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Abstract
We presentan interactive systemfor fully dynamicscenelighting using captured high dynamicrange (HDR)
videoenvironmentmaps.Thekey componentof our systemis an algorithm for ef�cient decompositionof HDR
videoenvironmentmapcapturedover hemisphere into a setof representativedirectionallight sources,which can
be usedfor the direct lighting computationwith shadowsusinggraphicshardware. Theresultinglights exhibit
goodtemporal coherenceand their numbercanbeadaptivelychanged to keepa constantframeratewhile good
spatialdistribution (strati�cation) propertiesaremaintained.Wecanhandlea largenumberof light sourceswith
shadowsusinga novel techniquewhich reducesthecostof BRDF-basedshadingandvisibility computations.We
demonstratetheuseof our systemin a mixedrealityapplicationin which realandsyntheticobjectsareilluminated
byconsistentlighting at interactiveframerates.

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

1. Intr oduction

Realism in image synthesisincreasessigni�cantly when
capturedreal-world lighting is usedto illuminate rendered
scenes.Thehumanvisualsystemis specializedto operatein
suchconditionsandmakesmany implicit assumptionsabout
statisticalregularitiesin real-world lighting, whichareoften
neededto disambiguateinformationaboutsurroundingob-
jects[FDA03]. Real-world lighting is desirablein many en-
gineeringapplicationsandwould improve the believability
of virtual reality systemsnotoriouslylackingrealismin ren-
dering.Real-world lighting is indispensablein many mixed
realityapplicationsin whichvirtual objectsshouldbeseam-
lesslymergedwith a realworld scene[Deb98].

Traditionally, real-world lighting is capturedinto environ-
ment maps(EM), which representdistant illumination in-
comingto a point from thousandsor evenmillions of direc-
tions that aredistributedover a hemisphere(sphere).High
dynamicrange(HDR) technologyis requiredfor the envi-
ronmentmapacquisitionto accommodatehigh contrastsin
the real world lighting. For static conditionslow dynamic
rangecamerascanbeusedto captureimagesof a spherical
light probewith differentexposures[DM97]. The resulting

imagesafter their registrationare fusedinto a singleHDR
environmentmap.Recently, Stumpfelet al. [STJ� 04] cap-
tureddynamicsky conditionsfeaturingadirectsunvisibility
every 40 seconds.In principle,real time environmentmaps
acquisitionusinga low dynamicrangevideocamerawith a
�sheye lenscould be performedusing the techniquespro-
posedby Kangetal. [KUWS03] but only for a limited num-
ber of exposures(i.e., effectively reduceddynamicrange).
This limitation can be overcomeusing recentlydeveloped
HDR videosensorssuchasAutobrite (SMal CameraTech-
nologies),HDRC (IMS CHIPS), LM9628 (National), and
Digital Pixel System(Pixim), which enablethe direct cap-
turing of HDR video environmentmaps(VEM). It canbe
envisionedthatwith quickly droppingcostsof suchsensors,
many applicationsrelyingsofaronstaticimage-basedlight-
ing will besoonupgradedto dynamicsettings.

In thiswork weareinterestedin usingVEM for relighting
of fully dynamicenvironmentswith the visibility (shadow)
computationat interactive speeds.Let usdiscussbrie�y ex-
isting renderingtechniquesthat aresuitableto achieve this
goal.

Environmentmappre�ltering is commonlyusedto model
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Figure 1: Overview of our interactivesystem.ThehemisphericalVEM is captured usinga HDR camera with a �sheye lens.
Thenour importancesamplingtechniqueis usedto determinea representativesetof directionallight sourcesfor each VEM
frame, markedbygreencirclesin themiddleimage. After temporal processingthelight sourcesaresubmittedto a GPU-based
renderer featuringtheshadowcomputation.

theilluminationof surfaceswith Lambertian[Gre86], Phong
[HS99], or even more generallight re�ectance functions
[KM00]. Thosetechniquescould be adaptedfor the VEM
processingand they can easily support dynamic envi-
ronmentsbut ignore the visibility computation.Real-time
VEM-basedlighting of staticscenesincludingshadows can
be immediatelyperformedusingthe precomputedradiance
transfertechniques[SKS02, NRH04, LSSS04]. The limita-
tionsof staticgeometry(or prior animationknowledge)have
been lifted for precomputedradiancetransfer techniques
by Kautz et al. [KLA04]. Although their methodcanhan-
dle only very simple scenes.HDR video texture can be
usedto castrealisticsoft shadows for fully dynamicscenes
[AAM03]. However, timeconsumingandmemoryintensive
preprocessingof eachvideo frame is requiredto achieve
real-timerenderingperformance.

The most commoninteractive renderingtechniquesare
developedfor graphicshardware,which can natively sup-
port shadows castby point or directionallight sourcesonly.
From a performancepoint of view it is thusdesirablethat
capturedenvironmentmapsare decomposedinto a set of
representative directionallight sources.Several techniques
basedon theconceptof importancesamplinghave beenre-
centlyproposedto performsucha decompositionfor static
lighting [ARBJ03,KK03,ODJ04]. Unfortunately, theirdirect
extensionfor VEM is usuallynot feasibledueto at leastone
of thefollowing majorproblems:

� Too high computationalcostsprecludingVEM capturing
andscenelighting at interactivespeeds[ARBJ03,KK03].

� Lackof temporalcoherencein thepositioningof selected
pointlight sourcesfor evenmoderateandoftenlocallight-
ing changesin VEM [ARBJ03,ODJ04].

� Lackof �e xibility in adaptingthenumberof light sources
to therenderedframecomplexity asmight berequiredto
maintainaconstantframerate[ODJ04].

Thelattertwo problems,if not handledproperly, might lead
to annoying poppingartifactsbetweenframes.

Algorithm Outline

In this work we presenta completepipelinefrom theHDR
VEM acquisitionto renderingat interactive speeds(refer
to Figure1). Our major concernis the ef�cient processing
of the acquiredHDR video, which leadsto a good qual-
ity renderingof dynamicenvironments.We proposean ef-
�cient importancesamplingalgorithmwhich leadsto tem-
porally coherentsetsof light sourcesof progressively ad-
justabledensity. Thedistributionof directionallight sources
over the hemisphereresultsin a goodrepresentationof en-
vironmentmap lighting and the �delity of this representa-
tion smoothlyincreaseswith thenumberof light sources.In
orderto achieve interactive framerates,we introducenovel
methodsthat signi�cantly accelerateshadingandvisibility
computationsfor any illuminationdescribedby alargesetof
directionallights. We implementanalgorithmon a modern
graphicshardwareto improve theperformanceof per-pixel
lighting usingthePhongillumination modelandreducethe
numberof shadow mapvisibility tests.

