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Relighting Real-World Scenes

Alex D'Angelo

ABSTRACT

We comparewo well-known methods- radiancemapsandre ectancemaps— for
lighting 3D modelsof buildings usinghigh dynamicrange(HDR) light probes.These
methods,jntroducedrecentlyby computergraphicsand computervision researchers,
areperhapghe two mostpromisingapproaches orderto understandheinteraction
betweerthelighting andthesurfacepropertiesWe capturea 360degreeview of areal-
world scenéby acquiringmultiple setsof 180 degreeimagesat differentshutterspeeds
atasingletimein theday We stitchthemtogetheiinto anHDR light probethatwill be
usedto light the 3D models.A radiancenapof a scenan therealworld is createdoy
capturinga staticview of a sceneby acquiringmary imagesat differentshutterspeeds
at a singletime in the day andstitchingthemtogetheraswell. Re ectancemapsare
createdby capturingthe samesceneat differenttimesthroughouthe dayandbreaking
down theimagesnto are ectancemapandanilluminationmap.Re ectancemapscan
begeneratedrom photostakenthroughouta daywhile aradiancenapcanbecaptured
at ary single point throughoutthe day, dependingon the desiredlighting conditions.
The3D scenewith there ectancemapsarerelightedusingseveraldifferentlight probes

thatwe have created Theseémagesarealsocomparedvith a simpleapproachof using



hand-craftedextures. We expectthatthe comparisorshown in this work will provide

abetterunderstandingf therelationshipbetweerthesetwo approaches.

Keywords: image-basetighting, high dynamicrangeimages



1. Intr oduction and Moti vation

Oneof the main goalsof computergraphicsis to seamlesslyplendcomputergen-
eratedmagesin with real-world scenesThereareanendlessnumberof applications,
from imagematching,virtual scenedor movies, etc. Previous methods suchasray
tracing,have beenvery slow andcalculationintensive andonly approximatematerials.
We want to usecommonlyavailable tools and do calculationsfast. We only utilize
a digital cameraand desktopcomputerfor all calculations. Insteadof generatingall
imageryfrom scratchandusingapproximationsye wantto take asmuchfrom nature
andreality aspossibleandaugmentt with additionalinformationto producemorereal
ervironments.Theimagesonceprocessedallow a modelof a building to berelighted

underawide rangeof lighting environments.

Previouswork Thiswork dravs uponandcombinesseveraldifferentalgorithmsand

techniquedor relightingthatarediscussedn Chapter2:

High dynamic range radiance maps High dynamicrangeradiancemapscontain
a much wider rangeof color than traditional photographsor digital images. They
canbe createdfrom several photograph®or syntheticallygenerated.The bene ts are
numerousjncluding datafor both very dark and very bright areasand the ability to
adjustthe exposureand gammawithout losing color information. The processof

creatinghigh dynamic rangeradiancemapsfrom multiple photographsat different



exposuresandcombinednto a singleradiancemaparediscussedn detail.

Re ectancemaps Photographsanbe decomposethto two componentsillumina-
tion andre ectance.llluminationrefersto theamountof light hitting thesubjectwhile
there ectancerefersto how muchof thatlight is re ected backto theviewer. Working
backwards,oncethere ectancemapis known, the subjectcanberelightedusingalter
nateillumination sources.Re ectancemapsare calculatedfrom several photographs

of asubjecttakenunderawide variety of differentlighting conditions.

Light probes A samplingof all the light in a scenefrom one particularviewpoint
is calleda light probe. This is a 360 degreehigh dynamicrangeradiancemap. One
methodis to take photograph®f a shiny metalball bearing,sincethe entire sceneis
re ected andthe cameradoesnot needto move. Multiple photographgrom different
anglescan be taken to remove the re ection of the photographeandto capturethe
areawhichis obscuredy theball bearingin onephotograph Anothermethod which
is usedin this work, is to usea sheye lensthancancapturea 180 degreeview at a
time. Two photographsretakensuchthatthey capturehefull 360degreeenvironment
andarestitchedtogether True light probesare createdby taking multiple picturesat

differentexposuresandcombinednto a singlehigh dynamicrangeradiancemap.

Shaders The mechanicof relighting canbe implementedusingshaderswhich are
programssolely designedor graphicsprogrammingln the past,the graphicspipeline

supportednly alimited numberof graphicsoperationsvhich could simply beturned
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on and off. Shadersallow for an unlimited numberof arbitrarily complex graphics
operationsCurrentlytherearetwo cateyoriesof shadersvertex andfragmentshaders.
Vertex shadersvork on a pervertex basison geometryand can perform operations
suchasadjustingvariousnormals,vertex position,andtexture coordinates Fragment
shadersusethe outputof vertex shadergo de ne how a surfaceabsorbsandre ects

light.

Relighting A scenecanbe lighted undermultiple conditions,suchascloudy, sunry,
differenttimesof day, andso on. Onetechnigueinvolvesmodelingthe illumination
propertiesof the sun,the sky, andthe surroundingandscape . Thesemodelsarethen
appliedto amodelof a building andareableto shav it underawide varietyof lighting
conditions.More complex weather suchasa partially cloudy sky, is modeledinstead

asapercentagef blockedlight insteadof a discretesystemof skiesandclouds.

Technology ow High dynamicrangeradiancemapsare createdto generatdight
probeswhich are thenusedas the sourcefor lighting in a scene. Re ectancemaps
are usedon the walls of the models(buildings in this case)to allow the surfacesto
correctlyacceptindre ect light duringtherelightingprocessSmallgraphicgprograms
calledshadersare usedin the implementatiorto actuallydo therelighting. The data

acquisition processingandrelightingarediscussedn detailin latersections.

Creation Chapter3 talks abouthow to acquireand processhe imagesneededor

relighting. Several differenttypes of imagesare captured,including multiple 180
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degreephotosat differentexposuregfor light probes) multiple imagesof walls taken
overthecourseof aday (for re ectancemaps)andtakenrapidly at differentexposures
(for radiancamaps).In addition,previously existing aerialphotographsf the building
siteandatexturedmodelof the buildingsto berelightedareacquired.
Theimagesareprocessedh software. Correspondind 80 degreephotosareman-
ually stitchedtogetherandtransformednto a seriesof 360 degreeimages,which are
thenautomaticallicombinednto asinglehighdynamicrangeradiancemap.Theseries
of wall photographsakenthroughoutthe day areeachprocessedisinghorizontaland
verticalderivative Iters andthenrecombinedo give the singlere ectanceandmulti-
pleillumination maps.Themultiple photograph®f awall takenat differentexposures
atasinglepointin thedayareautomaticallicombinednto asinglehigh dynamicrange

radiancemap.

Relighting Implementation Chapter4 discusseghe details of relighting. Light
probesare transformedagaininto a cube map layout for usein the implementation
of relighting. Diffuselight probesaregeneratedo helpreducethe calculationsneeded
for relighting. The model of the building is textured using re ectanceand radiance
mapswhile the groundbelon comesfrom the aerialphotograplof thelandscapeThe
modelis placedin the centerof eachlight probe,or lighting ervironment. Therelight-
ing procesds achieved by writing shaderdo allow the building to acceptandre ect

thelight from thelighting environment.



