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Sec.0.1] Overview 1

Figure1: Imagesof theSibenikcathedralmodelwith directlighting only (left) and
with globalilluminationcomputedwith the“instantglobalillumination” algorithm
implementedhere(right). TheIGI imagetook only 10%longerthantheonewith
direct lighting only to be rendered,thoughhasfew artifactsand representsthe
indirectlighting well.
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Thisnotedescribesanimplementationof the“instantglobalillumination” (IGI)
algorithm as an integrator for pbrt . Instantglobal illumination was developed
by Wald,Benthin,andcollaborators(Wald,Kollig, Benthin,Keller, andSlusallek
2002; Wald, Benthin, and Slusallek2003; Benthin, Wald, and Slusallek2003),
building on the “instant radiosity” algorithmintroducedby Keller (Keller 1997).
The basicidea behindboth of theseapproachesis to follow a small numberof
light carryingpathsfrom thelight sourcesandto constructanumberof point light
sourcesat the pointswherethesepathsintersectsurfacesin a way suchthat the
lightsapproximatetheindirectradiancedistribution in thescene.After theselights
have beencreated,whentheintegratorlaterneedsto computeexitant radianceata
point, it only needsto loop over thesepoint light sourcesandtraceshadow raysto
seeif they arevisible,accumulatingtheindirectillumination thatthey representif
so.

Figure1 shows two imagesof theSibenikcathedralmodel,onerenderedwith
direct lighting only, andthe otherusingIGI. IGI rendersindirect lighting effects
very ef�ciently, with only a 10% increasein computationtime, andwithout the
noisecharacteristicof algorithmslike path tracingor bidirectionalpath tracing.
It canbe implementedasan unbiasedlight transportalgorithm, thoughbecause
a small setof virtual lights is usedfor all pixels in the scene,error shows up as
systemicerror due to this correlationas opposedto noiseas would be the case
for pathtracingalgorithms. While this is a desirablepropertyfor singleimages,
this error can be distractingin animations,wheresubsequentframesmay have
noticeablydifferentbrightnessesdueto adifferentsetof lightsbeinggeneratedfor
eachone.

In thisnote,wewill show how IGI canbeunderstoodasavariantof bidirectional
pathtracing(seeSection16.3.5onpage753).Thisformulationbothmakesit easier
to understandwhich cosinetermsandsuchto includein thevaluescomputedand
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alsomakesit easierto seehow theapproachcouldbe modi�ed. However, while
we will usethis theoryas the foundationfor the derivation of the approach,the
implementationwill still bein termsof the“virtual light source”approach.
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As usual,mostof the implementationof the integratorwill beelidedhere,and
we will just focuson thepartsthataredifferentthanstandardintegrators.

TheIGIIntegrator constructortakesfour parameters;the�rst, nLightPaths ,
gives the numberof pathsto follow from lights to createthe virtual lights (the
actualnumberof virtual lights createdwill generallybe larger thanthis, aseach
pathusuallycreatesmultiple lights).

Thesecondparameter, nLightSets , describesthenumberof light setsto create;
insteadof computingjustonesetof virtual lights,this integratoractuallycomputes
nLightSets independentsetsof them. To seedoing so is useful, consideran
imagebeing renderedat a rate of sixteenimagesamplesper pixel: in general,
we will expecta betterresult if eachimagesampleusesa differentsetof virtual
lights,thusincorporatingmoreinformationaboutindirectilluminationin thescene
at little incrementalcomputationalcost.Thus,for bestresults,thisvalueshouldbe
roughlyaslargeasthenumberof samplestakenperpixel.

Figure 2 shows the Sibenik scenerenderedagainwith just one set of lights
(left), andwith 256 sets(right), both imagesrenderedwith sixteensamplesper
pixel. In both cases,imagequality suffers. With just oneset,all sixteenimage
samplesusethe samesetof virtual lights. As this setonly hasten or so lights
in it, indirect lighting cannot accuratelybe approximated,andthe virtual lights
castnoticeableshadows. (With sixteensets,asin Figure1, theseshadows aren't
noticeablebecausetherearesomany lights.)1 With 256sets,asin theright image,
theresultis noisy, asdifferentpixelswill naturallyusedifferentlights.

minDist2 is themaximumsquareddistanceto a light; its usewill alsobe ex-
plainedshortly. Finally, rrThreshold is a Russianroulettethresholdusedto skip
tracingrays to virtual lights that make a small contribution to a particularpoint
whereexitant radianceis beingcomputed.

