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Abstract

Image-basedighting (IBL) of virtual objectshasbecomea popularappmoad to blendingvirtual andreal scenes.
In IBL an omni-directionalimage of a scends usedastheillumination environmentfor renderingvirtual objects.
Typically, this renderingis basedon global illumination techniqueswhich are far from capableof real-timeper
formance|n this paperwe describehowto estimatethe positionsandradiancesof a smallnumberof pointlight
sources,e.g., on the order of 5 to 10, which will producevirtual objectappeaanceswhich are consistentvith
thoseobtainedusingIBL. The estimatedight souice parametes can be useddirectlyin OpenGLrenderingfor
real-timeperformanceWe demonstate the approadc on natural scenes.

Cateories and SubjectDescriptors(accordingto ACM CCS)

1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism |.4.8 [ImageProcessingndComputeiVision]: SceneAnalysis

1. Introduction

High fidelity compositingof virtual objectsinto imageryof
real sceneds alreadya highly developedarea,andis used
extensiely for visual effectsin films andcommercialsOne
of the main problemsin suchcompositingis to ensurethat
the lighting usedwhenrenderingthe virtual objectsis con-
sistentwith thelighting in therealscene.

Image-basedighting (IBL) is anapproachwhich solves
this problemby usingomni-directionalimagesto represent
theirradiantlight at the virtual objects locatiorf- > 9. Some
global illumination approachis then appliedto renderthe
virtual objectsby placingtheminsidealargespheremapped
with theomni-directionaimage.Figurel shavsanexample
of sucha mapping.While this approactsolvesthe problem
of realisticlighting of virtual objectsit is not suitedfor real-
time applicationssuchasAugmentedReality (AR).

In AR virtual objectsareembeddedh realscenesn real-
time to allow the userto interactwith the scene,and/orto
purposvely adjusthis viewing positionanddirectionin or-
derto exploretheaugmentedcene 3.

The renderingstepin IBL using a global illumination
technique cannot visualize virtual objects at interactve
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frame rates.This is mainly dueto the fact that computing
the radianceat eachsurfacepoint on the virtual objectsin-
volvesa summatiorof radiancecontributionsfrom all light
sourcesn the scene And the large spheremappedwith the
omni-directionalimagein principle represents very large
number(thousandspr hundredsof thousandspf tiny light
sourcegontrituting to theirradianceat the surfacepoint.

In this paperwe addresghe problemof trying to achieve
IBL in real-time.The only feasibleapproachseemsto be
to lower the numberof light sources,i.e., approximating
thecomplicatedspatiallycontinuousomni-directionalight-
ing ernvironmentwith a smallernumberof directionallight
sources.Our approachis to estimatethe position and ra-
diance parametergcolor and intensity) of some limited
numberof light sourcesso that the resultingvirtual object
lighting as closely as possibleapproximateswhat would
be obtainedwith the standardBL approachln our exper
imentswe have usedup to 10 light sourcesfor this pur
pose.OpenGLsupportsat least8 directionallight sources
andstandardgraphicshardwareallows real-timerendering,
includingmultiple renderingpassegor creatingshadavs.

A lot of work hasbeenpublishedon differentapproaches
to acquiringthe omni-directionakeal scendlluminationin-
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Figure 1: Top left: full 360by 180degreeimage of a greenhousén the botanicalgardenin Prague Top right: the sameimage
mappedo a sphee (here in a resolutionof only 20480triangles).In bothversionsit is possibleto seethe positionof the sun,
which is the all-dominantlight souice in the scene but clearly the plants and the color of the glassroof also influenceshe
lighting conditions Bottomleft andright: two differentviewing directionsin the botanicalgardenscenarioNoticethe sunlight
is comingin fromtheright in theleftimage, andfromtherearin theright image.

formation. Someresearchersise specialprobes,typically
highly reflectve metal sphere® 8. Othersplace cameras
with very largefield-of-view (upto 180degrees)n thescene
atthe approximatdocationof wherethe virtual objectswill
later be placed. A differentapproacthasbeento estimate
the sphericalsceneradiancedistribution from images of
known realobjectscastingshadavs in therealscené? 10.12,

The work presentedn this paperis applicableregard-
less of haw the omni-directionalradiancedistribution is
obtained.Our work simply assumessuch radiancedistri-
bution informationis available, (in our experimentsomni-
directionalimagesare composedrom multiple large field-
of-view imagesacquiredwith arotatingcamera).

