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Abstract

Image relighting is a very unique specialvisual effect
which promisego have mary importantpracticalapplica-
tions. Imagerelightingis essentiallythe procesof, given
oneor moreimagesof somescene computingwhatthat
scenewould look like undersomeother (arbitrary)light-
ing conditionse.g.,changingoositionsandcolorsof light
sources. Imagerelighting can for example be usedfor
interior light design. This paperdescribesan approach
to imagerelighting which canbe implementedo run in
real-time by utilizing graphicshardware, as opposedto
other state-of-the-arapproachesvhich at bestrun at a
few framespersecond.

1

This paperaddresseshe subjectof developing relight-
ing techniquesj.e. techniguesallowing a userto com-
pletely alter the lighting conditionsin animageof areal
scene.Specifically the paperfocuseson techniquesgpro-
viding real-timerelighting functionalities,thus enabling
the userto interactvely changelighting conditionsand
get”instant” visualfeedback Figure1 providesanexam-
ple of thekind of relightingthis paperaddressedt should
be notedthatthework presentedherepresumeshe avail-
ability of threethings: 1) an original imageof the scene,
2) a 3D modelof the sceneand 3) a modelof the light-
ing conditionsin the sceneat the time the original image
is acquired.We will returnto waysin which thetwo last
piecesof knowledgecanbe obtained.
Conceptuallyimagerelighting in this manneris a two
stepprocess. In the first stepall effects of the original
lighting conditionsareremaved e.g.,highlights,shadavs,
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anddifferencesn shadingacrosssurfacesdueto varying

light incidenceangles.In thesecondstepthescends sub-
jectedto somearbitrary new lighting conditionsandthe

appearancef the scenen theseconditionsis computed.
Thesecondstepthus”adds” new highlights,shadevs and
shadingetc. Of thesetwo stepsthe former is the tricky

one,while thelattercanbe performedusingary preferred
renderingtechnique,e.g., ray tracing, radiosity or stan-
dard hardwareaccelerate@dpproachesWhich rendering
techniqueis employed dependson the preferredbalance
betweenrenderingspeedandaccurag in handlingvari-

ouslighting phenomenaln orderto achievetruereal-time
performanceve have chosento usea hardware acceler

atedapproachfor step 2, thus sacrificingcertainglobal

illumination phenomena.

In our approactstepl is achiesed by a computational
approachwhich requires,as statedabove, a 3D model
of the sceneand a model of the original lighting condi-
tions. Alternatively, onecouldin principleacquirefronto-
parallel digital imagesof the surfacesin the sceneun-
der perfectly diffuse, white-balancedighting conditions
andusetheseimagesastextureson the 3D model,which
is subsequentlyenderedundernovel lighting conditions
(step2). Thiswouldbeamedanicalorimage acquisition
approachto step1, but in reality acquiringsuch’clean’
texturesdevoid of lighting effectsis not practicalfor gen-
eralscenes.

Thecontributionsin thiswork lie in thespecificmanner
in whichtheoperationgperformedn stepsl and2 arecar
ried out. With the approachdescribecherethe two steps
canbe combinedsuchthattheimagerelightingbecomes
a matterof modulatingthe original imageon a pixel by
pixel basiswith a "relighting map”. The relighting map
canbe computedin real-timeusingstandardechniques,



Figure 1: Left: original imageacquiredoutdoorson a sunry day. Right: samesceneas left but this imageis a
simulationof whatthe scenewould look like if the positionof the sunweredifferent. Thework in this paperenables
suchchangesn lighting conditionsto be performedn real-time.

andthe modulationcanalsoeasilybe performedin real-
time. Thus,our approacthastwo adwantages1) it is di-
rectly designedor real-timeperformanceand2) theorig-
inal imageis useddirectly andthereforethefinal imageis
not subjectto filtering and/oraliasingeffectsinvolvedin
doingreprojectionof texturesmappedo a 3D modelof
thescene.

This paper representsthe current state of work in
progressand will only addressthe problemfor scenes
with perfectlydiffusereflectanceroperties The paperis
organizecasfollows. In section2, we presentinovervien
of our approachandshav how the relighting effectsare
achieed. Section3 then describeselatedwork. Sec-
tion 4 describeour approachin moredetail, followedby
section5 giving somepracticaldetailsbehindthe initial
experimentsve have performedto validatethe proposed
approachSection6 discussesentralaspect®f thework
andpointsto futureresearchFinally section? offerscon-
clusions.

