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Abstract

Image-basetighting (IBL) of virtual objectshasbecome
apopularapproacho blendingvirtual andrealscenesin

IBL anomni-directionalimageof a sceneis usedasthe
illumination environment for renderingvirtual objects.
Typically, this renderingis basedon globalillumination

techniqueswhich are far from capableof real-timeper

formance.In this paperwe describehow to estimatethe

positionsandradiancesf a small numberof point light

sourcese.g.,ontheorderof 5 to 10, which will produce
virtual objectappearanceshichareconsistentith those
obtainedusing IBL. The estimatedight sourceparame-
ters canbe useddirectly in OpenGLrenderingfor real-

time performanceWe demonstrat¢he approacton natu-

ral scenes.

1 Introduction
High fidelity compositingof virtual objectsinto imagery
of real sceneds alreadya highly developedarea,andis
usedextensively for visual effectsin films and commer
cials. Oneof the main problemsin suchcompositingis
to ensurehatthelighting usedwhenrenderinghevirtual
objectsis consistentvith thelighting in therealscene.
Image-basedlighting (IBL) is an approachwhich
solves this problem by using omni-directionalimages
to representthe irradiant light at the virtual objects
location[4 5, 9]. Someglobal illumination approachis
thenappliedto renderthe virtual objectsby placingthem
inside a large spheremappedwith the omni-directional
image. Figure 1 shovs an exampleof sucha mapping.

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

In AR virtual objectsare embeddedn real scenesn
real-time to allow the userto interactwith the scene,
and/orto purposvely adjusthis viewing positionanddi-
rectionin orderto exploretheaugmentedgceng?2, 3].

Therenderingstepin IBL usinga globalillumination
techniguecannotvisualize virtual objectsat interactive
framerates.Thisis mainly dueto thefactthatcomputing
the radianceat eachsurfacepoint on the virtual objects
involvesa summationof radiancecontributionsfrom all
light sourcesn the scene.And the large spheremapped
with the omni-directionalimagein principlerepresents
very large number(thousandspr hundredsf thousands)
of tiny light sourcescontributing to the irradianceat the
surfacepoint.

In this paperwe addressthe problem of trying to
achieve IBL in real-time. The only feasibleapproach
seemgo beto lowerthe numberof light sourcesi.e., ap-
proximatingthe complicated spatially continuousomni-
directionallighting environmentwith asmallernumberof
directionallight sources.Our approactis to estimatethe
positionandradianceparametergcolor andintensity) of
somelimited numberof light sourcesothattheresulting
virtual objectlighting ascloselyaspossibleapproximates
whatwould be obtainedwith the standardBL approach.
In ourexperimentsve have usedupto 10light sourcesor
this purpose OpenGLsupportsatleast8 directionallight
sourcesandstandardyraphicshardwareallows real-time
rendering,including multiple renderingpassedor creat-
ing shadavs.



Figure1: Top left: full 360 by 180 degreeimageof a greenhousén the botanicalgardenin Prague.Top right: the
samemagemappedo asphergherein aresolutionof only 20480triangles).In bothversionst is possibleto seethe
positionof thesun,whichis theall-dominantlight sourcein the scenehut clearlythe plantsandthe color of theglass
roof alsoinfluencesthe lighting conditions. Bottom left andright: two differentviewing directionsin the botanical
garderscenarioNoticethe sunlight is comingin from theright in theleft image,andfrom therearin therightimage.

A lot of work has been publishedon different ap-
proachego acquiringthe omni-directionalreal sceneil-
lumination information. Someresearcheraise special
probes typically highly reflectve metalspheres[45, 8].
Othersplacecameraswith very largefield-of-view (up to
180 degrees)in the sceneat the approximatdocation of
wherethe virtual objectswill later be placed[9. A dif-
ferentapproachhasbeento estimatethe sphericalscene
radiancedistribution from imagesof known real objects
castingshadevsin therealscene[1110, 12].