The paperis organizedasfollows. In section2 we present
an overview of the approachshaving someillustrative re-
sults.Section3 describeshe theoreticafoundationsor the

proposedapproachto estimatinglight sourceparameters.

Thensection4 is devotedto presentinghow the estimated
light sourceparametersire usedin the real-timevisualiza-
tion of virtual objects.Section5 is devoted to discussing
somecentralissuesof the approachand future work. Sec-
tion 6 offerssomeconclusions.

2. Context and overview of approach

This researchis carried out in the contet of a research
projectwherewe have omni-directionaimagesof scenarios
available. Theseomni-directionalimagesare composedas

mosaicsfrom multiple imagesacquiredwith a rotating180

degreefield-of-view cameraFigure 1 shavs the full image
andamappingof it to asphereln theprojectsuchspherical
imagesaredisplayedo usersvearinganorientationtracked

Head Mounted Display so the useris able to freely look

aroundin ary direction;figure 1 shovs two screenshotef

whatthe usermay seein this particularexample.The user
seeghescenaridn stereoput thisis notreproducedere.

We wish to insertvirtual objectsinto suchscenariosand
we naturallywant to renderthe virtual objectsunderlight-
ing conditionswhich areconsistentvith therealscendight-
ing. As describedurobjective is to somehav determinghe
parametersf somevirtual lighting condition,which s suit-
ablefor real-timerendering,andwhich ascloselyaspossi-
ble mimicsthe virtual objectshadingthatwould have been
obtainedusingnormalimage-basedtighting (IBL). The pa-
rametersve areaimingatdeterminingarethedirectionsand
radiancegcolorsandintensities)of a limited numberof di-

(© TheEurographic#ssociation2003.



MadsenSgensenandMttrup / Light Source Estimation

rectionallight sourceswhich canthenbeuseddirectlyin an
OpenGLimplementation.

Theproposedpproacho estimatinghis simplifiedlight-
ing environmentis conceptuallywery simple,andcomprises
two steps.First we take a small white virtual sphereand
placeit in the centerof a large spheremappedwith the
omni-directionaimage.Thenwe rendertheradiance®f the
white sphereat mary pointsonthe spheresurfacetakingra-
diantlight contrikutionsinto accounfrom every pointonthe
largespherej.e.,completelyasin classicdBL. Subsequently
we will referto the smallwhite sphereasthevirtual probe
sphere, andsincethelargespheras amapof thedistribution
of radiantlight from every directionin a real scenewe will
referto it asthe scene radiance sphere (someresearchers
usethetermradiancemag). An exampleof ascengadiance
spheres actuallywhatis displayedin figure 1, andfigure 2
shavsthecomputedadiance®f thevirtual probespherdor
thebotanicalgardencase.

Figure 2: Thevirtual probesphee is a white perfectLam-
bertian reflector This figure showsthe radiancesof the vir-

tual probe whenrendeed inside the lighting ervironment
shownin figure 1. Notice the greenshinedueto reflection
from plants, and the ’highlight’ due to the incoming sun
light.

After having computedheradiancef thevirtual probe
sphereunderIBL, step2 is to estimatethe parameterof
someuserspecifiechumberof directionallight sourcesplus
the parameter®f an optionalambientlight term. The esti-
mationis basen aniterative schemevhich optimizesover
the setof parameterssuchthatif thevirtual probehadbeen
subjectedo this simplified lighting its radiancesvould be
similar to thosecomputedin the stepl1. Thatis, the itera-
tive estimationstepadjuststhe lighting parameterso asto
minimizethedifferencebetweertheradiance®f thevirtual
proberadiancedgrom stepl, andthevirtual proberadiances
given the currently estimatedparameterf the simplified
lighting conditions.Figure3 shaws theresultof suchanes-
timation.