�

IGIIntegrator Implementation��� ������� �"!�#$!��

IGIIntegrator::IGI Int egr ato r( int nl, int ns, float md,
float rrt, float is) {

nLightPaths = RoundUpPow2((u_int)n l) ;
nLightSets = RoundUpPow2((u_int )ns );
minDist2 = md * md;
rrThreshold = rrt;
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 samplesis the sameasthe numberof virtual light sets.
Otherwise,theone-to-onerelationshipbetweenthetwo maybelost.
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Figure2: Renderedimagesof theSibenikcathedralwith sixteensamplesperpixel
and one setof virtual lights (top) and 256 sets(bottom). With just one set, all
sixteenpixel samplesusethesamesetof virtual lights, leadingto a lower quality
resultthanif moreareused.Furthermore,this imagehappenedto bemuchbrighter
thana moreaccurateonewith morevirtual lights,sincethesetof lightsgenerated
herehappenedto follow pathswith moreindirect lighting contribution thanaver-
age.With substantiallymoresetsthanpixel samples,however, theresulthasnoise.
While moresetsgivesa resultwith lesscorrelationbetweenpixels dueto using
differentsetsof virtual lights,noiseis thepriceto payfor this improvement.

�

IGI PrivateData��� ������� �"!�#$!��

u_int nLightPaths, nLightSets;
vector<VirtualLigh t> *virtualLights;
mutable int specularDepth;
int maxSpecularDepth;
float minDist2, rrThreshold, indirectScale;
int vlSetOffset;

In the integrator's Li() method,the typical samplingapproachis usedfor the
direct lighting computation,wheresamplesare taken from all light sources. In
additionto theusualsamplesneededfor thatcomputation,thisintegratoralsoneeds
a well-distributed1D sampleto chooseamongthe multiple setsof virtual lights;
RequestSamples() handlesnotifying the Sampler of all of theseneededsetsof
samples.

�

IGIIntegrator Implementation��� � ������� ��!�#$!��

void IGIIntegrator::Requ est Sampl es( Sampl e *sample,
const Scene *scene) {

�

Requestsamplesfor arealight sampling�������$�

vlSetOffset = sample->Add1D(1);
}

Thetaskof thePreprocess() routineis to follow light-carryingpathsfrom the
light sourcesandto createthevirtual point sources.Beforediscussingits imple-
mentation,we will �rst review the relevant ideasfrom bidirectionalpathtracing
thatprovide thefoundationfor IGI.

Recallfrom Section16.2.4on page738 thatwe canwrite theexitant radiance
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Figure3: bidir path

from apointp1 to apointonthe�lm planep0 asanin�nite sumover light carrying
paths,
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With standardpathtracing,wecomputedestimatesof theseintegralsby follow-
ing pathsfrom thecamerainto thescene,samplingfrom probabilitydensitiesover
directiongiven by the BSDF at eachvertex (Section16.3.3). Bidirectionalpath
tracingfollows asimilarapproach,insteadstartingpathsfrom boththeeyeandthe
lightsandthenconnectingthetwo paths.

Fromsection16.3.3,theMonteCarloestimatefor a generalpathis

P � p̄i ���
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To understandIGI, considerthecaseof bidirectionalpathtracingwherethepath
from theeye hasonly onesegmentandthe light pathhasoneor moresegments.
(Notethatdirectlighting thusisn't accountedfor, andmustbehandledseparately.)
Figure3 shows an examplewherethe light pathhasthreeverticesandhasbeen
connectedto aneye pathof onesegmentwith a shadow ray (dottedline). Theeye
segmentand the connectingsegmentareuniquely determinedgiven the camera
ray, its intersectionpoint,andthevertex of thelight pathit is beingconnectedto.
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Note that thereis only oneway to generateany pathof a particularlengthof
n segments:1 eye segment,1 connectingsegment,andn

�

2 light segments.As
such,theMonteCarloestimateof apath's contribution is

P � p̄i �����
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p2 �
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p2 �

p3 ���

(0.2.1)

Note that the term in squarebrackets is independentof thesegmentfrom theeye
to the�rst visible point p1 or thesegmentfrom thatpoint to the lastvertex of the
light pathp2. Its valuecanthusbeprecomputedandstoredwith thevirtual light.

