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Abstract

Image-basedlighting (IBL) of virtual objectshasbecome
apopularapproachto blendingvirtual andrealscenes.In
IBL an omni-directionalimageof a sceneis usedasthe
illumination environment for renderingvirtual objects.
Typically, this renderingis basedon global illumination
techniqueswhich are far from capableof real-timeper-
formance.In this paperwe describehow to estimatethe
positionsandradiancesof a small numberof point light
sources,e.g.,on theorderof 5 to 10, which will produce
virtual objectappearanceswhichareconsistentwith those
obtainedusingIBL. The estimatedlight sourceparame-
terscanbe useddirectly in OpenGLrenderingfor real-
timeperformance.Wedemonstratetheapproachonnatu-
ral scenes.

1 Introduction

High fidelity compositingof virtual objectsinto imagery
of real scenesis alreadya highly developedarea,andis
usedextensively for visual effectsin films andcommer-
cials. Oneof the main problemsin suchcompositingis
to ensurethatthelighting usedwhenrenderingthevirtual
objectsis consistentwith thelighting in therealscene.

Image-basedlighting (IBL) is an approachwhich
solves this problem by using omni-directional images
to representthe irradiant light at the virtual object’s
location[4, 5, 9]. Someglobal illumination approachis
thenappliedto renderthevirtual objectsby placingthem
inside a large spheremappedwith the omni-directional
image. Figure 1 shows an exampleof sucha mapping.

While this approachsolvestheproblemof realisticlight-
ing of virtual objectsit is not suitedfor real-timeapplica-
tionssuchasAugmentedReality(AR).

In AR virtual objectsare embeddedin real scenesin
real-time to allow the user to interact with the scene,
and/orto purposively adjusthis viewing positionanddi-
rectionin orderto exploretheaugmentedscene[2, 3].

The renderingstepin IBL usinga global illumination
techniquecannotvisualizevirtual objectsat interactive
framerates.This is mainlydueto thefactthatcomputing
the radianceat eachsurfacepoint on the virtual objects
involvesa summationof radiancecontributionsfrom all
light sourcesin the scene.And the largespheremapped
with theomni-directionalimagein principlerepresentsa
very largenumber(thousands,or hundredsof thousands)
of tiny light sourcescontributing to the irradianceat the
surfacepoint.

In this paper we addressthe problem of trying to
achieve IBL in real-time. The only feasibleapproach
seemsto beto lower thenumberof light sources,i.e.,ap-
proximatingthecomplicated,spatiallycontinuousomni-
directionallighting environmentwith asmallernumberof
directionallight sources.Our approachis to estimatethe
positionandradianceparameters(color andintensity)of
somelimited numberof light sourcessothattheresulting
virtual objectlighting ascloselyaspossibleapproximates
whatwould beobtainedwith thestandardIBL approach.
In ourexperimentswehaveusedupto 10light sourcesfor
this purpose.OpenGLsupportsat least8 directionallight
sourcesandstandardgraphicshardwareallows real-time
rendering,including multiple renderingpassesfor creat-
ing shadows.



Figure1: Top left: full 360by 180degreeimageof a greenhousein the botanicalgardenin Prague.Top right: the
sameimagemappedto asphere(herein a resolutionof only 20480triangles).In bothversionsit is possibleto seethe
positionof thesun,which is theall-dominantlight sourcein thescene,but clearlytheplantsandthecolorof theglass
roof alsoinfluencesthe lighting conditions.Bottom left andright: two differentviewing directionsin thebotanical
gardenscenario.Noticethesunlight is comingin from theright in theleft image,andfrom therearin theright image.

A lot of work has been publishedon different ap-
proachesto acquiringthe omni-directionalreal sceneil-
lumination information. Someresearchersuse special
probes,typically highly reflective metalspheres[4, 5, 8].
Othersplacecameraswith very largefield-of-view (up to
180 degrees)in the sceneat the approximatelocationof
wherethe virtual objectswill later be placed[9]. A dif-
ferentapproachhasbeento estimatethe sphericalscene
radiancedistribution from imagesof known real objects
castingshadows in therealscene[11, 10, 12].

