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Figurel: Imagesf the Sibenikcathedramodelwith directlighting only (left) and
with globalillumination computedvith the“instantglobalillumination” algorithm
implementechere(right). ThelGI imagetook only 10%longerthanthe onewith
direct lighting only to be renderedthoughhasfew artifacts and representshe
indirectlighting well.

This notedescribeganimplementatiorof the“instantglobalillumination” (IGI)
algorithm as an integrator for pbrt . Instantglobal illumination was developed
by Wald, Benthin,andcollaboratorqWald, Kollig, Benthin,Keller, andSlusallek
2002; Wald, Benthin, and Slusallek2003; Benthin, Wald, and Slusallek2003),
building on the “instant radiosity” algorithmintroducedby Keller (Keller 1997).
The basicideabehindboth of theseapproachess to follow a small numberof
light carryingpathsfrom thelight sourcesandto constructa numberof pointlight
sourcesat the pointswherethesepathsintersectsurfacesin a way suchthatthe
lightsapproximateheindirectradiancelistribution in thescene After thesdights
have beencreatedwhentheintegratorlaterneed€o computeexitantradianceata
point,it only needgo loop over thesepointlight sourcesandtraceshadev raysto
seeif they arevisible, accumulatingheindirectillumination thatthey represenif
So.

Figurel shavs two imagesof the Sibenik cathedraimodel,onerenderedwvith
directlighting only, andthe otherusingIGl. IGI rendersindirectlighting effects
very ef ciently, with only a 10% increasein computationtime, and without the
noise characteristiof algorithmslike pathtracing or bidirectional path tracing.
It canbe implementedas an unbiasedight transportalgorithm, thoughbecause
a small setof virtual lights is usedfor all pixelsin the scenegerror shaws up as
systemicerror dueto this correlationas opposedo noiseaswould be the case
for pathtracingalgorithms. While this is a desirablepropertyfor singleimages,
this error can be distractingin animations,where subsequenframesmay have
noticeablydifferentbrightnessedueto adifferentsetof lights beinggeneratedior
eachone.

In thisnote,wewill shav how IGI canbeunderstoodsavariantof bidirectional
pathtracing(seeSectionl6.3.50npage753). Thisformulationbothmalesit easier
to understandvhich cosinetermsandsuchto includein the valuescomputedand



alsomalesit easierto seehow the approactcould be modi ed. However, while
we will usethis theory asthe foundationfor the derivation of the approachthe
implementatiorwill still bein termsof the“virtual light source”approach.

As usual,mostof theimplementatiorof the integratorwill be elidedhere,and
wewill justfocusonthepartsthataredifferentthanstandardntegrators.

ThelGlintegrator constructotakesfour parameterghe rst, nLightPaths
givesthe numberof pathsto follow from lights to createthe virtual lights (the
actualnumberof virtual lights createdwill generallybe larger thanthis, aseach
pathusuallycreatesnultiple lights).

ThesecongarametemLightSets , describeshenumberof light setsto create;
insteadof computingustonesetof virtual lights, thisintegratoractuallycomputes
nLightSets  independensetsof them. To seedoing so is useful, consideran
image being renderedat a rate of sixteenimage samplesper pixel: in general,
we will expecta betterresultif eachimagesampleusesa differentsetof virtual
lights, thusincorporatingnoreinformationaboutindirectilluminationin thescene
atlittle incrementatomputationatost. Thus,for bestresults this valueshouldbe
roughlyaslarge asthe numberof sampledaken per pixel.