2 Overview of approach
Priorto describingthe proposedapproachn amoretech-

nically rigorousmannerthis sectionattemptsto provide
the readerwith an intuitive understandingf the issues

involvedandof the processehindour technique.
Theapproachequiredifferenttypesof inputinforma-
tion. Firstof all animageof the original scenas required.
Secondlya 3D modelof thescenanustbe available,and
the original image must be calibratedto the 3D model
suchthat every pixel correspondgo a known 3D point
in thescenamodel. Third, theoriginal lighting conditions
in the scenemustbe known, i.e., we needto know the
sourcef light in the sceneandtheir relative intensities.
The 3D modelcanbe obtainedin mary differentways
[7], e.g.,by reconstructiofirom multipleimagesusingap-
proachesuchas[8], by Image-Basedlodelling,e.g.[4],
or by laserrangescanning.Alternative the scenecanbe
measureéndamodelconstructednanually Thelatteris
the approachemployedfor our experimentalresults,i.e.,
we have measuredhescenegconstructedrudepolygonal
modelsof the objects,andthen calibratedthe camerato
the 3D modelusingmanuallyestablishe@D to 3D point
correspondencesrigure 2 shovs the scenemodelused
for therelightingillustratedin figure 1.
Therequiredknowledgeof the original lighting condi-
tions canmosteasilybe acquiredusingthe popularlight
probeapproachj.e., by taking high dynamicrangeim-
agesof areflectve sphereplacedin thescene[2, 5]. Al-
ternatiely, light sourcepositions sizesandpower canbe
measurednanuallyasdonein [6] or semi-automatically



Figure2: 3D modelcorrespondingo sceneshawn in fig-
urel. Theimageillustratesthemodelasadepthmap,i.e.,
intensityis a measureof distancefrom the camera. We
have usedone planefor the tiled groundplane,a plane
for the brick wall on the right, six quadrilateraldor the
spealerontheleft, andtwo quadsandonetrianglefor for
calibrationobjectin thecenter

usingmultiple imagesasin [12]. For theexperimentake-
sultsin this paperwe have doneit manuallyin a manner
describedn section5.

In this paperwe will limit oursehesto discussinghe
caseof scenesontainingsurfaceswith perfectlydiffuse
reflectanceproperties.

Eachpixelin theoriginalimageis ameasuremerdf the
radiancgin thethreeRGB bands)¥rom aunique3D point
in the scenein the direction of the viewpoint. Thusthe
originalimageis a 2D radiance map, , where
and aretheimagecoordinatesBecauseve have the 3D
modelandknowledgeof the original lighting conditions
it is trivial* to computethe amountof light arriving atthe
same3D pointsin the scene,i.e., it is possibleto con-
structanirradiance map, . Whenthe irradiance
mapis computedusingthe known original scendighting
conditionswe will call it . Corwversely whenthe
irradiancemapis computedusingsomearbitrarydifferent

Lirradiancecomputatioris trivial providedglobalilluminationissues
(irradiancecontritutions from diffuse reflections)are disregarded. If
this is not a fair assumptiorthe work by Yu etal., [12], canbe usedto
computethesecontributions.

relighting conditionsit will bedenoted

For purely diffuse Bidirectional ReflectanceDistribu-
tion Functions(BRDFs)thereis alinear relationshipbe-
tweenradianceandirradiance(radiancds proportionalto
diffusealbedctimesirradiance).Thereforediffusescenes
canbeverysimplyrelit by dividing theradiancemapwith
theoriginalirradiancemap,andthenmultiplying with the
religting irradiancemap. Using the introducedterminol-

ogy

Figure 3 shaws original andrelightingirradiancemaps
correspondingo therelightingexamplein figure 1.

Sectionl presentedhe generakoncepbf relightingas
a two stepprocess:1) removing original light from the
image,and?2) addingnew light. In the describediffuse
casestepl is representedy the opera-
tion, whereastep2 is performedoy multiplying theresult
from stepl by the relight irradiance, . Steplis
a once-onlyprocessasit only involveselementghatdo
not changeover time (original imageandoriginal irradi-
ancemap). Step2 hasto be re-performecdconstantlyin
responséo theusers changesn thedesiredighting con-
ditionsfor therelit sceneso mustin generalbe
re-computedor every frame.

Step1 could be pre-computedndthe resultstoredin
an imagewhich is then subsequentlynodulatedby the
real-time computedrelighting irradiancemap. Our ap-
proachdoesnot do this; we have designeda solution
which embedsthe normalizationwith the original irra-
dianceinto the computationof the relighting irradiance
map, . Thus,atrun-timewe actuallycomputethe
relight/originallight ratio directly. This
"ratio map” is thenusedfor modulatingthe original im-
age. By doingthis we avoid the non-trivial implementa-
tion of areal-timetexturedivision operation.