The work presentedin this paper is applicable re-
gardlessof how the omni-directionalradiancedistribu-
tion is obtained. Our work simply assumessuch radi-
ancedistribution information is available,(in our exper-
imentsomni-directionalimagesarecomposedfrom mul-

tiple large field-of-view imagesacquiredwith a rotating
camera).

The paperis organizedas follows. In section2 we
presentanoverview of theapproachshowing someillus-
trative results.Section3 describesthetheoreticalfounda-
tionsfor theproposedapproachto estimatinglight source
parameters.Thensection4 is devotedto presentinghow
theestimatedlight sourceparametersareusedin thereal-
time visualizationof virtual objects.Section5 is devoted
to discussingsomecentralissuesof theapproachandfu-
turework. Section6 offerssomeconclusions.



2 Context and overview of approach

This researchis carriedout in the context of a research
project wherewe have omni-directionalimagesof sce-
nariosavailable.Theseomni-directionalimagesarecom-
posedasmosaicsfrom multiple imagesacquiredwith a
rotating180degreefield-of-view camera.Figure1 shows
the full imageand a mappingof it to a sphere. In the
projectsuchsphericalimagesaredisplayedto userswear-
ing an orientationtrackedHeadMountedDisplay so the
useris ableto freely look aroundin any direction;figure
1 shows two screenshotsof whattheusermayseein this
particularexample. Theuserseesthe scenarioin stereo,
but this is not reproducedhere.

We wish to insert virtual objectsinto suchscenarios
and we naturally want to renderthe virtual objectsun-
der lighting conditionswhich areconsistentwith thereal
scenelighting. As describedour objective is to somehow
determinethe parametersof somevirtual lighting condi-
tion, which is suitablefor real-timerendering,andwhich
ascloselyaspossiblemimics the virtual objectshading
thatwouldhavebeenobtainedusingnormalimage-based
lighting (IBL). The parameterswe are aiming at deter-
mining are the directionsand radiances(colors and in-
tensities)of a limited numberof directionallight sources,
whichcanthenbeuseddirectly in anOpenGLimplemen-
tation.

The proposedapproachto estimatingthis simplified
lighting environment is conceptuallyvery simple, and
comprisestwo steps. First we take a small white vir-
tual sphereand place it in the centerof a large sphere
mappedwith the omni-directionalimage. Thenwe ren-
der the radiancesof the white sphereat many pointson
the spheresurfacetaking radiantlight contributionsinto
accountfrom every point on the large sphere,i.e., com-
pletely as in classicIBL. Subsequentlywe will refer to
the small white sphereasthe virtual probe sphere, and
sincethelargesphereis a mapof thedistribution of radi-
antlight from everydirectionin arealscenewewill refer
to it asthescene radiance sphere (someresearchersuse
the term radiancemap[4]). An exampleof a sceneradi-
ancesphereis actuallywhat is displayedin figure1, and
figure2 showsthecomputedradiancesof thevirtual probe
spherefor thebotanicalgardencase.

After having computedthe radiancesof the virtual
probesphereunderIBL, step2 is to estimatetheparam-

Figure 2: The virtual probe sphereis a white, perfect
Lambertianreflector. This figure shows the radiancesof
the virtual probewhenrenderedinsidethe lighting envi-
ronmentshown in figure 1. Notice the greenshinedue
to reflectionfrom plants,and the ’highlight’ due to the
incomingsunlight.

etersof someuserspecifiednumberof directionallight
sources,plus theparametersof anoptionalambientlight
term. The estimationis basedon an iterative scheme
which optimizesover the setof parameters,suchthat if
the virtual probe had beensubjectedto this simplified
lighting its radianceswould besimilar to thosecomputed
in thestep1. That is, theiterative estimationstepadjusts
the lighting parametersso as to minimize the difference
betweentheradiancesof thevirtual proberadiancesfrom
step1, andthevirtual proberadiancesgiventhecurrently
estimatedparametersof thesimplifiedlightingconditions.
Figure3 shows theresultof suchanestimation.

