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Relighting Real-World Scenes

Alex D'Angelo

ABSTRACT

We comparetwo well-known methods– radiancemapsandre�ectancemaps– for

lighting 3D modelsof buildingsusinghigh dynamicrange(HDR) light probes.These

methods,introducedrecentlyby computergraphicsandcomputervision researchers,

areperhapsthe two mostpromisingapproachesin orderto understandthe interaction

betweenthelighting andthesurfaceproperties.Wecapturea360degreeview of areal-

world sceneby acquiringmultiplesetsof 180degreeimagesatdifferentshutterspeeds

atasingletimein theday. Westitchthemtogetherinto anHDR light probethatwill be

usedto light the3D models.A radiancemapof a scenein therealworld is createdby

capturinga staticview of asceneby acquiringmany imagesatdifferentshutterspeeds

at a singletime in the day andstitchingthemtogetheraswell. Re�ectancemapsare

createdby capturingthesamesceneatdifferenttimesthroughoutthedayandbreaking

down theimagesinto are�ectancemapandanilluminationmap.Re�ectancemapscan

begeneratedfrom photostakenthroughoutadaywhile aradiancemapcanbecaptured

at any singlepoint throughoutthe day, dependingon the desiredlighting conditions.

The3D scenewith there�ectancemapsarerelightedusingseveraldifferentlight probes

thatwehavecreated.Theseimagesarealsocomparedwith asimpleapproachof using



hand-craftedtextures.We expectthat thecomparisonshown in this work will provide

abetterunderstandingof therelationshipbetweenthesetwo approaches.

Keywords: image-basedlighting, highdynamicrangeimages



1. Intr oduction and Moti vation

Oneof themaingoalsof computergraphicsis to seamlesslyblendcomputergen-

eratedimagesin with real-world scenes.Thereareanendlessnumberof applications,

from imagematching,virtual scenesfor movies, etc. Previous methods,suchasray

tracing,havebeenveryslow andcalculationintensiveandonly approximatematerials.

We want to usecommonlyavailable tools anddo calculationsfast. We only utilize

a digital cameraanddesktopcomputerfor all calculations.Insteadof generatingall

imageryfrom scratchandusingapproximations,we wantto take asmuchfrom nature

andrealityaspossibleandaugmentit with additionalinformationto producemorereal

environments.Theimages,onceprocessed,allow amodelof abuilding to berelighted

underawide rangeof lighting environments.

Previouswork Thiswork drawsuponandcombinesseveraldifferentalgorithmsand

techniquesfor relightingthatarediscussedin Chapter2:

High dynamic range radiance maps High dynamicrangeradiancemapscontain

a much wider rangeof color than traditional photographsor digital images. They

canbe createdfrom several photographsor syntheticallygenerated.The bene�ts are

numerous,including datafor both very dark andvery bright areasandthe ability to

adjust the exposureand gammawithout losing color information. The processof

creatinghigh dynamic rangeradiancemapsfrom multiple photographsat different

1



exposuresandcombinedinto asingleradiancemaparediscussedin detail.

Re�ectancemaps Photographscanbedecomposedinto two components:illumina-

tion andre�ectance.Illuminationrefersto theamountof light hitting thesubject,while

there�ectancerefersto how muchof thatlight is re�ectedbackto theviewer. Working

backwards,oncethere�ectancemapis known, thesubjectcanberelightedusingalter-

nateillumination sources.Re�ectancemapsarecalculatedfrom several photographs

of asubjecttakenunderawidevarietyof differentlighting conditions.

Light probes A samplingof all the light in a scenefrom oneparticularviewpoint

is calleda light probe. This is a 360 degreehigh dynamicrangeradiancemap. One

methodis to take photographsof a shiny metalball bearing,sincethe entiresceneis

re�ected andthecameradoesnot needto move. Multiple photographsfrom different

anglescanbe taken to remove the re�ection of the photographerand to capturethe

areawhich is obscuredby theball bearingin onephotograph.Anothermethod,which

is usedin this work, is to usea �sheye lensthancancapturea 180 degreeview at a

time. Two photographsaretakensuchthatthey capturethefull 360degreeenvironment

andarestitchedtogether. True light probesarecreatedby taking multiple picturesat

differentexposuresandcombinedinto asinglehighdynamicrangeradiancemap.

Shaders Themechanicsof relightingcanbe implementedusingshaders,which are

programssolelydesignedfor graphicsprogramming.In thepast,thegraphicspipeline

supportedonly a limited numberof graphicsoperationswhich couldsimply beturned

2



on and off. Shadersallow for an unlimited numberof arbitrarily complex graphics

operations.Currentlytherearetwo categoriesof shaders:vertex andfragmentshaders.

Vertex shaderswork on a per-vertex basison geometryand can perform operations

suchasadjustingvariousnormals,vertex position,andtexturecoordinates.Fragment

shadersusethe outputof vertex shadersto de�ne how a surfaceabsorbsandre�ects

light.

Relighting A scenecanbelightedundermultiple conditions,suchascloudy, sunny,

differenttimesof day, andso on. Onetechniqueinvolvesmodelingthe illumination

propertiesof the sun,thesky, andthesurroundinglandscape.Thesemodelsarethen

appliedto amodelof abuilding andareableto show it underawidevarietyof lighting

conditions.More complex weather, suchasa partially cloudysky, is modeledinstead

asapercentageof blockedlight insteadof adiscretesystemof skiesandclouds.

Technology�o w High dynamicrangeradiancemapsare createdto generatelight

probeswhich are thenusedas the sourcefor lighting in a scene. Re�ectancemaps

areusedon the walls of the models(buildings in this case)to allow the surfacesto

correctlyacceptandre�ect light duringtherelightingprocess.Smallgraphicsprograms

calledshadersareusedin the implementationto actuallydo the relighting. The data

acquisition,processing,andrelightingarediscussedin detail in latersections.

Creation Chapter3 talks abouthow to acquireandprocessthe imagesneededfor

relighting. Several different types of imagesare captured,including multiple 180

3



degreephotosat differentexposures(for light probes),multiple imagesof walls taken

over thecourseof a day(for re�ectancemaps)andtakenrapidlyatdifferentexposures

(for radiancemaps).In addition,previouslyexistingaerialphotographsof thebuilding

siteanda texturedmodelof thebuildingsto berelightedareacquired.

Theimagesareprocessedin software.Corresponding180degreephotosareman-

ually stitchedtogetherandtransformedinto a seriesof 360degreeimages,which are

thenautomaticallycombinedinto asinglehighdynamicrangeradiancemap.Theseries

of wall photographstakenthroughoutthedayareeachprocessedusinghorizontaland

verticalderivative �lters andthenrecombinedto give thesinglere�ectanceandmulti-

ple illuminationmaps.Themultiplephotographsof awall takenatdifferentexposures

atasinglepointin thedayareautomaticallycombinedinto asinglehighdynamicrange

radiancemap.

Relighting Implementation Chapter4 discussesthe details of relighting. Light

probesare transformedagaininto a cubemap layout for usein the implementation

of relighting.Dif fuselight probesaregeneratedto helpreducethecalculationsneeded

for relighting. The model of the building is texturedusing re�ectanceand radiance

mapswhile thegroundbelow comesfrom theaerialphotographof thelandscape.The

modelis placedin thecenterof eachlight probe,or lighting environment.Therelight-

ing processis achieved by writing shadersto allow the building to acceptandre�ect

thelight from thelighting environment.

4



Conclusion The conclusionin Chapter5 draws togetherthe work and shows the

bene�tsof thetechniquesdiscussedin theprecedingchapters.

5



2. PreviousWork

Severaldifferenttechnologiesandalgorithmsareutilized for relighting. Thesein-

cludehighdynamicrangemaps[6], light probes,re�ectancemaps[19], andshaders[4].

