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Abstract

Image relighting is a very unique specialvisual effect
whichpromisesto havemany importantpracticalapplica-
tions. Imagerelightingis essentiallytheprocessof, given
oneor moreimagesof somescene,computingwhat that
scenewould look like undersomeother(arbitrary)light-
ing conditions,e.g.,changingpositionsandcolorsof light
sources. Imagerelighting can for examplebe usedfor
interior light design. This paperdescribesan approach
to imagerelighting which canbe implementedto run in
real-timeby utilizing graphicshardware, as opposedto
other state-of-the-artapproacheswhich at best run at a
few framespersecond.

1 Introduction

This paperaddressesthe subjectof developing relight-
ing techniques,i.e. techniquesallowing a userto com-
pletelyalter the lighting conditionsin an imageof a real
scene.Specifically, thepaperfocuseson techniquespro-
viding real-timerelighting functionalities,thusenabling
the user to interactively changelighting conditionsand
get”instant” visualfeedback.Figure1 providesanexam-
pleof thekind of relightingthispaperaddresses.It should
benotedthatthework presentedherepresumestheavail-
ability of threethings: 1) anoriginal imageof thescene,
2) a 3D modelof the scene,and3) a modelof the light-
ing conditionsin thesceneat thetime theoriginal image
is acquired.We will returnto waysin which thetwo last
piecesof knowledgecanbeobtained.

Conceptuallyimagerelighting in this manneris a two
stepprocess. In the first stepall effects of the original
lightingconditionsareremoved, e.g.,highlights,shadows,

anddifferencesin shadingacrosssurfacesdueto varying
light incidenceangles.In thesecondstepthesceneis sub-
jectedto somearbitrarynew lighting conditionsandthe
appearanceof thescenein theseconditionsis computed.
Thesecondstepthus”adds”new highlights,shadowsand
shadingetc. Of thesetwo stepsthe former is the tricky
one,while thelattercanbeperformedusingany preferred
renderingtechnique,e.g., ray tracing, radiosity or stan-
dardhardwareacceleratedapproaches.Which rendering
techniqueis employeddependson the preferredbalance
betweenrenderingspeedandaccuracy in handlingvari-
ouslighting phenomena.In orderto achievetruereal-time
performancewe have chosento usea hardwareacceler-
atedapproachfor step2, thus sacrificingcertainglobal
illumination phenomena.

In our approachstep1 is achievedby a computational
approachwhich requires,as statedabove, a 3D model
of the sceneanda modelof the original lighting condi-
tions.Alternatively, onecouldin principleacquirefronto-
parallel digital imagesof the surfacesin the sceneun-
der perfectlydiffuse,white-balancedlighting conditions
andusetheseimagesastextureson the3D model,which
is subsequentlyrenderedundernovel lighting conditions
(step2). Thiswouldbeamechanicalor imageacquisition
approachto step1, but in reality acquiringsuch’clean’
texturesdevoid of lighting effectsis not practicalfor gen-
eralscenes.

Thecontributionsin thiswork lie in thespecificmanner
in whichtheoperationsperformedin steps1 and2 arecar-
ried out. With theapproachdescribedherethe two steps
canbecombinedsuchthat the imagerelightingbecomes
a matterof modulatingthe original imageon a pixel by
pixel basiswith a ”relighting map”. The relighting map
canbe computedin real-timeusingstandardtechniques,



Figure 1: Left: original imageacquiredoutdoorson a sunny day. Right: samesceneas left but this imageis a
simulationof whatthescenewould look like if thepositionof thesunweredifferent.Thework in this paperenables
suchchangesin lighting conditionsto beperformedin real-time.

andthemodulationcanalsoeasilybeperformedin real-
time. Thus,our approachhastwo advantages:1) it is di-
rectlydesignedfor real-timeperformance,and2) theorig-
inal imageis useddirectlyandthereforethefinal imageis
not subjectto filtering and/oraliasingeffectsinvolvedin
doingreprojectionsof texturesmappedto a 3D modelof
thescene.