Conclusion The conclusionin Chapter5 draws togetherthe work and shows the

bene tsof thetechniquesliscussedn the precedingchapters.



2. Previous Work

Several differenttechnologiesandalgorithmsare utilized for relighting. Thesein-

cludehighdynamicrangemapd6], light probesre ectancemapg19], andshader$4].

2.1 High Dynamic RangeRadianceMaps

Overview Real-world sceneshave a wide rangeof intensityvalues. However, com-
monphotoequipmentincluding Im anddigital camerasganonly captureanddisplay
a small numberof color intensities. High dynamicrangeimagesallow for the entire
rangeof colorintensitiesto be capturedandusedin mary differentapplications.

Greg WardLarsondiscussesultiple waysof usinghighdynamicrangeimagesor
rendering[18], display andstorage9] [11] [17]. Recentwork by Seetzeret al [16]
demonstratedirect display of HDR images. Real-timeHDR displayis discussedy
Cohenetal [3].

Deberec andMalik [6] discussrecovering high dynamicrangeimagesfrom pho-
tographsanddigital images First,the Im responséunctionis calculated Secondthe
HDR imageis reconstructedrom multiple photographs.

SchechneandNayar[14] [15] discussgeneratinchigh dynamicrangeimages(or
“enhancingthe spectralresolution”, as they call it) by using a gradient lter on a
camera.The camerais rotatedand multiple overlappingphotographsretaken. This

resultsin every pointin the scenehaving multiple picturesat differentexposurefrom
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which ahigh dynamicrangeimagecanberecovered.Full 360degreeHDR imagescan
be createdhroughmosai&ing, whereonelargeimageis createdoy stitchingtogether
multiple correspondingmages.

The algorithmgiven by Deberec andMalik is discussedn detail here. Although
thediscussiorconcerngyrayscalemagesjt canbe easilyextendedo work with color
imagesandis describedn Section2.1.3. The pipelinefrom capturingimagesto the

nal digitizedoutputis shovn in Figure?2.1.

Lens Shuttel Film Development CcCD ADC Remapping

final
scene sensor sensor i
Iatent film analog digital digital
radlance —IZ—> lrrad|ance exposure |mage density voltages—E" vallles values
Fi

ilm Camera

Digital Camera

Figure2.1: Imageacquisitionpipeline.

2.1.1 Film ResponseRecovery

A physicalpropertyof bothphotochemicaandelectroniamagingsystemss called
reciprocity. “The responseof a Im to variationsin exposureis summarizedy the
characteristicurve (or HurterDrif eld curve)” Thisis agraphof opticaldensity of
processedm versusthe logarithmof exposure , whereexposure is the product
of irradiance atthe Im andtheexposure , whichareexpressedn unitsof

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

density is important.For example,doubling buthalving  will givethesame



optical densityvalue. However, reciprocity failure occursat very large or very small
valuesof , whichiswhentherelationshipbreaksdown. For example thereciprocity
for print Im holdsto within - stopfor exposuretimesrangingfrom 10 secondgo
1/10,000second. For chage coupledarrays,reciprocity holds underthe assumption
thateachcell countsthe numberof photonst collectsduringtheintegrationtime.

Digital imagesareacquiredeitherwith adigital cameraor Im thathasbeendevel-
oped,scannedanddigitized. For eachpixel we getanintegervalue , where isa
nonlinearfunction of exposure atthepixel. Thefunction is the compositionof
thecharacteristicurve andall non-linearoperationsntroducedn furthercalculations.

At this point thereare threegoals. First, to recover . Second,for eachpixel,
calculateexposure , where . It is assumedhat is monotonically
increasing,thereforethe inverse exists and is well-de ned. Third, to recover
irradiance , where . Theexposure andtheexposuretime  areboth
known atthis step.In addition, is proportionalto theradiance inthescene.

The algorithmtakes, asinput, mary photograph®f a staticscenetaken at known
different exposures. The photographsare taken from a x ed location and viewing
direction. In addition, it is assumedhat the photosare taken quickly enoughto be
ableto ignorechangesn the lighting conditionsover time. This makesit possibleto
treattheirradiance asaconstanfor eachpixel .

The Im reciprocityequationfor , where is the pixel value, is the spatial

index overthepixels,and istheindex overexposuretimes is:



(2.1)

It is assumedhat is monotonicand thereforeinvertible. Equation2.1 canbe

rewritten as:

Takingthe naturallogarithmof bothsidesgives:

To simplify, let , Which givesthe setof equations:

(2.2)

Here and areknown, while theirradiance andthefunction areboth
unknowvn. Notethat is assumedo be monotonicandsmooth.

The next stepis to recover the function andirradiance suchthatthey best t
Equation2.2in amannersimilar to the least-squaredrror. Therangeof iS nite
sincethedomainof known pixel values  are nite. Letthereexist theminimumand
maximuminteger pixel valuesfor  , denotedas and , thenumberof pixel
locations , andthe numberof photographs . Thegoalisto nd

valuesof and valuesof to minimizethequadraticobjectve function

(2.3)

The rst componentf theobjective functionsatis esthe setof equationgivenby

Equation2.2in aleast-squaresenseTo ensurghatcurve is smoothwe add as

9



aconstraintwhere . Thescalarfor smoothness,,
is choserrelative to the expectednoisein
Minimizing  is an overdeterminedinear least-squareproblemwhich can be

solved using singularvalue decomposition(SVD). A graphicalexampleis shavn in

plot of g(Zij) from three pixels observed in five images, assuming unit radiance at each pixel normalized plot of g(Zij) after determining pixel exposures
6 T T T T T 6 T T T T T
4 4
g oF x + g 2k
8 * 3 B
42 Y +
o | Wl
° 0 s ° 0
Q Q x
3 8 “
g -2r 2 2
4 4
-6 . . . . B . . . .
0 50 100 200 250 300 0 50 100 200 250 300

150 150
pixel value (Zij) pixel value (Zij)

Figure 2.2: Reconstructinghe g curve. On the left, eachx representsa
sampleof the g curve at one pixel for ve differentknown images(using
Equation2.2). The + ando symbolsare also samplesof the g curve taken
for two other separatepixels over the ve known images. Note that the
vertical position of the pointsis arbitrary On the right, the sampleshave
be adjusted(by optimizing the 's) to form a singlesmoothcurve. The
verticalpositionof the curve s still arbitrary

The solutionfor and isonlyupto ascale . If is replacedwith
,and isreplacedwith , Equation2.2 andobjective function would

be unchangedA scalefactoris addedby de ning a constraintthatgivespixel values
halfway between and unit exposure. The constraint is de ned,

where -

10



In addition, will have a steepslopenearthe extremes and . The

weight is addedo take thisinto consideration.

for -

for B (2.4)

Equation2.3becomes:

Equation2.3 implies that the systemof linear equationsneededis on the order
of , Which implies that usingall pixels for calculationsis not
practical. Instead,a sampleon the orderof = 50 pixels, = 11 photographsand

is used. Pixels arechosensuchthatthereis an evendistribution
between and , andan evenspatialdistribution acrossheimages.Sampling
pixels in areasof low intensity changeis desirablebecausehen the pixels can be

assumedo have constantolor.