2.1 High Dynamic RangeRadianceMaps

Overview Real-world sceneshave a wide rangeof intensityvalues.However, com-

monphotoequipment(including�lm anddigital cameras)canonly captureanddisplay

a small numberof color intensities.High dynamicrangeimagesallow for the entire

rangeof color intensitiesto becapturedandusedin many differentapplications.

Greg WardLarsondiscussesmultiplewaysof usinghighdynamicrangeimagesfor

rendering[18], display, andstorage[9] [11] [17]. Recentwork by Seetzenet al [16]

demonstratesdirect displayof HDR images.Real-timeHDR displayis discussedby

Cohenetal [3].

Debevec andMalik [6] discussrecoveringhigh dynamicrangeimagesfrom pho-

tographsanddigital images.First, the�lm responsefunctionis calculated.Second,the

HDR imageis reconstructedfrom multiplephotographs.

SchechnerandNayar[14] [15] discussgeneratinghigh dynamicrangeimages(or

“enhancingthe spectralresolution”, as they call it) by using a gradient�lter on a

camera.Thecamerais rotatedandmultiple overlappingphotographsaretaken. This

resultsin every point in thescenehaving multiple picturesat differentexposuresfrom

6



whichahighdynamicrangeimagecanberecovered.Full 360degreeHDR imagescan

becreatedthroughmosaicking, whereonelarge imageis createdby stitchingtogether

multiplecorrespondingimages.

The algorithmgivenby DebevecandMalik is discussedin detail here. Although

thediscussionconcernsgrayscaleimages,it canbeeasilyextendedto work with color

imagesandis describedin Section2.1.3. The pipelinefrom capturingimagesto the

�nal digitizedoutputis shown in Figure2.1.

Figure2.1: Imageacquisitionpipeline.

2.1.1 Film ResponseRecovery

A physicalpropertyof bothphotochemicalandelectronicimagingsystemsis called

reciprocity. “The responseof a �lm to variationsin exposureis summarizedby the

characteristiccurve(or Hurter-Drif �eld curve).” This is agraphof opticaldensity� of

processed�lm versusthe logarithmof exposure� , whereexposure� is the product

of irradiance
�

at the�lm andtheexposure	�
 , whichareexpressedin unitsof ��
���� .

The key idea of the characteristiccurve is that only the product of the optical

density
�

	�
 is important.For example,doubling
�

but halving 	�
 will give thesame
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optical densityvalue. However, reciprocity failure occursat very large or very small

valuesof 	�
 , which is whentherelationshipbreaksdown. For example,thereciprocity

for print �lm holds to within �

� stop for exposuretimes rangingfrom 10 secondsto

1/10,000second.For charge coupledarrays,reciprocityholdsunderthe assumption

thateachcell countsthenumberof photonsit collectsduringtheintegrationtime.

Digital imagesareacquiredeitherwith adigital cameraor �lm thathasbeendevel-

oped,scanned,anddigitized. For eachpixel we getan integervalue � , where � is a

nonlinearfunction � of exposure� at thepixel. Thefunction � is thecompositionof

thecharacteristiccurveandall non-linearoperationsintroducedin furthercalculations.

At this point thereare threegoals. First, to recover � . Second,for eachpixel,

calculateexposure � , where � � �
�

���

��� . It is assumedthat � is monotonically

increasing,thereforethe inverse �

�

�

exists and is well-de�ned. Third, to recover

irradiance
�

, where
�

����� 	�
 . Theexposure� andtheexposuretime 	�
 areboth

known at this step.In addition,
�

is proportionalto theradiance! in thescene.

Thealgorithmtakes,asinput, many photographsof a staticscenetakenat known

different exposures. The photographsare taken from a �x ed location and viewing

direction. In addition, it is assumedthat the photosare taken quickly enoughto be

ableto ignorechangesin the lighting conditionsover time. This makesit possibleto

treattheirradiance
�"�

asaconstantfor eachpixel # .

The �lm reciprocityequationfor �

�%$

, where � is the pixel value, # is the spatial

index over thepixels,and& is theindex overexposuretimes 	�


$

is:

8



�

�%$

�'�

�

���

	�


$

� (2.1)

It is assumedthat � is monotonicand thereforeinvertible. Equation2.1 can be

rewrittenas:

�

�

�

�

�

�($

�)�

���

	�


$

Takingthenaturallogarithmof bothsidesgives:

���

�

�

�

�

�

�%$

�)�

�������+*,�-�

	�


$

To simplify, let .��

�-�

�/�

�

, which givesthesetof equations:

.

�

�

�%$

�)�

�������+*,�-�

	�


$

(2.2)

Here �

�%$

and 	�


$

areknown, while the irradiance
�"�

andthe function . areboth

unknown. Notethat . is assumedto bemonotonicandsmooth.

The next stepis to recover the function . andirradiance
���

suchthat they best�t

Equation2.2 in a mannersimilar to theleast-squarederror. Therangeof .

�

��� is �nite

sincethedomainof known pixel values�

�%$

are�nite. Let thereexist theminimumand

maximumintegerpixel valuesfor �

�($

, denotedas �10

�32

and �)05476 , thenumberof pixel

locations8 , andthenumberof photographs9 . Thegoalis to �nd
�

�:05476";<�=0

�>2"*@?

�

valuesof .

�

��� and 8 valuesof
�-�����

to minimizethequadraticobjective function

A

�

B

C

�ED

�

F

C

$GD

�

H

.

�

�

�%$

�I;

�-���J�

;

�-�

	�


$LK

�

*NMNOQPSRUT

�

�

C

V

D

O

PXWZY\[
�

.^] ]

�`_

�

� (2.3)

The�rst componentof theobjective functionsatis�esthesetof equationsgivenby

Equation2.2in aleast-squaressense.To ensurethatcurve . is smooth,weadd .

] ]

�a_

� as
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aconstraint,where.

] ] �a_

�1�b.

�`_

;

?

�c;edQ.

�a_

�

*

.

�`_

*f?

� . Thescalarfor smoothness,
M

,

is chosenrelative to theexpectednoisein �

�%$

.

Minimizing
A

is an overdeterminedlinear least-squaresproblemwhich can be

solved usingsingularvaluedecomposition(SVD). A graphicalexampleis shown in

Figure2.2.

Figure 2.2: Reconstructingthe g curve. On the left, eachx representsa
sampleof the g curve at one pixel for � ve differentknown images(using
Equation2.2). The + ando symbolsarealsosamplesof the g curve taken
for two other separatepixels over the � ve known images. Note that the
vertical position of the points is arbitrary. On the right, the sampleshave
be adjusted(by optimizing the

�������

's) to form a singlesmoothcurve. The
verticalpositionof thecurve is still arbitrary.

The solution for .

�

��� and
�"�

is only up to a scale g . If
���J�"�

is replacedwith

�-���J�X*

g , and . is replacedwith .

*

g , Equation2.2andobjective function
A

would

beunchanged.A scalefactoris addedby de�ning a constraintthatgivespixel values

halfway between�10

�32

and �=0I4h6 unit exposure.The constraint�i0

�kj

�ml is de�ned,

where �)0

�kj

�m�

�

�

�)0

�32�*

�)05476n� .
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In addition, .

�`_

� will have a steepslopenearthe extremes�i0

�32

and �)054h6 . The

weight o

�

��� is addedto take this into consideration.

o

�a_

�)�

p

_

;q�)0

�32

for
_sr

�

�

�

�)0

�32"*

�)05476 �

�=0I4h6t;

_

for
_vu

�

�

�

�)0

�32"*

�)054h6 �

(2.4)

Equation2.3becomes:

A

�

B

C

�ED

�

F

C

$wD

�hx

o

�

�

�%$

�

H

.

�

�

�%$

�I;

�������

;

���

	�


$LKay

�

*zM

O PSRUT

�

�

C

V

D

O

PXW{Y�[ �

H

o

�`_

�h.