Figure3 shows that thecomplex lighting environment
of thebotanicalgardencanactuallybesimulatedquiteac-
curatelyusingonly anambienttermplusonedirectional
light source.Thisallowsusto achievereal-timerendering
with shadingresultswhicharecomparableto thecompli-
catedtrueIBL approach.

Thedescribedsteps1 and2 representanoff-line phase
resultingin lighting parameterswhich can thenbe used
in an on-line, real-timephasewhich canrendershading
andshadows of dynamicvirtual objects. This would be
impossibleto achieve with normal IBL due to the com-
plexity of theglobalillumination lighting computations.



Figure3: The virtual probesubjectedto virtual lighting
consistingof anestimatedambientterm,plusanestimated
direction and radianceof one directional light source.
Whencomparingto figure 2, which shows the true IBL
virtual proberadiancefor thisexample,it is seenthatlight
directionandradiancesareveryaccuratelyestimated.

3 Estimation of light source param-
eters

In this sectionwe will describetheoff-line steps,i.e., the
stepsinvolved in estimatingthe simplified lighting envi-
ronmentprior to the actualreal-timerenderingof virtual
objects. First we describehow to computethe Image-
BasedLighting of thevirtual probesphere,i.e., compute
the radiances,or the shadingas it were, of the virtual
white sphere.After thatwe describehow to usethosera-
diancesto estimatetheparametersof thechosennumber
of directionallight sources.

3.1 Computing true probe radiances using
image-based lighting

In our work we have chosento use a white sphere
with Lambertianreflectionpropertiesasthevirtual probe.
Therearemultiple reasonsfor this. First, theprobecould
beof any coloraslongasit reflectssomelight in all color
bands(we usethreecolor bands,R, G, andB). As long
asthesamecolor is usedin theestimationstepit will not
changethe estimatedlight sourceparameters.Secondly,
a sphereis optimalbecauseit hasanevendistribution of

surfacenormaldirections,enablingus to evenly capture
thespatialdistribution of light comingfrom thescenera-
diancesphere.Thirdly, the virtual probeis chosenasan
Lambertianreflectorsince including a glossyreflection
componentwould involve worrying aboutviewpoint de-
pendency of the computedradiance.With a Lambertian
(purelydiffuse)reflectionviewpoint dependency is not a
problem.

For renderingthe virtual probe radiancesunder the
given sceneradiancespherewe could chooseany re-
flection model, but we have chosenthe Phongshading
model[1] dueto its simplicity andbecauseit is sufficient
for diffusereflection. Sincewe only considerdiffusere-
flectionthePhongshadingmodelcanbeformulatedas:
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where
� �� ,

� �� , and
� �� arethe RGB radiancesfrom

point number� on theprobesurface, � � is thediffusere-
flectioncoefficientof theprobesurface(heresetto 1), � �through � � aretheRGB valuesrepresentingthecolor of
the probesurface(hereall set to 1), � �� through � �� are
theRGB radiancesof the jth point on thesceneradiance
sphere,i.e. the jth light sourcein the image-basedlight
environment. ! is thenumberof suchsources,typically
several thousands.�� � is theunit normalof theprobesur-
faceat point number� , and �� � is theunit directionvector
from probepoint number � to environmentlight source
number" .

In our implementationwe have used sub-sampled
icosahedrafor the virtual probeand the sceneradiance
spheres.We typically use320facesfor thevirtual probe,
and5120facesfor the sceneradiancesphere. For both
sphereswe use the centroidof eachfaceas the points
in conjunctionwith eqs. 1 through3. Computingthe
proberadiancesis the most time consumingstepin our
approach. To compute320 RGB probe radiancesin a
5120 sourcesimage-basedlighting environmenttakes a
few minutesin Matlab. In aC++implementationit would



Figure4: Leftmost: omni-directionalradiancemapcompositedfrom multiple imagesacquiredwith a rotating180
degreesfield-of-view camerain a hall scenario.Thethreeremainingimagesshow thewindow region acquiredwith
integrationtimesof 23,63,and103millisecondsrespectively.

take a few seconds. Figure 2 showed the probe in the
botanicalgardenscenario.