The taskof the Preprocess() methodis to createnLightSets setsof paths
from the lights in the scene,whereeachsethasnLightPaths pathsfrom lights.
Eachsuchlight pathwill generallyleadto multiple virtual light sources,asone
virtual light is createdfor eachvertex in thepathaftertheoneon thelight source.
(Russianrouletteis usedto terminatepathsin anunbiasedmanner.)

�

IGIIntegrator Implementation��� � ������� ��!�#$!��

void IGIIntegrator::Prep roc es s(c ons t Scene *scene) {
if (scene->lights.size( ) == 0) return;

�

Computesamplesfor emittedraysfromlights ���

�

Precomputeinformationfor light samplingdensities� �

for (u_int s = 0; s < nLightSets; ++s) {
for (u_int i = 0; i < nLightPaths; ++i) {

�

Follow pathi fromlight to createvirtual lights � �

}
}

}

To ensurea goodsamplingof indirect light, it' s helpful to usewell-distributed
samplesto choosethe initial pointson the light sourcesandtheir directions.The
LDShuffleScrambled *D( ) functionswork well to computesamplesto compute
theinitial raysthepathsfrom thelights. Usingthemin thismannerensuresnotonly
thatthesamplesusedfor eachparticularsetof virtual lightsarewell-distributedbut
thatin theaggregateoverall of thepaths,thesamplesaregloballywell-distributed
aswell.

�

Computesamplesfor emittedraysfromlights��� � ����� ���

float *lightNum = new float[nLightPaths * nLightSets];
float *lightSamp0 = new float[2 * nLightPaths * nLightSets];
float *lightSamp1 = new float[2 * 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 theprobabilityof startinga
pathfrom a light sourceis relatedto theamountof power it emitsin comparison
to thepower emittedby theotherlights. Increasingtheprobabilityof generating
pathsfrombrightlightsnaturallyleadstomorevirtual lightsbeingcreatedfor those
lights, leadingto higher-quality results. (The intensityof the virtual lights must
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bereducedcorrespondinglyto counterbalancethefact thatmorevirtual lights are
createdfor bright light sources.)Herewe computea discreteprobabilitydensity
for samplingeachlight andusetheCompute1dCDF() to computea discreteCDF
whichwill beusedto selectamonglights.

�

Precomputeinformationfor 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;
ComputeStep1dCDF(l igh tPo wer , nLights, &totalPower, lightCDF);

The processfor computingthe pathsis generallysimilar to theapproachused
in thePathIntegrator . Here,thealpha variabletracksthecurrentweightof the
path,accountingfor radianceemittedby the light sourcealongthe initial ray and
the productof BSDF termsandsamplingdensities(i.e. the currentvalueof the
termin bracketsin Equation0.2.1.)

�

Follow pathi fromlight to createvirtual lights��� ������� � �

int sampOffset = s*nLightPaths + i;
�

Chooselight 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 raydirectionandupdateweight � �

}
BSDF::FreeAll();

The SampleStep1d() function returnsa samplefrom the piecewise-constant
light samplingdistributionthatwaspreviouslycomputedby ComputeStep1dCDF() .
Becausethe valuereturnedis over the range

�

0 � 1� , it mustbe scaledby the total
numberof lights to give theappropriatelight numberto sample.2

�

Chooselight sourceto tracepathfrom��� ������� � �

float lightPdf;
int lNum = Floor2Int(SampleSt ep1d(l igh tP ower, lightCDF,

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

2A slightly morecomplex approachis describedby Wald et al (Wald, Benthin,andSlusallek
2003). For denselyoccludedenvironments,many of thelights mayhave little or no contribution to
thepointsvisiblefrom thecamera.They suggestrenderinganimagewith pathtracingandavery low
samplingrate(e.g.onepathperpixel) beforegeneratingthevirtual lights. As this imageis rendered,
informationis recordedaboutwhich of thelight sourcesmadesomecontribution to theimage.This
informationis thenusedto setprobabilitiesfor startingpathsfrom eachlight sothatfew if any paths
arestartedfrom lights thatdidn't make any contribution.
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Given a particularlight andthe probability densityfor startinga pathfrom it,
lightPdf , the Light::Sample L() routine gives the ray leaving the light, the
radianceit is carrying,andtheprobabilitydensityfor samplingtheray.

