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Abstract

We presentan interactive systemfor fully dynamicscenelighting using captued high dynamicrange (HDR)
video ernvironmentmaps.The key componenbdf our systemis an algorithm for ef cient decompositiorof HDR
videoenvironmentmapcaptuedover hemisphez into a setof representativalirectionallight sources,which can
be usedfor the direct lighting computationwith shadowsusing graphicshardware. Theresultinglights exhibit
goodtempoarl coheenceand their numbercan be adaptivelychanged to keepa constantframeite while good
spatialdistribution (strati cation) propertiesare maintainedWe canhandlea large numberof light sourceswith
shadowsisinga novel techniquewhich reduceghe costof BRDF-basedhadingandvisibility computations\e
demonstatetheuseof our systenin a mixedreality applicationin which realandsynthetiobjectsareilluminated

by consistentighting at interactiveframentes.

Cateyories and SubjectDescriptors(accordingto ACM CCS}) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

Realismin image synthesisincreasessigni cantly when
capturedreal-world lighting is usedto illuminate rendered
scenesThehumanvisualsystems specializedo operatdan
suchconditionsandmakesmary implicit assumptionabout
statisticalregularitiesin real-world lighting, which areoften
neededo disambiguaténformationaboutsurroundingob-
jects[FDAO3]. Real-world lighting is desirablen mary en-
gineeringapplicationsandwould improve the believability
of virtual reality systemsiotoriouslylackingrealismin ren-
dering.Real-world lighting is indispensablén mary mixed
reality applicationsan which virtual objectsshouldbe seam-
lesslymeigedwith arealworld scend Deb9§.

Traditionally real-world lighting is capturednto erviron-
ment maps(EM), which represendistantillumination in-
comingto a point from thousand®r evenmillions of direc-
tions that are distributed over a hemisphergsphere) High
dynamicrange(HDR) technologyis requiredfor the ervi-
ronmentmapacquisitionto accommodatéigh contrastsn
the real world lighting. For static conditionslow dynamic
rangecamerasanbe usedto captureimagesof a spherical
light probewith differentexposureg DM97]. Theresulting
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imagesafter their registrationare fusedinto a single HDR
ervironmentmap. Recently Stumpfelet al. [STJ 04] cap-
tureddynamicsky conditionsfeaturingadirectsunvisibility
every 40 secondsln principle, realtime ervironmentmaps
acquisitionusinga low dynamicrangevideo camerawith a
sheye lens could be performedusing the techniquegro-
posedby Kangetal. [KUWSO03 but only for alimited num-
ber of exposureq(i.e., effectively reduceddynamicrange).
This limitation can be overcomeusing recentlydeveloped
HDR video sensorsuchasAutobrite (SMal CameraTech-
nologies),HDRC (IMS CHIPS),LM9628 (National), and
Digital Pixel System(Pixim), which enablethe direct cap-
turing of HDR video ervironmentmaps(VEM). It canbe
ervisionedthatwith quickly droppingcostsof suchsensors,
mary applicationgelying sofar on staticimage-basetight-
ing will besoonupgradedo dynamicsettings.

In thiswork we areinterestedn usingVEM for relighting
of fully dynamicenvironmentswith the visibility (shadev)
computatiorat interactve speedsLet usdiscussrie y ex-
isting renderingtechniquedhat are suitableto achieve this
goal.

Environmentmappre Itering is commonlyusedto model



V. Havran,M. SmykG. KrawczykK. Myszlowski,andH.-P. Seidel InteractiveSystenfior DynamicScend.ightingusingCapt.VideoEnv. Maps

S

»

Figure 1: Overviav of our interactive systemThe hemisphericaVEM is captued usinga HDR camer with a sheye lens.
Thenour importancesamplingtechniqueis usedto determinea representativesetof directionallight sourccesfor each VEM
frame marked by greencirclesin the middleimage. Aftertempoal processinghelight sourcesare submittedo a GPU-based

rendeer featuringthe shadowcomputation.

theillumination of surfaceswith Lambertiar{ Gre84, Phong
[HS99, or even more generallight re ectance functions
[KMOOQ]. Thosetechniquesould be adaptedfor the VEM
processingand they can easily support dynamic envi-
ronmentsbut ignore the visibility computation.Real-time
VEM-basedighting of staticscenesncluding shadavs can
be immediatelyperformedusingthe precomputedadiance
transfertechniqued SKS02 NRH04, LSSS04. The limita-
tionsof staticgeometry(or prior animationknowledge)have
beenlifted for precomputedradiancetransfertechniques
by Kautz et al. [KLAO4]. Although their methodcan han-
dle only very simple scenesHDR video texture can be
usedto castrealisticsoft shadavs for fully dynamicscenes
[AAMO3]. However, time consumingandmemoryintensive
preprocessingf eachvideo frame is requiredto achiee
real-timerenderingperformance.

The most commoninteractve renderingtechniquesare
developedfor graphicshardware, which can natively sup-
port shadavs castby point or directionallight sourcesonly.
From a performancepoint of view it is thus desirablethat
capturedervironmentmapsare decomposednto a set of
representate directionallight sourcesSeveral techniques
basedon the conceptof importancesamplinghave beenre-
cently proposedo performsucha decompositiorfor static
lighting [ARBJO3KK03,0DJ04. Unfortunatelytheirdirect
extensionfor VEM is usuallynotfeasibledueto atleastone
of thefollowing majorproblems:

Too high computationatostsprecludingVEM capturing
andscendighting atinteractve speed§ ARBJ03 KKO03].
Lack of temporalcoherencén the positioningof selected
pointlight sourcedor evenmoderateandoftenlocallight-
ing changesn VEM [ARBJ03 0ODJ04.

Lackof e xibility in adaptinghenumberof light sources
to therenderedramecomplity asmight be requiredto
maintaina constanframeratg ODJ04.

Thelattertwo problemsjf nothandledproperly mightlead
to annging poppingartifactsbetweerframes.

¢ TheEurographic#ssociation2005.