Computingthe ratio mapis describedn detailin sec-
tion 4. Theideais basedon the obsenationthatif one
rendersaradianceémageof anall-white perfectlydiffuse
3D modelof the sceneunderthe chosenrelighting con-
ditions, this imageis thenidentical to the requiredirra-
diancemap, . If insteadwe setthe reflectances
of the 3D modelto be proportionalto the inverseof the
original irradianceghenthe renderedmageautomically
becomeshedesiredrelight/originalirradianceratio map.



Figure3: Left: irradiancemap,
Center:irradiancemap,

, correspondingo original lighting conditionsof the sceneshavn in figure 1.
, correspondingdo lighting conditionswherethe dominantlight source the sun,has

changedocationrelative to the scene.Thesearethe lighting conditionsvalid for the relit imagein figure 1. Right:

illustratesthe "relighting factor”, i.e., the ratio of original irradianceto relighting irradiance,

. Every pixelin

theoriginal radiancemapis modulatedwith its correspondingpixelin this map. Dark means'light is removed” from
original pixels,andbright means’light is added"to original pixels.

3 Redated work

Thereis a small amountof closely relatedwork in the

literature. First of all Yu et al., [13], demonstratedhow

they could acquirereflectancepropertiesof architectural
scenedy taking at leasttwo imagesof eachsurfaceof

theobjectsunderdifferentlighting conditions.Therecov-

ered3D modelcombinedwith the estimatedreflectance
parametersould then be usedto renderthe sceneun-

derchanginglighting conditions. The focusof this work

is entirely on parameterecovery andrelighting is by no

meangdonein real-time.

Similarly, inverseglobalillumination wasproposedy
Yu etal., [12] for recovery of reflectancgparametergor
indoorscenesisingmultipleimagesof eachsurfacefrom
different viewpoints. Again this work focuseson re-
flectanceparameteestimationandrelightingis doneus-
ing RADIANCE, [10], which againis far from real-time.

The mostcloselyrelatedwork is thatof Loscoset al.,
[6]. Thiswork alsoenablesa userto changethe lighting
conditionsin animageof a scenein aninteractve man-
ner, but this work is centeredarounda radiosity method
for irradiancecomputations.Therefore the methodper
forms at a few framesper secondwhen the only light-
ing changegerformedare intensity adjustments.If the
numberof sourcesor their positionsare changedupdat-
ing takesontheorderof 10 seconds.

The work in [6] alsoemploys texture modulationfor

efficient relighting, and the modulationtexture (irradi-
ancemap)is computedusing radiosity We have cho-
sento focus specifically on true real-time performance
andthereforethe computatiorof therelightingirradiance
mapsdoesnotaccounfor globalillumination phenomena
suchascolor bleeding. Neverthelesswith the work cur-
rently beingdonein Pre-computedadiancelransferand
PhotonMapping,real-timeglobalilluminationis coming
closerandcloserto reality, andour approactcanreadily
be combinedwith suchefficientglobalillumination tech-
nigues.

4 The perfectly diffuse case

For perfectly diffuse reflectorsthe relationshipbetween
incidentirradiance, , andradiance, , in ary directionis
givenby thediffusealbedo,

1)

The originalimage(radiancemap), , provides
uswith measuredadiancedrom a densesetof 3D points
in the sceneandthesepointsareknown sincewe assume
thecameras calibratedo thesceneln generathediffuse
albedaandtheirradiancevaryfor everypointin thescene,
sotherelationshipbetweerradiancemapsandirradiance



mapshecomes:

)

Here, is the "albedo map”. When doing re-
lighting the albedo stays constant;the only thing that
changess theirradianceat eachscenepoint. Therefore,
theradiancemapof therelitimage/sceneanbeexpressed
as:

®3)

Eq. 3 simply shows that the relit imagecan be com-
puted by modulatingthe original image with a ratio of
two irradiancemaps:therelightirradiancemap, ,
correspondingdo the users desiredscene(new) lighting
conditions,andthe original irradiancemap, . The
key elemenin our approactis atechniqueor computing
this mapin real-timeandusingit for modulationof the
originalimage.