This paper representsthe current state of work in
progressand will only addressthe problem for scenes
with perfectlydiffusereflectanceproperties.Thepaperis
organizedasfollows. In section2,wepresentanoverview
of our approachandshow how the relighting effectsare
achieved. Section3 then describesrelatedwork. Sec-
tion 4 describesour approachin moredetail,followedby
section5 giving somepracticaldetailsbehindthe initial
experimentswe have performedto validatetheproposed
approach.Section6 discussescentralaspectsof thework
andpointsto futureresearch.Finally section7 offerscon-
clusions.

2 Overview of approach

Prior to describingtheproposedapproachin amoretech-
nically rigorousmannerthis sectionattemptsto provide
the readerwith an intuitive understandingof the issues

involvedandof theprocessbehindour technique.
Theapproachrequiresdifferenttypesof input informa-

tion. Firstof all animageof theoriginalsceneis required.
Secondly, a3D modelof thescenemustbeavailable,and
the original imagemust be calibratedto the 3D model
suchthat every pixel correspondsto a known 3D point
in thescenemodel.Third, theoriginal lighting conditions
in the scenemust be known, i.e., we needto know the
sourcesof light in thescene,andtheir relative intensities.

The3D modelcanbeobtainedin many differentways
[7], e.g.,by reconstructionfrom multipleimagesusingap-
proachessuchas[8], by Image-BasedModelling,e.g.[4],
or by laserrangescanning.Alternative the scenecanbe
measuredandamodelconstructedmanually. Thelatteris
theapproachemployedfor our experimentalresults,i.e.,
wehavemeasuredthescene,constructedcrudepolygonal
modelsof the objects,andthencalibratedthe camerato
the3D modelusingmanuallyestablished2D to 3D point
correspondences.Figure2 shows the scenemodelused
for therelightingillustratedin figure1.

Therequiredknowledgeof theoriginal lighting condi-
tions canmosteasilybeacquiredusingthepopularlight
probeapproach,i.e., by taking high dynamicrangeim-
agesof a reflective sphereplacedin thescene,[2, 5]. Al-
ternatively, light sourcepositions,sizesandpowercanbe
measuredmanuallyasdonein [6] or semi-automatically



Figure2: 3D modelcorrespondingto sceneshown in fig-
ure1. Theimageillustratesthemodelasadepthmap,i.e.,
intensity is a measureof distancefrom the camera.We
have usedoneplanefor the tiled groundplane,a plane
for the brick wall on the right, six quadrilateralsfor the
speakerontheleft, andtwo quadsandonetrianglefor for
calibrationobjectin thecenter.

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

In this paperwe will limit ourselvesto discussingthe
caseof scenescontainingsurfaceswith perfectlydiffuse
reflectanceproperties.

Eachpixel in theoriginal imageis ameasurementof the
radiance(in thethreeRGBbands)from aunique3D point
in the scenein the directionof the viewpoint. Thus the
original imageis a 2D radiance map,

���������
	��
, where
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aretheimagecoordinates.Becausewehavethe3D

modelandknowledgeof the original lighting conditions
it is trivial1 to computetheamountof light arriving at the
same3D points in the scene,i.e., it is possibleto con-
structan irradiance map, 
 �����
	�� . Whenthe irradiance
mapis computedusingtheknown original scenelighting
conditionswe will call it 
 � ������	�� . Conversely, whenthe
irradiancemapis computedusingsomearbitrarydifferent

1Irradiancecomputationis trivial providedglobalilluminationissues
(irradiancecontributions from diffuse reflections)are disregarded. If
this is not a fair assumptionthework by Yu et al., [12], canbeusedto
computethesecontributions.

relightingconditionsit will bedenoted
�� ������	�� .
For purely diffuseBidirectional ReflectanceDistribu-

tion Functions(BRDFs)thereis a linear relationshipbe-
tweenradianceandirradiance(radianceis proportionalto
diffusealbedotimesirradiance).Thereforediffusescenes
canbeverysimplyrelit by dividing theradiancemapwith
theoriginal irradiancemap,andthenmultiplying with the
religting irradiancemap. Using the introducedterminol-
ogy

� � �����
	������ � ������	���� 
�� ������	��
� 
 � �����
	�� .
Figure3 showsoriginalandrelightingirradiancemaps

correspondingto therelightingexamplein figure1.