Algorithm Outline

In this work we presenta completepipelinefrom the HDR
VEM acquisitionto renderingat interactve speeds(refer
to Figure 1). Our major concernis the ef cient processing
of the acquiredHDR video, which leadsto a good qual-
ity renderingof dynamicervironments.We proposean ef-
cient importancesamplingalgorithmwhich leadsto tem-
porally coherentsetsof light sourcesof progressiely ad-
justabledensity Thedistribution of directionallight sources
over the hemisphereesultsin a goodrepresentationf en-
vironmentmap lighting andthe delity of this representa-
tion smoothlyincreasesvith the numberof light sourcesin
orderto achiere interactve frameratesye introducenovel
methodsthat signi cantly accelerateshadingand visibility
computationdor ary illumination describedy alargesetof
directionallights. We implementan algorithmon a modern
graphicshardwareto improve the performanceof perpixel
lighting usingthe Phongillumination modelandreducethe
numberof shadev mapvisibility tests.

Paper Structure

In the following sectionwe discussprevious work on im-
portancesamplingfor image-basetighting. In Section3 we
presenbur VEM samplingtechniqueandwe focusontheis-
suesof samplingpatternpropertiesandtemporalcoherence.
Sinceour VEM samplingapproachresultsin mary direc-
tional light sourcesjn Section4 we discussthe ef ciency
issuesfor the direct lighting computatiorwith shadavs on
the graphicshardware.In Section5 we brie y describethe
implementationof our interactive pipeline from the VEM
acquisitionto scendighting computationsin Section6 we
shav theresultsobtainedusingour systemandin Section7
we discussits possibleapplications.Finally, we conclude
this work andproposesomedirectionsof futureresearch.

2. Previous Work

In this sectionwe discussexisting illumination samplingal-
gorithmsfrom the standpoinbf their suitability for the pro-
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cessingof VEM at interactize speedsin particular we fo-
cusontheissuef temporalcoherencandcontroloverthe
numberof samplesAccomparying videoprovidestwo case
studiesillustrating thoseissuesand supportingour evalua-
tion of recenimportancesamplingtechniques.

GibsonandMurta [GMOQ] have developedan optimiza-
tion procedurefor the selectionof directionalEM samples
which minimize the errorin the reconstructiorof a shadev
castby asphereonaplane.Themethodrequiresareference
solution,which is computedusingcostly Monte Carlointe-
grationover the EM for a hugenumberof samplepointson
theplane.Also, temporalcoherencés poorbecausehe op-
timizationprocedureeliesontherandomselectiorof initial
samplesandis proneto getting stuckin the local minima.
Ontheotherhand,forcing temporalcoherencen theinitial
sampleselectiormayleadto overlookingimportantchanges
in theEM intensity

Agarwal et al. [ARBJO3 proposean algorithm for the
selectionof directionalEM sampleswhich combinesele-
mentsof importanceand strati ed sampling.ThroughEM
thresholdingandconnectingegionswith similarintensity a
numberof sampless assignedo eachsuchregion basecon
its summedntensityandangularextent(importance)Small
regionswith high total intensity are penalizedto avoid too
greatconcentratiorof samplesin a similar direction. The
strati cation is performedwithin eachcoherentregion by
spreadingsamplesso that the distanceof newly inserted
samplesis maximizedin respectto all existing samples
whosepositionsremainunchangedThis enablessasycon-
trol over the samplenumberand smoothintegration with
renderersperforming progressie re nement of the image
quality. For VEMs the algorithmleadsto temporallyinco-
herentchangesn the illumination sampledirections.Even
local changesin someEM regions may lead to different
thresholdingwhich may affect the whole map. The compu-
tation speedis of the orderof tensof seconddor a single
EM.

Kollig and Keller [KKO3] based their algorithm on
Lloyd's relaxationmethod.At eachiteration they inserta
new sampledirectionnearthedirectionrepresentingin EM
region with the highesttotal intensity This may leadto a
high concentratiorof samplesaroundthe EM regionswith
high intensityandsmallangularextents,which may reduce
the performanceof shadav computationduring rendering.
On the other hand, the differencesbetweensampleinten-
sities are small, which reduceghe variancein the lighting
computationTheresultingsampledistribution over the EM
is smoothlychanging,which leadsto imagesof very good
andstablequality evenwhenthe numberof sampless mod-
erate. The total numberof samplesis easyto control but
addingnew samplesffectsthe positionsof virtually all pre-
viouslyinsertedsamplesln theanimationcontext evenlocal
changesn someEM regionsinvolve globalchange®f sam-

ple positionsin thewholemap.Thecomputatiorspeeds of
theorderof tensof seconddor a singleEM.

Ostromoukhu etal. [ODJ04 have proposed hierarchi-
cal importancesamplingalgorithm, which is basedon the
Penrosetiling. A hierarchicaldomain subdvision and its
aperiodicityareinherentfeaturesof the Penrosdiling. For
localizedchangesn the EM, thealgorithmleadsto very lo-
calchange®f tiling. Thismakesthis algorithmattractie for
animationsbecausd¢emporalcoherencéetweensampless
quite good.For fully dynamicEM (e.g.,capturedor freely
moving HDR camera}hetiling structureremainsrigid and
the positionof light sourceslo not changewhich resultsin
switching the light sourceson and off dependingon local
intensityat a givenmomentof time. The mostseriousprob-
lem with this algorithmis dif cult control of the numberof
sampleswhich maychangdrom frameto frameandsignif-
icantly dependson changesn the VEM. The computation
speedof the orderof millisecondsfor a singleEM is very
attractive for real-timeapplications.

In Figure 6 we shav the imagesfrom progressie ren-
dering using above discussedmethodsand here presented
technique.The light sourceswere computedoff-line for
[ARBJ0J3 and[KKO03]. The imagesfor increasingnumber
of light sourcesndicatethatour methodis moresuitablefor
progressie renderinghanksto theseverereductionof ick-
ering while addinglight sourceshan previously published
methods.

3. InverseTransform Method

If thepixelintensitiesn theEM canbeseerasadiscrete2D
probabilitydensityfunction (PDF),the sampleselectioncan
be performedusing the machinerydevelopedin statistics.
The problemof draving samplesfrom an arbitrary distri-
bution is well elaboratedn Monte Carlo literature[Fis9q
and various practical methodssuch as rejection sampling
or inversetransformmethodshave beenusedin computer
graphicsaswell [DBBO03]. TheimagesasPDFshave been
consideredn non-photorealisticrenderingapplicationsfor
distributing stipplesaccordingo imageintensitied SHS03.