Paper Structur e

In the following sectionwe discussprevious work on im-
portancesamplingfor image-basedlighting. In Section3 we
presentourVEM samplingtechniqueandwefocusontheis-
suesof samplingpatternpropertiesandtemporalcoherence.
Sinceour VEM samplingapproachresultsin many direc-
tional light sources,in Section4 we discussthe ef�ciency
issuesfor the direct lighting computationwith shadows on
thegraphicshardware.In Section5 we brie�y describethe
implementationof our interactive pipeline from the VEM
acquisitionto scenelighting computations.In Section6 we
show theresultsobtainedusingour systemandin Section7
we discussits possibleapplications.Finally, we conclude
thiswork andproposesomedirectionsof futureresearch.

2. PreviousWork

In this sectionwe discussexisting illumination samplingal-
gorithmsfrom thestandpointof their suitability for thepro-
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cessingof VEM at interactive speeds.In particular, we fo-
cusontheissuesof temporalcoherenceandcontrolover the
numberof samples.Accompanying videoprovidestwo case
studiesillustrating thoseissuesandsupportingour evalua-
tion of recentimportancesamplingtechniques.

GibsonandMurta [GM00] have developedan optimiza-
tion procedurefor the selectionof directionalEM samples
which minimizetheerror in thereconstructionof a shadow
castby asphereonaplane.Themethodrequiresareference
solution,which is computedusingcostlyMonteCarlo inte-
grationover theEM for a hugenumberof samplepointson
theplane.Also, temporalcoherenceis poorbecausetheop-
timizationprocedurereliesontherandomselectionof initial
samplesand is proneto gettingstuck in the local minima.
On theotherhand,forcing temporalcoherencein theinitial
sampleselectionmayleadto overlookingimportantchanges
in theEM intensity.

Agarwal et al. [ARBJ03] proposean algorithm for the
selectionof directionalEM samples,which combinesele-
mentsof importanceandstrati�ed sampling.ThroughEM
thresholdingandconnectingregionswith similar intensity, a
numberof samplesis assignedto eachsuchregionbasedon
its summedintensityandangularextent(importance).Small
regionswith high total intensityarepenalizedto avoid too
greatconcentrationof samplesin a similar direction.The
strati�cation is performedwithin eachcoherentregion by
spreadingsamplesso that the distanceof newly inserted
samplesis maximized in respectto all existing samples
whosepositionsremainunchanged.This enableseasycon-
trol over the samplenumberand smoothintegration with
renderersperformingprogressive re�nement of the image
quality. For VEMs the algorithmleadsto temporallyinco-
herentchangesin the illumination sampledirections.Even
local changesin someEM regions may lead to different
thresholdingwhich mayaffect thewholemap.Thecompu-
tation speedis of the orderof tensof secondsfor a single
EM.

Kollig and Keller [KK03] based their algorithm on
Lloyd's relaxationmethod.At eachiteration they insert a
new sampledirectionnearthedirectionrepresentinganEM
region with the highesttotal intensity. This may lead to a
high concentrationof samplesaroundthe EM regionswith
high intensityandsmallangularextents,which mayreduce
the performanceof shadow computationduring rendering.
On the other hand,the differencesbetweensampleinten-
sitiesaresmall, which reducesthe variancein the lighting
computation.Theresultingsampledistribution over theEM
is smoothlychanging,which leadsto imagesof very good
andstablequalityevenwhenthenumberof samplesis mod-
erate.The total numberof samplesis easyto control but
addingnew samplesaffectsthepositionsof virtually all pre-
viouslyinsertedsamples.In theanimationcontext evenlocal
changesin someEM regionsinvolveglobalchangesof sam-

plepositionsin thewholemap.Thecomputationspeedis of
theorderof tensof secondsfor asingleEM.

Ostromoukhov et al. [ODJ04] have proposeda hierarchi-
cal importancesamplingalgorithm,which is basedon the
Penrosetiling. A hierarchicaldomain subdivision and its
aperiodicityareinherentfeaturesof the Penrosetiling. For
localizedchangesin theEM, thealgorithmleadsto very lo-
calchangesof tiling. Thismakesthisalgorithmattractivefor
animationsbecausetemporalcoherencebetweensamplesis
quitegood.For fully dynamicEM (e.g.,capturedfor freely
moving HDR camera)thetiling structureremainsrigid and
thepositionof light sourcesdo not change,which resultsin
switching the light sourceson and off dependingon local
intensityat a givenmomentof time.Themostseriousprob-
lem with this algorithmis dif�cult controlof thenumberof
samples,whichmaychangefrom frameto frameandsignif-
icantly dependson changesin the VEM. The computation
speedof the orderof millisecondsfor a singleEM is very
attractive for real-timeapplications.

In Figure 6 we show the imagesfrom progressive ren-
dering using above discussedmethodsand herepresented
technique.The light sourceswere computedoff-line for
[ARBJ03] and[KK03]. The imagesfor increasingnumber
of light sourcesindicatethatourmethodis moresuitablefor
progressiverenderingthanksto theseverereductionof �ick-
ering while addinglight sourcesthanpreviously published
methods.

3. InverseTransform Method

If thepixel intensitiesin theEM canbeseenasadiscrete2D
probabilitydensityfunction(PDF),thesampleselectioncan
be performedusing the machinerydevelopedin statistics.
The problemof drawing samplesfrom an arbitrary distri-
bution is well elaboratedin Monte Carlo literature[Fis96]
and various practical methodssuch as rejection sampling
or inversetransformmethodshave beenusedin computer
graphicsaswell [DBB03]. The imagesasPDFshave been
consideredin non-photorealisticrenderingapplicationsfor
distributingstipplesaccordingto imageintensities[SHS02].

More generalapproachessuch as multiple-importance
sampling [VG95], bidirectional importance sam-
pling [Bur04], or various combinations of correlated
and importancesampling [SSSK04] can be considered.
Thoseapproachesenableto consideralso the re�ectance
characteristicsof illuminatedobjectsandvisibility relations
to chooseanoptimalsetof illumination directionsfor each
samplepoint (or the normal vector direction). However,
those approachesare not currently suitable for interac-
tive applicationson graphicshardware due to their high
algorithmicandcomputationalcomplexity.
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3.1. Method Description

Recently, the standard inversion procedure [Fis96] for
a piecewise constant image function has been success-
fully appliedfor ef�cient importancesamplingof a static
EM [PH04, Bur04]. At �rst the EM is mappedinto a 2D
intensityimageandthe correspondingPDF is created.The
intensityof pixels is multiplied by sin(q), whereq denotes
thealtitudeanglein theEM, to accountfor smallerangular
extent of pixels aroundthe poles.For eachscanlinecorre-
spondingto a discretevalueof q thecumulative distribution
function(CDF)is built, whichis usedfor theselectionof the
azimuthanglef (so the brightestpixels in the scanlineare
morelikely to beselected).Thenthemarginal PDFis com-
putedbasedon theaverageintensityof eachscanlineandit
is integratedinto theCDF, which is thenusedfor theq angle
selection(so the scanlineswith the highestaverageinten-
sity aremorelikely to beselected).Finally, samplesdrawn
with a uniform probabilitydistribution over theunit square
are transformedvia the correspondingCDFs �rst into the
samplingdirectionq (selectinga scanline)andtheninto the
samplingdirectionf (selectingapixel within thescanline).