] ]

�a_

�

K

�

Equation2.3 implies that the systemof linear equationsneededis on the order

of 8}|~9

*

�)05476v;•�=0

�32

, which implies that usingall pixels for calculationsis not

practical. Instead,a sampleon the orderof 8 = 50 pixels, 9 = 11 photographs,and

�=0I4h6€;•�=0

�>2

�‚d„ƒ„ƒ is used.Pixelsarechosensuchthat thereis anevendistribution

between�)0

�>2

and �)05476 , andanevenspatialdistributionacrosstheimages.Sampling

pixels in areasof low intensity changeis desirablebecausethen the pixels can be

assumedto haveconstantcolor.

2.1.2 Constructing the High Dynamic RangeRadianceMap

Oncecurve . hasbeenrecovered,pixelscanbeconvertedto have relative radiance

values,assumingthatexposure	�


$

is known. Notethat . is thecurvewhichdescribes

theresponsefunctionof theimagingdevice(suchas�lm, ascanner, or achargedcouple

array).Knowing thismeansthatall otherimagesacquiredwith thesamedevicecanbe

correctlyconvertedto radiancevalues.
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Equation2.2gives:

�-���J�

�@.

�

�

�($

�I;

�-�

	�


$

(2.5)

Finally, highdynamicrangevaluesarerecoveredfor eachpixel usingall exposures.

An exampleof thevariationin imagesrequiredis shown in Figure2.3. Theweighting

function o

�`_

� in Equation2.4is usedtogivegreaterweighttopixelvaluesin themiddle

of theresponsefunction,asfollows:

�-���J�

�

F

C

$GD

�

o

�

�

�%$

�

�

.

�

�

�%$

�I;

�-�

	�


$

�

F

C

$GD

�

o

�

�

�%$

�

(2.6)

Figure2.3: A singleHDR imageis createdfrom thisseriesof photostakenat
differentexposuretimes. The imagesareregisteredto oneanotherandthus
areasthatwerenot originally exposedare�lled in with anarbitrarycolor (in
this case,blue).

Therearenumerousbene�ts from thisprocess,includinga reductionin imagearti-

factssuchas�lm grainandnoise.Blooming,anartifactwhichoccurswhenlight spills

out into nearbypixels, is alsoreducedbecausethe weight equationignoressaturated

pixel values.
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2.1.3 Colors

Thecurvesfor eachcolor channelcanbeconstructedusingthemethodsdescribed

for grayscaleimages.However, theproblemis that thescalingterm for eachchannel

might be different, throwing off the color balance. Equation2.6 adjustseachcolor

channelto have �)0

�kj

beof unit value,whichgivesanachromaticcolor. If theimaging

device respondsto achromaticcolorssimilar to thevaluesthatarecomputed,thenthe

calculationsarecorrect.

Film is calibratedto anachromaticlight … by adjusting
�

�:0

�kjn†

�=0

�3j‡†

�)0

�kj

� to match

… . The termscan be scaledby matchingimageradiancevaluesto known radiance

valuesof acalibrationluminaire.

2.2 Re�ectanceMaps

Blinn and Newell discussre�ection mappingusing syntheticenvironmentmaps

[2], while later worksdiscussusingrealphotographsasenvironmentmaps[20] [12],

while morerecentwork hasbeendonein partby Yu andMalik [21] (anddiscussedin

Section2.5). Calculatingre�ectancemapsusinga methoddescribedby Weiss[19] is

discussedhereandusedin latersections.

Intrinsic ImagesIntr oduction Theproblemis to decomposean imageinto its two

intrinsic components: illumination and re�ectivity, which can be statedby Equa-

tion 2.7:
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�
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†G‰

�)�b!

�
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†Š‰

�w‹

�

|

†G‰

� (2.7)

Weissdescribesatechniqueto calculatetheintrinsic imagesfrom aseriesof images

taken from a �x ed viewpoint [19]. The goal is to derive the intrinsic imagesusing

photosthatmostly changein illumination. “Intrinsic images”were�rst describedby

Barrow and Tenebaum[1]. Weisscalls this a “midlevel” descriptionbecauseonly

someinformationfrom animageis recovered.In particular, only the illumination and

re�ectivity from oneviewpoint arerecovered,while otherthings,suchasthe full 3D

geometryis not.

In words,theimage
ˆ

canbedescribedastheresultof theamountof light ! thatis

re�ected ‹ towardtheviewer from a givenscene,shown in Figure2.4. As Weissputs

it, “this is aclassicill-posedproblem:thenumberof unknownsis twice thenumberof

equations.”

Figure2.4: A singleimage(a) canbedecomposedinto its intrinsic images–
illumination (b) andre�ection (c).

Instead,Weisssolvesa subproblem.Given a seriesof Œ images,wherethe illu-
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minationchangesand the re�ectivity of the sceneremainsconstant,calculatethe Œ

intrinsic illumination imagesandthesingleintrinsic re�ectivity image.Thecamerais

ata �x edviewpointandthesceneremainsrelatively static,exceptfor lighting changes.

Intrinsic Image Derivation Thecalculationsaredonein thelog domainfor easeof

calculation. Thus,
ˆ

�

|

†Š‰

�•�Ž!

�

|

†G‰

�7‹

�

|

†Š‰

� becomes#

�

|

†Š‰

�•�Ž•

�

|

†G‰

�

*'•

�

|

†Š‰

� by

thepropertiesof logs. Given Œ images,theequationbecomes#

�

|

†Š‰~†


w�t�‘•

�
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†Š‰~†


w�

*

•

�

|

†Š‰

� . Thegoalthenbecomesto recover to both •

�

|

†Š‰~†


w� and
•

�

|

†Š‰

� , or Œ illumina-

tion imagesandasinglere�ectanceimage.

Thestudyof thestatisticsof naturalimageshasshown thatwhena derivative �lter

is appliedto animageof a naturalscene,the �lter outputtendsto besparse,shown in

Figure2.5. This canbemodeledasa simpleLaplaciandistribution usingtheequation

9

�

|’�“�
�

O5”

��•—–

6

– andshown in Figure2.5(e).Theproblemthenbecomes“a maximum

likelihood(ML) estimationbasedon the assumptionthat derivative-like �lter outputs

appliedto ! will tendto besparse.”

We de�ne 8 �lters by �

2

whoseoutput is denotedas ˜

2

�

|

†Š‰’†


w���™#�š��

2

. The

re�ectanceimage�ltered by the › th �lter ,
•‡2

is the result of the actual re�ectance

imagewith �lter › applied,
•\2

�

•

š��

2

. It is claimedthat theML estimateof �ltered

re�ectanceimage œ

•\2

is givenby:

œ

••2

�

|

†Š‰

�)� medianžŸ˜

2

�

|

†G‰’†


w� (2.8)

This canbeconcludedby assumingthattheLaplaciandistributiongivesthelikeli-
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Figure2.5: Naturalscenestendto havesimilardistributionsafteraderivative
�lter is applied. Images(a) and (b) and the correspondinghistogramsof
horizontalderivative �lter outputs.Figure(e) shows a Laplaciandistribution
which hasasimilar histogram.

hood:
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“Maximizing the likelihood is equivalent to minimizing the sum of the absolute

deviationsfrom ˜

2

�

|

†Š‰~†


w� .” Themedianoperationminimizesthesumof theabsolute

values.Equation2.8 givestheML estimatefor �ltered re�ectanceimages.However,

theestimatedre�ectanceimage
•

is desiredandthatcanbecalculatedfrom theover-

constrainedsystemof linearequations.

�

2

š¯œ

•

�°œ

•�2

(2.11)
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Thesolutioncanbecalculatedusingapseudo-inverseequation:

œ

•

�b.±š�²

C

2

�

ª

2

šeœ

•�2 ³

(2.12)

where �~ª
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is thereversed�lter of �
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As anexampleof theseequationsin practice,considerFigure2.6,whereanimage

is �ltered andthenrecombinedusingEquation2.12to givethere�ectanceimage
•

. The

solutionto originalequation#

�

|

†Š‰~†


w�)�'•

�

|

†Š‰’†


w�

*·•

�

|
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� canbenow beestimatedfor

•

�

|

†Š‰~†


w� sinceboththeoriginal image#

�

|

†Š‰~†


w� andre�ectancearenow known.

