare
searchedh a 2D grid.

It is necessaryo extendthe previous modelto allow rays
with arbitrary directions. The rayswill be groupedcon-
sideringits direction. Raysseparatedby a shortarclength
will bein the samegroup. Also, eachgroupwill have a
representatiedirectionvectory;. A unitsphererepresent-
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Figure 8. Ray discretization

ing all possibleray directionsis first divided into patches.

Eachpatchrepresents setof directions.The directionof
thevectorthatgoesfrom thecenterof thesphereo thecen-
ter of a patchwill betherepresentatie directionof all the
possibledirectionsin that patch. In figure 8 the direction
indicatorvectorandtheperpendiculaplaneassociatedre
shown.

Oncethecorrectpatchor groupfor arayis found,therayis

intersectedvith a planethatis perpendiculato therepre-
sentatve directionvectorof thatpatchandthathasalready
beendivided by a 2D uniform grid. Theray is thanadded
to the list of the cell that containsthe intersectionpoint.

This processs repeatedor everyray.

After that preprocessingeachdisc is projectedonto the
2D uniform grid associatetio eachpatchor ray groupand
only ray-discintersectiortestsneedto be computedor the
rayswhichareonthelist of thegrid cellsthatfall underthe
projecteddisc.

Thereis still onething to consideraboutthe projectionof

thedisc. Raysin thesamegrouparenotparallelbut thearc

lengthbetweerary of themandu; is smalleror equalto an

angleq; (for thei-th patch). This factmustbe takeninto

accountwhenprojectingthedisc. Now aray mayintersect
the disc outsidethe projection. This situationcanbe seen
in figure9.

o5

Figure 9. Disc projection

Thereforethe projectionof the disc needsto be adjusted
taking into accountthe rangeof possibledirectionsin a

patch. This canbe achiezed by computingthe maximal

areaon the planewhereanintersectionof oneof therays

of the patchandthedisccanhappen.

3.6 Avoiding Artifacts

The densityestimationtechniquepresenteds an approx-
imate techniquewhich may producecertainerrorsin the
irradianceestimation,andtherefore visible artifactsmay
arisein thefinal image.

Two kind of artifactswill be discussedere.Oneof them
appearedn non corvex partsof ameshandthe otherone
arosewhenpartof thediscwasunreachabléor ary ray. In
thenext sectionseachartifactwill be explainedwith more
detailandsolutionswill beproposed.

3.6.1 Concave meshes artifact

This artifact produceda biasin concae meshesor parts
of a mesh. Thennon corvex partsof the sceneresulted
muchdarker asthey shouldasif no rays,or only a small
amountof themreachedhesezones An exampleis shavn

in figure 10 ontop. Onthebottomof thisfigurethecorrect
imageis alsoshown.

(a) correctedsolution

(b) uncorrectedolution

Figure 10. Concave meshes bias

Figure11 will beusedto explain why this happensPoint
z lieswithin aconcaity andmostof theraysmainly inter-

sectthe meshbeforethey canintersecthedisc. Therefore
all theseraysaretreatedik e blockedrays,asif ashadav is

projectedon z. In orderto avoid this undesireceffect, not

only theray parametevalueof thefirstintersectiorof each
rayis stored but alsothesecondne(in caseit exists). If a

ray intersectswith the disc beforethe secondntersection
point(thesecondntersectiorwith anobjectof thescenen

thedirectionof theray) andthefirst intersectiorpointis in

thesamemeshasz, thentheray is countedasintersecting
the disc. Otherwiseit is consideredhat the ray doesnot

intersecthedisc.

In figure 12 the intersectiorof theray andthe discassoci-
atedto pointx happenafterthesecondntersectiorpoint.
In this casethe enepgy carriedby theray will not have ary
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Figure 11. Concave meshes bias

influenceon x becausaét is in a shadeved region for rays
comingfrom thatdirection.

Figure 12. Another concave area

3.6.2 Unreachable regions

Thereis anotherkind of artifact that was detectedin a
scenewhich wasformedby aroomanda light sourceon
the ceiling. In this scenethe boundarief the walls and
thefloor weremuchdarker thantherestof thescene.The
situationis in somevay similar to the classicalboundary
biasasdescribedn [17]. In figure13this situationis illus-
trated.

Figure 13. Unreachable regions bias

Any ray reflectedor originatedon the planeof figure 13
cannot reachthe shadedart of the disc, but, on the other
handtheenepy of theseraysgetsdividedby thetotal area
of the disc. This producesa biasedlower value for the
irradiancan theseareasln generalthis happensvhenthe
full discis not visible from the origin of the ray, because
partof it is undertheplanetangento thesurfaceattheray
origin. This line dividesthe areaof the disc that canbe
reachedy a ray andthe areawherethat cannot happen.

