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Abstract

Augmentingimageswith consistentlighting is possiblewith differential rendering. This compositiontechnique
requirestwo lighting simulations,onesimulationwith only realgeometryandanotheronewith additionalvirtual
objects.Thedifferenceof thetwosimulationscanbeusedto modifytheoriginal pixel colors.Themaindrawback
of differential renderingis that not all modi�ed light pathscanbedisplayed:Theresultof thelighting simulation
is visible in a re�ective objectinsteadof the real environment,augmentedwith virtual objects.Moreover, many
regionsin the photograph remainunchanged and the samework is donetwice without any visual effect. In this
paperwepresenta new approach for augmentinga photographwith onlya singlephotonmappingsimulation.The
changesin lighting introducedby a virtual objectare directlysimulatedusinga differential photonmap.All light
pathsintersectingthevirtual objectare corrected.To demonstrate thecorrectnessof our approach, wecompare
our simulationresultswith realphotographs.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism

1. Intr oduction and PreviousWork

Adding virtual objectsin photographsis a challengingtask
andwas�rst mentionedby Nakamaeet al. [NHIN86]. The
differentialrenderingtechnique,an augmentationbasedon
a lighting simulation, was introducedby Fournier et al.
[FGR93]. Several improvementsexist, like the fast update
ratesby Drettakiset al. [DRB97] andthe�nal gatheringap-
proachby Loscoset al. [LFD� 99]. Gibsonet al. [GCHH03]
developeda real-timedifferentialrenderingmethodfor the
graphicshardware,which was extendedto panoramicim-
agesby Grosch[Gro05]. Augmentedimageswith natural
illumination were presentedby Debevec [Deb98], using a
high-dynamic-range[DM97] imageof a light probe,a mir-
roredball that capturesthe incomingillumination from all
directions.All theseapproachesusedifferential rendering
for the integration of virtual objectsinto the photograph.
The idea is to reconstructreal geometry, cameraparame-
ters,materialsandlight sourcesfrom the photograph.This
informationcanbethenusedin a lighting simulationwhich
is similar to the photographwith a resultingradianceLOld.
After insertingvirtual objects,a secondlighting simulation

is performedwith the resultingradianceLNew. The virtual
objectis insertedin thephotographasit appearsin thissim-
ulation.The differenceDL = LNew � LOld betweenthe two
simulationsis addedto theoriginalphotographpixelsto dis-
play the changesin illumination introducedby the virtual
objects.Two main drawbacksexist with this composition
technique:First, thesimulationmustbeperformedtwice to
calculatethedifferenceDL whichhasto beaddedto thereal
pixels.As you canseein �gure 1, largeregionsin thepho-
tographremainunchangedbecausethe two simulationsare
almostidentical.Secondly, notall changedlight pathscanbe
simulated:Considerfor exampleavirtual mirror object.The
compositiontechniquewill displaytheresultof thelighting
simulationinsidethemirror, but weexpectto seetherealen-
vironment,augmentedwith virtual objects.A very detailed
reconstructionwith textured polygonsis requiredto over-
comethis problem.However, oneof thestrengthsof differ-
ential renderingis that a coarselighting simulationis suf-
�cient to producea convincing result.We thereforedevel-
opeda new techniquefor the augmentationof photographs
whichdirectlysimulatesthechangesin illumination if avir-

c
 TheEurographicsAssociation2005.



T. Grosch / DifferentialPhotonMapping

tual objectis inserted.Our methodis basedon photonmap-
ping[Jen95], whichcansimulatemostof thevisible lighting
effects.The restof the paperis organizedasfollows: Sec-
tion 2 describesthe reconstructionprocess,in section3 we
explain the photondistribution and the differential render-
ing. In section4 we show our resultsbeforewe concludein
section5.

Figure1: Standarddifferentialrendering:Thedifferencebe-
tweentwosimulationsis usedto modifythephotograph.

2. Reconstruction

Beside the normal photograph,we take a high dynamic
range image of a light probe as input. Visible geometry
on thephotographandcameraparametersarereconstructed
using object-basedtechniquesdescribedin [HZ04]. The
light probeimageservesasa descriptionof incominglight
with a parallel light sourcefor eachpixel. In addition, it
is usedto reconstructdiffusere�ectancevaluesfor all sur-
faces[Deb98] (currently, weassumeadiffuseenvironment).

3. Augmenting the Photograph

3.1. PhotonDistrib ution

To shoot photonstowards virtual geometry, we calculate
the boundingspherewith radiusR of thevirtual object.As
shown in �gure 2, eachpixel in theenvironmentmapwith ra-
dianceLpixel carriestheradiant�ux f pixel = Lpixel �Wpixel � p�
R2, whereWpixel is thesolid anglefor thecurrentpixel. Af-
ter summingup the�ux of all pixels,we setthe�ux for one
photonto f photon = å f pixel=N, with aused-de�nednumber
of photonsN. This resultsin f pixel=f photon photonsfor the
currentpixel.

Figure 2: Irr adianceE resultingfromonepixel of theenvi-
ronmentmaparriving at thevirtual object.