2.1.2 Constructing the High Dynamic RangeRadianceMap

Oncecurve hasbeenrecorered,pixelscanbe cornvertedto have relative radiance
values,assuminghatexposure is known. Notethat is thecurvewhichdescribes
theresponséunctionof theimagingdevice (suchas Im, ascannerorachagedcouple
array).Knowing this meanghatall otherimagesacquiredwith the samedevice canbe

correctlycornvertedto radiancevalues.

11



Equation2.2 gives:

(2.5)

Finally, highdynamicrangevaluesarerecoveredfor eachpixel usingall exposures.
An exampleof the variationin imagesrequiredis shovn in Figure2.3. The weighting
function in Equation2.4is usedo give greatemweightto pixel valuesn themiddle

of theresponséunction,asfollows:

(2.6)

Figure2.3: A singleHDR imageis createdrom this seriesof photostakenat
differentexposuretimes. The imagesareregisteredto oneanotherandthus
areaghatwerenot originally exposedare lled in with anarbitrarycolor (in
thiscaseplue).

Therearenumerousene tsfrom this processincludingareductionin imagearti-
factssuchas Im grainandnoise.Blooming,anartifactwhich occurswhenlight spills
out into nearbypixels, is alsoreducedbecausehe weight equationignoressaturated

pixel values.

12



2.1.3 Colors

The curvesfor eachcolor channelcanbe constructedisingthe methodsdescribed
for grayscalamages.However, the problemis thatthe scalingterm for eachchannel
might be different, throwing off the color balance. Equation2.6 adjustseachcolor
channeko have be of unit value,which givesanachromaticcolor. If theimaging
device respondgo achromaticcolorssimilar to the valuesthat are computedthenthe
calculationsarecorrect.

Film is calibratedo anachromatidight by adjusting to match

. The termscan be scaledby matchingimageradiancevaluesto known radiance

valuesof a calibrationluminaire.

2.2 Re ectance Maps

Blinn and Newell discussre ection mappingusing syntheticernvironmentmaps
[2], while later works discussusingreal photographsasenvironmentmaps[20] [12],
while morerecentwork hasbeendonein partby Yu andMalik [21] (anddiscussedn
Section2.5). Calculatingre ectancemapsusinga methoddescribedy Weiss[19] is

discussedhereandusedin latersections.

Intrinsic ImagesIntr oduction The problemis to decomposenimageinto its two
intrinsic components:illumination and re ectivity, which can be statedby Equa-

tion 2.7:

13



2.7)

Weissdescribestechniqudo calculateheintrinsicimagedrom aseriesof images
taken from a x ed viewpoint [19]. The goalis to derie the intrinsic imagesusing
photosthat mostly changein illumination. “Intrinsic images”were rst describedoy
Barrov 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 canbedescribedastheresultof theamountof light thatis
re ected towardtheviewerfrom a givensceneshown in Figure2.4. As Weissputs
it, “this is aclassicill-posedproblem:the numberof unknovnsis twice the numberof

equations.

Input = reflectance X illumination

Figure2.4: A singleimage(a) canbe decomposehto its intrinsicimages—
illumination (b) andre ection (c).

Instead,Weisssolvesa subproblem.Givena seriesof  images,wheretheiillu-

14



mination changesandthe re ectivity of the sceneremainsconstant,calculatethe
intrinsic illumination imagesandthe singleintrinsic re ectivity image. The cameras

ata x edviewpointandthescenaemaingelatively static,exceptfor lighting changes.

Intrinsic Image Derivation The calculationsaredonein thelog domainfor easeof
calculation. Thus, becomes by
the propertiesof logs. Given imagesthe equationbecomes

. Thegoalthenbecomedo recoverto both and ,or illumina-
tion imagesandasinglere ectanceimage.

Thestudyof the statisticsof naturalimageshasshowvn thatwhena derivative Iter
is appliedto animageof a naturalscenethe Iter outputtendsto be sparseshownn in
Figure2.5. This canbe modeledasa simple Laplaciandistribution usingthe equation

— andshown in Figure2.5(e). The problemthenbecomesa maximum
likelihood (ML) estimationbasedon the assumptiorthat derivative-like Iter outputs

appliedto will tendto besparsé.

We de ne Iters by  whoseoutputis denotedas . The
re ectanceimage ltered by the th lter, is the resultof the actualre ectance
imagewith lter applied, . It is claimedthatthe ML estimateof Itered

re ectanceimage is givenby:

median (2.8)

This canbe concludedby assuminghatthe Laplaciandistribution givesthelik eli-
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Figure2.5: Naturalscenegendto have similar distributionsaftera deriative
Iter is applied. Images(a) and (b) and the correspondinghistogramsof
horizontalderivative Iter outputs.Figure(e) shavs a Laplaciandistribution
which hasa similar histogram.

hood:

_ (2.9)

— (2.10)

“Maximizing the likelihood is equivalentto minimizing the sum of the absolute
deviationsfrom ! The medianoperationminimizesthe sumof the absolute
values. Equation2.8 givesthe ML estimatefor Itered re ectanceimages.However,
the estimatede ectanceimage is desiredandthatcanbe calculatedrom the over

constrainedystemof linearequations.

(2.11)
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The solutioncanbe calculatedusinga pseudo-imerseequation:

(2.12)

where isthereversedlter of ,and and isasolution

to:

(2.13)

As anexampleof theseequationsn practice,considerFigure2.6, whereanimage
is Itered andthenrecombinedisingEquation2.12to givethere ectanceimage . The
solutionto original equation canbenow beestimatedor

sinceboththeoriginalimage andre ectancearenow known.

Comments Thealgorithmis robust. Smallchangeso thescenedonotaffectthe nal

re ectivity image. In fact, the techniquehelpsclearout any noiseor small changes
in the scene. The calculationsshovn hereare for grayscaleimages. However this
techniquecan be extendedto color imagessimply by processingeachcolor channel

separateljandrecombiningheimages.

2.3 Light Probes

A light probeis a 360 degreehigh dynamicrangeimage. Its purposes to sample
all thelight in ascengrom apointin theworld.
Light probesare usedfor compositingsyntheticmodelsinto a real-world scene.

Thelight probeis capturedrom the model's point of view to accuratelysimulatethe
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Figure2.6: Demonstratiorof theML estimatioralgorithm.A squareshadev
movesovertime over a lightedimageof a circle in framesl — 3. Horizontal
and vertical derivative lters are appliedto eachframe and the pixelwise
medianof the derivativesaretaken, giving the estimatedltered re ectance
image.Equation2.12is usedto give the estimatede ectanceimage.

light thatthemodelwould receve atthatpointin theworld. Conversely modelscanbe
placedin the centerof light probesto simulatehow they would be lightedif they were
presenin thatervironment.

Previous approachesave beento guessor measureapproximatelight sources

aroundanobjectandto recreateghaternvironmentusingsereralpointlights.
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lllumination basedon photographiervironmentmapsarediscussedn Miller and
Hoffman[12]. Paul Debevecusedight probeg5] in combinationwith globallighting
andray tracingto corvincingly blenda syntheticmodelinto areal-world scene.