Figure4 showsanomni-directionalsceneradiancemap
from anotherindoorscenariodominatedby lighting com-
ing in from 3 largewindows. In thiscontext it is appropri-
ateto introducehow we dealwith theproblemthat there
is limited dynamicrangein imagesacquiredwith a nor-
mal camera.Thelight comingthroughthewindows is so
intensethat if the windows shouldnot be over-exposed
the rest of the scenewould be severely under-exposed.
We dealwith this in the sameway asin [4], namelyby
combiningimagestaken with varying integration times.
Thiswaywegetmuchhigherdynamicrangeallowing for
non-saturatedpixelsin thedirectionsof thedominantlight
sources.

Figure5 showsthevirtual proberadiancescorrespond-
ing to thesceneradiancemapin figure4.

3.2 Approximating true radiances with a
few point light sources

Virtual proberadiancesasexemplifiedin figures2 and5
form thefoundationfor thesecondstepin our approach:
estimatingtheparametersof asimplifiedlighting environ-
ment.

Real-timerenderinglibrariessuchasOpenGLsupport
at least8 light sources,plusanambientlight term,andthe
shadingin OpenGLis performedusingthe Phongshad-
ing model[1]. Our objective is to utilize the OpenGL
Phongshadingto approximatethecomplex IBL described
in section3.1. I.e., wherenormalIBL would useseveral
thousandsof light sourcesdistributedevenly over all di-
rectionsin the scene,we arenow aiming at figuring out

Figure 5: The radiancesof the virtual probewhen ren-
deredinside the lighting environmentof the hall scene.
In thiscasethevirtual probeis shown directly from above
andthethreewindowsdominatingthesceneradiancemap
aredirectly in thetop relative to theshown probe.



whereto placea handfulof light sources,andwhat radi-
ancesto give them,in orderto get theapproximatelythe
sameshadingresult.

Whenincludingtheambientterm,andallowing for #
directional light sources,where # is small, the Phong
shadingmodelcanbewritten asthefollowing (againex-
cludingthespecularreflectionterm):

$%'&( ) * +-,�. & ,�/ & +103245	6�7 * 89,�. & ,�/ &5:,�;�<= ( , <> 5�?(4)
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where
$% &( ,

$% @( , and
$% C( aretheRGB radiancesof the

ith pointon thevirtual probein thesimplifiedlighting en-
vironment(not to confusethemwith the radiancescom-
putedusingIBL, asrepresentedby eqs.1 through3). * +
is thecoefficientof ambientreflection,/ & + through/ C + are
theRGB radiancesof theambientlight, andall theother
parametershavethesamemeaningasin eqs.1 through3.

Now, we are interestedin minimizing the difference
betweenthe full G sourcesIBL and the simplified #
sourcesshading.

% &( ,
% @( , and

% C( are the proberadi-
ancescomputedin section3.1, so they representthree
known numbersfor eachpoint on theprobesurface.Our
taskis thusto find the parameterswhich bestsatisfythe
homogeneousequationsystem:
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The unknowns in this equationsystemarethe param-
eters which we have to estimate. / & + , / @ + , and / C +
representthe three unknown ambient radiances. The/ &5 , / @5 , and / C5 parametersrepresentthe N�# unknown

radiancesof the # light sources. Furthermore,the<> 5 vectors representO�# unknown light sourcedirec-
tions if eachlight direction vector is written as: <> 5 )P'Q�R = ;TS 5 ?VUXW Q ;ZY 5 ?[U�W Q ;TS 5 ?VUXW Q ;\Y 5 ?[UXW Q ;]S 5 ?_^ , i.e., the
unknownsarethe S 5 and Y 5 parameters.

All in all thereare N 0a` # parametersto estimate.Letb
denotethenumberof pointson thevirtual probe(typ-

ically 320 in our experimentsso far). We thenhave N b
equationsand N 0c` # unknowns,andthe equationsare
highly non-lineardueto thewaythelight sourcedirection
parametersinfluencethe radiances.We have employed
theNewton’s iterationsmethodfor iteratively solvingfor
theoptimalvaluesof theunknowns. A in-depthdescrip-
tion of theiterativeschemeis givenin [6], andit is beyond
thescopeof thispaperto describeit. Themethodinvolves
computingthe Jacobianmatrix of the equationsystem,
i.e., the first derivativesof eachequationwith respectto
all the unknown parameters.This is tediousbut straight
forwardin our formulationasgivenin eqs.7 through9.