Thiskind of situationhasto bedetectedqusingthedistance
from the centerof the discto the plane)andfor eachray,
the areaof the disc wheresucha ray could intersectthat
discis calculatedandusedinsteadof thewholearea.

In figure 14 an exampleof this kind of biasis shawvn, as
well asthe correctimage.

(a) uncorrectedolution

(b) correctedsolution

Figure 14. Unreachable regions bias

4 Results

In figure 15 a complex scenewhereirradianceestimation
on the tangentplanewas usedto obtain radiosity values
is shavn. This sceneis composedf 46701vertexesand
4.500.00Qprimary rayswereused,but dividing thewhole
processinto 3 passesf 1.500.000rays due to the main

memorystoragerequirements.The numberof raysused
is high to ensurea low noiselevel. The boundingsphere
of the scenehasa radiusof 10 units andthe radiusused
for eachdiscwas0.2. The irradianceestimationtime for

eachvertex in eachpasswas0.069secondonaPCwith a
AMD Athlon XP 1900+CPU runningLinux.

5 Comparison with Photon Maps

The photon mapstechnique[7] is a density estimation
methodwhich usesphotonimpactson the objectsstored
in a datastructurecalledphotonmap. The searchor pho-
tonsis performedinsidea sphere.The densityestimation
methodpresentedn this article hasbeencomparedwith
thephotonmapmethodusingthe sourcecodepublishedn
[8]. Bothalgorithmswereintegratedin thesamerendering
systemandalsothe samephotontrackingimplementation
wasusedin bothcases.



Figure 15. Comple x scene

Thereis animportantdifferenceaboutthe densityestima-
tion usedin eachmethod. Whenusing photonmaps,the
n nearestphotonsinside a sphereof radiusr centeredat
point z, whereirradianceneedsto be estimated,are lo-

cated. If this spherecontainsm photons,wherem > n,

therestof the photons,m — n, arenotused.In themethod
we presengll theraysthatintersecthe disc centeredat x

areused thuswe usea high valuefor n wasusedto force
the photonmapsmethodto useall the photonscontained
in thesphere.

The artifactsor errorsproducedby the densityestimation
onthetangentplane,alongwith its solutionshave already
beendiscussed.The photonmapsmethodalso produces
imageswith errorsundercertaincircumstancesSomeof
thesesituationswill bestudied.

In figure 16 a planeis shovn anddensityestimationis per
formedatapointz closeto oneof its edges.Thereis are-
gion R of thespacevhereno photonimpactscanbefound
but the irradianceestimategetsfinally divided by the vol-
ume of the whole sphere.This producesobjectswith too
dark edges.In figure 19(a) an examplecanbe seen. The
resultis similar to the unreachableegions artifact intro-
ducedbefore(darkeningnearthe edges).

Figure 16. Bias near the edges

Another situationwherea biasedimageis obtainedis il-
lustratedn figure17.

i X
v

Figure 17. Missing shado w bias

Onthetop of thefigurealight sourcel canbeseenandin

themiddleanobstacleA, which shouldproducea shadav

on the planebelow, hasbeenplaced. If the distancebe-
tweenthis planeand A is lessthantheradiusof thesphere
usedfor irradianceestimationon a point like z, thenthe

shadev will not be obtained. This happensecausgho-
tonson A will beusedto computethe irradianceestimate
atz. Thiskind of problemsdo not arisewhenusingrays
insteadof photonimpacts. An exampleof this situation
canbeseenin figure18

Figure 18. Missing shado w bias

Finally, as statedin the introduction,when small objects
are part of a scene they might appearmuch darker than
they should,becauseahey do not receive enoughphoton
impacts. In figure 19 a scenes shovn wherea setof lit-
tle rectangleghat are beingilluminatedfrom above. The
obseneris approximatelysituatedunderthe centerof the
light source.In figure 19(a),obtainedusingphotonmaps,
therectanglesesultmuchdarker androughlyilluminated
asin figure 19(b)which wasobtainedapplyingthetangent
planedensityestimation.

Themainadwantageof thephotonmapsmethods its speed
duringthe photonlocationprocess.Sometestshave been
doneandit outperformsn termsof time consumptiorthe
densityestimationon the tangentplanebecausét is more
complicatedo work in thelinesspacehanin the3D points
one.Ontheotherhand,we arecurrentlyworking on better
methodsthanthe ray discretizationpresentedo obtaina
fastselectionof theray candidateso interseciadisc.



(b) Tangentplaneestimation

Figure 19. Particles=50000

6 Future Work

The storagerequirementgor the raysshouldbe decreased
in orderto allow moreraysto becreated Also, theray-disc
intersectiortesttime couldbereducedy moreefficientin-
dexing schemesOntheotherhand ,someextensiongo the
basicalgorithmare alsoplanned: non purely diffuse sur
facesand othergeometricmodelsshouldbe allowed, the
use of more advanceddensity estimationalgorithmsand
obtentionof iterative solutions
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