Debevec createslight probesfrom multiple photographsof small polished ball
bearings(solid metal spheres). A full 360 degree scenecan be nearly capturedin
oneview of the sphere. However, the camerawill unavoidably be re ected by the
ball bearingandthe backgroundlirectly behindthe bearingwill not be captured.In
addition, the amountof detail is not consistentacrossthe surfaceof the ball bearing
dueto thenatureof thesphericakurface.To solve this, asecondsetof photographsire
taken at ninety degreesfrom the rst image. The two setsof imagesaretransformed
into anotheldayoutsuchthatit is easyto replacetheareawherethecameras seernwith
the secondmagewhich containsthe trueimage. The nal light probecanhave more
detail by combiningthe detail areasof eachsetof photographs.Thereis a tradeof
betweerdetail andsizeof the ball bearing.Smallball bearinggendto have lesserror
sincethebackgrounds notblockedasmuchaswith alargeball bearing.

Onceseveral photographfiave beentaken at differentexposuresa HDR imageis
createdFigure2.7). At this pointthe sphericaimagecanbetransformednto alternate
layouts, suchas a cube map or dual paraboloidmap, which can be corvenientfor

differentlighting techniques.
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Figure2.7: A light probecreatedrom multiple imagesof a scenere ected

in ametalsphergapolishedball bearingin this case).Theexposuresleft to

right, are+0 stops,-3.5 stops,and-7.0 stops. The pixel intensity shavn as
ared-green-bludriplet, areshovn. Noticethewide rangein intensityvalues
betweenthe imageon the left and the imageon the right, which differ by

severalordersof magnitudewhichis akey bene t of HDR images.

2.4 Shaders

Themechanic®f relightingcanbeimplementedisingshadersA shadindanguage
allows arbitrarily complec light—surfaceinteractionsto be mathematicallydescribed
andcalculated. Shadinglanguagesatively supportthe mathematiccommonlyused
in graphicsalgorithms suchasmatrix manipulationandtexturelookups,in additionto
more commonfeaturesfound in otherlanguagessuchasbranchandloop constructs
andfunctioncalls.

Earliergraphicdanguageg$ocusedon a x ed-functionpipeline,whereonly avery
limited numberof lighting operationswvere availableto be usedin limited combina-
tions. Althoughthelighting equationsould not be changedthe constantsn theequa-
tions could. Examplesncludea specularcoefcient or amountof red, green,or blue

absorbedindre ected by a material.
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“Shadetrees”, discussedoy Cook [4], are for describingand calculatingobject
surfacecolor. The tree consistsof differentcolor valuesasthe leaves, while vector
operationssuchasdot products,are processedn the nodes. Multiple typesof data
canbe operatedbn in eachnode,suchascolor, textures,vectors,andothergeometry
Shademprogramscanbe alsousedto describeproceduratextures,suchasmarbleand
wood,which aremappedo the surfacesof themodelbeingshaded.

Lighting operationsaredescribedn a “light tree”. A singlelight treecanbe used
in multiple shadetrees,hencethe reasorfor the separatérees.Lik e shadereeslight
treesallow for an arbitrarily complex descriptionof a light sourceandits properties,
suchasanomnidirectionalight, spotlight,or evenalight with barndoors onit.

Finally, an “atmospherictree” is de ned, which is a shaderfor describingthe
interactionbetweenalight leaving a surfaceandthemediumit hasto gothroughbefore
it reachegheviewerseye. As the nameimplies, this canincludefog, smole, water, or
ary othermedium.

Treesare traversedin postorder allowing eachoperationto take into the values
andresultsof all the brancheseneatht. The nal output,attheroot of thetree,is a
color. Therecursve natureof operatingon the tree allows intermediateresultsto be
recombinedn differentways.

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

(whichresembleshe C programmindanguagepsshowvn in Figure2.9.

Barndoorsare aps thatborderalight andhelpcontrolwherelight is allowedto fall onascene.
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Figure2.8: An exampleof a shadereewhich describes coppematerial.

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 a shadethatdescribes coppematerial.

Multiple differentshadingoperationscanbe usedin a singleimageor evenon a
singlesurface,shavn by the shadereein Figure2.10.

Theconcepbf shaddreeshasbeenextendedo work with geometrywheretheout-
putattherootof thetreeis anormal,displacedrertex, or otherdesiredvalue.Whereas
shadinglanguagesvere oncelimited to the realmof of ine software rendering,new

shadinganguage$13] have beencreatedn parallelwith hardwareto enablereal-time
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Figure2.10: Multiple inputscanbe usedto createthe nal color. Heretwo
typesof woodshaderaremixed,or combinedto form a nal woodshader

shading.

2.5 Relighting

Relighting Ar chitectural Scenes YuandMalik [22] describeatechniquéfor relight-
ing buildingsbasednreal-world dataandlighting models.An overview of theprocess
isshavnin Figure2.11.

Photographsf thebuildingsandervironmentaretakenat severaldifferentpoint of

time throughouthe day.

Recovering Geometry Geometryis recoveredfrom photographsisingthe FACADE
imaged-basethodelingsystenm7].

Texturesof the building canbe simply extractedfrom the photosandcorrectedor
perspectre distortion. However, texturesare not suitablefor relighting becausehey

containthe combinationof illumination andre ectanceinformation.
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Figure2.11: Overview of Yu andMalik' sarchitecturatelightingpipeline.

Modeling lighting from photographs The lighting andre ectancein the sceneis
modeledas a setof equations. This includesmodelingthe radianceof the sun, the
sky (treatedasa hemisphericahrealight sourceandshowvn in Figure2.12), andthe

landscapéwhichis modeledasa setof orientedLambertianfacets).

Modeling Sun The sunis photographedisinga camerawith neutraldensity Iters

whichreducethe saturatiorandallow theradiancdo bereconstructedThe positionof
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Figure2.12: Theentiresky hemispherda)is modeledasthreeseparateolor
channels(b)-(d). The color channelseachusethe samesky illuminance
modelbut eachhasits own setof parameters.

the suncanbe calculatedf thelatitude,longitude,time, anddateareknown. The sun

is modeledasa parallellight source.

Modeling Environment A radiancemodelof the 360 degreeervironmentis piece-
wise constructed. The sky is modeledusing photographsand equationsand is then
combinedwith anothethemispheravhich consistof the surroundingandscapédsuch
astheground treesor urbanstructures)Thecompositesphericalighting environment

is shavnin Figure2.13.

Modeling re ectancefrom textures Multiple photograph®f the building aretaken
at differenttimes of the day Thesephotos(Figure 2.14) are usedto recover the
re ectancemodelof the building.

Photograph®f buildings are assumedo containmostly diffuse light, sincewin-
dows are“weakly” speculaiandthe cameras assumedo not be atthe “mirror-angle”

atwhich glasstendsto beveryre ective insteadof transparent.
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Figure2.13: A sphericalighting ervironment,encompassing full 360 de-
grees. Radiancemodelshave beencalculatedfor the sky (upperhalf) and
landscapédlower half) of eachhemisphere.

Figure2.14: A sampleof the mary photographsieededor recovering the
re ectancemodelof thebell tower.
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The photograph®f eachwall are projectedonto the geometryof the building and
dividedinto agrid. Thediffuse“pseudo-albedo(re ectance)is calculatedoy dividing
theaverageradianceby theirradianceat eachgrid point. Theradianceas obtainedrom
thewall photographsvhile theirradianceis obtainedfrom the ervironment(sun, sky,
andsurroundindandscape).