More generalapproachessuch as multiple-importance
sampling [VG95, bidirectional importance sam-
pling [Bur04, or various combinations of correlated
and importance sampling [SSSK04 can be considered.
Thoseapproacheenableto consideralso the re ectance
characteristicsf illuminatedobjectsandvisibility relations
to choosean optimal setof illumination directionsfor each
sample point (or the normal vector direction). However,
those approachesare not currently suitable for interac-
tive applicationson graphicshardware due to their high
algorithmicandcomputationatomplexity.
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3.1. Method Description

Recently the standad inversion procedue [Fis9§ for
a piecavise constantimage function has been success-
fully appliedfor efcient importancesamplingof a static
EM [PHO4 Bur04. At rst the EM is mappedinto a 2D
intensityimageandthe correspondind®DF is created The
intensity of pixelsis multiplied by sin(q), whereq denotes
the altitudeanglein the EM, to accountfor smallerangular
extent of pixels aroundthe poles.For eachscanlinecorre-
spondingto a discretevalueof q the cumulative distribution
function(CDF)is built, whichis usedfor theselectiorof the
azimuthanglef (sothe brightestpixelsin the scanlineare
morelikely to be selected)Thenthe maminal PDFis com-
putedbasedon the averageintensityof eachscanlineandit
is integratedinto the CDF, whichis thenusedfor theq angle
selection(so the scanlineswith the highestaverageinten-
sity aremorelikely to be selected)Finally, samplesdravn
with a uniform probability distribution over the unit square
are transformedvia the correspondingCDFs rst into the
samplingdirectionq (selectinga scanline)andtheninto the
samplingdirectionf (selectinga pixel within thescanline).

In thiswork we alsousePDF-basedmportancesampling
of theEM. However, we selectheinversetransformmethod
proposedby Havran et al. [HDS03, which exhibits better
continuityanduniformity propertiegshanthe standardnver-
sion procedureusedby [PHO4 Bur04]. First of all it guar
anteesthe bijectivity and continuity propertyfor ary non-
negative PDF over a hemispherewhich meanghata small
changein the input samplepositionover the unit squareis
alwaystransformednto a smallchangein the resultingpo-
sition of light sourceover the EM hemisphergfor the in-
versetransformatiorthis propertyholdsaswell). This prop-
erty is importantfor the relaxationof input samplepositions
to achieve samplingpropertiescloserto blue noise(referto
Section3.2). Thebetteruniformity propertyleadsto a better
strati cation of theresultinglight sourcedirections.

For the detailsof the inversetransformapproachdevel-
opedby Havran et al. we refer the readerto [HDS03, we
recallthemethodhereonly brie y . Themappingconsistof
four stagesAt rst, samplesaremappedrom a unit square
into aunit discparametrizeavith radiusrq andanglef 4 us-
ing the methodof concentricomaps[SC97. The secondand
third stagesorrespondo draving asamplgrom thediscus-
ing 1D CDFswhicharede ned overthery andf 4 parameter
spaceThecontinuityof thosemappingds preseredusinga
linearinterpolationbetweemeighboringlD CDFs.Finally,
the sampledrom the disc are mappedo the hemisphereso
thatthedifferentialsuriaceareasarepresered.

For VEM applicationsboth the standardand Havran's
inversetransformmethodsare perfectly suitablein terms
of the computationperformance The standardmethodis
slightly faster but for drawing a moderatenumberof sam-
ples (lessthan 1,000 in our application)the computation
time differencesare negligible. The main costsfor both
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Figure 2: Transformof the tiled unit squae (a) usingthe
standad (toprow)andHavran's (bottomrow)inversetrans-
formmethoddor variousPDF functions:(b) uniformand(c)
a sky probe

methodsare incurred by the CDF computation.Figure 2
shaws theresultsof transformatiorof atiled unit squareus-
ing the standardandHavran's inversetransformalgorithms
for varioustypesof EM. As canbe seenHavran's method
leadsto a betterregularity and compactnessf the trans-
formedtiles, which resultsin betterstrati cation properties
in lighting sampledistribution. The key featureof Havran's
method is the rst step of concentric mapping [SC97,
which reducedlistortionsandremaovescontinuity problems.
In contrast,the standardmethod may exhibit some prob-
lemswith the samplemotion continuity whichis especially
problematicfor trajectoriestraversingthe borderfor f = 0
(marked in Figure 2 asthe red line spanningbetweenthe
hemispherepole and the horizon). Also, samplestend to
move more along the hemisphereparallelsand stay away
from thehemisphergole.

An importantissuein extending the inversetransform
methodto handledynamicimage sequencess to impraove
temporalcoherencén importancesampling. The mostobvi-
oussteptowardsthis goalis to choosehe samesetof initial
sampleovertheunit squardor eachVEM frame.Thereare
various possiblechoicesof samplingpatternswhich may
leadto a differentquality of the reconstructedighting. In
Section3.2we describeour approactwhich featuresa good
samplestrati cation over the EM while retainingprogres-
sive control over the numberof samplesSinceeven local
changesn theEM leadto globalchange®f the PDF, thedi-
rectionof virtually all light sourcesnay changefrom frame
to framewhich causesinpleasantick eringin therendered
images.In Section3.3 we discussour solutionstowardsre-
ducingthis problemthroughimproving temporalcoherence
in theimportancesampling.
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3.2. Sampling Pattern Properties

Theproblemof samplingpatternselectioroveraunit square
is well studied[Nie92 Gla93. Sinceour emphasiss onin-
teractive applicationsve would like to usea progressie se-
guenceof samplepointsin which addingnew points does
not affect the positionof pointsusedfor the previous VEM
frame, while good samplingpropertiesare retained.Obvi-
ously, this assumptionholds when points are removed as
well. All algorithmsinvolving re-arrangingsamplepoints
aftereachsucha changearenotacceptablelueto excessie
image ick ering.