In thiswork wealsousePDF-basedimportancesampling
of theEM. However, weselecttheinversetransformmethod
proposedby Havran et al. [HDS03], which exhibits better
continuityanduniformity propertiesthanthestandardinver-
sion procedureusedby [PH04, Bur04]. First of all it guar-
anteesthe bijectivity and continuity propertyfor any non-
negative PDFover a hemisphere,which meansthata small
changein the input samplepositionover the unit squareis
alwaystransformedinto a smallchangein theresultingpo-
sition of light sourceover the EM hemisphere(for the in-
versetransformationthispropertyholdsaswell). Thisprop-
erty is importantfor therelaxationof inputsamplepositions
to achieve samplingpropertiescloserto bluenoise(refer to
Section3.2). Thebetteruniformity propertyleadsto abetter
strati�cation of theresultinglight sourcedirections.

For the detailsof the inversetransformapproachdevel-
opedby Havran et al. we refer the readerto [HDS03], we
recallthemethodhereonly brie�y . Themappingconsistsof
four stages.At �rst, samplesaremappedfrom a unit square
into aunit discparametrizedwith radiusrd andanglef d us-
ing themethodof concentricmaps[SC97]. Thesecondand
thirdstagescorrespondtodrawingasamplefromthediscus-
ing 1D CDFswhicharede�nedovertherd andf d parameter
space.Thecontinuityof thosemappingsis preservedusinga
linear interpolationbetweenneighboring1D CDFs.Finally,
thesamplesfrom thediscaremappedto thehemisphereso
thatthedifferentialsurfaceareasarepreserved.

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 (less than 1,000 in our application)the computation
time differencesare negligible. The main costs for both

(a) (b) (c)

Figure 2: Transformof the tiled unit square (a) using the
standard (toprow)andHavran's(bottomrow)inversetrans-
formmethodsfor variousPDFfunctions:(b)uniformand(c)
a sky probe.

methodsare incurred by the CDF computation.Figure 2
shows theresultsof transformationof a tiled unit squareus-
ing thestandardandHavran's inversetransformalgorithms
for varioustypesof EM. As canbe seenHavran's method
leadsto a better regularity and compactnessof the trans-
formedtiles, which resultsin betterstrati�cation properties
in lighting sampledistribution. Thekey featureof Havran's
method is the �rst step of concentric mapping [SC97],
which reducesdistortionsandremovescontinuityproblems.
In contrast,the standardmethodmay exhibit someprob-
lemswith thesamplemotioncontinuity, which is especially
problematicfor trajectoriestraversingthe borderfor f = 0
(marked in Figure 2 as the red line spanningbetweenthe
hemispherepole and the horizon). Also, samplestend to
move more along the hemisphereparallelsand stay away
from thehemispherepole.

An important issue in extending the inverse transform
methodto handledynamicimagesequencesis to improve
temporalcoherencein importancesampling.Themostobvi-
oussteptowardsthisgoalis to choosethesamesetof initial
samplesover theunit squarefor eachVEM frame.Thereare
variouspossiblechoicesof samplingpatterns,which may
lead to a differentquality of the reconstructedlighting. In
Section3.2wedescribeourapproachwhich featuresagood
samplestrati�cation over the EM while retainingprogres-
sive control over the numberof samples.Sinceeven local
changesin theEM leadto globalchangesof thePDF, thedi-
rectionof virtually all light sourcesmaychangefrom frame
to framewhich causesunpleasant�ick ering in therendered
images.In Section3.3 we discussour solutionstowardsre-
ducingthis problemthroughimproving temporalcoherence
in theimportancesampling.
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3.2. SamplingPattern Properties

Theproblemof samplingpatternselectionoveraunit square
is well studied[Nie92,Gla95]. Sinceour emphasisis on in-
teractive applicationswe would like to usea progressive se-
quenceof samplepoints in which addingnew pointsdoes
not affect thepositionof pointsusedfor thepreviousVEM
frame,while goodsamplingpropertiesare retained.Obvi-
ously, this assumptionholds when points are removed as
well. All algorithmsinvolving re-arrangingsamplepoints
aftereachsuchachangearenotacceptabledueto excessive
image�ick ering.

We achieve the progressivenessgoal using quasi-Monte
Carlo sequencessuchasthe Halton sequenceor in general
(0;s)-sequences[Nie92]. Thosesequencesnaturallyleadto
agoodstrati�cationof thesamplingdomainfor successively
addedsamplesfrom thesequence.Weusethe2D Haltonse-
quencewith basesp1 = 2 and p2 = 3, whosediscrepancy
is the lowest for the numberof samplesN = p1

k1 � p2
k2,

wherek1 andk2 arenonnegative integers.This meansthat
consideringother samplenumbersthan N leadsto worse
samplingproperties,but agoodstrati�cation is still obtained
evenwhensubsequentsamplesareadded.

Wecaneasilycorrectthepositionof theHaltonpointson
the2D squareto achieve thebluenoisesamplingpatternas
recommendedby Ostromoukhov et al. [ODJ04] to reduce
aliasingartifacts.For this purposeLloyd's relaxationover
the initial samplepositionscan be performed[HDK01] at
the preprocessingstageandthenthe resultingsamplescan
beusedfor all VEM. Blue noisepropertiesof thesampling
patternover thehemispherecanbeaffectedasaresultof the
inversetransformmethod,especiallyin regionsin which the
PDFchangesabruptly. Thecontinuityof mappingfrom the
2D squareto the3D hemisphereobtainedusingHavran'sal-
gorithmis crucialtowardspreservinga goodapproximation
of bluenoisesamplingin theregionsof low PDFvariation.
Figure3 shows the samplepoint strati�cation with/without
bluenoisepropertiesover thehemisphereasa resultsof the
standardandHavraninversetransformsfor theuniformPDF.
In ourapplication,whereweusethesamplesfor integration,
thebluenoiseof a samplingpatternresultsin a slightly bet-
ter isotropicuniformity thanapureHaltonsequence.

Theachievedprogressivenessof thesamplingpatterncan
be usedin two ways.The numberof samplescanbe adap-
tively adjustedto keeptheframerateconstant,while keeping
the varianceresultingform suchchangeslow due to good
strati�cation properties.Also, in progressive renderingthe
imagequality canbe smoothlyimproved by increasingthe
numberof consideredlights (this requiresfreezingtheVEM
frame).