Section1 presentedthegeneralconceptof relightingas
a two stepprocess:1) removing original light from the
image,and2) addingnew light. In thedescribeddiffuse
casestep1 is representedby the

���������
	���� 
 ��������	�� opera-
tion,whereasstep2 is performedby multiplying theresult
from step1 by the relight irradiance,
 � ������	�� . Step1 is
a once-onlyprocessas it only involveselementsthat do
not changeover time (original imageandoriginal irradi-
ancemap). Step2 hasto be re-performedconstantlyin
responseto theuser’schangesin thedesiredlighting con-
ditions for the relit scene,so 
�� �����
	�� mustin generalbe
re-computedfor every frame.

Step1 could be pre-computedandthe resultstoredin
an imagewhich is then subsequentlymodulatedby the
real-timecomputedrelighting irradiancemap. Our ap-
proachdoesnot do this; we have designeda solution
which embedsthe normalizationwith the original irra-
dianceinto the computationof the relighting irradiance
map, 
 � �����
	�� . Thus,at run-timewe actuallycomputethe
relight/originallight ratio 
 � �����
	���� 
 ��������	�� directly. This
”ratio map” is thenusedfor modulatingthe original im-
age. By doing this we avoid thenon-trivial implementa-
tion of a real-timetexturedivision operation.

Computingthe ratio mapis describedin detail in sec-
tion 4. The idea is basedon the observation that if one
rendersa radianceimageof anall-whiteperfectlydiffuse
3D modelof the sceneunderthe chosenrelighting con-
ditions, this imageis then identical to the requiredirra-
diancemap, 
 � ������	�� . If insteadwe set the reflectances
of the 3D model to be proportionalto the inverseof the
original irradiancesthenthe renderedimageautomically
becomesthedesiredrelight/originalirradianceratiomap.



Figure3: Left: irradiancemap, � ��!�"�#
$�% , correspondingto original lighting conditionsof thesceneshown in figure1.
Center:irradiancemap,��&'!�"�#�$�% , correspondingto lighting conditionswherethe dominantlight source,the sun,has
changedlocationrelative to thescene.Thesearethe lighting conditionsvalid for the relit imagein figure1. Right:
illustratesthe ”relighting factor”, i.e., the ratio of original irradianceto relighting irradiance,��&�(�� � . Every pixel in
theoriginal radiancemapis modulatedwith its correspondingpixel in this map.Darkmeans”light is removed” from
originalpixels,andbrightmeans”light is added”to originalpixels.

3 Related work

There is a small amountof closely relatedwork in the
literature. First of all Yu et al., [13], demonstratedhow
they could acquirereflectancepropertiesof architectural
scenesby taking at leasttwo imagesof eachsurfaceof
theobjectsunderdifferentlighting conditions.Therecov-
ered3D modelcombinedwith the estimatedreflectance
parameterscould then be usedto renderthe sceneun-
derchanginglighting conditions.Thefocusof this work
is entirelyon parameterrecovery andrelighting is by no
meansdonein real-time.

Similarly, inverseglobal illumination wasproposedby
Yu et al., [12] for recovery of reflectanceparametersfor
indoorscenesusingmultiple imagesof eachsurfacefrom
different viewpoints. Again this work focuseson re-
flectanceparameterestimationandrelighting is doneus-
ing RADIANCE, [10], which againis far from real-time.

The mostcloselyrelatedwork is thatof Loscoset al.,
[6]. This work alsoenablesa userto changethe lighting
conditionsin an imageof a scenein an interactive man-
ner, but this work is centeredarounda radiositymethod
for irradiancecomputations.Therefore,the methodper-
forms at a few framesper secondwhen the only light-
ing changesperformedare intensityadjustments.If the
numberof sourcesor their positionsarechangedupdat-
ing takeson theorderof 10 seconds.