Figure 2 shavs the Sibenik scenerenderedagainwith just one set of lights
(left), andwith 256 sets(right), both imagesrenderedwith sixteensamplesper
pixel. In both casesjmagequality suffers. With just one set, all sixteenimage
samplesusethe samesetof virtual lights. As this setonly hasten or so lights
in it, indirectlighting can not accuratelybe approximatedandthe virtual lights
castnoticeableshadavs. (With sixteensets,asin Figurel, theseshadavs arent
noticeablebecausé¢herearesomary lights.} With 256sets asin therightimage,
theresultis noisy asdifferentpixelswill naturallyusedifferentlights.

minDist2  is the maximumsquaredlistanceto a light; its usewill alsobe ex-
plainedshortly Finally, rrThreshold  is a Russiarroulettethresholdusedto skip
tracingraysto virtual lights that make a small contritution to a particularpoint
whereexitant radiances beingcomputed.

IGlIntegrator Implementation
IGlIntegrator::1Gl Int egrator(int nl, int ns, float md,
float rt, float is) {
nLightPaths = RoundUpPow2((u_intin 1) ;

nLightSets = RoundUpPow2((u_int )ns);

minDist2 = md * md;

rrThreshold =

indirectScale = is;

maxSpecularDepth = 5;

specularDepth = 0;

virtualLights = new vector<VirtualLight >[n Lig ht Set s];

}

1The integrator dependson a well-written Sampler to generatea strati®edset of samplesfor
the usualcasewherethe numberof pixel sampless the sameasthe numberof virtual light sets.
Otherwisethe one-to-oneelationshipbetweerthetwo maybelost.
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Figure2: Renderedmagesof the Sibenikcathedralvith sixteensamplegperpixel
andone setof virtual lights (top) and 256 sets(bottom). With just one set, all
sixteenpixel sampleausethe samesetof virtual lights, leadingto a lower quality
resultthanif moreareused.Furthermorethisimagehappenedo bemuchbrighter
thana moreaccurateonewith morevirtual lights, sincethe setof lights generated
herehappenedo follow pathswith moreindirectlighting contritution thanaver-
age.With substantiallymoresetsthanpixel sampleshowever, theresulthasnoise.
While more setsgives a resultwith lesscorrelationbetweenpixels dueto using
differentsetsof virtual lights, noiseis the priceto payfor thisimprovement.

IGI Private Data

u_int nLightPaths, nLightSets;
vector<VirtualLigh t> *virtualLights;

mutable int specularDepth;

int  maxSpecularDepth;

float  minDist2,  rrThreshold, indirectScale;
int  vISetOffset;

In theintegrators Li() method,thetypical samplingapproachs usedfor the
direct lighting computationwhere samplesare taken from all light sources.In
additionto theusualsampleseededor thatcomputationthisintegratoralsoneeds
a well-distributed 1D sampleto chooseamongthe multiple setsof virtual lights;
RequestSamples()  handlesnotifying the Sampler of all of theseneededsetsof
samples.

IGlintegrator Implementation
void IGlIntegrator::Requ est Samples( Sanpl e *sample,
const Scene *scene) {
Requessampledor arealight sampling
vISetOffset = sample->Add1D(1);

}

Thetaskof thePreprocess()  routineis to follow light-carryingpathsfrom the
light sourcesandto createthe virtual point sources.Beforediscussingts imple-
mentation,we will rst review the relevantideasfrom bidirectionalpathtracing
thatprovide thefoundationfor IGI.

Recallfrom Section16.2.4on page738thatwe canwrite the exitant radiance



Figure3: bidir path
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With standargpathtracing,we computedestimate®f theseintegralsby follow-
ing pathsfrom the cameranto the scene samplingfrom probability densitiesover
directiongiven by the BSDF at eachvertex (Section16.3.3). Bidirectional path

tracingfollows a similar approachinsteadstartingpathsfrom boththeeye andthe
lights andthenconnectinghe two paths.