3.3. Handling Dynamic Sequences

The dynamicVEM lighting representedby a limited num-
berof directionallight sourcesmoving over thehemisphere

Figure3: Samplingpatternresultingfromapplyingthestan-
dard (left column)andHavran (right column)inversetrans-
formmethodsto theoriginal (upperrow)andrelaxedto blue
noise(bottomrow)2D Haltonsequences.A uniformPDF is
assumedfor this transformation.Thesamplepoint distribu-
tion is shownusingthehemisphericalmapping.

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

The questionariseshow the signal is in fact represented
andhow it shouldbe �ltered in our application.In the tra-
ditional view to an 1D discretesignal in signal process-
ing [OSB99], a signalis representedby changesof theam-
plitude in time. In our context the signalcorrespondingto
directionallight sourcesis representedby both changesof
thepowerandthepositionof thelight sourcesfrom frameto
frame.This createstwo sourcesof �ick ering thatshouldbe
dealtwith independently.

The�r stsourceof real-world VEM capturing�ick eringis
causedby changesof the light sourcepower from frameto
frame,e.g.,whentheVEM capturingis performedin anin-
teriorwith �uorescentlighting. In thiscasethetotal lighting
power is our temporalsignaland the temporal�lter appli-
cationis straightforward.We computethe power emanated
from EM for every frameandthis is usedastheinput of �l-
tering.As aresultof �ltering theoverallenergy in thesystem
is preserved,which is naturallyachievedthroughnormaliz-
ing the �lter weightingcoef�cients. It follows from the im-
portancesamplingdescribedabove thatall thelight sources
have thesamepower in asingleframe.

Thesecondsourceof �ick eringis dueto abruptandoften
jumpy changesin the position of directional light sources
from frameto frame.Thisaffectsthere�ectedlight intensity
andshadow positions.Becauseof this dependency, thelight
positionis our signalin temporaldomainandwe applyour
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�ltering to thetrajectoryof eachlight motionover thehemi-
sphere.Thedirectionof alight sourceis �ltered in 3D vector
spacefollowedby normalizationto aunit vector.

Therelationbetweena light sourcepositionandre�ected
lighting intensitydependsdirectly on theincominglight di-
rection and surfacere�ectancefunction. Thus eliminating
high frequenciesfrom the light sourcemotion trajectory
leadsalso to an eliminationof suchfrequenciesin the re-
�ected lighting. In thecaseof shadows,theproblemis more
complicatedbecausethevelocity of a moving shadow must
beestimated,whichdependsonthespatialpositioningof the
light occluderandreceiver. It canbeshown [Wat86,Win05]
that a 2D shadow patterncharacterizedby the spatial fre-
quenciesr 1 andr 2 andmoving alongtheimageplanewith
thevelocity~v is equivalentto thevisualpatternof thesame
spatialfrequenciesandblinking with temporalfrequency w:

w = vxr 1 + vyr 2 = ~v �~r (1)

While this relationshipbetween�ick ering and the shadow
motion is morecomplex, the shadow velocity still depends
on changesin the light sourcepositionwhich is processed
by �ltering in temporaldomain.

In our choicefor �ltering mechanismwe exploit limita-
tions of the humanvisual systemin terms of the tempo-
ral frequency response,which canbe characterizedby two
modes:transient(bandpassfor stimuli with low spatialfre-
quency) and sustained(lowpassfor stimuli with high spa-
tial frequency) [Wat86]. To modelthefull humanvisualsys-
tem behavior usually two separate�lters for eachof those
modesareappliedon a signalin thetime domain.Sinceour
lighting �ick eringartifactscontainmainlyhightemporalfre-
quencies,weuseonly thelowpass�lter . While our �lter de-
signis inspiredby perceptualconsiderations,we applya far
moreaggressive cut-off of the high frequenciesat the level
of 10Hz to attenuatethe signal,which would otherwisebe
improperlyreconstructedcausingtemporalaliasing(therate
of VEM framegrabbingis about21Hz).

For �ltering of a signal we can use �nite impulse re-
sponse(FIR) or in�nite impulseresponse(IIR) �lters, which
arestandardtools in digital signalprocessing[OSB99]. We
choosetheFIR equiripple�lter [OSB99] of order8 (9 coef-
�cients) designedusingthe�lter designtool in MatlabSig-
nal ProcessingToolbox[Mat04] for thesamplingfrequency
21Hz, thepassfrequency 7Hz andthestopfrequency 9Hz.
The weighting coef�cients of the �lter are: w1 = w9 =
0:06216,w2 = w8 = 0:01296,w3 = w7 = � 0:13816,w4 =
w6 = 0:28315,andw5 = 0:65223.TheusedFIR �lter leads
to a delayof 4 VEM frames.We usedthis �lter in all the
cases,althoughwe testedalsoseveralotherFIR �lters. The
differentcapturingframerateanddifferentrenderingframe-
ratecouldrequireredesigningthe�lter .

Even shorterdelay could be achieved using IIR �lters.
However, we decidedto useFIR �lters which featurelin-
earphasethat is oftendesirablefor videoprocessingappli-

cations[Win05]. Sinceframegrabbingin our systemworks
asynchronouslyin respectto usuallyslower rendering,the
delayis evenlessnoticeablein ourapplication.

Note that our �ltering approachrequirestrackingof the
samedirectionallight for subsequentframeswhich is easy
for our sampleswith uniquepositionsin theunit squareand
indexed by the Halton sequence(refer to Section3.2). As-
signingsuchindicesto directionallights would be dif�cult
for theimportancesamplingmethodsdiscussedin Section2.

4. Impr oving RenderingPerformance

Ef�cient illumination computationfor a largenumberof di-
rectionallight sourcesarisingfrom theEM importancesam-
pling is adif�cult problemwhichhasbeenmostlyaddressed
for staticlighting. Variousformsof coherencein spatialand
angulardomainshave beenexploredand lead to a signi�-
cantreductionin thevisibility computationfor off-line ren-
dering.We areaimingat aninteractive algorithmwhich can
work for VEM and is suitablefor graphicshardware im-
plementation.In the following sectionwe proposean ap-
proachfor fastselectionof thoselight sourceswhich con-
tribute to the illumination of a givenpoint. We thenextend
thisgeneralalgorithmto handlespeci�cally glossysurfaces.
Wealsopresenta light sourceclusteringalgorithmto reduce
theshadow computationcostduringrendering.