To calculatethere ectanceof thewalls of the buildings (theterm“pseudo-BRDF”,
or pseudobidirectional re ectancedistribution function, is used),at leasttwo pho-
tographsof eachfaceare required— onein sun, one in shade— and thereforetwo

equationsareneededor eachpointonthe surfaceof eachwall.

(2.14)

(2.15)

where and are radiancevaluesfrom eachphotograph, and arethe

irradiancevaluesfrom the sky andernvironment, is the irradiancefrom the sun,
the pseudo-albedof the sky andenvironment,and , the pseudo-albedof the
sun.
The pseudo-albedof the sky and ervironment, , canbe solved from Equa-

tion 2.14andthencanbe substitutednto Equation2.15to solve for the pseudo-albedo
of the sun, . Betterapproximationsof and canbe determinedby using

morephotographsn thecalculations.
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Relighting Relighting can be done by placing the geometryin the centerof the
360degreesphericalighting ervironment(asshavn beforein Figure2.13),with addi-

tional e xibility comingfrom the sunandervironmentmodel.

Modeling Lighting Conditions Modelingthe sunandsky allows arbitrarytime of

day lighting (Figure 2.15and Figure 2.16) or cloud cover situationsto be simulated.
However, the cloudsare modeledasa uniform overcastsky which blocked a variable
percentagef sunlight(Figure2.17).In addition,theamountof light in the nal image
canbe simulatedby adjustingthe shutterspeedof a virtual camerawhich givesmore

controloverthe nal look of thescene.

Figure2.15: A seriesof four environmentmaps(a)—(d)for differenttimes.
The correspondingervironmentmaps(e)—(h) were generatedising the re-
coveredernvironmentradiancanodelanddata tting.
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Figure 2.16: The belltower, renderedat differenttimesduring the day with
a shutterspeedof 1/15000f a second. The sunand sky model allow for
ary time of day on ary dayin the yearandary coordinateon Earthto be
simulated .Heretheimagesaresimulatedduringa cleardaytowardsthe end
of Augustin Berkeley, California. Thetimesare(a) 7am,(b) 1pm,(c) 4pm,
(d) 6pm,(e) 6:30pm

Figure 2.17: An overcastsky canbe modeledas a resultof modelingthe
sunandsky. The seriesof syntheticimages calculatedwith a shutterspeed
of 1/15000f a second,shav the effect of an overcastsky, modeledas a
percentag®f 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 DataAcquisition

Data acquisitionwas doneusing a digital camera,anotherdigital camerawith a

sheyelens,andatripod.

3.1.1 Light Probes

The sourceimagesfor light probesarecapturedwith a digital cameratted with a
sheyelens(whichwewill callan“omnicam”). Firstwe describecapturing360degree
imageswith a sheye lens. Next we describecapturingthe imagesrequiredfor a light
probe.

The sheye lensallows a 180 degreeview to be capturedn onesingleimage. A
360degreeview canbe constructedrom two 180 degreeimages.A cameras setup
on a sturdytripod andone 180 degreeimageof the sceneis captured.The camerais
thenrotatedhorizontallyby 180 degreesto capturethe opposingl80 degreeimageof
thesceneThetwo imagesarestitchedtogether(asdescribedn Section3.2.1)to form
the nal 360degreeview.

A light probecanbe capturedby repeatingthe processdescribedabove, with the

addition of capturingan equalnumberof multiple imagesat differentexposuresfor
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eachdirectionat which the cameras pointed,shovn in Figure3.1. Recallthata light
probeis asimpletermfor a360degreeHDR imageof ascene Thesemageswill later

be stitchedtogetherandcombinednto asingleHDR image.

Figure3.1: A seriesof imagescapturedor alight probe.Thetop andbottom
row eachshaw the sameview capturedat differentexposuretimes. These
imageswill beprocessedaterto createasinglelight probe.

The bene t of the extremelywide eld of view comesat the expenseof aradially
distortedmage.Pointscloserto thecamerawill shav moredistortionthanpointsmuch
fartherfrom the camera.Light enteringthe extremitiesof eld of view theimagecan
sometimescauseblooming (a photographiderm which describeghe resultof when
light at a point spills into adjacentregionsof animage,causingcolor saturation)and
chromaticaberratior(which occurswhenlight enteringalensis refractedandfocusesat
differentpointson theimage,causingight to breakinto its componentolors),shavn
in Figure3.2.

Knowing the characteristicof the nal imagesis usefulfor selectingthe initial

orientationof the camera. Slight discontinuitiesand color distortion can occur at
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Figure3.2: An occurrence®f light bloomneartheedgeof anomnicamimage.
The bright blue halo at the top is causedrom light enteringthe edgeof the
sheyelens.

the seamsof wherethe two 180 degreeimagesare stitchedtogether(describedin
Section3.2.1). The bestresultsfor a light probe occurwhenthe mostdetailedpart
of the sceneis at the centerof the image, while areasof lessimportanceare at the
extremitiesof theimage. It is bestif each180degreeimagecanparallelsomenatural
borderin the scene g.g. alonga beachandthe water a roadandfoliage, or eventhe

opensky betweentwo buildings.

3.1.2 Re ectance Maps

The sourceimagesto calculatethe re ectancemapsof a surface were captured
using an ordinary digital cameraon a sturdy tripod. The camerawas aimed at an

exterior wall of aresidencénall at College8.

Photographsvere capturedstartingbefore sunriseuntil the mid-afternoon,when
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the wall was in completeshadav for the rest of the day Photographavere taken
approximatelyevery fteen minutesor wheneer the lighting changedsigni cantly.
Figure 3.3 shaws the completeseriesof photographgakenthroughoutthe day. Note
thatre ectancemapscanbein uencedby thenumberof photographsindtimesof day
they aretakenat, althoughthis problemis mitigatedif enoughphotosaretakento cover

mary differentlighting conditions.

Figure3.3: Twenty-sixphotograph®f a wall at College 8 taken at different
timesthroughtheday The rst photograpi{upperleft) wastakenjustbefore
sunrise.Thesubsequenthotographsveretakenapproximatelyevery fteen
minutesor wheneer the lighting changedsigni cantly. Thelastphotograph
wastakenwhenthewall wasin completeshadav for therestof theday.

3.2 DataProcessing

ImageswereprocessedisingHDR Shop,AdobePhotoshopandMatLab.
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3.2.1 Light Probes

We discussconstructinglight probeshere. We discussstitchingtwo 180 degree
imagesrst. Wethendiscussonstructinghelight probefrom theresulting360degree

images.

360 degree spherical images We manuallystitch two 180 degreeimagestogether
Sincetheimagesweretakenin exactly opposingdirections,the bordersof theimages
shouldbeidenticalandalignto eachother Combiningtwo 180degreeimagesnvolves
mary stepsijllustratedin Figure3.4.

First,acircularmaskis appliedto eachimageto remove pixel bloomandchromatic
aberratiorthatfalls outsidethe propercircularregion. Notethatthis doesnotaffectarny
imagebloom or chromaticaberratiorthatfalls within the circularimage. Eachimage
is closelycroppedo theborderof eachcircle.