The work presentedin this paperis applicablere-
gardlessof how the omni-directionalradiancedistribu-
tion is obtained. Our work simply assumessuch radi-
ancedistribution informationis available, (in our exper
imentsomni-directionaimagesarecomposedrom mul-

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

The paperis organizedas follows. In section2 we
presentanoverview of the approactshaving someillus-
trative results.Section3 describeshetheoreticafounda-
tionsfor the proposedapproacho estimatingight source
parametersThensection4 is devotedto presentinghow
the estimatedight sourceparameterareusedin thereal-
time visualizationof virtual objects.Section5 is devoted
to discussingsomecentralissuesof the approactandfu-
turework. Section6 offerssomeconclusions.



2 Context and overview of approach

This researchis carriedout in the contet of a research
projectwherewe have omni-directionalimagesof sce-
nariosavailable. Theseomni-directionaimagesarecom-
posedas mosaicsfrom multiple imagesacquiredwith a
rotating180degreefield-of-view cameraFigurel shavs
the full imageand a mappingof it to a sphere. In the
projectsuchsphericaimagesaredisplayedo usersvear
ing an orientationtracked HeadMountedDisplay so the
useris ableto freely look aroundin ary direction;figure
1 shavs two screenshotsf whatthe usermay seein this
particularexample. The userseesthe scenarian stereo,
but thisis notreproducedere.

We wish to insertvirtual objectsinto suchscenarios
and we naturally want to renderthe virtual objectsun-
derlighting conditionswhich areconsistentvith thereal
scendighting. As describedur objective is to somehav
determinethe parametersf somevirtual lighting condi-
tion, which is suitablefor real-timerenderingandwhich
as closely as possiblemimics the virtual objectshading
thatwould have beenobtainedusingnormalimage-based
lighting (IBL). The parametersve are aiming at deter
mining are the directionsand radiancescolors and in-
tensities)of alimited numberof directionallight sources,
which canthenbeuseddirectlyin anOpenGLimplemen-
tation.

The proposedapproachto estimatingthis simplified
lighting environmentis conceptuallyvery simple, and
comprisestwo steps. First we take a small white vir-
tual sphereand placeit in the centerof a large sphere
mappedwith the omni-directionalimage. Thenwe ren-
der the radiancef the white sphereat mary pointson
the spheresurfacetaking radiantlight contributionsinto
accountfrom every point on the large spherej.e., com-
pletely asin classicIBL. Subsequentlyve will referto
the small white sphereasthe virtual probe sphere, and
sincethe large spheres a mapof the distribution of radi-
antlight from every directionin arealscenewe will refer
to it asthe scene radiance sphere (someresearcherase
thetermradiancemap[4). An exampleof a sceneradi-
ancesphereds actuallywhatis displayedin figure 1, and
figure2 shavsthecomputedadiance®f thevirtual probe
spherdor thebotanicalgardencase.

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

Figure 2: The virtual probe sphereis a white, perfect
Lambertianreflector This figure shawvs the radiancesof
the virtual probewhenrenderednsidethe lighting ervi-
ronmentshavn in figure 1. Notice the greenshinedue
to reflectionfrom plants,andthe 'highlight’ dueto the
incomingsunlight.

etersof someuserspecifiednumberof directionallight
sourcesplusthe parametersf anoptionalambientlight
term. The estimationis basedon an iteratve scheme
which optimizesover the setof parameterssuchthat if
the virtual probe had beensubjectedto this simplified
lighting its radiancesvould be similar to thosecomputed
in the stepl. Thatis, theiterative estimationstepadjusts
the lighting parameterso asto minimize the difference
betweertheradiance®f thevirtual proberadiancegrom
stepl, andthevirtual proberadiancegiventhe currently
estimategarametersf thesimplifiedlighting conditions.
Figure3 shavstheresultof suchanestimation.