Figure 3 shavs thatthe comple lighting ervironmentof
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Figure 3: Thevirtual probesubjectedo virtual lighting con-
sisting of an estimatedambientterm, plus an estimateddi-

rectionand radianceof onedirectionallight souice When
comparingto figure 2, which showsthe true IBL virtual

proberadiancefor this example it is seenthat light direc-
tion andradiancesare veryaccuately estimated.

the botanicalgardencan actually be simulatedquite accu-
rately usingonly anambientterm plus onedirectionallight
source.This allows us to achieve real-timerenderingwith
shadingresultswhich are comparableto the complicated
truelBL approach.

Thedescribedstepsl and2 represenanoff-line phasee-
sultingin lighting parametersvhich canthenbe usedin an
on-line,real-timephasewhich canrendershadingandshad-
ows of dynamicvirtual objects.This would beimpossibleto
achieze with normallBL dueto thecompleity of theglobal
illumination lighting computations.

3. Estimation of light source parameters

In this sectionwe will describethe off-line steps,i.e., the
stepsinvolvedin estimatingthe simplifiedlighting erviron-
ment prior to the actualreal-timerenderingof virtual ob-
jects. First we describehow to computethe Image-Based
Lighting of the virtual probespherej.e., computethe radi-
ancespr the shadingasit were,of the virtual white sphere.
After that we describehow to usethoseradiancesto es-
timate the parameter®f the chosennumberof directional
light sources.

3.1. Computing true proberadiancesusing
image-based lighting

In ourwork we have choserto useawhite spherewith Lam-
bertianreflectionpropertiesasthe virtual probe.Thereare
multiple reasondor this. First, the probe could be of ary
color aslong asit reflectssomelight in all color bands(we
usethreecolor bands,R, G, andB). As long asthe same
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Figure 4: Leftmost:omni-directional radiancemap compositedrom multiple images acquired with a rotating 180 degrees
field-of-viev camenr in a hall scenario.Thethreeremainingimagesshowthe windowregion acquiredwith integration timesof

23,63,and 103 millisecondgespectively

coloris usedn theestimatiorstepit will notchangeheesti-
matedight sourceparametersSecondlyaspherds optimal
becausét hasan even distribution of surfacenormaldirec-
tions, enablingus to evenly capturethe spatialdistribution
of light comingfrom the sceneradiancesphereThirdly, the
virtual probeis chosenasan Lambertianreflectorsincein-
cludingaglossyreflectioncomponentvould involve worry-

ing aboutviewpoint dependeng of the computedradiance.

With a Lambertian(purely diffuse)reflectionviewpoint de-
pendenyg is nota problem.

For renderingthe virtual proberadiancesinderthe given
scenagadiancesphereve couldchooseary reflectionmodel,
but we have chosenthe Phongshadingmodel dueto its
simplicity andbecauseét is sufiicient for diffusereflection.
Sincewe only consideriffusereflectionthe Phongshading
modelcanbeformulatedas:

K
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whereRR, R, andRP arethe RGB radiancegrom point
numberi on the probesurface, ky is the diffuse reflection
coeficient of the probesurface(heresetto 1), cR through
CB arethe RGB valuesrepresentinghe color of the probe
surface(hereall setto 1), LT throughL} arethe RGB radi-
ancesof the jth point on the sceneradiancespherej.e. the
jth light sourcein the image-basedight environment.K is
the numberof suchsourcestypically several thousandsn;
is theunit normalof the probesurfaceat pointnumberi, and
Ij is the unit directionvectorfrom probepoint numberi to
ervironmentlight sourcenumberj.

In our implementatiorwe have usedsub-sampledcosa-

hedrafor the virtual probeandthe sceneradiancespheres.

We typically use 320 facesfor the virtual probe,and5120
facedfor thescenaadiancesphereFor bothspheresve use

the centroidof eachfaceasthe pointsin conjunctionwith
egs.1 through3. Computingthe proberadiancess the most
time consumingstepin our approachTo compute320RGB
proberadiancesn a 5120sourcesmage-basedtighting en-
vironmenttakesa few minutesin Matlah In a C++imple-
mentationit would take a few secondsFigure2 shovedthe
probein the botanicalgardenscenario.