Secondgachimageis transformedso the circularborderbecomes linear border
This canbedoneusinga polarto-rectangulacoordinateransformation.

Third, both transformedl80 degreeimageare combinedto form one 360 degree
imageby rotatingoneimageto matchthe borderof theotherimageandcombiningthe
two.

Finally, theimagesarethencornvertedbackfrom rectangulato polar coordinates,
giving a 360degreesphericaimage.Note thatthe centerof the 360 degreeimagecan

be either half of the 180 degreeimage,dependingon wherethe rectangulato-polar
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corversionis applied. However, eachimagecontainsthe exact sameinformation, so

thisis moreastylistic preference.

Problems In reality, the bordersof the 180 degreeimagesdo not necessarilynatch
perfectly Thereis often overlapbetweerthe two imageswhich happendecause¢he
camerais not rotatedperfectly aboutthe axis of the imageplanebut insteadrotated
behindthe image plane. Eachimageis most distortedat this overlap point, while
overlayingoneimageon anotheris not a perfectsolution, in practiceit looks good.
While man-madeobjectswith sharplinestendto be more noticeable haturalscenes
tendto hidethedistortion.
Eachhalf of the 360imagecanbe taken at the sameexposuresout the colorswill

be slightly different. This is dueto the automaticwhite balancewhich adjustsitself

differentlydependingonthe colorsin thescene.

Completelight probe Eachpairof 180degreeomnicamimagesareusedo construct
a corresponding360 degree sphericalimage. Figure 3.5 shaws all of the resulting
360degreesphericaimageswvhich differ only by exposure Fromthisset, HDR images
arecreatedusingthe procesdescribedn Section2.1. Notethatthe camerausedand
accurag of the cameracalibrationcurve canin uence the quality of the nal HDR
image.

TheresultingHDR imageis savedin red-green-bluex@onent(RGBE)format[10],

wherered, green,andblue eachusea byte of storageandhave a common8-bit expo-
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Omnicamphotos Polarto-RectangulaCorversion Combined

Rectangulato-PolarCorversion

Figure 3.4: Constructinga 360 degreesphericalimagefrom two omnicam
images.Two omnicam(180degree)photos(left column)aretransformedy

a polar to rectangularconversion(middle column), which arethen meiged
along the commonedge. The resultingimageis corverted back using a

rectangularto polar transformationto give the nal 360 degree spherical
image. Note thata light probeis constructedrom creatinga single HDR

imagefrom several 360 degree sphericalimages,constructedas described
above, but takenat differentexposures.
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nent.For example the colorgivenby isinterpretedas . Theimage
processingool, HDR Shop,is usedto accomplishthis task. The resultinglight probe

is shavnin Figure3.6.

Figure 3.5: The forestlight probeis an HDR image createdfrom several
360degreesphericaimageswhich have beenconstructedrom pairsof om-
nicamimagesakenat differentexposures.

Figure3.6: The nal light probecreatedby stepsshown in Figure 3.4 and
Figure3.5. Notethat sincethe dynamicrangeof the resultinglight probeis
so large, only a subsetf this rangecanbe displayedor printedin ary one
instance.

Diffuse Light Probes A diffuselight probeis generatedrom theoriginallight probe.
Both areusedin Section4 for relighting scenes.The original light probeis calledthe

“environmentlight probe”,sinceit representthevisible environmentin theworld from
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thepointatwhichit wastaken. A diffuselight probeis calculatedrom theervironment
light probeusinga diffuse/speculaconvolution. The diffuse and environmentlight

probesareshown in Figure3.10.

3.2.2 Re ectance Maps

Herewe assumeéhat we are given mary imagesof a scenetaken underdifferent
lighting conditions.In our casethisis the setof imagesof awall takenthroughouthe
day(Figure3.3).

The re ectancemapis calculatedfrom the seriesof imagesusing the algorithm
describedby Weiss[19] and discussedn Section2.2. Processingvas done with
Matlah Re ectancemapsarecalculatedseparatelyor eachcolor channelred,green,

andblue)(eachshavn in Figure3.7).

Redcolorchannel Greencolor channel Blue color channel
Figure 3.7: There ectanceimagesfor eachcolor channel(red, green,and
blue). Darker, blacker tonesindicatelow re ectivity while brighter lighter

tonesindicatehigh re ectivity. Obsene thatwood sidingtendsto be darker
while glasswindows tendto belighter, asexpected.

The separatecolor channelsare thenre-combinednto a single color re ectance

map(Figure3.8). Theilluminationimagecalculatedor eachinputimageis discarded.

38



Figure 3.8: The color re ectance map which representdhow much light
is re ected from the sceneat ary time of day. The re ectancemap was
calculatedrom twenty-sixphotograph®f a wall taken at differenttimesof
theday

There ectancemapis thenperspectie-correctedo remove ary perspectie distor
tion (causedrom the cameras imageplanenot being perfectly parallelto the wall).
Perspectie-correctioncan be donebeforeor after Weiss' algorithm, but we choose
to do it aftersinceonly one nal imageneedsto be changednsteadof mary source
images. The perspectie-correctedmageis useful for usein a later renderingstep

describedn Section4.

Potential Problems Peopleliving in the residencehall would openand closetheir
windows throughoutthe day Dueto the workingsof Weiss' ML-estimatoralgorithm,

which samplesnultiple imagesof the samescenethisis notaproblem.
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3.2.3 Processinglimes

Processingeachimage was a largely semi-automatidask but it could be fully
automated. Thesenumbersare approximatedue to the manualwork of processing
eachimageandusethe stepsdescribedearlier

Manually capturinga HDR photograptakesabout5 minutes.Manually capturing
two 180 degree photographgo combineas a 360 degree HDR photograph(“light
probe”)takesabout10 minutes.Manually stitchingtwo 180degreeHDR photographs
into one360degreeHDR photographakesabout20 minutes(usingPhotoshop).

The following taskswere processedautomaticallybut the processingtime still
varies. Creatinga radiancemap cantake 5 secondsor more, dependingon resolu-
tion of the images. Creatingan HDR cubemap from a light probetakes aboutone
secondusingHDR Shop1.0). Calculatingthe HDR diffusecomponenftrom 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 ectancemapcantake 5 — 15 minutes(usingMatLab).

3.3 Results

3.3.1 Light ProbeResults

Light probeswerecapturedandconstructedor severaldifferentervironments.We

shawv the nal light probesfor several differentenvironmentsat differenttimesof the
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day, includingin the College 8 quad,the meadev andforestbehindCrown-Merrill, at
the EastField, at WestCliff, andat SeabrighBeach.
Light probescreatedfor the six ervironmentsare showvn in Figure 3.9, while the

diffuselight probegeneratedrom theforestlight probeis shavn in Figure3.10.

3.3.2 Re ection Map Results

The nal re ection mapis shavn in Figure 3.11, alongwith one of the original

photographsndillumination mapfor thatimage.