Figure 3 shavs thatthe complex lighting ervironment
of thebotanicalgardercanactuallybesimulatedquiteac-
curatelyusingonly an ambientterm plus onedirectional
light source.Thisallowsusto achievereal-timerendering
with shadingresultswhich arecomparabléo the compli-
catedtrueIBL approach.

Thedescribedstepsl and2 represenanoff-line phase
resultingin lighting parametersvhich canthen be used
in an on-line, real-timephasewhich canrendershading
and shadavs of dynamicvirtual objects. This would be
impossibleto achiese with normal IBL dueto the com-
plexity of the globalillumination lighting computations.



Figure 3: The virtual probesubjectedo virtual lighting
consistingof anestimatecambienterm,plusanestimated
direction and radianceof one directional light source.
When comparingto figure 2, which shaws the true IBL
virtual proberadiancdor thisexample,it is seerthatlight
directionandradiancesrevery accuratelyestimated.

3 Estimation of light source param-
eters

In this sectionwe will describethe off-line stepsj.e., the
stepsinvolvedin estimatingthe simplified lighting ervi-

ronmentprior to the actualreal-timerenderingof virtual

objects. First we describehow to computethe Image-
BasedLighting of thevirtual probespherej.e., compute
the radiancesor the shadingasit were, of the virtual

white sphere After thatwe describehow to usethosera-

diancego estimatethe parametersf the chosemumber
of directionallight sources.

3.1 Computing true probe radiances using
image-based lighting

In our work we have chosento use a white sphere
with Lambertiarreflectionpropertiesasthevirtual probe.
Therearemultiple reasongor this. First, the probecould
be of any coloraslong asit reflectssomdight in all color
bands(we usethreecolor bands,R, G, andB). As long
asthe samecoloris usedin the estimationstepit will not
changethe estimatedight sourceparametersSecondly
a sphereis optimal becausét hasan evendistribution of

surfacenormaldirections,enablingus to evenly capture
the spatialdistribution of light comingfrom the scenera-
diancesphere.Thirdly, the virtual probeis chosenasan
Lambertianreflector sinceincluding a glossy reflection
componentwould involve worrying aboutviewpoint de-
pendenyg of the computedradiance.With a Lambertian
(purely diffuse)reflectionviewpoint dependengis not a
problem.

For renderingthe virtual probe radiancesunder the
given sceneradiancespherewe could chooseary re-
flection model, but we have chosenthe Phongshading
model[]] dueto its simplicity andbecausat is sufficient
for diffusereflection. Sincewe only considerdiffusere-
flectionthe Phongshadingmodelcanbeformulatedas:

1)

)

®3)

where , and arethe RGB radiancedrom
point number ontheprobesurface, s thediffusere-
flectioncoeficientof the probesurface(heresetto 1),
through  arethe RGB valuesrepresentinghe color of
the probesurface(hereall setto 1), through  are
the RGB radiancef the jth point on the sceneradiance
spherej.e. thejth light sourcein the image-basedight
ervironment.  is the numberof suchsourcestypically
severalthousands. is theunit normalof the probesur
faceat pointnumber , and is the unit directionvector
from probe point number to ervironmentlight source
number .

In our implementationwe have used sub-sampled
icosahedrdor the virtual probe and the sceneradiance
spheresWe typically use320facesfor thevirtual probe,
and 5120facesfor the sceneradiancesphere. For both
sphereswe usethe centroid of eachface as the points
in conjunctionwith egs. 1 through3. Computingthe
proberadiancess the mosttime consumingstepin our
approach. To compute320 RGB proberadiancesn a
5120 sourcesimage-basedighting ervironmenttakes a
few minutesin Matlah In a C++implementatiorit would



Figure4: Leftmost: omni-directionalradiancemap compositedrom multiple imagesacquiredwith a rotating 180
degreesfield-of-view cameran a hall scenario.The threeremainingimagesshowv the window region acquiredwith
integrationtimesof 23,63, and103millisecondsrespectiely.

take a few seconds. Figure 2 shaved the probein the
botanicalgardenscenario.