Comments Thealgorithmis robust.Smallchangesto thescenedonotaffect the�nal

re�ectivity image. In fact, the techniquehelpsclearout any noiseor small changes

in the scene. The calculationsshown hereare for grayscaleimages. However this

techniquecanbe extendedto color imagessimply by processingeachcolor channel

separatelyandrecombiningtheimages.

2.3 Light Probes

A light probeis a 360degreehigh dynamicrangeimage. Its purposeis to sample

all thelight in ascenefrom apoint in theworld.

Light probesare usedfor compositingsyntheticmodelsinto a real-world scene.

The light probeis capturedfrom themodel's point of view to accuratelysimulatethe
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Figure2.6: Demonstrationof theML estimationalgorithm.A squareshadow
movesover time over a lightedimageof a circle in frames1 – 3. Horizontal
and vertical derivative �lters are applied to eachframe and the pixelwise
medianof thederivativesaretaken,giving theestimated�ltered re�ectance
image.Equation2.12is usedto givetheestimatedre�ectanceimage.

light thatthemodelwouldreceiveat thatpoint in theworld. Conversely, modelscanbe

placedin thecenterof light probesto simulatehow they would belightedif they were

presentin thatenvironment.

Previous approacheshave beento guessor measureapproximatelight sources

aroundanobjectandto recreatethatenvironmentusingseveralpoint lights.
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Illumination basedon photographicenvironmentmapsarediscussedin Miller and

Hoffman[12]. Paul Debevecuseslight probes[5] in combinationwith global lighting

andray tracingto convincingly blendasyntheticmodelinto a real-world scene.

Debevec createslight probesfrom multiple photographsof small polishedball

bearings(solid metal spheres). A full 360 degreescenecan be nearly capturedin

one view of the sphere. However, the camerawill unavoidably be re�ected by the

ball bearingandthe backgrounddirectly behindthe bearingwill not be captured.In

addition, the amountof detail is not consistentacrossthe surfaceof the ball bearing

dueto thenatureof thesphericalsurface.To solvethis,asecondsetof photographsare

taken at ninety degreesfrom the �rst image. The two setsof imagesaretransformed

into anotherlayoutsuchthatit is easyto replacetheareawherethecamerais seenwith

thesecondimagewhich containsthetrue image.The �nal light probecanhave more

detail by combiningthe detail areasof eachsetof photographs.Thereis a tradeoff

betweendetailandsizeof theball bearing.Smallball bearingstendto have lesserror

sincethebackgroundis notblockedasmuchaswith a largeball bearing.

Onceseveralphotographshave beentakenat differentexposures,a HDR imageis

created(Figure2.7).At thispoint thesphericalimagecanbetransformedinto alternate

layouts,suchas a cubemap or dual paraboloidmap, which can be convenient for

differentlighting techniques.
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Figure2.7: A light probecreatedfrom multiple imagesof a scenere�ected
in ametalsphere(apolishedball bearingin thiscase).Theexposures,left to
right, are+0 stops,-3.5 stops,and-7.0 stops.Thepixel intensity, shown as
a red-green-bluetriplet, areshown. Noticethewide rangein intensityvalues
betweenthe imageon the left and the imageon the right, which differ by
severalordersof magnitude,which is akey bene�t of HDR images.

2.4 Shaders

Themechanicsof relightingcanbeimplementedusingshaders.A shadinglanguage

allows arbitrarily complex light–surfaceinteractionsto be mathematicallydescribed

andcalculated.Shadinglanguagesnatively supportthe mathematicscommonlyused

in graphicsalgorithms,suchasmatrixmanipulationandtexturelookups,in additionto

morecommonfeaturesfound in otherlanguages,suchasbranchandloop constructs

andfunctioncalls.

Earliergraphicslanguagesfocusedon a �x ed-functionpipeline,whereonly a very

limited numberof lighting operationswereavailable to be usedin limited combina-

tions.Althoughthelighting equationscouldnotbechanged,theconstantsin theequa-

tionscould. Examplesincludea specularcoef�cient or amountof red,green,or blue

absorbedandre�ectedby amaterial.
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“Shadetrees”, discussedby Cook [4], are for describingand calculatingobject

surfacecolor. The treeconsistsof differentcolor valuesas the leaves,while vector

operations,suchasdot products,areprocessedin the nodes. Multiple typesof data

canbeoperatedon in eachnode,suchascolor, textures,vectors,andothergeometry.

Shaderprogramscanbealsousedto describeproceduraltextures,suchasmarbleand

wood,which aremappedto thesurfacesof themodelbeingshaded.

Lighting operationsaredescribedin a “light tree”. A singlelight treecanbeused

in multiple shadetrees,hencethereasonfor theseparatetrees.Like shadetrees,light

treesallow for an arbitrarily complex descriptionof a light sourceandits properties,

suchasanomnidirectionallight, spotlight,or evena light with barndoors1 on it.

Finally, an “atmospherictree” is de�ned, which is a shaderfor describingthe

interactionbetweenalight leaving asurfaceandthemediumit hasto gothroughbefore

it reachestheviewerseye. As thenameimplies,this canincludefog, smoke,water, or

any othermedium.

Treesare traversedin postorder, allowing eachoperationto take into the values

andresultsof all thebranchesbeneathit. The �nal output,at theroot of the tree,is a

color. The recursive natureof operatingon the treeallows intermediateresultsto be

recombinedin differentways.

The shadetree shown in Figure 2.8 can be written in Cook's shadinglanguage

(which resemblestheC programminglanguage)asshown in Figure2.9.
¸

Barndoorsare�aps thatbordera light andhelpcontrolwherelight is allowedto fall ona scene.
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Figure2.8: An exampleof ashadetreewhich describesacoppermaterial.

float a = 0.5;

float s = 0.5;

float roughness = 0.1;

float intensity;

color metal_color = (1,1,1);

intensity = a * ambient() +

s * specular(normal,

viewer,

roughness);

final_color = intensity * metal_color;

Figure2.9: Sourcecodefor ashaderthatdescribesacoppermaterial.

Multiple differentshadingoperationscanbe usedin a single imageor even on a

singlesurface,shown by theshadetreein Figure2.10.

Theconceptof shadetreeshasbeenextendedtowork with geometry, wheretheout-

putat therootof thetreeis anormal,displacedvertex, or otherdesiredvalue.Whereas

shadinglanguageswereoncelimited to the realmof of�ine softwarerendering,new

shadinglanguages[13] havebeencreatedin parallelwith hardwareto enablereal-time
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Figure2.10: Multiple inputscanbeusedto createthe �nal color. Heretwo
typesof woodshadersaremixed,or combined,to form a �nal woodshader.

shading.

2.5 Relighting

Relighting Ar chitectural Scenes Yu andMalik [22] describeatechniquefor relight-

ing buildingsbasedonreal-world dataandlighting models.An overview of theprocess

is shown in Figure2.11.

Photographsof thebuildingsandenvironmentaretakenatseveraldifferentpointof

time throughouttheday.

Recovering Geometry Geometryis recoveredfrom photographsusingtheFACADE

imaged-basedmodelingsystem[7].

Texturesof thebuilding canbesimply extractedfrom thephotosandcorrectedfor

perspective distortion. However, texturesarenot suitablefor relighting becausethey

containthecombinationof illuminationandre�ectanceinformation.
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Figure2.11:Overview of Yu andMalik' sarchitecturalrelightingpipeline.

Modeling lighting fr om photographs The lighting andre�ectancein the sceneis

modeledasa set of equations.This includesmodelingthe radianceof the sun, the

sky (treatedasa hemisphericalarealight sourceandshown in Figure2.12),andthe

landscape(which is modeledasasetof orientedLambertianfacets).