Fromsectionl6.3.3,the Monte Carloestimatdor agenerabathis
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To understandGl, considerthe caseof bidirectionalpathtracingwherethe path
from the eye hasonly one segmentandthe light pathhasone or moresegments.
(Notethatdirectlighting thusisn't accountedor, andmustbe handledseparately

Figure 3 shaws an examplewherethe light path hasthreeverticesandhasbeen
connectedo aneye pathof onesggmentwith a shadav ray (dottedline). Theeye

sggmentand the connectingseggmentare uniquely determinedgiven the camera
ray, its intersectiorpoint, andthevertex of thelight pathit is beingconnectedo.
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Note that thereis only oneway to generateary pathof a particularlength of
n segments:1 eye sggment,1 connectingsggment,andn 2 light sggments.As
such,the Monte Carloestimateof a path's contrikution is

Pp LePi Pi 1 i("')lfpjl P P 1 COSq;
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fp P P2Gpr p2fpr p2 ps (0.21)

Notethatthetermin squarebracletsis independenbf the sgmentfrom the eye
to the rst visible point p; or the segmentfrom thatpointto the lastvertex of the
light pathp,. Its valuecanthusbe precompute@ndstoredwith thevirtual light.
Thetaskof the Preprocess()  methodis to createnLightSets  setsof paths
from thelights in the scenewhereeachsethasnLightPaths  pathsfrom lights.
Eachsuchlight pathwill generallyleadto multiple virtual light sourcesasone
virtual light is createdor eachvertex in the pathafterthe oneon the light source.
(Russiarrouletteis usedto terminatepathsin anunbiasednanner)

IGlIntegrator Implementation

void IGlintegrator::Prep roc ess(c onst Scene *scene) {
if  (scene->lights.size( ) == 0) return;
Computesampledor emittedraysfromlights
Precomputenformationfor light samplingdensities
for (u.int s = 0; s < nLightSets; ++s) {

for (u_nt i = 0; i < nLightPaths; +H)
Follow pathi fromlight to createvirtual lights

}
}

To ensurea goodsamplingof indirectlight, it's helpful to usewell-distributed
sampledo chooseheinitial pointson the light sourcesandtheir directions. The
LDShuffleScrambled  *D() functionswork well to computesamplego compute
theinitial raysthepathsrom thelights. Usingthemin thismannerensuresiotonly
thatthesamplesisedfor eachparticularsetof virtual lights arewell-distributedbut
thatin theaggreateover all of the paths the samplesareglobally well-distributed
aswell.

Computesampledor emittedraysfromlights

float  *lightNum = new float[nLightPaths * nLightSets];

float  *lightSamp0 = new floatf2  * nLightPaths  * nLightSets];

float  *lightSampl = new float2  * nLightPaths  * nLightSets];

LDShuffleScrambled  1D(nLi ght Paths , nLightSets, lightNum);

LDShuffleScrambled ~ 2D(nLi ght Paths , nLightSets, lightSamp0);

LDShuffleScrambled  2D(nLi ght Paths , nLightSets, lightSamp1);

Theef ciency of thealgorithmis alsoimproved if the probability of startinga
pathfrom a light sourceis relatedto the amountof power it emitsin comparison
to the power emittedby the otherlights. Increasinghe probability of generating
pathsfrom brightlights naturallyleadsto morevirtual lightsbeingcreatedor those
lights, leadingto higherquality results. (The intensity of the virtual lights must



be reducedcorrespondinglyo counterbalancéhe factthatmorevirtual lights are
createdfor bright light sources.)Herewe computea discreteprobability density
for samplingeachlight andusethe ComputeldCDF() to computea discreteCDF
whichwill beusedto selectamonglights.

Precomputenformationfor light samplingdensities

int nLights = int(scene->lights. siz e() );
float  *lightPower = (float  *)alloca(nLights * sizeof(float));
float  *lightCDF = (float  *)alloca((nLights+ 1) * sizeof(float));
for (int i =0; i < nLights; ++i)

lightPower[i] = scene->lights[i]-> Power (sc ene). y() ;

float  totalPower;
ComputeStepldCDF(l igh tPo wer, nLights,  &totalPower, lightCDF);

The procesdor computingthe pathsis generallysimilar to the approachused
in thePathintegrator . Here,thealpha variabletracksthe currentweightof the
path,accountingor radianceemittedby the light sourcealongtheinitial ray and
the productof BSDF termsand samplingdensities(i.e. the currentvalue of the
termin bracletsin Equation0.2.1.)