We achieve the progressienessgoal using quasi-Monte
Carlo sequencesuchasthe Halton sequencer in general
(0;s)-sequencefNie9Z. Thosesequencenaturallyleadto
agoodstrati cation of thesamplingdomainfor successiely
addedsampledrom the sequenceélNe usethe 2D Haltonse-
guencewith basesp; = 2 and p, = 3, whosediscrepang
is the lowest for the numberof samplesN = plkl pzkz,
wherek; andky are nonngative integers.This meansthat
consideringother samplenumbersthan N leadsto worse
samplingpropertiesput agoodstrati cationis still obtained
evenwhensubsequergamplesareadded.

We caneasilycorrectthe positionof the Halton pointson
the 2D squareto achieve the blue noisesamplingpatternas
recommendedby Ostromoukhu et al. [ODJ04 to reduce
aliasingartifacts. For this purposeLloyd's relaxationover
the initial samplepositionscan be performed[HDKO01] at
the preprocessingtageandthenthe resultingsamplescan
be usedfor all VEM. Blue noisepropertiesof the sampling
patternoverthe hemisphereanbeaffectedasaresultof the
inversetransformmethod especiallyin regionsin which the
PDF changesabruptly The continuity of mappingfrom the
2D squareo the3D hemispher@btainedusingHavran's al-
gorithmis crucialtowardspreservinga goodapproximation
of blue noisesamplingin theregionsof low PDF variation.
Figure 3 shawvs the samplepoint strati cation with/without
blue noisepropertiesover the hemispherasa resultsof the
standarédindHavraninversetransformdor theuniform PDE
In our applicationwherewe usethesampledor integration,
the blue noiseof a samplingpatternresultsin a slightly bet-
terisotropicuniformity thana pureHaltonsequence.

Theachiezed progressienessf the samplingpatterncan
be usedin two ways. The numberof samplescanbe adap-
tively adjustedo keeptheframerateconstantwhile keeping
the varianceresultingform suchchangedow dueto good
strati cation properties.Also, in progressie renderingthe
imagequality canbe smoothlyimproved by increasingthe
numberof consideredights (thisrequiredreezingthe VEM
frame).

3.3. Handling Dynamic Sequences

The dynamicVEM lighting representedby a limited num-

ber of directionallight sourceamoving over the hemisphere

Figure 3: Samplingoatternresultingfromapplyingthestan-
dard (left column)andHavran (right column)inversetrans-
formmethodso theoriginal (upperrow)andrelaxedto blue
noise(bottomrow) 2D Halton sequence®A uniformPDF is
assumedor this transformationThesamplepoint distribu-
tion is shownusingthe hemisphericamapping

is proneto ick ering artifactsin rendering.Therefore,im-
proving temporalkcoherencéor eachdirectionallight is very
important,which we wantto achieve through ltering of a
signalrelatedto thelight sources.

The questionariseshow the signalis in factrepresented
andhow it shouldbe Itered in our application.In the tra-
ditional view to an 1D discretesignal in signal process-
ing [OSB99, asignalis representetty change®f theam-
plitude in time. In our contet the signal correspondingo
directionallight sourcess representedy both changef
thepower andthe positionof thelight sourcegrom frameto
frame.This createdwo sourcef ick eringthatshouldbe
dealtwith independently

The r stsourceof real-world VEM capturingick eringis
causedby changef the light sourcepower from frameto
frame,e.g.,whenthe VEM capturingis performedn anin-
teriorwith uorescentlighting. In this casethetotal lighting
power is our temporalsignal and the temporal Iter appli-
cationis straightforvard. We computethe power emanated
from EM for every frameandthisis usedastheinputof |-
tering.As aresultof ltering theoverallenegyin thesystem
is presered, which is naturallyachiezed throughnormaliz-
ing the Iter weightingcoefcients. It follows from theim-
portancesamplingdescribedabore thatall thelight sources
have the samepowerin asingleframe.

Thesecondsourceof ick eringis dueto abruptandoften
jumpy changesn the position of directionallight sources
from frameto frame.This affectsthere ectedlight intensity
andshadaev positions.Becausef this dependeng thelight
positionis our signalin temporaldomainandwe apply our
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Itering to thetrajectoryof eachlight motionoverthehemi-
sphereThedirectionof alight sourcds ltered in 3D vector
spaceollowedby normalizatiorto a unit vector

Therelationbetweeralight sourcepositionandre ected
lighting intensitydependdirectly on theincominglight di-
rection and surface re ectancefunction. Thus eliminating
high frequenciesfrom the light sourcemotion trajectory
leadsalsoto an elimination of suchfrequenciesn the re-
ected lighting. In thecaseof shadavs, the problemis more
complicatedbecausehe velocity of a moving shadev must
beestimatedwhichdepend®nthespatialpositioningof the
light occluderandrecever. It canbe shavn [Wat86 Win05]
that a 2D shadev patterncharacterizedy the spatialfre-
guencies ; andr , andmaving alongtheimageplanewith
the velocity+ is equivalentto the visual patternof the same
spatialfrequenciegndblinking with temporaffrequeng w:

W= Wi+ Wrp=+v t Q)

While this relationshipbetween ick ering and the shadov
motionis morecomple, the shadav velocity still depends
on changesn the light sourcepositionwhich is processed
by Itering in temporaldomain.

In our choicefor ltering mechanisnmwe exploit limita-
tions of the humanvisual systemin terms of the tempo-
ral frequeng responsewhich canbe characterizedby two
modes:transient(bandpasgor stimuli with low spatialfre-
queng) and sustainedlowpassfor stimuli with high spa-
tial frequeng) [Wat84. To modelthefull humanvisualsys-
tem behaior usuallytwo separatelters for eachof those
modesareappliedon a signalin thetime domain.Sinceour
lighting ick eringartifactscontainmainly hightemporalfre-
quencieswe useonly thelowpasslter . While our lter de-
signis inspiredby perceptuatonsiderationsye applyafar
more aggressie cut-off of the high frequenciest the level
of 10Hz to attenuatehe signal,which would otherwisebe
improperlyreconstructedausingemporalaliasing(therate
of VEM framegrabbingis about21Hz).