Modeling Sun The sunis photographedusinga camerawith neutraldensity�lters

whichreducethesaturationandallow theradianceto bereconstructed.Thepositionof
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Figure2.12:Theentiresky hemisphere(a) is modeledasthreeseparatecolor
channels(b)–(d). The color channelseachusethe samesky illuminance
modelbut eachhasits own setof parameters.

thesuncanbecalculatedif thelatitude,longitude,time, anddateareknown. Thesun

is modeledasaparallellight source.

Modeling Envir onment A radiancemodelof the360degreeenvironmentis piece-

wise constructed.The sky is modeledusingphotographsandequationsand is then

combinedwith anotherhemispherewhich consistsof thesurroundinglandscape(such

astheground,trees,or urbanstructures).Thecompositesphericallighting environment

is shown in Figure2.13.

Modeling re�ectancefr om textures Multiple photographsof thebuilding aretaken

at different times of the day. Thesephotos(Figure 2.14) are usedto recover the

re�ectancemodelof thebuilding.

Photographsof buildings areassumedto containmostly diffuselight, sincewin-

dows are“weakly” specularandthecamerais assumedto not beat the“mirror-angle”

atwhichglasstendsto bevery re�ective insteadof transparent.
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Figure2.13: A sphericallighting environment,encompassinga full 360de-
grees. Radiancemodelshave beencalculatedfor the sky (upperhalf) and
landscape(lowerhalf) of eachhemisphere.

Figure2.14: A sampleof the many photographsneededfor recovering the
re�ectancemodelof thebell tower.
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Thephotographsof eachwall areprojectedonto thegeometryof thebuilding and

dividedinto agrid. Thediffuse“pseudo-albedo”(re�ectance)is calculatedby dividing

theaverageradianceby theirradianceateachgrid point. Theradianceis obtainedfrom

thewall photographswhile the irradianceis obtainedfrom theenvironment(sun,sky,

andsurroundinglandscape).

To calculatethere�ectanceof thewallsof thebuildings(theterm“pseudo-BRDF”,

or pseudobidirectional re�ectancedistribution function, is used),at least two pho-

tographsof eachfaceare required– one in sun, one in shade– and thereforetwo

equationsareneededfor eachpointon thesurfaceof eachwall.
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ˆ
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is the irradiancefrom the sun,

º
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thepseudo-albedoof thesky andenvironment,and º

»Ÿ½

2

, thepseudo-albedoof the

sun.

The pseudo-albedoof the sky and environment, º

»a¼

, can be solved from Equa-

tion 2.14andthencanbesubstitutedinto Equation2.15to solve for thepseudo-albedo

of the sun, º

»Ÿ½

2

. Betterapproximationsof º

»a¼

and º

»a½

2

canbe determinedby using

morephotographsin thecalculations.
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Relighting Relighting can be done by placing the geometryin the centerof the

360degreesphericallighting environment(asshown beforein Figure2.13),with addi-

tional �e xibility comingfrom thesunandenvironmentmodel.

Modeling Lighting Conditions Modeling the sunandsky allows arbitrarytime of

day lighting (Figure2.15andFigure2.16)or cloud cover situationsto be simulated.

However, thecloudsaremodeledasa uniform overcastsky which blockeda variable

percentageof sunlight(Figure2.17).In addition,theamountof light in the�nal image

canbesimulatedby adjustingtheshutterspeedof a virtual camera,which givesmore

controlover the�nal look of thescene.

Figure2.15: A seriesof four environmentmaps(a)–(d)for differenttimes.
The correspondingenvironmentmaps(e)–(h)weregeneratedusing the re-
coveredenvironmentradiancemodelanddata�tting.
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Figure2.16: The belltower, renderedat differenttimesduring the day with
a shutterspeedof 1/1500of a second. The sun and sky model allow for
any time of day on any day in the yearandany coordinateon Earth to be
simulated.Heretheimagesaresimulatedduringa cleardaytowardstheend
of Augustin Berkeley, California. Thetimesare(a) 7am,(b) 1pm,(c) 4pm,
(d) 6pm,(e) 6:30pm

Figure 2.17: An overcastsky can be modeledas a result of modelingthe
sunandsky. Theseriesof syntheticimages,calculatedwith a shutterspeed
of 1/1500of a second,show the effect of an overcastsky, modeledas a
percentageof blocked sun(PBS):(a) PBS=0.0,(b) PBS=0.5,(c) PBS=0.9,
(d) PBS=0.95
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3. Creationof Light Probes,Radianceand Re�ectance

Maps

3.1 Data Acquisition

Data acquisitionwasdoneusing a digital camera,anotherdigital camerawith a

�sheye lens,anda tripod.

3.1.1 Light Probes

Thesourceimagesfor light probesarecapturedwith a digital camera�tted with a

�sheyelens(whichwewill call an“omnicam”). Firstwedescribecapturing360degree

imageswith a �sheye lens.Next we describecapturingtheimagesrequiredfor a light

probe.

The �sheye lensallows a 180degreeview to be capturedin onesingleimage. A

360degreeview canbeconstructedfrom two 180degreeimages.A camerais setup

on a sturdytripod andone180degreeimageof thesceneis captured.Thecamerais

thenrotatedhorizontallyby 180degreesto capturetheopposing180degreeimageof

thescene.Thetwo imagesarestitchedtogether(asdescribedin Section3.2.1)to form

the�nal 360degreeview.

A light probecanbe capturedby repeatingthe processdescribedabove, with the

additionof capturingan equalnumberof multiple imagesat differentexposuresfor
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eachdirectionat which thecamerais pointed,shown in Figure3.1. Recallthata light

probeis asimpletermfor a360degreeHDR imageof ascene.Theseimageswill later

bestitchedtogetherandcombinedinto asingleHDR image.

Figure3.1: A seriesof imagescapturedfor a light probe.Thetopandbottom
row eachshow the sameview capturedat differentexposuretimes. These
imageswill beprocessedlaterto createasinglelight probe.

Thebene�t of theextremelywide �eld of view comesat theexpenseof a radially

distortedimage.Pointscloserto thecamerawill show moredistortionthanpointsmuch

fartherfrom thecamera.Light enteringtheextremitiesof �eld of view the imagecan

sometimescauseblooming(a photographicterm which describesthe resultof when

light at a point spills into adjacentregionsof an image,causingcolor saturation)and

chromaticaberration(whichoccurswhenlight enteringalensis refractedandfocusesat

differentpointson theimage,causinglight to breakinto its componentcolors),shown

in Figure3.2.

Knowing the characteristicsof the �nal imagesis useful for selectingthe initial

orientationof the camera. Slight discontinuitiesand color distortion can occur at
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Figure3.2:An occurrenceof light bloomneartheedgeof anomnicamimage.
Thebright bluehaloat the top is causedfrom light enteringtheedgeof the
�sheye lens.

the seamsof where the two 180 degree imagesare stitchedtogether(describedin

Section3.2.1). The bestresultsfor a light probeoccurwhen the mostdetailedpart

of the sceneis at the centerof the image,while areasof lessimportanceare at the

extremitiesof theimage.It is bestif each180degreeimagecanparallelsomenatural

borderin thescene,e.g. alonga beachandthe water, a roadandfoliage,or eventhe

opensky betweentwo buildings.

3.1.2 Re�ectanceMaps

The sourceimagesto calculatethe re�ectancemapsof a surfacewere captured

using an ordinary digital cameraon a sturdy tripod. The camerawas aimedat an

exteriorwall of a residencehall atCollege8.

Photographswerecapturedstartingbeforesunriseuntil the mid-afternoon,when
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the wall was in completeshadow for the rest of the day. Photographswere taken

approximatelyevery �fteen minutesor whenever the lighting changedsigni�cantly.

Figure3.3 shows the completeseriesof photographstaken throughoutthe day. Note

thatre�ectancemapscanbein�uencedby thenumberof photographsandtimesof day

they aretakenat,althoughthisproblemis mitigatedif enoughphotosaretakento cover

many differentlighting conditions.