Follow pathi fromlight to createvirtual lights
int sampOffset = s*nLightPaths +
Choosdight sourceto tracepathfrom
Sampleray leavinglight source
Intersection isect;
while  (scene->Intersect( ray , &isect) && 'alpha.Black()) {
alpha *= scene->Transmittanc  e(r ay) ;
Vector wo = -ray.d;
BSDF *bsdf = isect.GetBSDF(ray) ;
Createvirtual light at ray intersectionpoint
Samplenew ray directionandupdateweight

}
BSDF::FreeAll();

The SampleStepld() function returnsa samplefrom the piecavise-constant
light samplingdistributionthatwaspreviously computedy ComputeStepldCDF() .
Becausdhe valuereturnedis over therange 0 1, it mustbe scaledby the total
numberof lights to give the appropriatdight numberto sample?

Choosdight sourceto tracepathfrom
float  lightPdf;
int  INum = Floor2Int(SampleSt ~ epld(l igh tP ower, lightCDF,

totalPower, nLights,  lightNum[sampOffse t], &lightPdf) * nLights);
fprintf(stderr, "samp %f -> num %d\n", lightNum[sampOffse ], INum);
Light *light = scene->lights[INu mj;

2A slightly more complex approachis describedby Wald et al (Wald, Benthin, and Slusallek
2003). For denselyoccludedervironmentsmary of thelights may have little or no contrikution to
thepointsvisible from thecameraThey suggestenderinganimagewith pathtracingandavery low
samplingrate(e.g.onepathperpixel) beforegeneratinghevirtual lights. As thisimageis rendered,
informationis recordedaboutwhich of thelight sourcesnadesomecontritution to theimage. This
informationis thenusedto setprobabilitiesfor startingpathsfrom eachlight sothatfew if ary paths
arestartedrom lights thatdidn't make ary contrikution.
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Given a particularlight andthe probability densityfor startinga pathfrom it,
lightPdf , the Light:Sample _L() routine givesthe ray leaving the light, the
radiancat is carrying,andthe probability densityfor samplingtheray:.
Sampleay leavinglight sourcce
RayDifferential ray;
float  pdf;
Spectrum alpha =
light->Sample_L(s  cene, lightSampO[2*sampOf fse ] ,
lightSampO[2*samp  Off set +1] ,
lightSampl1[2*samp  Off set |,
lightSampl1[2*samp  Off set +1] ,
&ray, &pdf);
if (pdf == 0f | alpha.Black()) continue;
alpha /= pdf * lightPdf;

Giventheintersectiora surfacein the scenea VirtualLight objectis created
to representhe correspondingsirtual light source. Given that alpha holdsthe
path's contrikution up to its arrival at the currentpoint on the surface(the brack-
etedtermin Equation0.2.1),we just needto storeenoughinformationsothatthe
geometrytermandtwo BSDFtermsoutsidethe bracletscanbe evaluatedgivena
one-sgmentpathfrom theeye.

Oneof the BSDF termsis from the BSDF at the last vertex of the light path,
fpr p2 ps. Inasensethe BSDF at p, canbe thoughtof asde ning the
directionally-arying radiantintensityof the virtual pointlight. We will introduce
anapproximatiorhereby representinghistermwith aLambertiarBSDFbasedn
thehemispherical-directit re ectanceof thesurface.Doingsomalesit possible
to includethis termin the partial path contritution storedwith the virtual light.
(Themainmotivationfor makingthis approximationis thatpbrt 's BSDFmemory
allocationoptimizations,describedn Section10.1.1on page466, doesnt make
it easyto prevent theseBSDFs from being deallocatedwell beforerenderingof
the imagewas complete,which would thusleadto runtime errorsand memory
accesgiolations.) As long asthe surfacesin the scenearent too specularthis
approximationworkswell.