4.1 Computing theirradianceratio map

How canwe efficiently computetheirradianceratio map?
First, let usdescribehow simply therelightingirradiance
map can be computedusing standardocal illumination

techniques(specificallywe will usethe Phonglighting

modelof OpenGL,a descriptionof which may be found

in bookssuchas[1, 11]). Renderinganimageof ascene
usingthe Phonglighting modelresultsin aradiancgrom

a 3D pointwhich canbeformulatedas(disregardingspec-
ularreflection):

(4)

Here istheradiancerom a 3D pointin thedirection
of theviewpoint. and arethe ambientanddiffuse
reflectancesrespectiely, (eq. 4 is to be evaluatedfor
eachof threeRGB colors). is the ambientirradiance
at the 3D point. is the irradianceat the point
causedy theith pointlight source( is theangle
betweerthesurfacenormalandthedirectionvectorto the

ith light sourceat the 3D point).
sources.

If we settheambientanddiffusereflectancegsqual,eq.
4 changedo:

is the numberof light

()

Eq. 5 stateshatrenderingwith OpenGLPhonglight-
ing theradiancdrom a pointequalsthereflectanceatthe
pointtimesthetotalirradiance(ambientplus sumof indi-
vidual point sourcecontritutions)at the point. Thus, by
settingunit reflectancesthe radianceequalsthe irr adi-
ance This maybeself-evidentbut is importantbecausé
shaws thatwe canusethe graphicscards efficient light-
ing computationcapabilitiesto produceirradiancemaps
neededor relighting.

Thatis, if we renderthe 3D scenemodelfrom a view-
point correspondindo the original image,andif all sur
facesin the rendered3D model have unit reflectances,
thentheresultingimageis anirradiancemap. This means
thatrelightingirradiancemaps, , for ary userde-
siredlighting conditionscanbe renderedsimply by ren-
deringadiffuse,all-white 3D scenanodelunderthe cho-
senlighting conditions.

To actuallydo relightingwe not only neededeal-time
computationof , but we neededhelighting ratio
map, . Thisis accomplishedy setting
the reflectance®f pointsin the 3D modelto theinverse
of theoriginal irradianceat thatpoint, .

To summarizehelight ratio mapsaregeneratedby do-
ing thefollowing renderingusinghardwareacceleration:

1. upload3D scenemodelto graphicscard

2. setambientanddiffuseRGB reflectancesf all ver
ticesto the inverseof the original irradianceat that
3D point

. setupthe desiredlighting conditions consistingof
ambientandpoint sourcecontributions

. renderthemodelto atextureusingaviewportcorre-
spondingto thecameran the originalimage



4.2 Pratical issues

In the previoussectionwe describedhow to usehardware
acceleratedbcal lighting renderingto produceirradiance
ratio mapsfor modulatingthe original image. With this
approactihereis really nolimits to how muchthelighting
conditionsin thescenecanbealtered.

We arepresentlyimplementingthe proposedechnique
but all imagesin this paperwere producedby a non-
real-time simulation of the presentedapproach. Figure
4 shawvs what the original scenelooks like with a (non-
existing) light sourcein thevery centerof thescene.

For the ongoingimplementationof the real-timever-
siontheonly realissueto contemplatés theresolutionof
the 3D modelof the scene.In orderto properly capture
gradientsin the original irradiancesof the scenethe res-
olution of the 3D modelhasto be high at suchgradients.
We areworking ondesigningnethodgor adaptve subdi-
vision basedn evaluatingirradiancedifferencedetween
3D modelvertex locations.If differencesaretoohighthe
surfaceis subdvided.

Computingoriginaliirradiancego be usedinverselyas
reflectancesf the (subdvided) 3D scenemodelis anoff-
line processwhich canbe doneusingary preferredren-
deringtechniquefor exampleMonte Carloray tracingto
enableproperhandlingof arealight sourcesThisis espe-
cially possibleif a high dynamicrangelight probeimage

ually establishe@D to 3D pointcorrespondenceandthe
estimatiorof internalandexternalcamergarametersas
doneusinganapproackrom [9].

The original lighting conditionswere modelledas a
combinationof a pointlight source(the sun)andanambi-
entterm (the sky). The positionof the sunrelative to the
scenemodelwasdetermineddy orientingthe calibration
object suchthat sunrays were parallel to the xz-plane,
thusfixing the suns y-coordinateto zero. The x andz
coordinatesvere thenfound by measuringhe length of
a shadev castby an objectof known height. The RGB
intensitiesof the blue ambientsky light wasdetermined
from the imagecolorsof the white paperof the calibra-
tion objectin areasotexposedo sunlight.By comparing
RGB valuesof calibrationobjectcardboardn shadev and
in directlight therelative intensitieshetweerambientand
sunlight were determined(taking the cosinefall-off for
diffusereflectioninto accountor the sunpointsource).