Figure3.3: Twenty-sixphotographsof a wall at College8 takenat different
timesthroughtheday. The�rst photograph(upper-left) wastakenjustbefore
sunrise.Thesubsequentphotographsweretakenapproximatelyevery �fteen
minutesor whenever thelighting changedsigni�cantly. Thelastphotograph
wastakenwhenthewall wasin completeshadow for therestof theday.

3.2 Data Processing

ImageswereprocessedusingHDR Shop,AdobePhotoshop,andMatLab.
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3.2.1 Light Probes

We discussconstructinglight probeshere. We discussstitching two 180 degree

images�rst. Wethendiscussconstructingthelight probefrom theresulting360degree

images.

360 degreespherical images We manuallystitch two 180 degreeimagestogether.

Sincethe imagesweretakenin exactly opposingdirections,thebordersof the images

shouldbeidenticalandalignto eachother. Combiningtwo 180degreeimagesinvolves

many steps,illustratedin Figure3.4.

First,acircularmaskis appliedto eachimageto removepixel bloomandchromatic

aberrationthatfallsoutsidethepropercircularregion. Notethatthisdoesnotaffectany

imagebloomor chromaticaberrationthat falls within thecircular image.Eachimage

is closelycroppedto theborderof eachcircle.

Second,eachimageis transformedsothecircularborderbecomesa linearborder.

Thiscanbedoneusingapolar-to-rectangularcoordinatetransformation.

Third, both transformed180 degreeimagearecombinedto form one360 degree

imageby rotatingoneimageto matchtheborderof theotherimageandcombiningthe

two.

Finally, the imagesarethenconvertedbackfrom rectangularto polarcoordinates,

giving a 360degreesphericalimage.Notethatthecenterof the360degreeimagecan

be eitherhalf of the 180 degreeimage,dependingon wherethe rectangular-to-polar
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conversionis applied. However, eachimagecontainsthe exact sameinformation,so

this is moreastylisticpreference.

Problems In reality, thebordersof the180degreeimagesdo not necessarilymatch

perfectly. Thereis oftenoverlapbetweenthe two images,which happensbecausethe

camerais not rotatedperfectlyaboutthe axis of the imageplanebut insteadrotated

behindthe imageplane. Each imageis most distortedat this overlap point, while

overlayingone imageon anotheris not a perfectsolution, in practiceit looks good.

While man-madeobjectswith sharplines tendto be morenoticeable,naturalscenes

tendto hidethedistortion.

Eachhalf of the360 imagecanbetakenat thesameexposuresbut thecolorswill

be slightly different. This is dueto the automaticwhite balancewhich adjustsitself

differentlydependingon thecolorsin thescene.

Completelight probe Eachpairof 180degreeomnicamimagesareusedto construct

a corresponding360 degreesphericalimage. Figure 3.5 shows all of the resulting

360degreesphericalimageswhichdiffer only by exposure.Fromthisset,HDR images

arecreatedusingtheprocessdescribedin Section2.1. Notethat thecamerausedand

accuracy of the cameracalibrationcurve can in�uence the quality of the �nal HDR

image.

TheresultingHDR imageis savedin red-green-blue-exponent(RGBE)format[10],

wherered,green,andblueeachusea byteof storageandhave a common8-bit expo-

35



Omnicamphotos Polar-to-RectangularConversion Combined

Rectangular-to-PolarConversion

Figure3.4: Constructinga 360 degreesphericalimagefrom two omnicam
images.Two omnicam(180degree)photos(left column)aretransformedby
a polar to rectangularconversion(middle column),which are thenmerged
along the commonedge. The resulting image is convertedback using a
rectangularto polar transformationto give the �nal 360 degreespherical
image. Note that a light probeis constructedfrom creatinga singleHDR
imagefrom several 360 degreesphericalimages,constructedas described
above,but takenatdifferentexposures.
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processingtool, HDR Shop,is usedto accomplishthis task. Theresultinglight probe

is shown in Figure3.6.

Figure 3.5: The forest light probeis an HDR imagecreatedfrom several
360degreesphericalimageswhich have beenconstructedfrom pairsof om-
nicamimagestakenatdifferentexposures.

Figure3.6: The �nal light probecreatedby stepsshown in Figure3.4 and
Figure3.5. Notethatsincethedynamicrangeof theresultinglight probeis
so large,only a subsetof this rangecanbe displayedor printedin any one
instance.

Diffuse Light Probes A diffuselight probeis generatedfrom theoriginal light probe.

Both areusedin Section4 for relightingscenes.Theoriginal light probeis calledthe

“environmentlight probe”,sinceit representsthevisibleenvironmentin theworld from
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thepointatwhichit wastaken.A diffuselight probeis calculatedfrom theenvironment

light probeusinga diffuse/specularconvolution. The diffuseand environmentlight

probesareshown in Figure3.10.

3.2.2 Re�ectanceMaps

Herewe assumethat we aregiven many imagesof a scenetaken underdifferent

lighting conditions.In ourcase,this is thesetof imagesof awall takenthroughoutthe

day(Figure3.3).

The re�ectancemap is calculatedfrom the seriesof imagesusing the algorithm

describedby Weiss [19] and discussedin Section2.2. Processingwas done with

Matlab. Re�ectancemapsarecalculatedseparatelyfor eachcolor channel(red,green,

andblue)(eachshown in Figure3.7).

Redcolorchannel Greencolor channel Bluecolor channel

Figure3.7: The re�ectanceimagesfor eachcolor channel(red, green,and
blue). Darker, blacker tonesindicatelow re�ectivity while brighter, lighter
tonesindicatehigh re�ectivity. Observe thatwoodsidingtendsto bedarker
while glasswindowstendto belighter, asexpected.

The separatecolor channelsare thenre-combinedinto a singlecolor re�ectance

map(Figure3.8).Theillumination imagecalculatedfor eachinput imageis discarded.
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Figure 3.8: The color re�ectancemap which representshow much light
is re�ected from the sceneat any time of day. The re�ectancemap was
calculatedfrom twenty-sixphotographsof a wall takenat differenttimesof
theday.

There�ectancemapis thenperspective-correctedto removeany perspectivedistor-

tion (causedfrom the camera's imageplanenot beingperfectlyparallel to the wall).

Perspective-correctioncan be donebeforeor after Weiss' algorithm, but we choose

to do it after sinceonly one�nal imageneedsto be changedinsteadof many source

images. The perspective-correctedimageis useful for usein a later renderingstep

describedin Section4.

Potential Problems Peopleliving in the residencehall would openandclosetheir

windows throughouttheday. Dueto theworkingsof Weiss'ML-estimatoralgorithm,

whichsamplesmultiple imagesof thesamescene,this is notaproblem.
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3.2.3 ProcessingTimes

Processingeachimage was a largely semi-automatictask but it could be fully

automated.Thesenumbersare approximatedue to the manualwork of processing

eachimageandusethestepsdescribedearlier.

Manuallycapturinga HDR photographtakesabout5 minutes.Manuallycapturing

two 180 degreephotographsto combineas a 360 degree HDR photograph(“light

probe”)takesabout10 minutes.Manuallystitchingtwo 180degreeHDR photographs

into one360degreeHDR photographtakesabout20minutes(usingPhotoshop).

The following taskswere processedautomaticallybut the processingtime still

varies. Creatinga radiancemap can take 5 secondsor more, dependingon resolu-

tion of the images. Creatingan HDR cubemapfrom a light probetakesaboutone

second(usingHDR Shop1.0). CalculatingtheHDR diffusecomponentfrom a single

256 x 256 HDR imagetook approximately41 minuteson an Athlon 1.13 GHz ma-

chinewith 768 MB RAM (and54 minuteson a 384 x 192 HDR image). Creatinga

re�ectancemapcantake5 – 15 minutes(usingMatLab).