For ltering of a signal we can use nite impulsere-
sponsgFIR) orin nite impulserespons€lIR) Iters, which
arestandardoolsin digital signalprocessingOSB99. We
choosethe FIR equiripple lter [OSB99 of order8 (9 coef-
cients) designedisingthe lter designtool in Matlab Sig-
nal Processingoolbox[Mat04] for the samplingfrequeny
21Hz, thepasdrequeng 7Hz andthe stopfrequeng 9Hz.
The weighting coefcients of the Iter are:w; = wg =
0:06216,w> = wg = 0:01296,w3 = w7y = 0:13816,w4 =
wg = 0:28315,andws = 0:65223.TheusedFIR Iter leads
to a delayof 4 VEM frames.We usedthis Iter in all the
casesalthoughwe testedalsoseveral otherFIR lters. The
differentcapturingframerateanddifferentrenderingframe-
ratecouldrequireredesigninghe lter .

Even shorterdelay could be achieved using IR  lters.
However, we decidedto useFIR lters which featurelin-
earphasethatis oftendesirablefor video processingppli-
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cations[Win05]. Sinceframegrabbingin our systemworks
asynchronouslyn respectto usually slower rendering,the
delayis evenlessnoticeablan our application.

Note thatour Itering approachrequirestracking of the
samedirectionallight for subsequentrameswhich is easy
for our sampleswith uniquepositionsin the unit squareand
indexed by the Halton sequencéreferto Section3.2). As-
signingsuchindicesto directionallights would be dif cult
for theimportancesamplingmethoddliscusseéh Section2.

4. Impr oving Rendering Performance

Ef cient illumination computatiorfor alarge numberof di-
rectionallight sourcesrisingfrom the EM importancesam-
plingis adif cult problemwhichhasbeenmostlyaddressed
for staticlighting. Variousformsof coherencén spatialand
angulardomainshave beenexplored andleadto a signi -
cantreductionin thevisibility computatiorfor off-line ren-
dering.We areaimingat aninteractive algorithmwhich can
work for VEM andis suitablefor graphicshardware im-
plementation.In the following sectionwe proposean ap-
proachfor fastselectionof thoselight sourceswhich con-
tribute to the illumination of a given point. We thenextend
this generablgorithmto handlespeci cally glossysurfaces.
We alsopresentlight sourceclusteringalgorithmto reduce
theshadev computatiorcostduringrendering.

4.1. Eliminating Invisible Lights

Underthedistantlighting assumptiora subsebf directional
light sourcescontrituting to theillumination of all pointsin
the scene which featurethe samenormal vector direction
canbe uniquelydeterminedThis obsenation canbe easily
extendedfor anarbitraryangularrangeof normalvectordi-
rections.We usethoseobsenrationsfor a fastidenti cation
of contrikuting light sourcesWe cover the sphericakurface
by overlappingangularregionsusinga setof precomputed
normalswhichareuniformly distributedonthesphergrefer
to Figure4 (a)). Every angulamegionis de ned by its center
P andthe size of the angularregion measuredn the maxi-
mum angulardistanceb. If the maximumangulardistance
betweenthe centersof ary neighboringangularregionsis
a=2, thenthe maximumangulardistancecoveredby thean-
gularregionis givenash = a=2+ p=2. For asurfacenormal
N of a shadedpoint we locatea correspondingngularre-
gion, for which we precomputehe setof light sourcesThis
efciently cullsoff themajority of theinvisiblelight sources.
Theoretically the maximumspeeduphat can be achieved
usingthistechniqués onaverage for thesphergb = p=2).
Sincewe usea moderatenumberof angulamregions,aprac-
tical speedupsuallyfallsinto therangeof 1.6-1.8.

In the preprocessingthe light sourcesare distributed to
all angularregionswhich cover the light sourcedirections.
Everylight sourceis assignedo severaloverlappingangular
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regions.During renderingwe usealookuptable(LUT) ad-
dressedy thenormalatashadecointto nd in aconstant
time the correspondingangularregion. We computethe il-
luminationonly for thelight sourcesassignedo theangular
region. Somelight sourcesarestill eliminatedonline since
b> p=2.

An importantpropertyof our constructioris the propag-
tion of our samplingprogressienesgreferto Section3.2) to
theangularregions:

Obsewation 1: Thesamplegiravn progressiely accord-
ing to theimportancefunction F in the domainD arealso
drawn progressiely in ary continuoussubdomairof thedo-
mainD.

Note that the progressienessof samplingpatternis in-
herentto (0;1)-sequencesnd thus also to the Halton se-
guenceAn intuitive justi cation for the above obsenation
is asfollows. Let theintegrandof importancesamplingfunc-
tion F over the whole domainbe Iy andover a subdomain
Is. If the samplingschemas progressie andfollows F, the
numberof samplesin the subdomaincan be estimatedas
Ks K ls=lw, whereK is thetotal numberof samplegwith
limkin  Ks=K = Is=lw). Sincethe orderingof samplesin
the subdomainis presered, the samplesn the subdomain
arealsodrawn progressiely.

The set of directionsfor angularregions and the LUT
are x ed beforerendering.The angularregion is found for
both preprocessingndrenderingusinga LUT discretizing
the sphereon facesof a cube.This canbe ef ciently im-
plementedbothon CPUandGPU. The proposedechnique
canalsobeusedfor off-line renderingnvolving mary direc-
tional light sourcesdasedonray tracingetc.

4.2. Handling GlossySurfaces

We useObsenation 1 to improve the quality for rendering
of glossysurfacesaswell. In the lighting computationwe
considerthosedirectionallight sourceswhich overlapwith
thedirectionof a speculatobe of BRDF determinedor the
surfacenormalanda given view direction.We precompute
two setsof light sourcesL andH of low andhighintensities
I andly, respectrely (jLj  jHjandl.  Iy). Togenerate
the direction of theselight sourcesn both setswe usethe
relaxed samplesof Halton sequencef lengthjLj (referto
Section3.2) asthe input of inversetransformmethod.For
light sourcesn H we usea subsequenc&om L with the
re-scaledight sourcepower.