Figure 4 shavs an omni-directionalsceneradiancemap
from anotheirindoorscenaricdominatecby lighting coming
in from 3 large windows. In this context it is appropriateo
introducehow we dealwith the problemthat thereis lim-
ited dynamicrangein imagesacquiredwith a normalcam-
era.Thelight comingthroughthewindowsis sointensethat
if the windows shouldnot be over-exposedthe rest of the
scenewould be severely underexposed.We dealwith this
in thesameway asin 4, namelyby combiningimagestaken
with varyingintegrationtimes.Thiswaywe getmuchhigher
dynamicrangeallowing for non-saturategixelsin thedirec-
tionsof thedominantlight sources.

Figure5 shavs thevirtual proberadiancesorresponding
to the sceneradiancemapin figure 4.

3.2. Approximating true radiances with a few point
light sources

Virtual probe radiancesas exemplified in figures2 and 5
form thefoundationfor the secondstepin our approaches-
timatingtheparametersf asimplifiedlighting ervironment.

Real-timerenderinglibrariessuchasOpenGLsupportat
least8 light sourcesplus an ambientlight term, and the
shadingin OpenGLis performedusingthe Phongshading
modet. Ourobjectieis to utilize the OpenGLPhongshad-
ing to approximatehecomplex IBL describedn section3.1.
I.e.,wherenormallBL would useseveralthousandsf light
sourceddistributed evenly over all directionsin the scene,
we arenow aiming at figuring out whereto placea handful
of light sourcesandwhatradiancego give them,in orderto
gettheapproximateljthe sameshadingresult.

Whenincludingthe ambientterm,andallowing for M di-
rectionallight sourceswhereM is small,the Phongshading
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Figure 5: Theradianceof thevirtual probewhenrendeed
insidethelighting ervironmenbf thehall sceneln thiscase
thevirtual probeis showndirectlyfromabove andthethree
windowsdominatingthe sceneradiancemapare directlyin

thetop relativeto the shownprobe

modelcanbe written asthe following (again excluding the
speculareflectionterm):

M

R ke ChLy SkaCRLf mlp @
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WhereF\—’,R, ﬁ,G and F\—’,B arethe RGB radiancesf theith
point on thevirtual probein the simplifiedlighting erviron-
ment(not to confusethemwith the radiancecomputedus-
ing IBL, asrepresentedby eqs.1 through3). ka is the co-
efficient of ambientreflection,LR throughLS arethe RGB
radiancef the ambientlight, andall the otherparameters
have the samemeaningasin egs.1 through3.

Now, we areinterestedn minimizing the differencebe-
tweenthe full K sourcedBL andthe simplified M sources
shadingR}, RS, andRP aretheproberadiancesomputedn
section3.1, sothey representhreeknown numberdor each
pointontheprobesurface Ourtaskis thusto find theparam-
eterswhich bestsatisfythe homogeneousquationsystem:

M
R kcfLly Sk lfinyy 0@
j 1
G G G M G |G
R> ka C° L3 deC L7 I 0 (8)
i1
B B B M B B
R ka C° Lg deC Li ni | 0 (9
i1
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Theunknavnsin this equationsystemarethe parameters
which we have to estimate LR, LS, and L8 representhe
threeunknavn ambientradiancesThe L%, LS, andL} pa-
rametergepresenthe3M unknavn radiance®f theM light
sourcesFurthermorethel; vectorsrepresen2M unknovn
light sourcedirectionsif eachlight directionvectoris writ-
tenas:lj [ sin@j cosg; cosBj cosg; cosO; |,
i.e.,theunknavnsarethe 8 andg; parameters.

All in all thereare3 5M parameterso estimateLet N
denotethe numberof pointson the virtual probe(typically
320in our experimentssofar). We thenhave 3N equations
and3 5M unknavns, and the equationsare highly non-
linear dueto the way the light sourcedirection parameters
influencetheradiancesWe have emplo/edthe Newton's it-
erationsmethodfor iteratively solving for the optimal val-
uesof theunknavns. A in-depthdescriptionof theiterative
schemas givenin ¢, andit is beyondthe scopeof this paper
to describet. The methodinvolvescomputingthe Jacobian
matrix of the equationsystem,i.e., the first derivatives of
eachequationwith respectto all the unknavn parameters.
This is tedioushbut straightforward in our formulation as
givenin egs.7 through9.