Figure 6 shows two examples of estimatedsimple
lighting environmentscorrespondingto the hall scenario
shown in figure 4. In the latter example,with ambient
light and4 directionalsources,the3 estimateddominant
sourcescorrespondexactly to the locationsof the3 win-
dows. Thelastsourcecorrespondsto thediffusereflection
from the almostwhite wall oppositethewindows. Inter-
estingly, theradianceof theestimatedambienttermis of
acolorwhichis similar to thecolorof thefloor in thesce-
nario.Figure7 shows theestimatedambientlight color.

The issueof which ambientreflectioncoefficient, * + ,
to chooseis complex andcannotbedealtwith in depthin
this paper, but we will givea basicoutlineof theissue.If* + is setto zero,noambienttermis estimatedandthepro-
posedprocedurewill attemptto accountfor all theimage-
basedlighting using the specifiednumberof directional
sources.If a non-zerovalueis chosen,the ambientradi-
anceswill be estimated.If * + is setto Jedgf the estimated
ambientradianceswill just be 10 timeslower thanif * +
weresetto f�d J . Nevertheless,it is importantthat theco-
efficient is setto somethingwhich is approximatelywhat
will be usedfor the actualreal-timerenderingof virtual
objects,otherwisethe radiancebalancebetweenambient
anddirectionallight will not becorrect.

As with all iterative schemesthe Newton iteration
methodrequiresinitial valuesfor all unknownparameters.



Figure6: Two estimatedlighting environmentsvisualized
by how they would shadethe virtual probe. The top ex-
ampleincludesanambientlight termandonedirectional
source.The bottomexampleincludesandambientterm
and4 directionsources.Both arevisually quite closeto
the’groundtruth’ shown in figure5, but thebottomfigure
shows a muchbettershadingdepthin the areapointing
away from thedominantlight sources.

Figure7: Thefigureshowsthecolorof theestimatedam-
bientlight for thehall scenario.

We use h�i j for all RGB radiances,andinitially placethek
directionalsourcessothey arefairly evenlydistributed

over the view sphere.Convergenceon the parameteres-
timation is achievedin about20 iterations,andit takesa
few secondsin our Matlab implementation.The time is
primarily spenton renderingthe radiancesof the virtual
probegiventhecurrentparametervaluesat eachiteration
step,(to computethe l�mn , l�on , and l'pn valuesfor eqs.7
through9).

4 Real-time rendering of virtual ob-
jects

Having thusdescribedtheoff-line stepsin our approach,
thestepsleadingto theestimatedparametersfor asimpli-
fiedlighting environment,wecannow proceedto giving a
brief overview of theon-line,real-timephase.In thereal-
timephaseweapplytheestimatedlighting parametersdi-
rectly in anOpenGLimplementationof a renderer, which
visualizestwo components:1) theomni-directionalscene
radianceimagemappedto the inside of a large sphere,
providing therealimagebackgroundfor thescenario,and
2) any virtual objectsone might desire. The first com-
ponentis not subjectedto any lighting, it is just showing
therealsceneimageasa texture. Thesecondcomponent
is renderedwith shadingaccordingto theestimatedlight-
ing parameters.Figure8 shows severalviews of this for
thehall scenario,with arbitrarilydistributedwhitespheres
to giveanimpressionof thevirtual lighting environment.
Theimplementationrunsat +100framespersecondon a
GeForce4 card.

It is easyto seethat the distribution of lighting direc-
tionsis in goodcorrespondencewith therealscene,andit
canalsobeseenthat theambientterm,which dominates
theshadingon thedarksidesof theballs,givesanappro-
priatesoft reddishshine,consistentwith thereddishfloor
andthecreamycoloredwalls in thescene.