The work in [6] also employs texture modulationfor

efficient relighting, and the modulationtexture (irradi-
ancemap) is computedusing radiosity. We have cho-
sen to focus specificallyon true real-timeperformance
andthereforethecomputationof therelightingirradiance
mapsdoesnotaccountfor globalilluminationphenomena
suchascolor bleeding.Nevertheless,with thework cur-
rentlybeingdonein Pre-computedRadianceTransferand
PhotonMapping,real-timeglobalillumination is coming
closerandcloserto reality, andour approachcanreadily
becombinedwith suchefficientglobalillumination tech-
niques.

4 The perfectly diffuse case

For perfectly diffuse reflectorsthe relationshipbetween
incidentirradiance,� , andradiance,) , in any directionis
givenby thediffusealbedo,*�+ :)-, * +. � (1)

Theoriginal image(radiancemap), )���!�"�#
$�% , provides
uswith measuredradiancesfrom adensesetof 3D points
in thescene,andthesepointsareknown sinceweassume
thecameraiscalibratedto thescene.In generalthediffuse
albedoandtheirradiancevaryfor everypointin thescene,
sotherelationshipbetweenradiancemapsandirradiance



mapsbecomes:/�0�1�2�3�4�57698�: 1�2�3�4�5; < 0�1�2�3�4�5 (2)

Here, 8 : 1�2�3�4�5 is the ”albedo map”. When doing re-
lighting the albedostaysconstant; the only thing that
changesis the irradianceat eachscenepoint. Therefore,
theradiancemapof therelit image/scenecanbeexpressed
as: /7=�1�2�3
4�5>6 8 : 1�2�3
4�5; < =�1�2�3
4�56 1?/�0�1�2�3�4�5
@ < 0�1�2�3
4�5
5�A < = 1�2�3�4�56 /�0�1�2�3�4�5�A'1 < = 1�2�3�4�5
@ < 0'1�2�3�4�5�5 (3)

Eq. 3 simply shows that the relit imagecanbe com-
putedby modulatingthe original imagewith a ratio of
two irradiancemaps:therelight irradiancemap, < =�1�2�3
4�5 ,
correspondingto the user’s desiredscene(new) lighting
conditions,andtheoriginal irradiancemap, < 0 1�2�3�4�5 . The
key elementin ourapproachis a techniquefor computing
this mapin real-timeandusing it for modulationof the
original image.

4.1 Computing the irradiance ratio map

How canweefficiently computetheirradianceratiomap?
First, let usdescribehow simply therelightingirradiance
mapcan be computedusingstandardlocal illumination
techniques(specificallywe will use the Phonglighting
modelof OpenGL,a descriptionof which maybe found
in bookssuchas[1, 11]). Renderinganimageof a scene
usingthePhonglighting modelresultsin a radiancefrom
a3D pointwhichcanbeformulatedas(disregardingspec-
ular reflection):/ 6 8�B < BDCE8 : FG H I�J < H'K�LNM 1�O H 5 (4)

Here
/

is theradiancefrom a 3D point in thedirection
of the viewpoint. 8�B and 8 : arethe ambientanddiffuse
reflectances,respectively, (eq. 4 is to be evaluatedfor
eachof threeRGB colors). < B is the ambientirradiance
at the 3D point. < H K�LNM 1�O H 5 is the irradianceat the point
causedby theith point light source,(

O H 1�2�3�4�5
is theangle

betweenthesurfacenormalandthedirectionvectorto the

ith light sourceat the3D point). P is thenumberof light
sources.

If wesettheambientanddiffusereflectancesequal,eq.
4 changesto:/ 6 8�:RQ < B C FG H I�J < H KSL'M 1�O H 5UT (5)

Eq. 5 statesthat renderingwith OpenGLPhonglight-
ing theradiancefrom a point equalsthereflectanceat the
point timesthetotal irradiance(ambientplussumof indi-
vidual point sourcecontributions)at the point. Thus,by
settingunit reflectances,the radianceequalsthe irr adi-
ance. Thismaybeself-evidentbut is importantbecauseit
shows thatwe canusethegraphicscard’s efficient light-
ing computationcapabilitiesto produceirradiancemaps
neededfor relighting.