3.3 Results

3.3.1 Light ProbeResults

Light probeswerecapturedandconstructedfor severaldifferentenvironments.We

show the �nal light probesfor severaldifferentenvironmentsat differenttimesof the

40



day, includingin theCollege8 quad,themeadow andforestbehindCrown-Merrill, at

theEastField,atWestClif f, andatSeabrightBeach.

Light probescreatedfor the six environmentsareshown in Figure3.9, while the

diffuselight probegeneratedfrom theforestlight probeis shown in Figure3.10.

3.3.2 Re�ection Map Results

The �nal re�ection map is shown in Figure3.11, alongwith oneof the original

photographsandilluminationmapfor thatimage.

3.3.3 RadianceMap of Wall Results

Theradiancemapof thewall is createdin thesamemannerasotherHDR images.

Several photographstaken at differentexposuresarecombinedinto onesingleHDR

image,shown in Figure3.12.
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Figure3.9: Light probescapturedaroundSantaCruz.Thescenesare(clock-
wisefrom upper-left): College8, Lower EastField,Crown-Merrill meadow,
Crown-Merrill forest,WestClif f, andtheBoardwalk–Seabrightbeach.
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Environmentlight probe

Diffuselight probe

Figure3.10: The diffuselight probe(bottom) is calculatedusingthe envi-
ronmentlight probe(top). The latitude-longitudelayout of the light probes
shown herepreservesthefull 360degreeview of ascenepresentin spherical
light probes. The latitude-longitudelayout is formedby “unwrapping” the
sphericallight probe.

43



� À

�
À

� À

� À

Photograph Illumination CommonRe�ectance

Figure3.11: Eachphotographof thewall (left column)canbedecomposed
into its uniqueillumination image(centercolumn)anda commonintrinsic
re�ectanceimage(right column).This is possiblebecauseonly theillumina-
tion changesandeverythingelseremainsthesame.
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Figure3.12:Theradiancemapof thewall. Notethatthefull dynamicrange
presentin this radiancemapcannotbeshown on currentdisplaydevicesor
whenprintedon paper.
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4. Relighting

Light thathitsahighly polishedsurfaceall bounceoff in thesamedirectionbecause

any pointon thesurfacehasthesameorientation.However, a roughsurfacewill cause

light to bounceoff in many directionsbecauseeachpointonthesurfacemaybeoriented

in a differentdirection.

Surfacesthat areperfectlysmoothtend to be highly re�ective (like a mirror, for

example).There�ection of a scenein a mirror is sharpandclear. If themirror wasput

in theforestenvironment,themirror wouldperfectlyre�ect thescene.

We assumethat buildings are mostly rough and thereforethe light that hits the

building scattersin many directions. This meansthat using the forest environment

would make the building look shiny, like a mirror, and that is not desired. Instead,

a precomputeddiffuse light probe(bottom of Figure 3.10) is usedto simulatethis

property.

4.1 Relighting TextureMaps

For theCollege8 model,hand-madetexturemapsareusedfor thewalls,while the

roof texturescomefrom anaerialphotograph.

Wall Textures Thewalls aremanuallyassembledfrom a setof smallertexturetiles

of wall siding,windows,anddoors1. One�nal wall textureis shown in Figure4.1.The
¸

Wall tilesandtextureswerecreatedby JasonBane.
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tilesareassembledusingareferencephotographor drawing asaguide.Thetexturesare

basedon photographsbut have beenmanuallyretouchedto removeperspectivedistor-

tion, give uniform dimensions,createmoregenericfeatures(for doorsandwindows),

andallow for seamlesstiling (for thewall sidingmaterial).As a result,thecolorsare

arbitraryandarehighly dependenton the lighting conditionsat thetime thereference

photographswere taken. Both the lighting conditionsand shadows are “baked-in”.

Thereis no separationbetweenlighting, shadows, andactualmaterialcolor and re-

�ectance.

Figure 4.1: (Top) A wall texture manuallyassembledfrom window, door,
andwall siding “tiles”. Theplacementof eachelementis determinedusing
referencephotographsor drawings. (Bottom)A photographof therealwall
of College8.
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Aerial Photograph An aerialphotographof theCollege8 area(Figure4.2) is used

in additionto thehand-madewall texturesandhasmultiple uses.First it providesthe

“footprint”, or outline,of thebuilding ontheground.Second,theroof canbe“cut out”

andusedasa texturefor the3D modelof College8. Third, it is usedasavisualcueto

show scaleandgeneralenvironmentsurroundingthebuilding.

Figure4.2: A grayscaleaerialimageof College8. Theresidencehall (center)
is thebuilding which will berelighted.Theaerialimageis usefulbecauseit
providesthebuilding “footprint” (outline),roof texture,andthesurrounding
groundtexture.
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4.2 Relighting Re�ectanceMaps

Recall that an image can be broken down into an illumination and re�ectance

component(Figure3.11).In relighting,only there�ectanceimageis importantandthe

illumination imageis discarded.Instead,illumination is providedby theenvironment

anddiffuselighting probes.

In real life, walls arebumpy. For example,a roof will stick out over a wall, the

window sills protrude,andthesidingconsistsof evenly-spacedstripsof wood. These

bumpscastshadows,whichcanbeseenin theseriesof wall photosin Figure3.3.

The re�ectancetexture not only shows how the surfacere�ects light but alsore-

movesall the shadows. Instead,the shadows are presentin the illumination image.

However, the surfacesof the modelaremodeledas�at planes.As a result,shadows

arenot cast,evenwhenthebuilding is rotatedunderthelight source(thelight probe).

This is not a limitation of therelightingtechniqueandcouldbeaddedto therendering

pipelineif desired(throughbumpmapping,surfacemodeling,or texturesubstitution,

for example).

Theresultsof lighting usingre�ectancemapsareshown for theforest(Figure4.3),

WestClif f (Figure4.4),andGracecathedral(Figure4.5) lighting environments.Note

thateachunit increasein exposure(or “stop”) representsa doublingof theamountof

light allowedto enterthescene.
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(a) (b) (c)

Figure4.3: Re�ectancemap(left half of wall) andvariationsin the forest
lighting environment.Theexposuresare(a)1.50,(b) 2.00,(c) 3.00.

(a) (b) (c)

Figure4.4: Re�ectancemap(left half of wall) andvariationsin exposurein
theWestClif f lighting environment.Theexposuresare(a)0.25,(b) 1.00,(c)
1.50.

(a) (b) (c)

Figure4.5: Re�ectancemap(left half of wall) andvariationsin exposurein
the Gracecathedrallighting environment. The exposuresare(a) -0.25, (b)
0.25,(c) 0.75.
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4.3 Relighting RadianceMaps

The�nal radiancemapshown in Figure3.12is appliedto thewall of thebuilding.

Thesamewall is dividedinto threesections,eachusingadifferenttexture(for compar-

isonwith theradiancemap).In Figures4.6,4.7,and4.8,theuseof aradiancemap(left

third) canbecontrastedwith there�ectancemapfrom Section3.2.2(middlethird) and

thehandmadetexturefrom Section4.1(right third).

4.4 Relighting Implementation

4.4.1 Lighting Envir onment

Thecubemappingtechnique,describedby Greene[8], is usedasthecoretool for

relighting. Cubemapsarewidely supportedin hardware,aresimple to use,andare

natively supportedby modernshadinglanguages.

Thelight probeandcorrespondingdiffuselight probeareeachconvertedinto a for-

matmoreconducive for real-timeuse.Eachtwo-dimensionallight probeis converted

into a separatecubemap.Typically theimagesarelaid out in asingleimagein across

shape,asif a box hadbeenunfolded,but this is merelypresentation.Next, the cube

mapis slicedinto its six componentfacesandstoredassix separateimagesasamatter

of convenience.

The six cubemap imagesare pastedinto their respective positionson a three-

dimensionalcube. This forms the lighting environment. Although the environment
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(a) (b) (c)

Figure4.6: Comparisonof radiance(left third), re�ectance(middle third),
andtexturemapsunderdifferentexposuresin theforestlighting environment.
Theexposuresare(a)1.00,(b) 1.50,(c) 2.00.Thegammais heldconstantat
1.75.