Createvirtual light at ray intersectionpoint
Spectrum contrib = alpha * bsdf->rho(wo) I M_PI
virtualLights[s].p ush _back( Virtu alL igh t( ise ct. dg. p, isect.dg.nn, contrib));

In additionto the partial path contritution, the VirtualLight structureneeds
to storethe virtual light sources positionandnormalin orderto evaluatethe geo-
metrictermin lighting computationdelow.

IGI Local Structues
struct  VirtualLight {
VirtualLight() {1}

VirtualLight(cons t Point &pp, const Normal &nn, const Spectrum &c)
: p(pp), n(nn), pathContrib(c) {}

Point p;

Normal n;

Spectrum  pathContrib;



The computationto samplethe path's outgoingdirectionleaving an intersec-
tion at a surfaceand computeits updatedweightis generallysimilar to the path
samplingcomputatiorin the Pathintegrator particletracingcomputatiorin the
Photonlintegrator

The oneimportantdifferencehereis how Russiarrouletteis usedfor pathter
mination. In thoseotherintegrators,the terminationprobability in the Russian
roulettetestwasconstanandRussiarroulettewasonly appliedaftera x ednum-
ber of bounces.Here,the terminationprobability is one minusthe luminanceof
the productof the BSDF's valueandthe cosinetermdivided by the samplingPDF
for theoutgoingdirection. Thus,if the surfaceasa high albedo—itre ects mostof
the incidentillumination—theprobability of continuingthe pathis high, andif the
albedois small,it is likely thatthe pathwill beterminated.Thisis anintuitively
ef cient property;if thepathis carryingalargeamountof light, it shouldbelikely
to continue.

An interestingimplication of this approachis that the luminanceof the path
contrilution value remainsconstantafter eachsuriaceintersection.For example,
considera suriacewheretheluminanceof contribScale  is 0 1. Thepathwill be
terminatedwith 90% probability For the 10% wherethe path continuesalpha
will bescaledby contribScale , to accounfor thelight re ection, anddividedby
0 1, to accountfor Russiarroulette. Becausehe luminanceof contribScale  is
0 1, thenetresultwill bethattheluminanceof the pathis unchanged.

Thus, surfacesthatre ect little light leadto fewer pathsleaving them, rather
than pathswith a lower contritution. Thus, all of the virtual lights createdwill
have similar pathcontritutionsandwill thustendto make anequalcontrikution to
the nal exitantradiancevaluescomputed.Thisis a moreef cient stateof affairs
thanif someof themwerethousandsf timesbrighterthanothers for example.

Samplenew ray directionandupdateweight

Vector wi;
float  pdf;
BxDFType flags;
Spectrum fr = bsdf->Sample_f(wo, &wi, RandomFloat(),
RandomFloat(), = RandomFloat(),
&pdf, BSDF_ALL, &flags);
if  (fr.Black() || pdf == 0.f)
break;
Spectrum  contribScale = fr * AbsDot(wi, bsdf->dgShading.nn) [ pdf;

float rrProb = min(1.f,  contribScale.y());
if (RandomFloat() > rrProb)
break;
alpha *= contribScale [ rrProb;
ray = RayDifferential(is ect .dg.p, wi);

Mostof thelGlIntegrator::Li() implementationsn't includedhere;it sam-
ples direct lighting in the usualmanner recursvely tracesrays to accountfor
perfectspeculare ection andrefraction,asintegratorslik e DirectLighting do.
Herewe will only focusonthe partsthataredifferentfor this integrator

After the direct lighting contritution hasbeencomputedat the point being
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Figure4: Whenthe minimum distancetestisn't usedaswasdonefor thisimage,
thereare unsightly bright spotsaroundthe pointswherethe virtual light sources
areonsurfacesdueto thel r? termtakingon alargevaluethere.

shadedthe contrilkution from thevirtual light sourcess found. First, theappropri-
atesamplevaluefrom sample is usedto choosewhich setof virtual lights to use
for this point.