Figure 6 shavs two examplesof estimatedsimple light-
ing ernvironmentscorrespondindo the hall scenarioshavn
in figure 4. In the latter example,with ambientlight and 4
directionalsourcesthe 3 estimateddominantsourcescor-
respondexactly to the locationsof the 3 windows. The last
sourcecorrespondso the diffusereflectionfrom the almost
white wall oppositethewindows. Interestingly theradiance
of the estimatedambienttermis of a color which is similar
to the color of the floor in the scenarioFigure 7 shows the
estimatecambientlight color.

The issueof which ambientreflectioncoeficient, ka, to
choosds complex andcannotbe dealtwith in depthin this
paper but we will give a basicoutline of theissue.If ks is
setto zero,no ambienttermis estimatedandthe proposed
procedurewill attemptto accountfor all the image-based
lighting usingthe specifiednumberof directionalsources.
If anon-zerovalueis chosenthe ambientradianceswill be
estimatedIf ka is setto 0 1 the estimatechmbientradiances
will justbe10timeslowerthanif ky weresetto 1 0. Never
thelessit is importantthatthe coeficientis setto something
whichis approximatelyvhatwill beusedfor theactualreal-
time renderingof virtual objects ptherwisetheradiancebal-
ancebetweenambientanddirectionallight will not be cor
rect.

As with all iterative schemeshe Newtoniterationmethod
requiresinitial valuesfor all unknovn parametersWe use
10 for all RGB radiancesandinitially placethe M direc-
tional sourcessothey arefairly evenly distributed over the
view sphere.Convergenceon the parameterestimationis
achieved in about20 iterations,andit takesa few seconds
in our Matlab implementationThe time is primarily spent
onrenderingheradiance®f thevirtual probegiventhecur
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Figure 6: Two estimatedighting environmentwisualizedoy
howthey wouldshadethevirtual probe Thetop examplein-
cludesanambientight termandonedirectionalsource The
bottomexampleincludesand ambientterm and 4 direction
sources.Both are visually quite closeto the 'groundtruth’
shownin figure 5, but the bottomfigure showsa mud better
shadingdepthin the area pointing awayfromthe dominant
light sources.

Figure 7: Thefigure showsthe color of the estimatecambi-
entlight for the hall scenario.

rentparameteraluesat eachiterationstep,(to computethe
RR, RC, andR® valuesfor egs.7 through9).

4. Real-timerendering of virtual objects

Having thus describedthe off-line stepsin our approach,
the stepsleadingto the estimatedoarametergor a simpli-

fied lighting ervironment,we cannow proceedto giving a

brief overvien of the on-line, real-timephase.ln the real-
time phasewe apply the estimatedighting parametersli-

rectly in an OpenGLimplementationof a rendererwhich

visualizegwo componentsl) theomni-directionakcenea-

dianceimagemappedo theinsideof alarge sphereprovid-

ing the realimagebackgroundor the scenarioand2) ary

virtual objectsonemight desire.The first componenis not
subjectedto ary lighting, it is just shaving the real scene
imageasa texture. The secondcomponenis renderedvith

shadingaccordingto the estimatedighting parametersrig-

ure 8 shavs several views of this for the hall scenariowith

arbitrarily distributedwhite spherego give animpressiorof

thevirtual lighting environment.Theimplementatiomunsat
+100framespersecondn a GeForce4 card.

It is easyto seethatthe distribution of lighting directions
isin goodcorrespondenceith therealsceneandit canalso
be seenthatthe ambientterm,which dominateghe shading
on thedark sidesof the balls, givesan appropriatesoft red-
dish shine,consistentith the reddishfloor andthe creamy
coloredwallsin thescene.