Figure4 shovsanomni-directionakcengadiancemap
from anotherindoorscenariadominatedby lighting com-
ing in from 3 largewindows. In this context it is appropri-
ateto introducehow we dealwith the problemthatthere
is limited dynamicrangein imagesacquiredwith a nor-
mal camera.Thelight comingthroughthewindowsis so
intensethat if the windows shouldnot be over-exposed
the rest of the scenewould be severely underexposed.
We dealwith this in the sameway asin [4], hamelyby
combiningimagestaken with varying integrationtimes.
Thisway we getmuchhigherdynamicrangeallowing for
non-saturategixelsin thedirectionsof thedominantight
sources.

Figure5 shavsthevirtual proberadiancegorrespond-
ing to the sceneradiancemapin figure4.

3.2 Approximating true radiances with a
few point light sources

Virtual proberadiancessexemplifiedin figures2 and5
form the foundationfor the secondstepin our approach:
estimatingheparametersf asimplifiedlighting erviron-
ment.
Real-timerenderinglibrariessuchasOpenGLsupport
atleast8 light sourcesplusanambientight term,andthe
shadingin OpenGLis performedusingthe Phongshad-
ing model[]]. Our objective is to utilize the OpenGL
Phongshadingo approximatéhecomplex IBL described
in section3.1. l.e., wherenormal IBL would useseveral
thousand®f light sourcedistributedevenly over all di-
rectionsin the scenewe arenow aiming at figuring out

Figure5: The radiancef the virtual probewhenren-
deredinside the lighting ervironmentof the hall scene.
In this casethevirtual probeis shavn directly from above
andthethreewindowsdominatingthescengadiancenap
aredirectlyin thetop relative to the shown probe.



whereto placea handfulof light sourcesandwhatradi-
ancego give them,in orderto getthe approximatelythe
sameshadingresult.

Whenincludingthe ambientterm,andallowing for
directionallight sourceswhere is small, the Phong
shadingmodelcanbe written asthe following (againex-
cludingthespeculareflectionterm):

(4)

®)

(6)

where , ,and arethe RGB radiancef the
ith pointonthevirtual probein the simplifiedlighting en-
vironment(not to confusethemwith the radiancesom-
putedusingIBL, asrepresentetby egs.1 through3).
isthecoeficientof ambientreflection, through are
the RGB radiance®f the ambientlight, andall the other
parameterbave the samemeaningasin eqgs.1 through3.

Now, we are interestedin minimizing the difference
betweenthe full sourceslBL and the simplified
sourcesshading. , and are the proberadi-
ancescomputedin section3.1, so they representhree
known numberdor eachpoint on the probesurface.Our
taskis thusto find the parametersvhich bestsatisfythe
homogeneousquationsystem:

(7)

(8)

(9)

The unknowvnsin this equationsystemarethe param-
eterswhich we have to estimate. , , and
representthe three unknovn ambientradiances. The

., ,and  parametersepresenthe unknown

radiancesof the light sources. Furthermore,the

vectors represent unknaown light sourcedirec-
tions if eachlight direction vector is written as:

, l.e.,the

unknovnsarethe and parameters.

All in all thereare parametero estimate Let

denotethe numberof pointson the virtual probe(typ-
ically 320in our experimentsso far). We thenhave
equationsand unknaowns, andthe equationsare
highly non-lineardueto theway thelight sourcedirection
parametersnfluencethe radiances. We have employed
the Newton'’s iterationsmethodfor iteratively solvingfor
the optimal valuesof the unknowns. A in-depthdescrip-
tion of theiterative schemas givenin [6], andit is beyond
thescopeof thispaperto describat. Themethodinvolves
computingthe Jacobianmatrix of the equationsystem,
i.e., thefirst derivativesof eachequationwith respecto
all the unknovn parametersThis is tediousbut straight
forwardin ourformulationasgivenin egs.7 through9.