We usetwo differentsets§ and S4 of angularregions
(similar asthosedescribedn Section4.1) for light setsL
andH, respectiely. In generafor angularregionsin S4 we
canuseadifferentsetof thenormalsto trade-of therender
ing quality andpreprocessingime. ThesetSy corresponds
to eliminatingtheinvisible light sourcesasdescribedabove.
The setS of angularregionsis usedto improve the esti-
matein the direction of the speculafobe. We assumehat

the minimum angulardistancebetweenthe centersof two
(neighboring)angularregionsin § is g We setthe size of
theangulamregion alsoto g, sotheangulamregionsin §_ are
overlapping.Thisis depictedn Figure4 (b).

Priorto shadingcomputatiorwe determingheideally re-
ected directionR for the viewing directionV andthe nor
mal N. Thenthe computationis carriedout in two stages.
First, we sumup the contritutionsfrom §_ which belongto
theconeC givenby R andangulardistanceg=2. Secondwe
addthecontritutionsfrom S thatdo notbelongto thecone

C (referto Figure4 (c)).

The techniquecan be seenas a simple variant of strati-
ed importancesamplingwith two stratathat are handled
independentlyThe rst stratacorrespondso the box win-
dow (coneC) for the samplesetL. The secondstratais the
complemenbf theboxwindow for thesamplesetH. In this
way weimprove theestimatdocally insidetheconeC thatis
importantfor glossysurfaces Sincewe generated asasub-
sequencé, the positionsof Sy arecontainedn S_. Hence
we minimize possibleartifactson the boundariedn shad-
ing for an assignmento two neighboringpixels belonging
to two neighboringcones|f thenumberof light sourcesn a
coneC is too high andit coulddecreas¢herenderingspeed
signi cantly, we pick up only the rst k light sourcesbe-
longingto C andscaleup their power appropriatelyAbove
introducedObsenation 1 is appliedhereaswell to keepthe
progressienesof our samplingpatterninsidethecone.

4.3. Lights Clustering

Another way to improve the renderingspeedis the clus-
tering of light sourceswith similar directions. Since we
work with the directionallight sourcesyve do not needary
spatialhierarcly [PPD98. We imposetwo major require-
mentson thelight sourceclustering:Real-timeperformance
andwheneer possiblemaintainingtheprogressienessThe
clusteringcan signi cantly decreasahe computationtime
for scenesvith afew stronglight sources.

As the input for clusteringan orderedsequencef light
sourcewith the samebaseintensityis provided.As theout-
put the orderedsequencef clusteredliight sourceswith a
larger (or equal)intensitythanthe baseoneis obtained Our
clusteringalgorithmis basedon the boundingbox decom-
positiontreeof Arya etal. [AMN 94] thatoffersanoptimal
performanceor approximatesearche®ver arbitrarily dis-
tributed point data.Let us assumehat the maximumnum-
berof light sourcesafter clusteringon the hemispherés Q.
If the light sourcesafter clusteringwould cover uniformly
the hemispheretheneachclusterhasto cover the solid an-
gle 2 p=Q. In termsof the size of angularregion e each
clustercoversthe solid anglep sinz(e). From H1atwe can
computethattheangulardistancee= c¢; arcsin  2=Q. The
coefcient cs isthecorrectionfactorto accountor covering
of hemispherdy thecirculardiscs(c; 1:8 1:9).

¢ TheEurographic#ssociation2005.
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(b)

(©

Figure 4: Selectionof relevant light sourcesfor the shadowcomputation(a) Eliminating invisible lights: Only the lights in
theangularregion markedin yellow are usedfor shadingof a point, whosenormallies in the conewith the centerP andthe
angularextenta=2. (b) HandlingglossysurfacesThehighintensitylight souicesin thesetH are re ned to low intensitylight
sourcescreatingthe setL. Thelight sourcesfromL are distributedinto narrower overlappingangularregionsAz, Ay, and Az
marledin red,blue andgreen.(c) A situationfor are ectedray R: Thelow intensitylight soucesfromtheangularregion A,
insidetheconeC are used Also,thehighintensitylight sourcesoutsidethe coneC are used.TheconeA; is foundusinga LUT

addressedythere ectedray R.

The clusteringprocessesll the light sourcesoneby one

startingwith the rst light sourcein the input sequence.

We searchall the light sourceswithin the angulardistance
e and add them to the cluster The minimum number of

light sourcedn every clusteris one.After assigningall the

light sourcedo the clusterswe computerepresentatk light

sourcedirectionsfor eachclusterby averagingthe direction
all the light sourcesassignedo the cluster The proposed
way of the constructionimproves the temporalstability of

resultinglight sourcesequencen time, sincethe selection
of theclustercenterds moretemporallycoherenthanaran-

domalgorithm.

The clusteringis hardly compliantwith progressieness
andit increasewarianceof the estimatedllumination, since
the light sourceshave unequalpower after the clustering.
For graphicshardwarewith framerateconstraintst paysoff
to useclusteringfor the VEM, sincethe numberof light
sourcesafter clusteringis boundedby the userselectedQ.
The price to be paid for the performancemprovementsby
clusteringis decreasedjuality of shadevs andspecularre-
ections. We usethe clusteringonly for high intensitylight
sourcesn setH.

5. Implementation

The designof the whole systemfor capturing,light source
computationandrenderingwasdriven by the following as-
pects:

¢ TheEurographic#ssociation2005.

Computationsshould be optimally distributed between
CPUandGPUonasinglePC.
Systemshouldrespondnteractiely.

Visualization technique may not involve ary pre-
computationsaandthereforeshouldallow to renderan ar-
bitrary geometry

The systempipelineis illustratedin Figure 5. The input
to the systemarethe VEM from theHDR videocameraand
scenegeometry The light sourcegenerationis performed
on CPUin synchronizatiorwith the camerawhile the ren-
deringis performedasynchronouslalmostcompletelyon
GPU.Sincetherenderingon GPUis slower thanprocessing
of ervironmentmapson CPU, the delayintroducedby the
temporalFIR lter is effectively reduced.