4.1. Eliminating Invisible Lights

Underthedistantlighting assumptionasubsetof directional
light sourcescontributing to theillumination of all pointsin
the scene,which featurethe samenormal vector direction
canbeuniquelydetermined.This observationcanbeeasily
extendedfor anarbitraryangularrangeof normalvectordi-
rections.We usethoseobservationsfor a fastidenti�cation
of contributing light sources.We cover thesphericalsurface
by overlappingangularregionsusinga setof precomputed
normals,whichareuniformlydistributedonthesphere(refer
to Figure4 (a)).Everyangularregion is de�nedby its center
~P andthe sizeof the angularregion measuredin the maxi-
mum angulardistanceb. If the maximumangulardistance
betweenthe centersof any neighboringangularregions is
a=2, thenthemaximumangulardistancecoveredby thean-
gularregion is givenasb = a=2+ p=2.For asurfacenormal
~N of a shadedpoint we locatea correspondingangularre-
gion, for whichweprecomputethesetof light sources.This
ef�ciently cullsoff themajorityof theinvisiblelight sources.
Theoretically, the maximumspeedupthat can be achieved
usingthistechniqueis onaverage2 for thesphere(b = p=2).
Sincewe usea moderatenumberof angularregions,a prac-
tical speedupusuallyfalls into therangeof 1.6–1.8.

In the preprocessing,the light sourcesaredistributed to
all angularregionswhich cover the light sourcedirections.
Every light sourceis assignedto severaloverlappingangular
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regions.During rendering,we usea lookuptable(LUT) ad-
dressedby thenormalat a shadedpoint to �nd in a constant
time the correspondingangularregion. We computethe il-
luminationonly for thelight sourcesassignedto theangular
region. Somelight sourcesarestill eliminatedonline since
b > p=2.

An importantpropertyof ourconstructionis thepropaga-
tion of oursamplingprogressiveness(referto Section3.2) to
theangularregions:

Observation 1: Thesamplesdrawn progressively accord-
ing to the importancefunction F in the domainD arealso
drawn progressively in any continuoussubdomainof thedo-
mainD.

Note that the progressivenessof samplingpatternis in-
herentto (0;1)-sequencesand thus also to the Halton se-
quence.An intuitive justi�cation for the above observation
is asfollows.Let theintegrandof importancesamplingfunc-
tion F over the whole domainbe Iw andover a subdomain
Is. If thesamplingschemeis progressive andfollows F, the
numberof samplesin the subdomaincan be estimatedas
Ks � K � Is=Iw, whereK is thetotalnumberof samples(with
l imK!1 Ks=K = Is=Iw). Sincethe orderingof samplesin
the subdomainis preserved, the samplesin the subdomain
arealsodrawn progressively.

The set of directionsfor angularregions and the LUT
are�x ed beforerendering.The angularregion is found for
both preprocessingandrenderingusinga LUT discretizing
the sphereon facesof a cube.This can be ef�ciently im-
plementedbothon CPUandGPU.Theproposedtechnique
canalsobeusedfor off-line renderinginvolving many direc-
tional light sourcesbasedon ray tracingetc.

4.2. Handling GlossySurfaces

We useObservation 1 to improve the quality for rendering
of glossysurfacesaswell. In the lighting computationwe
considerthosedirectionallight sourceswhich overlapwith
thedirectionof a specularlobeof BRDF determinedfor the
surfacenormalanda given view direction.We precompute
two setsof light sources:L andH of low andhighintensities
IL andIH , respectively (jLj � jHj andIL � IH ). To generate
the directionof theselight sourcesin both setswe usethe
relaxed samplesof Halton sequenceof length jLj (refer to
Section3.2) as the input of inversetransformmethod.For
light sourcesin H we usea subsequencefrom L with the
re-scaledlight sourcepower.

We usetwo differentsetsSL andSH of angularregions
(similar as thosedescribedin Section4.1) for light setsL
andH, respectively. In generalfor angularregionsin SH we
canuseadifferentsetof thenormalsto trade-off therender-
ing quality andpreprocessingtime. ThesetSH corresponds
to eliminatingtheinvisible light sourcesasdescribedabove.
The set SL of angularregions is usedto improve the esti-
matein the directionof the specularlobe. We assumethat

the minimum angulardistancebetweenthe centersof two
(neighboring)angularregionsin SL is g. We setthe sizeof
theangularregion alsoto g, sotheangularregionsin SL are
overlapping.This is depictedin Figure4 (b).

Prior to shadingcomputationwedeterminetheideally re-
�ected direction~R for theviewing direction~V andthenor-
mal ~N. Then the computationis carriedout in two stages.
First,we sumup thecontributionsfrom SL which belongto
theconeC givenby ~Randangulardistanceg=2. Second,we
addthecontributionsfrom SH thatdonotbelongto thecone
C (referto Figure4 (c)).

The techniquecanbe seenasa simplevariantof strati-
�ed importancesamplingwith two stratathat are handled
independently. The �rst stratacorrespondsto the box win-
dow (coneC) for thesamplesetL. Thesecondstratais the
complementof theboxwindow for thesamplesetH. In this
wayweimprovetheestimatelocally insidetheconeC thatis
importantfor glossysurfaces.SincewegenerateH asasub-
sequenceL, thepositionsof SH arecontainedin SL. Hence
we minimize possibleartifactson the boundariesin shad-
ing for an assignmentto two neighboringpixels belonging
to two neighboringcones.If thenumberof light sourcesin a
coneC is toohighandit coulddecreasetherenderingspeed
signi�cantly, we pick up only the �rst k light sourcesbe-
longing to C andscaleup their power appropriately. Above
introducedObservation1 is appliedhereaswell to keepthe
progressivenessof oursamplingpatterninsidethecone.

4.3. Lights Clustering

Another way to improve the renderingspeedis the clus-
tering of light sourceswith similar directions.Since we
work with thedirectionallight sources,we do not needany
spatialhierarchy [PPD98]. We imposetwo major require-
mentson thelight sourceclustering:Real-timeperformance
andwheneverpossiblemaintainingtheprogressiveness.The
clusteringcan signi�cantly decreasethe computationtime
for sceneswith a few stronglight sources.

As the input for clusteringan orderedsequenceof light
sourceswith thesamebaseintensityis provided.As theout-
put the orderedsequenceof clusteredlight sourceswith a
larger(or equal)intensitythanthebaseoneis obtained.Our
clusteringalgorithmis basedon the boundingbox decom-
positiontreeof Arya etal. [AMN � 94] thatoffersanoptimal
performancefor approximatesearchesover arbitrarily dis-
tributedpoint data.Let us assumethat the maximumnum-
berof light sourcesafterclusteringon thehemisphereis Q.
If the light sourcesafter clusteringwould cover uniformly
thehemisphere,theneachclusterhasto cover thesolid an-
gle 2 � p=Q. In termsof the size of angularregion e each
clustercoversthe solid anglep � sin2(e). From that we can
computethattheangulardistancee= c f � arcsin

p
2=Q. The

coef�cient cf is thecorrectionfactorto accountfor covering
of hemisphereby thecirculardiscs(c f � 1:8� 1:9).
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(a) (b) (c)

Figure 4: Selectionof relevant light sourcesfor the shadowcomputation(a) Eliminating invisible lights: Only the lights in
theangular region marked in yelloware usedfor shadingof a point, whosenormal lies in theconewith thecenter~P andthe
angularextenta=2. (b) Handlingglossysurfaces:Thehigh intensitylight sourcesin thesetH are re�ned to low intensitylight
sourcescreatingthesetL. Thelight sourcesfromL are distributedinto narroweroverlappingangularregionsA1, A2, andA3
markedin red,blue, andgreen.(c) A situationfor a re�ectedray ~R: Thelow intensitylight sourcesfromtheangularregionA2
insidetheconeC areused.Also,thehigh intensitylight sourcesoutsidetheconeC areused.TheconeA2 is foundusinga LUT
addressedby there�ectedray~R.