Figure 6 shavs two examplesof estimatedsimple
lighting ervironmentscorrespondindo the hall scenario
shawn in figure 4. In the latter example, with ambient
light and4 directionalsourcesthe 3 estimatecddominant
sourcescorrespondxactly to thelocationsof the 3 win-
dows. Thelastsourcecorrespondso thediffusereflection
from the almostwhite wall oppositethe windows. Inter-
estingly the radianceof the estimatecambienttermis of
acolorwhichis similarto thecolor of thefloor in thesce-
nario. Figure7 shaws the estimatecambientlight color.

The issueof which ambientreflectioncoeficient,
to choosds complex andcannotbe dealtwith in depthin
this paper but we will give a basicoutlineof theissue.If

is setto zero,noambienttermis estimatecandthepro-
posedprocedurawill attemptto accountor all theimage-
basedlighting using the specifiednumberof directional
sources.If anon-zerovalueis chosenthe ambientradi-
anceswill beestimated.If s setto the estimated
ambientradianceswill just be 10 timeslower thanif
weresetto . Neverthelessit is importantthatthe co-
efficientis setto somethingwhich is approximatelywhat
will be usedfor the actualreal-timerenderingof virtual
objects,otherwisethe radiancebalancebetweenambient
anddirectionallight will notbecorrect.

As with all iteratve schemesthe Newton iteration
methodrequirednitial valuesfor all unknowvn parameters.



Figure6: Two estimatedighting ervironmentsvisualized
by how they would shadethe virtual probe. The top ex-
ampleincludesan ambientlight termandonedirectional
source. The bottom exampleincludesand ambientterm
and4 directionsources.Both arevisually quite closeto
the’groundtruth’ shovnin figure5, but thebottomfigure
shavs a much bettershadingdepthin the areapointing
away from thedominantlight sources.

Figure7: Thefigureshavsthe color of the estimatecam-
bientlight for the hall scenario.

Weuse for all RGB radiancesandinitially placethe

directionalsourcesothey arefairly evenly distributed
over the view sphere.Corvergenceon the parametees-
timationis achievedin about20 iterations,andit takesa
few secondsn our Matlab implementation.The time is
primarily spenton renderingthe radianceof the virtual
probegiventhecurrentparameteraluesat eachiteration
step,(to computethe ,and  valuesfor egs.7
through9).

4 Real-timerendering of virtual ob-
jects

Having thusdescribedhe off-line stepsin our approach,
the stepdeadingto the estimategparametergor asimpli-
fiedlighting environment,we cannow proceedo giving a
brief overview of theon-line,real-timephaseln thereal-
time phasewe applytheestimatedighting parametersli-
rectly in anOpenGLimplementatiorof arendererwhich
visualizeswo componentsl) theomni-directionakcene
radianceimage mappedto the inside of a large sphere,
providing therealimagebackgroundor thescenarioand
2) ary virtual objectsone might desire. The first com-
ponentis not subjectedo ary lighting, it is just shaving
therealsceneémageasa texture. The secondcomponent
is renderedvith shadingaccordingto theestimatedight-
ing parametersFigure 8 shavs several views of this for
thehall scenariowith arbitrarily distributedwhite spheres
to give animpressiorof thevirtual lighting environment.
Theimplementatiorrunsat +100framespersecondon a
GeForce4 card.

It is easyto seethatthe distribution of lighting direc-
tionsis in goodcorrespondenceith therealsceneandit
canalsobe seenthatthe ambientterm, which dominates
the shadingon the dark sidesof the balls,givesanappro-
priatesoft reddishshine,consistentvith the reddishfloor
andthecreamycoloredwallsin thescene.

To additionally visualize the resultswe have imple-
menteda simple shadev algorithm basedon a general-
izationof the perspectie projection,to projectthevirtual
objectsto planesin the ervironment. The implemented
methodis describedn e.g.[14, 13], anddoesnotproduce
soft shadavs (penumbra)pnly umbra. Figure9 showvs a
rectangloidobjectcastingshadevs on thefloor.