3.3.3 RadianceMap of Wall Results

Theradiancemapof thewall is createdn the samemannerasotherHDR images.
Several photographgaken at differentexposuresare combinedinto one single HDR

image,shavnin Figure3.12.
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Figure3.9: Light probescapturedaroundSantaCruz. Thescenesre(clock-
wisefrom upperleft): College 8, Lower EastField, Cronn-Merrill meadav,
Crown-Merrill forest,WestCliff, andthe Boardwalk—Seabrighbeach.
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Environmentlight probe

Diffuselight probe

Figure 3.10: The diffuselight probe (bottom)is calculatedusing the envi-
ronmentlight probe(top). The latitude-longituddayout of the light probes
showvn herepreseresthefull 360degreeview of ascengoresenin spherical
light probes. The latitude-longituddayoutis formed by “unwrapping” the
sphericalight probe.
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Photograph [llumination CommonRe ectance

Figure3.11: Eachphotograplof thewall (left column)canbe decomposed
into its uniqueillumination image (centercolumn)anda commonintrinsic
re ectanceimage(right column).Thisis possiblebecaus@nly theillumina-
tion changesndeverythingelseremainghe same.
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Figure3.12: Theradiancemapof thewall. Notethatthefull dynamicrange
presentn this radiancemap cannotbe shovn on currentdisplay devicesor
whenprintedon paper
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4. Relighting

Light thathitsahighly polishedsurfaceall bounceoff in thesamedirectionbecause
ary pointonthesurfacehasthe sameorientation.However, aroughsurfacewill cause
light to bounceoff in mary directionshecauseachpointonthesurfacemaybeoriented
in adifferentdirection.

Surfacesthat are perfectly smoothtendto be highly re ective (like a mirror, for
example).There ection of ascendn amirror is sharpandclear If themirror wasput
in theforestenvironment,the mirror would perfectlyre ect thescene.

We assumethat buildings are mostly rough and thereforethe light that hits the
building scattersin mary directions. This meansthat using the forest environment
would malke the building look shiry, like a mirror, andthat is not desired. Instead,

a precomputedliffuse light probe (bottom of Figure 3.10) is usedto simulatethis
property
4.1 Relighting Texture Maps

For the College 8 model,hand-madéexture mapsareusedfor thewalls, while the

roof texturescomefrom anaerialphotograph.

Wall Textures Thewalls aremanuallyassembledrom a setof smallertexturetiles

of wall siding,windows, anddoorsg. One nal wall textureis shavnin Figure4.1. The

Wall tiles andtextureswerecreatedby JasorBane.
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tilesareassembledsingareferenceghotograptor draving asaguide. Thetexturesare
basedon photograph$ut have beenmanuallyretouchedo remove perspectie distor
tion, give uniform dimensionscreatemore genericfeatureqfor doorsandwindows),
andallow for seamlessiling (for the wall siding material). As aresult,the colorsare
arbitraryandarehighly dependenon the lighting conditionsat the time the reference
photographsvere taken. Both the lighting conditionsand shadavs are “baked-in”.
Thereis no separatiorbetweenlighting, shadevs, and actualmaterialcolor andre-

ectance.

Figure4.1: (Top) A wall texture manuallyassembledrom window, door,
andwall siding“tiles”. The placemenbf eachelements determinedusing
referencgphotograph®r drawvings. (Bottom) A photograplof the realwall
of College8.
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Aerial Photograph An aerialphotograplof the College 8 area(Figure4.2) is used
in additionto the hand-madevall texturesandhasmultiple uses.Firstit providesthe
“footprint”, or outline,of the building onthe ground.Secondtheroof canbe“cut out”
andusedasatexturefor the 3D modelof College 8. Third, it is usedasa visualcueto

shav scaleandgenerakervironmentsurroundinghe building.

Figure4.2: A grayscalaerialimageof College8. Theresidencéall (center)
is the building which will berelighted. The aerialimageis usefulbecauset
providesthe building “footprint” (outline),roof texture,andthe surrounding
groundtexture.
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4.2 Relighting Re ectance Maps

Recall that an image can be broken down into an illumination and re ectance
componen{Figure3.11).In relighting,only there ectanceimageis importantandthe
illumination imageis discarded.Instead,llumination is provided by the ervironment
anddiffuselighting probes.

In real life, walls arebumpy. For example,a roof will stick out over a wall, the
window sills protrude,andthe siding consistof evenly-spacedtripsof wood. These
bumpscastshadavs, which canbe seenin the seriesof wall photosin Figure3.3.

The re ectancetexture not only shawvs how the surfacere ects light but alsore-
movesall the shadavs. Instead,the shadaevs are presentin the illumination image.
However, the surfacesof the modelare modeledas at planes. As a result,shadevs
arenot cast,evenwhenthe building is rotatedunderthe light source(thelight probe).
Thisis notalimitation of therelightingtechniqgueandcouldbe addedto therendering
pipelineif desired(throughbump mapping,surfacemodeling,or texture substitution,
for example).

Theresultsof lighting usingre ectancemapsareshown for theforest(Figure4.3),
WestCliff (Figure4.4),andGracecathedralFigure4.5) lighting environments.Note
thateachunit increasean exposure(or “stop”) represents doublingof the amountof

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

Figure 4.3: Re ectancemap (left half of wall) andvariationsin the forest
lighting environment. The exposuresare(a) 1.50,(b) 2.00,(c) 3.00.

(@) (b) (c)

Figure4.4: Re ectancemap (left half of wall) andvariationsin exposurein
the WestCliff lighting ervironment.The exposuresare(a) 0.25,(b) 1.00,(c)
1.50.

(@) (b) (c)

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

The nal radiancemapshaown in Figure3.12is appliedto thewall of the building.
Thesamewall is dividedinto threesectionsgachusinga differenttexture (for compar
isonwith theradiancemap).In Figures4.6,4.7,and4.8,theuseof aradiancemap(left
third) canbe contrastedvith there ectancemapfrom Section3.2.2(middlethird) and

the handmadéexturefrom Sectiord.1 (right third).

4.4 Relighting Implementation

4.4.1 Lighting Environment

The cubemappingtechniquedescribedy Greend8], is usedasthe coretool for
relighting. Cubemapsarewidely supportedn hardware, are simpleto use,andare
natively supportecby modernshadinganguages.

Thelight probeandcorrespondingliffuselight probeareeachcorvertedinto afor-
matmore conducve for real-timeuse. Eachtwo-dimensionalight probeis corverted
into a separateubemap. Typically theimagesarelaid outin asingleimagein across
shapeasif a box hadbeenunfolded,but this is merely presentation Next, the cube
mapis slicedinto its six componenftacesandstoredassix separatémagesasa matter
of convenience.

The six cube map imagesare pastedinto their respectre positionson a three-

dimensionalcube. This forms the lighting ervironment. Although the ervironment
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(@) (b) (©)

Figure 4.6: Comparisorof radiance(left third), re ectance(middle third),
andtexturemapsunderdifferentexposuresn theforestlighting environment.
Theexposuresare(a) 1.00,(b) 1.50,(c) 2.00. Thegammais heldconstanat

1.75.

(@) (b) (c)

Figure4.7: Comparisornof radiance(left third), re ectance(middle third),
andtexture mapsunderdifferentexposuresn the West Cliff lighting ervi-
ronment. The exposuresare(a) 1.00,(b) 1.50,(c) 2.00. The gammais held

constantat1.00.