�

Sampleray leavinglight source��� ������� � �

RayDifferential ray;
float pdf;
Spectrum alpha =

light->Sample_L(s cen e, lightSamp0[2*sampOf fse t] ,
lightSamp0[2*samp Off set +1] ,
lightSamp1[2*samp Off set ],
lightSamp1[2*samp Off set +1] ,
&ray, &pdf);

if (pdf == 0.f || alpha.Black()) continue;
alpha /= pdf * lightPdf;

Giventheintersectiona surfacein thescene,a VirtualLight objectis created
to representthe correspondingvirtual light source. Given that alpha holds the
path's contribution up to its arrival at thecurrentpoint on thesurface(the brack-
etedtermin Equation0.2.1),we just needto storeenoughinformationsothat the
geometrytermandtwo BSDFtermsoutsidethebracketscanbeevaluatedgivena
one-segmentpathfrom theeye.

Oneof the BSDF termsis from the BSDF at the last vertex of the light path,
f � p1 �

p2 �

p3 �

. In a sense,the BSDF at p2 canbe thoughtof asde�ning the
directionally-varying radiantintensityof thevirtual point light. We will introduce
anapproximationhereby representingthistermwith aLambertianBSDFbasedon
thehemispherical-directional re�ectanceof thesurface.Doingsomakesit possible
to include this term in the partial pathcontribution storedwith the virtual light.
(Themainmotivationfor makingthisapproximationis thatpbrt 'sBSDFmemory
allocationoptimizations,describedin Section10.1.1on page466, doesn't make
it easyto prevent theseBSDFs from being deallocatedwell beforerenderingof
the imagewas complete,which would thus lead to runtime errorsand memory
accessviolations.) As long asthe surfacesin the scenearen't too specular, this
approximationworkswell.

�

Createvirtual light at ray intersectionpoint��� � ����� � �

Spectrum contrib = alpha * bsdf->rho(wo) / M_PI;
virtualLights[s].p ush _back( Vi rtu alL igh t( ise ct. dg. p, isect.dg.nn, contrib));

In additionto thepartial pathcontribution, the VirtualLight structureneeds
to storethevirtual light source's positionandnormalin orderto evaluatethegeo-
metrictermin lighting computationsbelow.

�

IGI LocalStructures��� ������� �"!�#$!��

struct VirtualLight {
VirtualLight() { }
VirtualLight(cons t Point &pp, const Normal &nn, const Spectrum &c)

: p(pp), n(nn), pathContrib(c) { }
Point p;
Normal n;
Spectrum pathContrib;

};
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The computationto samplethe path's outgoingdirection leaving an intersec-
tion at a surfaceandcomputeits updatedweight is generallysimilar to the path
samplingcomputationin thePathIntegrator particletracingcomputationin the
PhotonIntegrator .

Theoneimportantdifferencehereis how Russianrouletteis usedfor pathter-
mination. In thoseother integrators,the terminationprobability in the Russian
roulettetestwasconstantandRussianroulettewasonly appliedaftera �x ednum-
ber of bounces.Here,the terminationprobability is oneminusthe luminanceof
theproductof theBSDF'svalueandthecosinetermdividedby thesamplingPDF
for theoutgoingdirection.Thus,if thesurfaceasa high albedo–itre�ects mostof
the incidentillumination–theprobabilityof continuingthepathis high,andif the
albedois small, it is likely that thepathwill be terminated.This is an intuitively
ef�cient property;if thepathis carryinga largeamountof light, it shouldbelikely
to continue.

An interestingimplication of this approachis that the luminanceof the path
contribution valueremainsconstantaftereachsurfaceintersection.For example,
considera surfacewheretheluminanceof contribScale is 0

�

1. Thepathwill be
terminatedwith 90% probability. For the 10% wherethe pathcontinues,alpha
will bescaledby contribScale , to accountfor thelight re�ection, anddividedby
0

�

1, to accountfor Russianroulette. Becausethe luminanceof contribScale is
0

�

1, thenetresultwill bethattheluminanceof thepathis unchanged.
Thus,surfacesthat re�ect little light leadto fewer pathsleaving them, rather

thanpathswith a lower contribution. Thus,all of the virtual lights createdwill
have similarpathcontributionsandwill thustendto makeanequalcontribution to
the�nal exitant radiancevaluescomputed.This is a moreef�cient stateof affairs
thanif someof themwerethousandsof 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 .d g.p , wi);

Mostof theIGIIntegrator::Li() implementationisn't includedhere;it sam-
ples direct lighting in the usualmanner, recursively tracesrays to accountfor
perfectspecularre�ection andrefraction,asintegratorslike DirectLighting do.
Herewe will only focuson thepartsthataredifferentfor this integrator.