Figure8: Four differentviews of the hall scenariavith randomlyplacedwhite ballsto illustratethe shadingresulting
from the estimatedighting conditionswith ambientplus 4 directionalsources.The views arerenderedwith alarge
field-of-view to make it easierto orienttheviews relative to the scenariothereforethe ballsaresometimedlistorted.

Theshadavsareimplementedsalphaoverlayswhere
the alphavaluesand overlay colors are computedso as

to beappropriatggiventhe estimatedighting parameters.

Our approachis inspiredby [11], andthe basicideais
to computethe radianceof a point whenit is lit by all
sourcesand computethe radiancewhenthe pointis not
lit by thejth source.Theratiosbetweertheseradiancesa
ratio for eachof thethreeRGB componentsgarrythein-
formationneededo changethe radiancen a given point
in the scene|if the jth sourcecausesa shadaev from the
virtual objectto fall onthatpoint. But where[11] develop
the ideafor a globalillumination approachto composit-
ing virtual objectsinto real scenesye have developeda
methodfor establishinghe optimal alphaand color val-
uesfor anoverlaywhich canbeusedin conjunctionwith
real-timegraphics[T. It is beyondthe scopeof this paper

to recapitulatehis method.

5 Discussion

In this paperwe have focusedsolely on diffusereflection
of the virtual objects.To have morefreedomto visualize
virtual objectswith different reflectancepropertiesit is
naturallypossibleio addanon-zeracoeficientof specular
reflection, ,inthereal-timerenderingof virtual objects.
The estimatedocationsof directionalsourcesareclosely
consistenwith directionsof dominantlight in the scene
radiancesphereandthereforeaddingaspeculareflection
termin therenderingwould give credibleresults.
Completelyspecularsurfaceswould not give goodre-
sults, though, since the estimatedsourcesare in effect



Figure 9: A virtual object castingshadaevs in the hall

scenario. The threeupward shadevs correspondo the
threewindows castinglight from behindthe viewing po-

sition. A fourth shadav is castby a weaklight source
estimatedo accountfor thereflectionoff thewall in the
background.

point sized. If onewantedto give theillusion of highly
specularsurfacesthe proposedapproachcould be com-
binedwith alevel of ervironmentmapping.
Anothersubjectof futureresearchs the numberof es-
timatedlight sourcesised.Currently the userdetermines
the numberof virtual light sourceswvhich shouldbe used
to approximatethe image-basedighting. We will de-
velop methodsto automaticallyfind the lowest number
of sourcesvhichwill resultin shadingerrorsbelory some
predeterminedhreshold. An issuein this contet is the
valuesusedasinitial guesse$or parameterén theitera-
tive estimation In this papewe getfine corvergencewith
moreor lessarbitrarily choseninitial guessesyut prelimi-
narywork hasshovn thatautomaticdeterminatiorof ini-
tial parametewaluesis key to seriouslyminimizing the
numberof sourcesMinimizing the numberof sourcess
importantin orderto maintainreal-timeperformancedor
morecomplicatedshadev castingapproaches.

6 Conclusion
Thepaperaddressetheproblemof trying to achievereal-

time performanceavhenrenderingvirtual objectsinto real
scenesvhile takingrealscendighting into accountWith

image-basedighting (IBL) asthe startingpoint we pre-
senteda methodfor computinga lighting environment
which is of drasticallyreducedcomplexity, but still pro-
ducesshadingresultsthat are virtually indistinguishable
from what is obtainedwith non-real-timenormal IBL.
Normal IBL involvesrenderingwith thousandof light
sourcesandwith themethodpresentedhere,goodresults
canbeachievedwith lessthan10.

The presentedpproactis completelyautomaticasthe
useris only requiredto specifyhow mary light sourcego
spendbnapproximatingherealscengadiance Themain
scopeof our future researchs to automatethe choiceof
thenumberof light sources.
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