(@) (b) (c)

Figure 4.8: Comparisornof radiance(left third), re ectance(middle third),
andtexture mapsunderdifferentexposuresn the Gracecathedrallighting
ervironment. The exposuresare (a) 0.00, (b) 0.50,(c) 1.00. The gammais
heldconstantat 1.00.
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cubemapis usedasthe visual backgroundthe diffuse cubemap,which is not dravn
onthescreenis usedin theactuallighting calculations.

Let's stepbackfor a second. The lighting environmentsare HDR imageswhich
cannotbe natively displayedon the screen. Instead,a LDR lighting environmentis
generatedby samplingthe HDR lighting ervironmentusing a default exposureand
gammavalue. It is the LDR lighting ervironmentwhich is usedin the relighting pro-
cess.Eachtime the exposureor gammas changedy theuser thecorrespondindg.DR
lighting ervironmentis updatedn software. This stepis currentlyhandledn software;

howeverthereis now hardwaresupportwhich wasnot availableduringdevelopment.

4.4.2 Shading

A texturedmodelthatis to belightedis placedn thecenterof thethree-dimensional
lighting environmentdescribedabove.

Eachsurfaceof the modelis lighted usinga combinationof vertex andfragment
shaders. A unit normalis generatedor eachvertex in the model using the vertex
shader For simple diffuse lighting calculations the vertex unit normalis paralleled
with the correspondingurfacenormal,whichis thenpassedo the fragmentshader

Whenshiny, re ective surfacesareinvolved,the vertex normalis generatedn the
samedirectionalongtheline betweerthe centerof the modelandthe vertex location.
Next, the incident vector (viewing direction) is re ected acrossthe vertex normal,

which givesthere ection vector which is thennormalizedandpassedo the fragment
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shadeiin additionto the surfacenormal. Whenthe surfaceis dull, there ection vector
is thesameasthe surfacenormal.

Thefragmentshaders wherethecolorcalculationdhappenBoththevertex normal
andthe re ection normalare usedto separateljjook up the associatecatolorsin the
diffuselighting ervironmentcubemap.Eachpixelin eachfaceis lightedby rst adding
the diffuseandre ection lighting colorsandmodulatingthe sumby the model's base
texturecolor.

Note thatthe diffuselighting environmentcubemapallows two color lookupsper
pixel (for diffuseandre ection colors)becausé wasgenerate@sa preprocessingtep
(describedn Section3.2.1)speci cally for this purpose.

A comparisonbetweenthe visible lighting environmentand the diffuse lighting

ervironmentusedin therelightingcalculationds shaovn in Figure4.9.

(@) (b) (©)

Figure4.9: Thediffuselighting ernvironment(bottomrow) is usedfor theac-
tual relighting calculations althoughthe photographidighting environment
(toprow) is shavnto theuser Theenvironmentsare(a) forest,(b) WestClIiff,
and(c) Gracecathedral.
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4.4.3 Adjusting Exposure and Gammaof Light Probes

The power of HDR lighting ervironmentsallows the exposureand gammaof the
sceneto be changedo view the modelunderdifferentlighting conditionsandto see
differentdetails. Thisis demonstrateth Figures4.3,4.4,4.5,4.6,4.7,and4.8.

An LDR cubemapis initially sampledrom anHDR cubemapusingdefault expo-
sureandgammavaluesbut is only updatedvhenexposureor gammais changed.An
LDR pixel is calculatedor eachcolor channelin eachcorrespondinddDR pixel

, With exposure , gamma , andnumberof color levels , (where is for

eight-bitcolor channels),
- (4.1)

and is clampedbetweerzeroand to preventinvalid colors.

4.4.4 Graphical User Interface

A graphicaluserinterface(GUI) is usedo controltherelightingsimulation.With it,
ausercaninteractiely changehe exposureandgamma(usingEquation4.1), lighting
ervironments differentmodels(anddifferentwall textures),andview of the sceneat
run-time.

Updating display gammaand exposurein this implementationat run-time takes
aboutl0 secondgasit is purelydonein software),but otherwisethe scends relighted
and can be manipulatedin real-time. HDR image processings now supportedin

hardware,allowing for real-timemanipulationandprocessingower.
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4.45 FutureWork

Theresultingimagesyive a conceptualdeaof thebene tsanddifferencedetween
thetwo lighting techniqueslt would be betterif multiple materialpropertiescouldbe
speci ed per face(suchaspropertiesfor glasswindows, paintedwood, and exposed
metal). Time of day simulationor combiningmultiple lighting environmentswould
allow for a wider variety of lighting conditionsusinga given setof lighting ernviron-
ments. Higher resolutionHDR imagescould also be generatedvhich would contain
moredetail. Low light proberesolutionandusinghardwarewhich lacked natve HDR
imagesupportwerealsolimitationsthatarenow mitigatedwith the currentgeneration

of hardwareandsoftwaresupport.
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5. Conclusionand Discussion

We discussedheideaof usinghigh dynamicrangeervironmentmaps,re ectance
mapsandradiancemapsto moreaccuratehlight amodelof abuilding andthebene ts
of doingso.

Thesimplicity of themethods dueto there ectancemapsbeingsemi-automatically
generatedy Weiss' method(Section2.2) andsimply requiresa camerao acquirethe
necessarymages. This is a greatstrengthover othermethods suchasthe piecevise
mathematicanodeldescribedy Yu andMalik in Sectior2.5,wheremultiple elements
aremodeledsuchasthe sun,the sky, andsurroundingandscape.

In addition, full 360 degreeervironments(including the sun, sky, andlandscape)
can be capturedin as little as two imagesusing a camera,whereasthe piecavise
natureof Yu and Malik methodrequiremore manualwork to createa nal lighting
ervironment.

Another bene t is that more real-world data (hamely photographsre usedin
calculationsinsteadof simulateddata. The effectsof a cloudy sky, for example,can
be shavn morerealistically using photographidighting environmentsthanmodeling
a “percentageof blocked sunlight”. Also, the useof HDR imagesallows arbitrary
exposuregor “shutterspeed”on a physicalcamera)o be usedin the nal rendering
of the scene. This bene t comes“free” asan intrinsic featureof HDR imagesand

calculations.
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Multiple lighting ernvironmentscan be combinedto createnew ervironments,yet
still bebasedn realphotographsFor example,a sunry environmentcanbecombined
with acloudyernvironmentto simulatehazyskiesor eventhedensityof cloudsblocking
thesunlight,similarto the“percentagef blockedsunlight” discussedy Yu andMalik.
Time of day effectscanbe modeledby blendingenvironmentscapturedhroughouthe
daytogetherandusingtheresultfor lighting.

Therearetradeofs betweerthetwo methodsf usingre ectancemapsandradiance
mapsfor the walls. The re ectancemap bettermodelsthe light interaction,sinceit
only hasthe materialcolor andno in uence from ary light sourcesotherthanthose
usedin this simulation.Howevertherangeof colorintensityis limited. Radiancenaps
for walls have the extra color depthbut containextraneoudighting information. The
bestsolutionwould be to combinethe strengthsof both, thatis, lighting with a HDR

re ectancetexture.
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