Computdandirectillumination with virtual lights
u_int ISet = min(u_int(sample->0 neDlvl SetOf fse t]] 0] * nLightSets),
nLightSets-1);
for (u_nt i =0; i < virtualLights[ISet ls ize (); +H) {
const VirtualLight &vl = virtualLights[ISet][ il
Add contribution from VirtualLight vl

}

Addcontribution from VirtualLight vl
Ignore light if it' s too closeto currentpoint
Computevirtual light's tentativecontribution Llight
Possiblyskipshadowray with Russiarroulette
if  ('scene->Intersect P(Ray(p, vlp - p, RAY_EPSILON,
1f - RAY_EPSILON)))
L += Llight;

Oneimplementatiordetail is that Gl ignoresthe contritution of virtual lights
thatarecloserto thecurrentpointthanaminimumdistancegivenasauserde ned
value. Figure4 shavs why this rejectiontestis helpful; if nearbylights arein-
cluded,theimagewill have bright splotchesn areaghatarevery closeto virtual
light sourcesRecallthatthereis aoneover squaredlistanceermin thegeometric
termG p1  p for thepaths overall contritution; this valuebecomesrbitrarily
large for pointsvery closeto thelight. If theintegratorignoressuchlight sources,
theresultsaremorevisually pleasing althoughthis testintroducessystemicerror
into thevaluescomputed(And thus,theimageswill beslightly dimmerthanthey
shouldbe.)

In orderto hidethetransitiondrom pointswhereagivenvirtual light is included
to pointswhereit isn't, theSmoothstep()  functionis usedto setascalevalueover



therange 0 1 thesmoothlyfadesn thelight's contrikution.

Ignore light if it's too closeto currentpoint
float d2 = DistanceSquared(p, vl.p);
float distScale = SmoothStep(.8 * minDist2, 1.2 * minDist2, d2);

Sincethe BSDF of the lastvertex of thelight pathwasapproximatedy a con-
stantLambertianterm, there are two factorsto evaluatefrom Equation0.2.1in
orderto computealight path's contritution to a giveneye path:

fpo pr P2Gpr P2

Theseare easily computedwith the valuesavailable to the integratorandin the
VirtualLight structure.

Computevirtual light's tentativecontribution Llight

Vector wi = Normalize(vl.p - p);

Spectrum f = distScale  * bsdf->f(wo, wi);

if (f.Black()) continue;

float G = AbsDot(wi, n) * AbsDot(wi, vln) [ d2;

Spectrum Llight = indirectScale * f * G* vlpathContrib /
virtualLights[ISe tl. siz e();

Llight  *= scene->Transmittanc  e(Ray(p, vlp - p));

If the light's contrilution to outgoing radianceat the point is low, Russian
rouletteis usedto sometimeswvoid tracingtheshadev ray for it. Thus,lesstimeis
spenttracingshadav raysfor unimportantights. The raysthatarecandidategor
Russiarrouletteterminationbut aretracedanyway arereweightedsothatthe nal
resultis unbiasedat least,from the terminationdonehere—theninimumdistance
testandthe approximationof the BRDF with a Lambertianterm both malke this
algorithmbiasedalready)

Possiblyskipshadowray with Russiarroulette
if  (Llight.y() < rrThreshold) {

float  continueProbability = 1f;
if (RandomFloat() > continueProbability )
continue;

Llight /= continueProbabilit y;

0.1 Usingtheformulationof this approactin termsof bidirectionl pathtracing
introducedhere, discusswhetherthis formulation leadsto otherimprove-
mentsthat can be madeto the algorithm (in particularto eliminatingthe
bright spotsin cornersin anunbiasednanner)?
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