5.1. HDR Acquisition

According to the speci cation of the HDRC VGAXx (IMS
CHIPS) sensorthe video camerausedin our experiments
hasa logarithmic responseFollowing this assumptionye
performedthe photometriccalibrationby acquiringsix gray
patchesof known luminanceand tting the measurediata
versusthe cameraoutputvaluesto a logarithmic function.
Two othermeasurementwereusedto assesshe quality of
the t andproved that the calibrationwas sufciently cor
rect. Suchphotometriccalibrationis requiredto faithfully
representheillumination of the capturedervironment.lt is
alsoworth to note that the camerais ableto captureeight
ordersof light intensitymagnitudegat constantapertureand
no gain control) leadingto saturation-freémages.
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Figure 5: Thesystenpipelineillustrating the distribution of
tasksbetweerCPU and GPU.

In addition, the ervironmentmap capturedusinga sh-
eye lenshasto be transformedo the uniform polar coordi-
natesfor theimportancesampling. Thenecessargeometric
calibrationis performedaccordingto a generic sheye lens
model[KB04].

To enablepropervisualizationof HDR data,we imple-
mentecdthe global versionof [RSSF02 tone mappingalgo-
rithm. In orderto preventthe temporalaliasingartifactsvis-
ible asbrightnessick ering, we extendedthe algorithmto
temporaldomainby smoothingts two parametersvertime:
theworld luminanceandthekey value.Thetonemappingis
implementedas a fragmentprogramandis performedasa
separateenderingpass.

5.2. Rendering System

Ourrenderingsubsystenis built usingOpenGLandCg,and
supportgerpixel lighting, non-difuseBRDFs,a few thou-

sanddirectionallight sourcesandup to hundredsf inde-

pendenshadavs. Therenderings performedn two stages:
shadev mappreparatiorandgeometryisualization,which

is carriedoutin asinglepass.

In orderto properlysupporthighly varyinglighting condi-
tionsthatrequirealarge numberof directionallight sources
we make use of light elimination techniquedescribedin
Section4.1 This allows us to supportfew thousandsof
light sourcesgreatly facilitating illumination computation
on highly glossysurfaces.

Theimplementatiordividesthe sphereuniformly into an-
gularregionsA;. A cube-mapexturethatmapstheseregions
to integervaluesis constructedsothatonelookupis enough
to transforma vectorinto a numberof the region it belongs
to. During frame preprocessingve associatesvery region
A with a setof light sourcesH thancanpotentiallyin u-
encethe surfaceswith the normal vector containedwithin
A;. For aLambertiansurfacethe setof potentialcontributors
includesall light sourcedocatedon thehemispherabove it
andalsothosea few degreesbelan the horizon (wherethe
exactangledepend®on theareaof A;), but for BRDFswith
large speculapeaksit makessenseo only allow lights that
arelocatedwithin anarrav conearoundthecentraldirection
of A.

This informationis encodedn the y in atexture TexL,
oneregion perrow. Eachlight sourcds representedy RGB
values,and by its XYZ direction. If shadevs are enabled,
the alphachannelaluestoresthe shadev ID (referto Sec-
tion5.2.1).

Performance-wisea naive algorithm managesto dis-
tribute several hundredsof lights belov one millisecond,
processindarger numbersmay be realizedwith a LUT in-
dexed by thenormalvector

The illumination computationstake place in a pixel
shaderwhichusesormal(for diffuse)orre ected(for spec-
ular) vectorto performacube-magookuplocatingarow in
TexL that containsinformationaboutlights relevantfor the
currentpixel. It thenwalks alongthe row andaccumulates
contritutionsfrom all light sourcespresentn it, including
BRDF processing.

This procedures performedtwice: rst, for diffuseillu-
minationwith light sourcesn setH andthenfor specular
illumination with light sourcesn setL, while specialcareis
takento avoid summingenengy twice (referto Section4.2).

5.2.1. Shadavs

When reconstructinga diffuse part of the illumination we
have the option of using shadevs, realizedusing shadev
maps.For a glossy/speculgpartwe selectthe mostrelevant
shadav mapfrom the above set.Sincegeneratindhundreds
of shadev mapscanput a heary burdeneven on a modern
graphicshardware, we make several stepsin orderto im-
prove therenderingperformance.

To avoid expensve rendertarget switches,aswell asto
consere texturing units of the GPU, we renderall shadaev
mapsto onelargetexture. Thetextureis of squaresize,with
shadev mapsorganizedinto agrid.

Eachshadev maprequiresseparatel 4 matrix which
transformsit into the currentview in orderto make depth
comparisonpossibleThereis notenoughconstantegisters
to passall thesematriceso fragmentprogramandencoding
themin the texturewould resultin 4 72 oat RGBA tex-
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ture reads(or half of it using packed representation)thus
severelyimpactingthe performance.

Instead,we only passlight projectionmatrix (which is
sharedby all shadev maps)asa parameteandreconstruct
theremainingtransformatiormatricesonthe y in thefrag-
mentprogram basicallyimplementingunctionality of glut-
LookAt(). The only variablein such caseis the direction

to the light, which means72 oat RGBA texture accesses.

However, thesedo notincur ary additionalcost,aslight di-
rectionsareaccessedrnyway in theillumination pass(Sec-
tion 5.2). To exploit this, information abouta light stored
in TexL can also containan index of this light's shadev
mapwithin the shadev texture. If this index is presentthe
shadev map transformationmatrix is constructedand the
rangecheckis performed.lt is thus possibleto addressa
large numberof shadev mapsusingonetexturing unit in a
singlerenderingpass.

6. Results

Belov we provide the performanceresults of the pro-
posedsystemobtainedon the following hardware: a PC
with 3 GHz Pentium4with 512kB L2 cacheequippedwith

NVidia GeForce6800GT Currently thesystemis limited by

theframegrabbermndcamereacapturerateandby the perfor

manceof graphicshardware. Therenderingime on GPUis

proportionalto the resolutionof the imageandthe number
of thedirectionallight sourcesised.

The computationtime of CPU and GPU is spenton the
following tasks.Capturingthe image datafrom the frame
grabberandcorvertingit to the polarprojectionof thereso-
lution 360 90 pixelstakesbelon 1 ms.Theprecomputation
of the CDF andthe luminouspower emittedby the current
frameof VEM is belov 2ms. The samplesarecomputedat
therateof 410samples/msTemporal Itering with the FIR
order8 lter requiresl msfor 210directionallight sources.
Optionalclusteringrequiresaboutl msto process300light
sources.The precomputatiorof the texturesfor 200 angu-
lar regionstakesbelov 1 ms. The total time for computing
300 directionallight sourceswith temporalprocessingand
clusteringis belov 5ms.