Theclusteringprocessesall the light sourcesoneby one
starting with the �rst light sourcein the input sequence.
We searchall the light sourceswithin the angulardistance
e and add them to the cluster. The minimum numberof
light sourcesin every clusteris one.After assigningall the
light sourcesto theclusterswe computerepresentative light
sourcedirectionsfor eachclusterby averagingthedirection
all the light sourcesassignedto the cluster. The proposed
way of the constructionimproves the temporalstability of
resultinglight sourcesequencein time, sincethe selection
of theclustercentersis moretemporallycoherentthanaran-
domalgorithm.

The clusteringis hardly compliantwith progressiveness
andit increasesvarianceof theestimatedillumination,since
the light sourceshave unequalpower after the clustering.
For graphicshardwarewith framerateconstraintsit paysoff
to useclusteringfor the VEM, since the numberof light
sourcesafter clusteringis boundedby the userselectedQ.
The price to be paid for the performanceimprovementsby
clusteringis decreasedquality of shadows andspecularre-
�ections. We usetheclusteringonly for high intensitylight
sourcesin setH.

5. Implementation

The designof the whole systemfor capturing,light source
computation,andrenderingwasdrivenby thefollowing as-
pects:

� Computationsshould be optimally distributed between
CPUandGPUonasinglePC.

� Systemshouldrespondinteractively.
� Visualization technique may not involve any pre-

computationsandthereforeshouldallow to renderanar-
bitrarygeometry.

The systempipelineis illustratedin Figure5. The input
to thesystemaretheVEM from theHDR videocameraand
scenegeometry. The light sourcegenerationis performed
on CPUin synchronizationwith thecamera,while the ren-
dering is performedasynchronouslyalmostcompletelyon
GPU.SincetherenderingonGPUis slower thanprocessing
of environmentmapson CPU, the delayintroducedby the
temporalFIR �lter is effectively reduced.

5.1. HDR Acquisition

According to the speci�cation of the HDRC VGAx (IMS
CHIPS) sensor, the video camerausedin our experiments
hasa logarithmic response.Following this assumption,we
performedthephotometriccalibrationby acquiringsix gray
patchesof known luminance,and�tting the measureddata
versusthe cameraoutputvaluesto a logarithmic function.
Two othermeasurementswereusedto assessthequality of
the �t andproved that the calibrationwassuf�ciently cor-
rect. Suchphotometriccalibrationis requiredto faithfully
representtheillumination of thecapturedenvironment.It is
alsoworth to note that the camerais able to captureeight
ordersof light intensitymagnitude(at constantapertureand
nogaincontrol)leadingto saturation-freeimages.
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Figure5: Thesystempipelineillustrating thedistributionof
tasksbetweenCPUandGPU.

In addition,the environmentmapcapturedusinga �sh-
eye lenshasto be transformedto theuniform polarcoordi-
natesfor theimportancesampling.Thenecessarygeometric
calibrationis performedaccordingto a generic�sheye lens
model[KB04].

To enablepropervisualizationof HDR data,we imple-
mentedtheglobalversionof [RSSF02] tonemappingalgo-
rithm. In orderto preventthetemporalaliasingartifactsvis-
ible asbrightness�ick ering, we extendedthe algorithmto
temporaldomainby smoothingits two parametersovertime:
theworld luminanceandthekey value.Thetonemappingis
implementedasa fragmentprogramandis performedasa
separaterenderingpass.

5.2. RenderingSystem

Ourrenderingsubsystemis built usingOpenGLandCg,and
supportsper-pixel lighting, non-diffuseBRDFs,a few thou-
sandsdirectionallight sources,andup to hundredsof inde-
pendentshadows.Therenderingis performedin two stages:
shadow mappreparationandgeometryvisualization,which
is carriedout in asinglepass.

In orderto properlysupporthighly varyinglighting condi-
tionsthatrequirea largenumberof directionallight sources
we make use of light elimination techniquedescribedin
Section4.1. This allows us to support few thousandsof
light sources,greatly facilitating illumination computation
onhighly glossysurfaces.

Theimplementationdividesthesphereuniformly into an-
gularregionsAi . A cube-maptexturethatmapstheseregions
to integervaluesis constructed,sothatonelookupis enough
to transforma vectorinto a numberof theregion it belongs
to. During frame preprocessingwe associateevery region
Ai with a setof light sourcesH thancanpotentially in�u-
encethe surfaceswith the normal vector containedwithin
Ai . For aLambertiansurfacethesetof potentialcontributors
includesall light sourceslocatedon thehemisphereabove it
andalsothosea few degreesbelow the horizon(wherethe
exactangledependson theareaof Ai), but for BRDFswith
largespecularpeaksit makessenseto only allow lights that
arelocatedwithin anarrow conearoundthecentraldirection
of Ai .

This informationis encodedon the �y in a textureTexL,
oneregionperrow. Eachlight sourceis representedby RGB
values,and by its XYZ direction. If shadows are enabled,
thealphachannelvaluestorestheshadow ID (refer to Sec-
tion 5.2.1).

Performance-wise,a naive algorithm managesto dis-
tribute several hundredsof lights below one millisecond,
processinglarger numbersmay be realizedwith a LUT in-
dexedby thenormalvector.

The illumination computationstake place in a pixel
shader, whichusesnormal(for diffuse)or re�ected(for spec-
ular) vectorto performacube-maplookuplocatinga row in
TexL thatcontainsinformationaboutlights relevant for the
currentpixel. It thenwalks alongthe row andaccumulates
contributionsfrom all light sourcespresentin it, including
BRDFprocessing.

This procedureis performedtwice: �rst, for diffuseillu-
minationwith light sourcesin setH andthenfor specular
illuminationwith light sourcesin setL, while specialcareis
takento avoid summingenergy twice (referto Section4.2).