To additionallyvisualizetheresultswe have implemented
asimpleshadov algorithmbasedon a generalizatiorof the
perspectie projection to projectthevirtual objectsto planes
in the ervironment. The implementedmethodis described
in e.g. 1413, and doesnot producesoft shadavs (penum-
bra),only umbra.Figure9 shavsarectangloicbjectcasting
shadavs onthefloor.

The shadavs areimplementedas alphaoverlays,where
thealphavaluesandoverlay colorsarecomputedsoasto be
appropriatggiventhe estimatedighting parameterOur ap-
proachis inspiredby 11, andthe basicideais to computethe
radianceof a pointwhenit is lit by all sourcesandcompute
theradiancewhenthe pointis notlit by thejth source.The
ratiosbetweertheseradiancesa ratio for eachof the three
RGB componentscarry the information neededo change
the radiancein a given point in the scene|f the jth source
causes shadev from thevirtual objectto fall onthatpoint.
But where!! develop the ideafor a globalillumination ap-
proachto compositingvirtual objectsinto real sceneswe
have developeda methodfor establishinghe optimalalpha
and color valuesfor an overlay which canbe usedin con-
junctionwith real-timegraphic$. It is beyond the scopeof
this paperto recapitulatehis method.

(© TheEurographic#ssociation2003.



MadsenSgensenandMttrup / Light Source Estimation

Figure 8: Four differentviews of the hall scenariowith randomlyplacedwhite balls to illustrate the shadingresultingfromthe
estimatedighting conditionswith ambientplus4 directionalsources.Theviewsare rendeedwith a large field-of-viev to male
it easierto orienttheviewsrelativeto the scenario therefore the balls are sometimeslistorted.

5. Discussion

In this paperwe have focusedsolely on diffusereflectionof

the virtual objects.To have more freedomto visualizevir-

tual objectswith differentreflectancepropertiesit is natu-
rally possibleto add a non-zerocoeficient of specularre-

flection, ks, in thereal-timerenderingof virtual objects.The
estimatedocationsof directionalsourcesrecloselyconsis-
tentwith directionsof dominantlight in the sceneradiance
sphereandthereforeaddinga speculareflectiontermin the

renderingwould give credibleresults.

Completelyspeculasurfacesvould notgive goodresults,
though,sincetheestimatedourcesarein effect point sized.
If onewantedto give theillusion of highly speculasurfaces
the proposedapproachcould be combinedwith a level of
ervironmentmapping.

Another subjectof future researchis the numberof es-
timatedlight sourcesused.Currently the userdetermines
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the numberof virtual light sourceswhich shouldbe used
to approximatethe image-basedighting. We will develop
methodgo automaticallyfind the lowestnumberof sources
which will resultin shadingerrorsbelov somepredeter
minedthreshold An issuein this contet is the valuesused
asinitial guessefor parameters theiterative estimationin
this papemwe getfine convergencewith moreor lessarbitrar
ily choseninitial guesseshut preliminarywork hasshavn
that automaticdeterminationof initial parametewaluesis
key to seriouslyminimizing the numberof sourcesMini-
mizing the numberof sourcess importantin orderto main-
tain real-time performancefor more complicatedshadeov
castingapproaches.

6. Conclusion

The paperaddressedhe problemof trying to achieve real-
time performancewhen renderingvirtual objectsinto real
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Figure 9: A virtual objectcastingshadowsn the hall sce-
nario. The three upwad shadowscorrespondto the three
windowscastinglight from behindthe viewing position. A
fourth shadowis castby a weaklight source estimatedo
accountfor thereflectionoff thewall in the badground.

sceneswhile taking real scenelighting into account.With
image-basedighting (IBL) as the starting point we pre-
sentecamethodfor computingalighting environmentwhich
is of drasticallyreduceccompleity, but still produceshad-
ing resultsthat are virtually indistinguishabldrom whatis
obtainedwith non-real-timenormal IBL. Normal IBL in-
volvesrenderingwith thousand®f light sourcesandwith
themethodpresentethere goodresultscanbeachiezedwith
lessthan10.

The presentedapproachis completelyautomaticas the
useris only requiredto specifyhow mary light sourceso
spendon approximatingthe real sceneradiance The main
scopeof our futureresearclis to automatehe choiceof the
numberof light sources.
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