After the direct lighting contribution has beencomputedat the point being
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Figure4: Whentheminimumdistancetestisn't usedaswasdonefor this image,
thereareunsightlybright spotsaroundthe pointswherethe virtual light sources
areonsurfaces,dueto the1� r2 termtakingona largevaluethere.

shaded,thecontribution from thevirtual light sourcesis found.First, theappropri-
atesamplevaluefrom sample is usedto choosewhich setof virtual lights to use
for thispoint.

�

Computeindirect illuminationwith virtual lights��� ������� �"!�#$!��

u_int lSet = min(u_int(sample->o neD[vl SetOf fse t][ 0] * nLightSets),
nLightSets-1);

for (u_int i = 0; i < virtualLights[lSet ].s ize (); ++i) {
const VirtualLight &vl = virtualLights[lSet][ i] ;

�

Addcontribution fromVirtualLight vl � �

}
�

Addcontribution fromVirtualLight vl ��� ������� ���

�

Ignore light if it' s toocloseto currentpoint ��� �

�

Computevirtual light's tentativecontribution Llight ��� �

�

Possiblyskipshadowraywith Russianroulette ��� �

if (!scene->Intersect P(Ray( p, vl.p - p, RAY_EPSILON,
1.f - RAY_EPSILON)))

L += Llight;

Oneimplementationdetail is that IGI ignoresthecontribution of virtual lights
thatarecloserto thecurrentpoint thanaminimumdistancegivenasauser-de�ned
value. Figure4 shows why this rejectiontest is helpful; if nearbylights are in-
cluded,the imagewill have bright splotchesin areasthatarevery closeto virtual
light sources.Recallthatthereis aoneoversquareddistancetermin thegeometric
termG � p1 �

p2 �

for thepath's overall contribution; this valuebecomesarbitrarily
largefor pointsvery closeto thelight. If theintegratorignoressuchlight sources,
theresultsaremorevisually pleasing,althoughthis testintroducessystemicerror
into thevaluescomputed.(And thus,theimageswill beslightly dimmerthanthey
shouldbe.)

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

0 � 1� thesmoothlyfadesin thelight's contribution.
�

Ignore light if it' s toocloseto currentpoint��� ��� ��� ���

float d2 = DistanceSquared(p, vl.p);
float distScale = SmoothStep(.8 * minDist2, 1.2 * minDist2, d2);

SincetheBSDFof thelastvertex of thelight pathwasapproximatedby a con-
stantLambertianterm, thereare two factorsto evaluatefrom Equation0.2.1 in
orderto computea light path's contribution to agiveneye path:

f � p0 �

p1 �

p2 �

G � p1 �

p2 ���

Theseareeasilycomputedwith the valuesavailable to the integratorand in 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, vl.n) / d2;
Spectrum Llight = indirectScale * f * G * vl.pathContrib /

virtualLights[lSe t]. siz e( );
Llight *= scene->Transmittanc e(R ay( p, vl.p - p));

If the light's contribution to outgoing radianceat the point is low, Russian
rouletteis usedto sometimesavoid tracingtheshadow ray for it. Thus,lesstime is
spenttracingshadow raysfor unimportantlights. Theraysthatarecandidatesfor
Russianrouletteterminationbut aretracedanyway arereweightedsothatthe�nal
resultis unbiased(at least,from theterminationdonehere–theminimumdistance
testandthe approximationof the BRDF with a Lambertianterm both make this
algorithmbiasedalready.)

�

Possiblyskipshadowraywith Russianroulette��� ������� � �

if (Llight.y() < rrThreshold) {
float continueProbability = .1f;
if (RandomFloat() > continueProbability )

continue;
Llight /= continueProbabilit y;

}
���

	�������� 	��

0.1 Using theformulationof this approachin termsof bidirectionlpathtracing
introducedhere,discusswhetherthis formulation leadsto other improve-
mentsthat can be madeto the algorithm (in particularto eliminating the
brightspotsin cornersin anunbiasedmanner)?
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