To additionally visualize the resultswe have imple-
menteda simple shadow algorithm basedon a general-
izationof theperspectiveprojection,to projectthevirtual
objectsto planesin the environment. The implemented
methodis describedin e.g.[14, 13], anddoesnotproduce
soft shadows (penumbra),only umbra.Figure9 shows a
rectangloidobjectcastingshadowson thefloor.



Figure8: Four differentviewsof thehall scenariowith randomlyplacedwhiteballsto illustratetheshadingresulting
from theestimatedlighting conditionswith ambientplus4 directionalsources.Theviews arerenderedwith a large
field-of-view to make it easierto orienttheviews relative to thescenario,thereforetheballsaresometimesdistorted.

Theshadowsareimplementedasalphaoverlays,where
the alphavaluesand overlay colors arecomputedso as
to beappropriategiventheestimatedlighting parameters.
Our approachis inspiredby [11], and the basic idea is
to computethe radianceof a point when it is lit by all
sources,andcomputethe radiancewhenthe point is not
lit by thejth source.Theratiosbetweentheseradiances,a
ratio for eachof thethreeRGB components,carrythein-
formationneededto changetheradiancein a givenpoint
in the scene,if the jth sourcecausesa shadow from the
virtual objectto fall on thatpoint. But where[11] develop
the ideafor a global illumination approachto composit-
ing virtual objectsinto real scenes,we have developeda
methodfor establishingthe optimal alphaandcolor val-
uesfor anoverlaywhich canbeusedin conjunctionwith
real-timegraphics[7]. It is beyondthescopeof this paper

to recapitulatethismethod.

5 Discussion

In this paperwe have focusedsolelyon diffusereflection
of thevirtual objects.To have morefreedomto visualize
virtual objectswith different reflectancepropertiesit is
naturallypossibletoaddanon-zerocoefficientof specular
reflection,q r , in thereal-timerenderingof virtual objects.
Theestimatedlocationsof directionalsourcesareclosely
consistentwith directionsof dominantlight in the scene
radiancesphere,andthereforeaddingaspecularreflection
termin therenderingwouldgivecredibleresults.

Completelyspecularsurfaceswould not give goodre-
sults, though, since the estimatedsourcesare in effect



Figure 9: A virtual object castingshadows in the hall
scenario. The threeupward shadows correspondto the
threewindows castinglight from behindtheviewing po-
sition. A fourth shadow is castby a weak light source
estimatedto accountfor the reflectionoff the wall in the
background.

point sized. If onewantedto give the illusion of highly
specularsurfacesthe proposedapproachcould be com-
binedwith a level of environmentmapping.

Anothersubjectof futureresearchis thenumberof es-
timatedlight sourcesused.Currently, theuserdetermines
thenumberof virtual light sourceswhich shouldbeused
to approximatethe image-basedlighting. We will de-
velop methodsto automaticallyfind the lowest number
of sourceswhichwill resultin shadingerrorsbelow some
predeterminedthreshold. An issuein this context is the
valuesusedasinitial guessesfor parametersin the itera-
tiveestimation.In thispaperwegetfineconvergencewith
moreor lessarbitrarilychoseninitial guesses,but prelimi-
narywork hasshown thatautomaticdeterminationof ini-
tial parametervaluesis key to seriouslyminimizing the
numberof sources.Minimizing thenumberof sourcesis
importantin orderto maintainreal-timeperformancefor
morecomplicatedshadow castingapproaches.

6 Conclusion

Thepaperaddressedtheproblemof trying to achievereal-
timeperformancewhenrenderingvirtual objectsinto real
sceneswhile takingrealscenelighting into account.With

image-basedlighting (IBL) asthe startingpoint we pre-
senteda methodfor computinga lighting environment
which is of drasticallyreducedcomplexity, but still pro-
ducesshadingresultsthat arevirtually indistinguishable
from what is obtainedwith non-real-timenormal IBL.
Normal IBL involves renderingwith thousandsof light
sources,andwith themethodpresentedhere,goodresults
canbeachievedwith lessthan10.

Thepresentedapproachis completelyautomaticasthe
useris only requiredto specifyhow many light sourcesto
spendonapproximatingtherealsceneradiance.Themain
scopeof our future researchis to automatethe choiceof
thenumberof light sources.
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