It should be madevery clear that the original light-
ing conditionsmodelledasdescribedbore areextremely
crudeandthis wasonly doneto getquick results.In the
futurewe will uselight probeimages.

For computingtheoriginalirradiancemapa simpleray
tracing approachwasimplementedwhich consideredo-
calilluminationonly, by castingprimaryraysplusshadev
feelers. The original radiancemapwas computedn im-
ageresolution.Therelightingexampleggivenin thepaper

of the sceneis available, becausehenan Image-Based pasicallyinvolve changingthe locationof the sunsource.

Lighting approach|2, 3], canbe usedto computeaccu-
rateirradiancesvhich properlyhandlesoftshadevsin the
originalimage.

In theon-linestagewhenrenderinghe 3D modelwith
the assignedeflectancesgastshadevs areimportantfor
properirradiancecomputation For thiswe proposdo use
ashadev volumeapproacho detectingshadevedareas.

5 Experiments
As mentionedpreviously the imagesshawn in this paper

are producedusing a simulation of the presentedech-
nigue. The original imagewas acquiredwith a standard

Givensomedesiredsunpositionthe simpleraytracemwas
usedto rendera relighting irradiancemap, againin im-
ageresolution.Therelightingirradiancemapwasdivided
by the original irradiancemap and the result multiplied
with theoriginalimageto completethe diffuserelighting
process.

6 Discussion

In this sectionwe will briefly discusssomeimportant
pointsin relationto our proposednethod.

Using our approachit is possibleto employ arbitrarily
complex and accuratecomputationsof the original irra-

5 mega pixel digital camera. The scenewas measured diancemap. This is an off-line, once-onlycomputation

manuallyanda simple3D modelof it wasconstructedas
describedn section2).
Thecamerawvascalibratedo the 3D modelusingman-

the resultsof which are usedto set the reflectancef
the 3D scenemodelsubsequentlysedfor relighting. We
believe handlingarealight sourcego be very important,



Figure4: Left: irradiancemapcorrespondingo a userdefinedlighting ervironmentwith a weakambienttermanda
pointlight sourcein themiddle of the scene Right: resultingrelit image.

evenfor outdoorimages,sinceshadavs dueto sunlight
actuallydo have noticeablepenumbraegions. Similarly,
we believe taking global illumination phenomengindi-
rectlight) into accountis important,especiallyfor indoor
sceneswherereflectionsfrom other surfacesmay be a
significantirradiancecontribution for a givensurface.

Corversely for the actualon-line, real-timerendering
of irradiancesduring interactie relighting we have here

proposeda straightforward local illumination approach.

Yet, the basicapproachwith usingthe 3D scenemodel,
normalizedwith original irradiancesgcanbe usedin con-
junction with ary lighting algorithm dependingon how
accuratenedesiregheresultshouldbe.

Throughouthis paperwe have assumedcenego con-
sistentirely of Lambertianmaterials.Our approachactu-
ally doesgeneralizenicely to scenewith glossyBRDFs.
It requiresan additionalrenderingpassin the real-time
relighting processijn orderfirst to modulatethe original
imagewith the diffusepartof therelighting/originalirra-
dianceratio mapandsubsequenthaddthe specularadi-
ancepart. Figure5 demonstrateshe effect of addinga
speculacomponento the surfacesduringrelighting.

7 Conclusions

We have descibedan approachto image/scenaelight
whichbasedna3D modelof thesceneandknowledgeof
the original lighting conditionscan computethe appear
anceof the scenaunderary arbitrarynew lighting condi-
tions,including chagingthenumberof light sourcestheir
positionsandradiantpowers.

The main contribution of the work is the factthatthe
approachs directly designedor real-timeperformance,
enablinga userto getinstantvisualfeedbackuponhaving
changedhe parameter®f the lighting ervironment. A
smallercontributionliesin theideaof performingthenor-
malizationwith the original irradianceby appropriately
settingthereflectancesf the 3D modelusedfor real-time
irradiancecomputationsThis allows the approacho op-
eratedirectlyontheoriginalimage ratherthancomputing
the albedomapoff-line andmodulatingit atrun-time.

An importantaspectof the proposedapproachs that
relighting is performedas a modulationof the original
image. It is believedthatdoingrelightingin this manner
is superiorto an approachwere texturesextractedfrom
the imageare mappedto the scenegeometryandrepro-
jectedatrun-time,becaus¢hemultiple re-samplingsteps
involvedwill causetheresultingimageto beblurred.



Figureb5: A speculareflectioncomponenhasbeenadded
to eachsurfaceduringrelightingto illustratethe possibil-
ity of playingwith thereflectanceroperties.
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