5.2.1. Shadows

When reconstructinga diffuse part of the illumination we
have the option of using shadows, realizedusing shadow
maps.For a glossy/specularpartwe selectthemostrelevant
shadow mapfrom theabove set.Sincegeneratinghundreds
of shadow mapscanput a heavy burdeneven on a modern
graphicshardware,we make several stepsin order to im-
prove therenderingperformance.

To avoid expensive rendertarget switches,aswell as to
conserve texturing units of the GPU,we renderall shadow
mapsto onelargetexture.Thetextureis of squaresize,with
shadow mapsorganizedinto agrid.

Eachshadow maprequiresseparate4 � 4 matrix which
transformsit into the currentview in order to make depth
comparisonspossible.Thereis notenoughconstantregisters
to passall thesematricesto fragmentprogramandencoding
themin the texturewould resultin 4� 72 �oat RGBA tex-
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ture reads(or half of it using packed representation),thus
severelyimpactingtheperformance.

Instead,we only passlight projectionmatrix (which is
sharedby all shadow maps)asa parameterandreconstruct
theremainingtransformationmatriceson the�y in thefrag-
mentprogram,basicallyimplementingfunctionalityof glut-
LookAt(). The only variable in suchcaseis the direction
to the light, which means72 �oat RGBA texture accesses.
However, thesedo not incur any additionalcost,aslight di-
rectionsareaccessedanyway in the illumination pass(Sec-
tion 5.2). To exploit this, information abouta light stored
in TexL can also contain an index of this light's shadow
mapwithin the shadow texture. If this index is present,the
shadow map transformationmatrix is constructedand the
rangecheckis performed.It is thus possibleto addressa
largenumberof shadow mapsusingonetexturing unit in a
singlerenderingpass.

6. Results

Below we provide the performanceresults of the pro-
posedsystemobtainedon the following hardware: a PC
with 3 GHz Pentium4with 512kBL2 cacheequippedwith
NVidia GeForce6800GT. Currently, thesystemis limited by
theframegrabberandcameracapturerateandby theperfor-
manceof graphicshardware.Therenderingtime on GPUis
proportionalto the resolutionof the imageandthe number
of thedirectionallight sourcesused.

The computationtime of CPU andGPU is spenton the
following tasks.Capturingthe imagedatafrom the frame
grabberandconvertingit to thepolarprojectionof thereso-
lution 360� 90pixelstakesbelow 1ms.Theprecomputation
of the CDF andthe luminouspower emittedby the current
frameof VEM is below 2ms.Thesamplesarecomputedat
therateof 410samples/ms.Temporal�ltering with theFIR
order8 �lter requires1msfor 210directionallight sources.
Optionalclusteringrequiresabout1msto process300light
sources.The precomputationof the texturesfor 200 angu-
lar regionstakesbelow 1ms.The total time for computing
300 directionallight sourceswith temporalprocessingand
clusteringis below 5ms.

The computationbottleneckon the GPU is in the pixel
shaderandtherenderingtimealsodependsontheproperties
of objects'BRDF. For thisreasonwehaveusedonly 72light
sourcesin setH andmaximally216 light sourcesfor every
angularregion in setSL. Also theshadow mapsnumberwas
limited to 72.Theresolutionof asingleshadow mapwasset
256� 256,allowing to organize72shadow mapsin a texture
2,304� 2,304pixelsin a9� 9 grid (thelastrow is unused).

Below wegivetheresultsfor renderingperformanceatthe
imageresolution320� 240pixel. For renderingwithout the
angularregionsdescribedin Section4.1 we achieve frame-
ratefrom 7 Hz for Lambertiansurfacedecreasedto 3.9 Hz,

when a specialhandlingfor glossysurfacesis used(Sec-
tion 4.2). Therenderingspeedis increasedby 70%whenan-
gular regionsareusedto cull off the invisible light sources.
The examplesof the renderedimagesgrabbedin real time
areshown in Figures7 and8. As expectedtheclusteringof
light sourcesdescribedin Section4.3 increasesthe render-
ing speedsigni�cantly in thedetrimentof theimagequality.
We observedspeedupsby up to 200%for a commonof�ce
lighting andoutdoorilluminationwith strongsunlight.

7. Discussion

Our systemhasmany potentialapplicationsin mixed real-
ity applicationsandvirtual studiosystems.So far dynamic
lighting in suchsystemsis performedby scripting rigidly
set matricesof light sourceswhosechangesare synchro-
nized with the virtual set rendering.Suchsystemsare ex-
pensive andrequiresigni�cant humanassistance,which re-
ducestheir applicability for smallerbroadcasters.Our ap-
proachcansupportarbitrarychangesof lighting in virtual
studioin a fully automaticway.

One importantapplicationareawith a large growth po-
tential is augmentedreality, wheresyntheticentitiesareex-
pectedto blendseamlesslywith therealworld surroundings,
objectsandpersons.Mobile systemsbuilt onprinciplessim-
ilar to ourscouldfor instancebeusedin outdoortelevision,
enablingvirtual charactersto leave con�nes of studioenvi-
ronment.

The decompositionof intensity representedby a VEM
into a setof directionallight sourcescanalsobeconsidered
as a methodof compressinglighting information suitable
for the low-bandwidthtransmission,which enablesrelight-
ing in a remotelocation.The level of compressioncanbe
smoothlycontrolledby changingthe numberof lights due
to their goodstrati�cation andorderingproperties(refer to
Section3.2).

8. Conclusions

We presenteda systemfor interactive capturingof high dy-
namic rangevideo environmentmaps,which are usedfor
immediatelighting of dynamicscenes.We proposedan ef-
�cient algorithmfor importancesamplingof thelighting in-
tensityfunction in subsequentvideoframes,which features
a goodtemporalcoherenceandspatialdistribution proper-
ties (strati�cation) of resultingdirectionallight sources.To
keepaconstantframerateor enableprogressive imagequal-
ity enhancement,the numberof thoselights can be easily
controlledon the �y while goodsamplestrati�cation prop-
ertiesarealwayspreserved. The integratedOpenGLbased
rendererusingour new techniquefor discardingirrelevant
lights andexploiting featuresof moderngraphicshardware
likeprogrammable,per-pixel shadingwasableto deliver in-
teractive frameratesusinga singlePC-classmachineanda
consumerlevel videocard.
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Figure 6: Comparisonof the image quality as the resultof addinglight sourcesfor themethodsproposedby Agarwalet al.,
Kollig andKeller, Ostromoukhov etal., andus.Weconsiderdecompositionof theEM into 4,8,16,32,64,and128light sources.
Noticethat evenfor a small numberof light sourcesthequality of shadowreconstructionin respectto thesolutionwith 128
lights,which is visuallyindistinguishablefromreferencesolution,is thebestfor Kollig andKeller andour method.