The computationbottleneckon the GPU is in the pixel
shademandtherenderingime alsodepend®ntheproperties
of objects'BRDF. For thisreasornwe have usedonly 72light
sourcesn setH andmaximally 216 light sourcegor every
angularregionin setS . Also theshadev mapsnumberwas
limited to 72. Theresolutionof asingleshadav mapwasset
256 256,allowing to organize72 shadev mapsin atexture
2,304 2,304pixelsin a9 9 grid (thelastrow is unused).

Below wegivetheresultsfor renderingoerformancatthe
imageresolution320 240 pixel. For renderingwithout the
angularregionsdescribedn Section4.1 we achieve frame-
ratefrom 7 Hz for Lambertiansurfacedecreasetb 3.9 Hz,
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when a specialhandlingfor glossy surfacesis used(Sec-
tion 4.2). Therenderingspeeds increasedy 70%whenan-
gularregionsareusedto cull off theinvisible light sources.
The examplesof the renderedmagesgrabbedin real time
areshavn in Figures7 and8. As expectedthe clusteringof
light sourcesdescribedn Section4.3 increaseghe render
ing speedsigni cantly in the detrimentof theimagequality.
We obsered speedup®y up to 200%for a commonof ce
lighting andoutdoorillumination with strongsunlight.

7. Discussion

Our systemhasmary potentialapplicationsin mixed real-
ity applicationsandvirtual studiosystemsSo far dynamic
lighting in suchsystemsis performedby scripting rigidly
set matricesof light sourceswhosechangesare synchro-
nized with the virtual setrendering.Such systemsare ex-
pensve andrequiresigni cant humanassistanceyhich re-
ducestheir applicability for smallerbroadcastersOur ap-
proachcan supportarbitrary changesof lighting in virtual
studioin afully automatiovay.

Oneimportantapplicationareawith a large gronth po-
tentialis augmentedeality, wheresyntheticentitiesare ex-
pectedo blendseamlesslyvith therealworld surroundings,
objectsandpersonsMobile systemsuilt on principlessim-
ilar to ourscouldfor instancebe usedin outdoortelevision,
enablingvirtual characterso leave con nes of studioervi-
ronment.

The decompositionof intensity representedy a VEM
into a setof directionallight sourcesanalsobe considered
as a methodof compressindighting information suitable
for the low-bandwidthtransmissionwhich enableselight-
ing in a remotelocation. The level of compressiorcanbe
smoothlycontrolledby changingthe numberof lights due
to their goodstrati cation and orderingproperties(refer to
Section3.2).

8. Conclusions

We presented systemfor interactve capturingof high dy-
namic rangevideo ervironmentmaps,which are usedfor
immediatelighting of dynamicscenesWe proposecdan ef-
cient algorithmfor importancesamplingof thelighting in-
tensityfunctionin subsequentideo frames,which features
a goodtemporalcoherenceand spatialdistribution proper
ties (strati cation) of resultingdirectionallight sourcesTo
keepa constanframerateor enableprogressie imagequal-
ity enhancementhe numberof thoselights can be easily
controlledon the y while goodsamplestrati cation prop-
ertiesare always presered. The integratedOpenGLbased
rendererusing our new techniquefor discardingirrelevant
lights andexploiting featuresof moderngraphicshardware
like programmableperpixel shadingvasableto deliverin-
teractve framerateaisinga single PC-classmachineanda
consumetevel videocard.
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Figure 6: Comparisonof the image quality as the resultof addinglight sourcesfor the methodsproposedby Agarwaletal.,
Kollig andKeller, Ostomoukhe etal., andus.We considerdecompositiomftheEMinto 4, 8, 16,32,64,and128light sources.
Noticethat evenfor a small numberof light sourcesthe quality of shadowreconstructiorin respecto the solutionwith 128
lights, which is visuallyindistinguishabldromrefeencesolution,is the bestfor Kollig andKeller and our method.

Oursystenlifts commonlimitationsof existingrendering
technigueswhich cannothandleat interactve speedHDR
image-basetighting capturedn dynamicrealworld condi-
tionsalongwith complex shadavs, fully dynamicgeometry
andarbitraryre ectancemodels.Our approactdoesnotre-
quire ary costly preprocessingndhasmodestmemoryre-
quirementgo achieve thosegoals.

As future work we wantto lift the assumptiorof distant
lighting by addingto our systemone or more spatially dis-
tributedHDR camerasvith the sheye lensesBasedon the
known distancebetweereachpair of camerasthe positions
of nearlylocatedight sourcesouldbedeterminednthe y
assimilarly proposeddy Satoetal. [SSI99, andsuchlights
could be thenrepresente@sthe point light sourcesduring
renderinginsteadof currentlyuseddirectionallights. Also,
we wantto extendour systemfor mixedreality applications
in which dynamicchangef lighting, geometryandcam-
eramustbe supportedin termsof thelighting computation,
whatremainsto be doneis to modeltheimpactof synthetic
objectson lighting in therealworld ervironment.
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Figure 7: (top) the modelcovered by specularBRDF with
16,200trianglesrendeed with 72 shadowmapsat 5.3 Hz.
Ontheleft topis an ervironmentmapcaptuedin real-time
as captued through sheye lens HDR camer. The light
sourcesare marked by greenpoints.On the left bottomthe
sameernvironmentmapis shownin polar projection. (bot-
tom)the samemodelilluminatedby outdoorlighting.

camera/'

Figure8: Comparisorofthe delity in theshadowandlight-
ing reconstructionfor the real-world and syntheticancel
statuettelluminatedby dynamiclighting. Real-worldlight-
ing is capturedbytheHDR videocamee locatedin thefront
of the roundtable with an angel statuetteplacedatop (the
right image side). The captuied lighting is usedto illumi-
natethe syntheticomodelof the angel statuetteshownin the
display(theleftimage side).
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