(a) (b) (c)

Figure4.7: Comparisonof radiance(left third), re�ectance(middle third),
andtexture mapsunderdifferentexposuresin the WestClif f lighting envi-
ronment.Theexposuresare(a) 1.00,(b) 1.50,(c) 2.00. Thegammais held
constantat1.00.

(a) (b) (c)

Figure4.8: Comparisonof radiance(left third), re�ectance(middle third),
and texture mapsunderdifferentexposuresin the Gracecathedrallighting
environment. Theexposuresare(a) 0.00,(b) 0.50,(c) 1.00. The gammais
heldconstantat1.00.
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cubemapis usedasthevisualbackground,thediffusecubemap,which is not drawn

on thescreen,is usedin theactuallighting calculations.

Let's stepbackfor a second.The lighting environmentsareHDR imageswhich

cannotbe natively displayedon the screen. Instead,a LDR lighting environmentis

generatedby samplingthe HDR lighting environmentusing a default exposureand

gammavalue. It is theLDR lighting environmentwhich is usedin therelightingpro-

cess.Eachtimetheexposureor gammais changedby theuser, thecorrespondingLDR

lighting environmentis updatedin software.Thisstepis currentlyhandledin software;

however thereis now hardwaresupportwhich wasnot availableduringdevelopment.

4.4.2 Shading

A texturedmodelthatis to belightedis placedin thecenterof thethree-dimensional

lighting environmentdescribedabove.

Eachsurfaceof the model is lighted usinga combinationof vertex andfragment

shaders. A unit normal is generatedfor eachvertex in the model using the vertex

shader. For simplediffuse lighting calculations,the vertex unit normal is paralleled

with thecorrespondingsurfacenormal,which is thenpassedto thefragmentshader.

Whenshiny, re�ective surfacesareinvolved,thevertex normalis generatedin the

samedirectionalongtheline betweenthecenterof themodelandthevertex location.

Next, the incident vector (viewing direction) is re�ected acrossthe vertex normal,

which givesthere�ection vector, which is thennormalizedandpassedto thefragment
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shaderin additionto thesurfacenormal.Whenthesurfaceis dull, there�ection vector

is thesameasthesurfacenormal.

Thefragmentshaderis wherethecolorcalculationshappen.Boththevertex normal

and the re�ection normalareusedto separatelylook up the associatedcolors in the

diffuselighting environmentcubemap.Eachpixel in eachfaceis lightedby �rst adding

thediffuseandre�ection lighting colorsandmodulatingthesumby themodel's base

texturecolor.

Notethat thediffuselighting environmentcubemapallows two color lookupsper

pixel (for diffuseandre�ection colors)becauseit wasgeneratedasapreprocessingstep

(describedin Section3.2.1)speci�cally for thispurpose.

A comparisonbetweenthe visible lighting environmentand the diffuse lighting

environmentusedin therelightingcalculationsis shown in Figure4.9.

(a) (b) (c)

Figure4.9: Thediffuselighting environment(bottomrow) is usedfor theac-
tual relightingcalculations,althoughthephotographiclighting environment
(toprow) is shown to theuser. Theenvironmentsare(a)forest,(b) WestClif f,
and(c) Gracecathedral.
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4.4.3 Adjusting Exposureand Gammaof Light Probes

The power of HDR lighting environmentsallows the exposureandgammaof the

sceneto be changedto view the modelunderdifferentlighting conditionsandto see

differentdetails.This is demonstratedin Figures4.3,4.4,4.5,4.6,4.7,and4.8.

An LDR cubemapis initially sampledfrom anHDR cubemapusingdefault expo-

sureandgammavaluesbut is only updatedwhenexposureor gammais changed.An

LDR pixel ÁÃÂ„ÄÆÅ is calculatedfor eachcolorchannelin eachcorrespondingHDR pixel

ÁcÇ5ÄÆÅ , with exposure
”

, gammaÈ , andnumberof color levels › , (where › is d„ƒ„ƒ for

eight-bitcolorchannels),

ÁÃÂ„ÄÆÅ·�@›ÊÉ

�

ÁcÇIÄÆÅsÉJd
¼

�—ËÍÌ Î

Ï (4.1)

andÁÃÂÐÄÆÅ is clampedbetweenzeroand › to preventinvalid colors.

4.4.4 Graphical User Interface

A graphicaluserinterface(GUI) is usedtocontroltherelightingsimulation.With it,

a usercaninteractively changetheexposureandgamma(usingEquation4.1),lighting

environments,differentmodels(anddifferentwall textures),andview of thesceneat

run-time.

Updatingdisplay gammaand exposurein this implementationat run-time takes

about10 seconds(asit is purelydonein software),but otherwisethesceneis relighted

and can be manipulatedin real-time. HDR imageprocessingis now supportedin

hardware,allowing for real-timemanipulationandprocessingpower.
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4.4.5 Futur eWork

Theresultingimagesgiveaconceptualideaof thebene�tsanddifferencesbetween

thetwo lighting techniques.It would bebetterif multiple materialpropertiescouldbe

speci�ed per face(suchaspropertiesfor glasswindows, paintedwood, andexposed

metal). Time of day simulationor combiningmultiple lighting environmentswould

allow for a wider variety of lighting conditionsusinga givensetof lighting environ-

ments. Higher resolutionHDR imagescould alsobe generatedwhich would contain

moredetail. Low light proberesolutionandusinghardwarewhich lackednativeHDR

imagesupportwerealsolimitationsthatarenow mitigatedwith thecurrentgeneration

of hardwareandsoftwaresupport.
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5. Conclusionand Discussion

We discussedtheideaof usinghigh dynamicrangeenvironmentmaps,re�ectance

maps,andradiancemapsto moreaccuratelylight amodelof abuilding andthebene�ts

of doingso.

Thesimplicityof themethodis dueto there�ectancemapsbeingsemi-automatically

generatedby Weiss'method(Section2.2)andsimply requiresa camerato acquirethe

necessaryimages.This is a greatstrengthover othermethods,suchasthe piecewise

mathematicalmodeldescribedbyYuandMalik in Section2.5,wheremultipleelements

aremodeled,suchasthesun,thesky, andsurroundinglandscape.

In addition,full 360 degreeenvironments(including the sun,sky, andlandscape)

can be capturedin as little as two imagesusing a camera,whereasthe piecewise

natureof Yu andMalik methodrequiremoremanualwork to createa �nal lighting

environment.

Another bene�t is that more real-world data (namely photographs)are usedin

calculationsinsteadof simulateddata. The effectsof a cloudy sky, for example,can

be shown morerealisticallyusingphotographiclighting environmentsthanmodeling

a “percentageof blocked sunlight”. Also, the useof HDR imagesallows arbitrary

exposures(or “shutterspeed”on a physicalcamera)to be usedin the �nal rendering

of the scene. This bene�t comes“free” as an intrinsic featureof HDR imagesand

calculations.
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Multiple lighting environmentscanbe combinedto createnew environments,yet

still bebasedonrealphotographs.For example,asunny environmentcanbecombined

with acloudyenvironmentto simulatehazyskiesor eventhedensityof cloudsblocking

thesunlight,similarto the“percentageof blockedsunlight”discussedby Yu andMalik.

Timeof dayeffectscanbemodeledby blendingenvironmentscapturedthroughoutthe

daytogetherandusingtheresultfor lighting.

Therearetradeoffsbetweenthetwomethodsof usingre�ectancemapsandradiance

mapsfor the walls. The re�ectancemapbettermodelsthe light interaction,sinceit

only hasthe materialcolor andno in�uence from any light sourcesother thanthose

usedin thissimulation.Howevertherangeof color intensityis limited. Radiancemaps

for walls have theextra color depthbut containextraneouslighting information. The

bestsolutionwould be to combinethestrengthsof both, that is, lighting with a HDR

re�ectancetexture.
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