That is, if we renderthe3D scenemodelfrom a view-
point correspondingto the original image,andif all sur-
facesin the rendered3D model have unit reflectances,
thentheresultingimageis anirradiancemap.Thismeans
that relighting irradiancemaps,< ='1�2�3�4�5 , for any userde-
siredlighting conditionscanbe renderedsimply by ren-
deringadiffuse,all-white3D scenemodelunderthecho-
senlighting conditions.

To actuallydo relightingwe not only neededreal-time
computationof < =�1�2�3
4�5 , but we neededthe lighting ratio
map, < ='1�2�3�4�5
@ < 0 1�2�3
4�5 . This is accomplishedby setting
the reflectancesof pointsin the 3D modelto the inverse
of theoriginal irradianceat thatpoint, 8 : 6WVX@ < 0 .

To summarizethelight ratiomapsaregeneratedby do-
ing thefollowing renderingusinghardwareacceleration:

1. upload3D scenemodelto graphicscard

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

3. setupthe desiredlighting conditionsconsistingof
ambientandpoint sourcecontributions

4. renderthemodelto a textureusingaviewportcorre-
spondingto thecamerain theoriginal image



4.2 Pratical issues

In theprevioussectionwedescribedhow to usehardware
acceleratedlocal lighting renderingto produceirradiance
ratio mapsfor modulatingthe original image. With this
approachthereis reallynolimits to how muchthelighting
conditionsin thescenecanbealtered.

Wearepresentlyimplementingtheproposedtechnique
but all imagesin this paperwere producedby a non-
real-timesimulationof the presentedapproach. Figure
4 shows what the original scenelooks like with a (non-
existing) light sourcein theverycenterof thescene.

For the ongoingimplementationof the real-timever-
siontheonly realissueto contemplateis theresolutionof
the 3D modelof the scene.In orderto properlycapture
gradientsin the original irradiancesof the scenethe res-
olution of the3D modelhasto behigh at suchgradients.
Weareworkingondesigningmethodsfor adaptivesubdi-
visionbasedonevaluatingirradiancedifferencesbetween
3D modelvertex locations.If differencesaretoohigh the
surfaceis subdivided.

Computingoriginal irradiancesto beusedinverselyas
reflectancesof the(subdivided)3D scenemodelis anoff-
line processwhich canbe doneusingany preferredren-
deringtechnique,for exampleMonteCarloray tracingto
enableproperhandlingof arealight sources.This is espe-
cially possibleif a high dynamicrangelight probeimage
of the sceneis available, becausethen an Image-Based
Lighting approach,[2, 3], canbe usedto computeaccu-
rateirradianceswhichproperlyhandlesoftshadowsin the
original image.

In theon-linestage,whenrenderingthe3D modelwith
theassignedreflectances,castshadows areimportantfor
properirradiancecomputation.For thisweproposeto use
a shadow volumeapproachto detectingshadowedareas.

5 Experiments

As mentionedpreviously the imagesshown in this paper
are producedusing a simulationof the presentedtech-
nique. The original imagewasacquiredwith a standard
5 mega pixel digital camera. The scenewas measured
manuallyandasimple3D modelof it wasconstructed(as
describedin section2).

Thecamerawascalibratedto the3D modelusingman-

ually established2D to 3D pointcorrespondences,andthe
estimationof internalandexternalcameraparameterswas
doneusinganapproachfrom [9].

The original lighting conditionswere modelledas a
combinationof apoint light source(thesun)andanambi-
ent term(thesky). Thepositionof thesunrelative to the
scenemodelwasdeterminedby orientingthecalibration
object suchthat sun rays were parallel to the xz-plane,
thus fixing the sun’s y-coordinateto zero. The x andz
coordinateswerethenfound by measuringthe lengthof
a shadow castby an objectof known height. The RGB
intensitiesof the blue ambientsky light wasdetermined
from the imagecolorsof the white paperof the calibra-
tion objectin areasnotexposedto sunlight.By comparing
RGBvaluesof calibrationobjectcardboardin shadow and
in directlight therelativeintensitiesbetweenambientand
sunlight weredetermined,(taking the cosinefall-off for
diffusereflectioninto accountfor thesunpoint source).