Eachpixel in the environmentmap describesa parallel
light source,ascanbeseenin �gure 3. Therefore,thepho-
tonsare�rst uniformly distributedon a disk with radiusR

perpendicularto the light direction and then shot towards
the virtual object. If the photonhits the virtual object,we
calculatethe next intersectionpoint with the real geometry
andstorea photonwith the negative �ux � f photon. These
shadow photonswereintroducedby [JC95], in ourcasethey
representthe missinglight in the shadow region of the vir-
tualobject.

Figure 3: Differential photonmapping:Photonsare uni-
formly distributedon a circle perpendicularto the light di-
rection. Shadowphotonswith negative �ux are stored for
photonswhich hit thevirtual object.Theleft part of thevir-
tual objectis glass,theright part is diffuse.

Otherwise,if thephotondoesnot intersectthevirtual ob-
ject, it is completelyignored,becausein this casethe light
pathdoesnotchange(rayB). In comparisonto standarddif-
ferential rendering,thesephotonswould be equal in both
simulationsandsubtractto zero.

The following light pathsfor the photonswhich hit the
virtual object are identical to normal photonmappingand
shown in �gure 3. For diffusematerials,thephotonis stored
andarandomlyre�ecteddirectionis chosen(raysA). In case
of re�ective or refractive materials(raysC), we calculatea
Fresnelre�ectancevalueandselectthere�ectedor refracted
directionwith Russianroulette[Jen01].

3.2. Displaying the AugmentedPhotograph

To displaytheaugmentedphotograph,wesendaraythrough
eachpixel of our photographanddifferentiatebetweenreal
andvirtual geometry, asshown in �gure 4. In caseof real
(diffuse)geometry(pixel 1), we calculatetheradianceesti-
mateDL andaddit to thepixel radiance:L

0

pixel = Lpixel + DL.
Becausewe simulateda differentialphotonmap,DL canbe
positive or negative. A positive radianceestimateindicates
causticsor color bleeding,a negative radianceestimateoc-
cursin shadow regionsof the virtual object.If the primary
ray hits a virtual object,the renderingprocessis different:
Diffuseobjectscanbe rendereddirectly usingthe radiance
estimateat the intersectionpoint (pixel 2). In this casethe
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radianceestimatedescribesthe total radiancebecauseneg-
ative photonsareonly storedon real objects.For re�ective
or refractive virtual objects(pixel 3), we starta normalray
tracerfor the re�ected andrefractedpathuntil an intersec-
tion point with a diffusematerialis found. If this point be-
longsto a virtual object,we returntheradianceestimate.If
thepoint belongsto realgeometry, we �rst detectthecorre-
spondingpixel in thephotographby back-projectingthe3D
point onto thephotograph(pixel 4). This pixel containsthe
radianceL�

pixel which is now visible throughpixel 3. Then
we calculatethe radianceestimateDL and return the cor-
rectedpixel valueL�

pixel + DL. This correctionensuresthat
the augmentedenvironmentis visible in a re�ective virtual
object.

Figure 4: Radianceestimate:Thedifferential photonmap
containsthe changes in radiancewhich mustbe addedto
thephotograph.

4. Results

In ordertovalidateourapproach,wecompareoursimulation
resultswith realphotographs,asshown in �gure 5. Figure6
demonstratesthe improved imagequality in comparisonto
standarddifferentialrendering.Resultsfor somemorecom-
plex geometryareshown in �gure 7.

5. Conclusionsand Futur eWork

In this paper, we have presenteda new approachfor aug-
mentinga photographthat is signi�cantly fasterthanstan-
darddifferentialrendering.Insteadof performingtwo com-
plete lighting simulations,only the changesintroducedby
insertinga virtual objectaredirectly simulatedusinga dif-
ferential photonmap.Moreover, our methodimproves the
displayquality, becauseall changedlight pathscanbe cal-
culated,especiallyre�ective andrefractive objectsshow the
real,augmentedenvironment.Wearecurrentlydevelopinga
�nal gatheringversionfor high-qualityrenderinganda par-
allel versionof our photonmapper. Moreover, we plan to
integratemorecomplex re�ection modelsfor both real and
virtual objects.
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Figure 5: Comparisonfor a glasssphere: The left image is the real photograph, the right image is our simulationwith an
estimatedindex of refractionfor glass.Thedifferentialphotonmapmakesit easyto simulateall theselighting effectswhich are
dif�cult with thestandard compositiontechnique.

Figure 6: The left image is standard differential renderingbasedon two �nal gatheringsimulations(rendered with Mental
Rayc
 ), which tookabouttwohours.Insidethemirror sphere, theresultof acoarselightingsimulationwith untexturedpolygons
is visible. Theright image showsour simulation.Notethe correct re�ections: Thereal environment,augmentedwith virtual
objects,is visible inside the spheres.The renderingtime for the right image wasonly �ve minutes,becausewe exclusively
simulatethechangesin lighting.

Figure 7: Theleft image is a comparisonbetweenreal objectsin the foregroundand virtual objectsin the background.The
simulationtimewas8.5minutesfor 2.8million photons.Theright imageshowssomemorecomplex geometry(10000polygons).
Thesimulationtimewas1.8hours for 28.000photons.Bothimagesweregeneratedona Dual XeonPC,runningat 2.8GHz.

c
 TheEurographicsAssociation2005.