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

For computingtheoriginal irradiancemapasimpleray
tracingapproachwasimplementedwhich considereslo-
calilluminationonly, bycastingprimaryraysplusshadow
feelers.Theoriginal radiancemapwascomputedin im-
ageresolution.Therelightingexamplesgivenin thepaper
basicallyinvolvechangingthelocationof thesunsource.
Givensomedesiredsunpositionthesimpleraytracerwas
usedto rendera relighting irradiancemap,againin im-
ageresolution.Therelightingirradiancemapwasdivided
by the original irradiancemapand the resultmultiplied
with theoriginal imageto completethediffuserelighting
process.

6 Discussion

In this sectionwe will briefly discusssomeimportant
pointsin relationto our proposedmethod.

Usingour approachit is possibleto employ arbitrarily
complex andaccuratecomputationsof the original irra-
diancemap. This is an off-line, once-onlycomputation
the resultsof which are usedto set the reflectancesof
the3D scenemodelsubsequentlyusedfor relighting.We
believe handlingarealight sourcesto be very important,



Figure4: Left: irradiancemapcorrespondingto a userdefinedlighting environmentwith a weakambienttermanda
point light sourcein themiddleof thescene.Right: resultingrelit image.

even for outdoorimages,sinceshadows dueto sunlight
actuallydo have noticeablepenumbraregions.Similarly,
we believe taking global illumination phenomena(indi-
rect light) into accountis important,especiallyfor indoor
scenes,wherereflectionsfrom other surfacesmay be a
significantirradiancecontribution for a givensurface.

Conversely, for the actualon-line, real-timerendering
of irradiancesduring interactive relighting we have here
proposeda straightforward local illumination approach.
Yet, the basicapproachwith usingthe 3D scenemodel,
normalizedwith original irradiances,canbeusedin con-
junction with any lighting algorithm dependingon how
accurateonedesirestheresultshouldbe.

Throughoutthispaperwehaveassumedscenesto con-
sistentirelyof Lambertianmaterials.Our approachactu-
ally doesgeneralizenicely to sceneswith glossyBRDFs.
It requiresan additionalrenderingpassin the real-time
relighting process,in orderfirst to modulatethe original
imagewith thediffusepartof therelighting/originalirra-
dianceratio mapandsubsequentlyaddthespecularradi-
ancepart. Figure5 demonstratesthe effect of addinga
specularcomponentto thesurfacesduringrelighting.

7 Conclusions

We have descibedan approachto image/scenerelight
whichbasedona3D modelof thesceneandknowledgeof
the original lighting conditionscancomputethe appear-
anceof thesceneunderany arbitrarynew lighting condi-
tions,includingchagingthenumberof light sources,their
positionsandradiantpowers.

The main contribution of the work is the fact that the
approachis directly designedfor real-timeperformance,
enablingauserto getinstantvisualfeedbackuponhaving
changedthe parametersof the lighting environment. A
smallercontributionliesin theideaof performingthenor-
malizationwith the original irradianceby appropriately
settingthereflectancesof the3D modelusedfor real-time
irradiancecomputations.This allows theapproachto op-
eratedirectlyontheoriginal image,ratherthancomputing
thealbedomapoff-line andmodulatingit at run-time.

An importantaspectof the proposedapproachis that
relighting is performedas a modulationof the original
image. It is believedthatdoingrelighting in this manner
is superiorto an approachwere texturesextractedfrom
the imagearemappedto the scenegeometryandrepro-
jectedat run-time,becausethemultiple re-samplingsteps
involvedwill causetheresultingimageto beblurred.



Figure5: A specularreflectioncomponenthasbeenadded
to eachsurfaceduringrelightingto illustratethepossibil-
ity of playingwith thereflectanceproperties.
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