Oursystemlifts commonlimitationsof existingrendering
techniqueswhich cannothandleat interactive speedsHDR
image-basedlighting capturedin dynamicrealworld condi-
tionsalongwith complex shadows,fully dynamicgeometry,
andarbitraryre�ectancemodels.Our approachdoesnot re-
quireany costlypreprocessingandhasmodestmemoryre-
quirementsto achieve thosegoals.

As future work we want to lift the assumptionof distant
lighting by addingto our systemoneor morespatiallydis-
tributedHDR cameraswith the�sheye lenses.Basedon the
known distancebetweeneachpair of cameras,thepositions
of nearlylocatedlight sourcescouldbedeterminedonthe�y
assimilarly proposedby Satoet al. [SSI99], andsuchlights
could be thenrepresentedasthe point light sourcesduring
renderinginsteadof currentlyuseddirectionallights. Also,
we wantto extendour systemfor mixedreality applications
in which dynamicchangesof lighting, geometry, andcam-
eramustbesupported.In termsof thelighting computation,
whatremainsto bedoneis to modeltheimpactof synthetic
objectson lighting in therealworld environment.

Acknowledgments

We would like to thankPhilipp Jenke for his proofreading
the previous versionof the paperand Kristina Scherbaum
andJosefZajacfor their helpwith illustrations.Further, we
wouldliketo thankPaulDebevecandAndrew Jonesfor pro-
viding uswith a sequenceof HDR imagesof thesky which

wehaveusedfor testingour techniques.Thiswork waspar-
tially supportedby theEuropeanUnion within thescopeof
project IST-2001-34744,“Realtime Visualizationof Com-
plex Re�ectanceBehaviour in Virtual Prototyping” (Real-
Re�ect).

References

[AAM03] ASSARSSON U., AKENINE-MÖLLER T.: A
Geometry-Based Soft Shadow Volume Algorithm using
GraphicsHardware. ACM Transactionson Graphics 22, 3
(2003),511–520. 3

[AMN � 94] ARYA S., MOUNT D. M., NETANYAHU N. S., SIL-
VERMAN R., WU A. Y.: An Optimal Algorithm for Approx-
imateNearestNeighborSearching. In SODA (1994),pp. 573–
582. 8

[ARBJ03] AGARWAL S., RAMAMOORTHI R., BELONGIE S.,
JENSEN H. W.: StructuredImportanceSamplingof Environment
Maps.ACM TransactionsonGraphics22, 3 (2003),605–612.3,
4

[Bur04] BURKE P. S.: BidirectionalImportanceSamplingfor Il-
luminationfromEnvironmentMaps. M.sc.thesis,ComputerSci-
enceDepartment,Universityof British Columbia(October, 22),
2004. 4, 5

[DBB03] DUTRÉ P., BEKAERT P., BALA K.: AdvancedGlobal
illumination. A K Peters,Natick,Massachusetts,2003. 4

[Deb98] DEBEVEC P.: RenderingSyntheticObjectsInto Real
Scenes:Bridging Traditional and Image-BasedGraphicsWith

c
 TheEurographicsAssociation2005.



V. Havran,M. Smyk,G.Krawczyk,K. Myszkowski,andH.-P. Seidel/ InteractiveSystemfor DynamicSceneLightingusingCapt.VideoEnv. Maps

Global Illumination andHigh DynamicRangePhotography. In
Proceedingsof SIGGRAPH98 (1998),ComputerGraphicsPro-
ceedings,AnnualConferenceSeries,pp.189–198. 2

[DM97] DEBEVEC P. E., MALIK J.: RecoveringHigh Dynamic
RangeRadianceMaps from Photographs. In Proceedingsof
SIGGRAPH97 (1997),ComputerGraphicsProceedings,Annual
ConferenceSeries,pp.369–378. 2

[FDA03] FLEMING R., DROR R., ADELSON E.: Real-World Il-
luminationandthePerceptionof SurfaceRe�ectanceProperties.
Journalof Vision3, 5 (2003),347–368. 2

[Fis96] FISHMAN G. S.: Monte Carlo: Concepts,Algorithms,
andApplications. Springer-Verlag,New York, NY, 1996. 4, 5

[Gla95] GLASSNER A. S.: Principlesof Digital ImageSynthesis.
MorganKaufmann,SanFrancisco,CA, 1995. 6

[GM00] GIBSON S., MURTA A.: InteractiveRenderingwith Real
World Illumination. In RenderingTechniques2000:11thEuro-
graphicsWorkshoponRendering(2000),pp.365–376. 4

[Gre86] GREENE N.: EnvironmentMappingandOtherApplica-
tionsof World Projections.IEEE ComputerGraphics& Appli-
cations6, 11 (1986),21–29. 3

[HDK01] HILLER S., DEUSSEN O., KELLER A.: Tiled Blue
NoiseSamples.In Vision, Modeling, and Visualization(2001),
pp.265–272. 6

[HDS03] HAVRAN V., DMITRIEV K., SEIDEL H.-P.: Goniomet-
ric DiagramMappingfor Hemisphere.ShortPresentations(Eu-
rographics2003),2003. 5

[HS99] HEIDRICH W., SEIDEL H.-P.: Realistic, Hardware-
AcceleratedShadingand Lighting. In Proceedingsof SIG-
GRAPH 99 (1999), ComputerGraphicsProceedings,Annual
ConferenceSeries,pp.171–178. 3

[KB04] KANNALA J., BRANDT S.: A GenericCameraCalibra-
tion Method for Fish-EyeLenses. In Proceedingsof the 2004
Virtual Reality(2004),IEEE. 10

[KK03] KOLLIG T., KELLER A.: Ef�cient Illumination by High
DynamicRangeImages.In EurographicsSymposiumonRender-
ing: 14thEurographicsWorkshopon Rendering(2003),pp.45–
51. 3, 4

[KLA04] KAUTZ J., LEHTINEN J., A ILA T.: Hemispherical
Rasterizationfor Self-Shadowing of DynamicObjects. In Eu-
rographicsSymposiumon Rendering:15th EurographicsWork-
shoponRendering(2004),pp.179–184. 3

[KM00] KAUTZ J., MCCOOL M. D.: Approximationof Glossy
Re�ection with Pre�ltered EnvironmentMaps. In GraphicsIn-
terface(2000),pp.119–126. 3

[KUWS03] KANG S. B., UYTTENDAELE M., WINDER S.,
SZELISKI R.: High DynamicRangeVideo. ACM Transactions
onGraphics22, 3 (2003),319–325. 2

[LSSS04] L IU X., SLOAN P.-P., SHUM H.-Y., SNYDER J.: All-
Frequency PrecomputedRadianceTransferfor GlossyObjects.
In EurographicsSymposiumon Rendering:15th Eurographics
WorkshoponRendering(June2004),pp.337–344. 3

[Mat04] Matlab signal processing toolbox 6.3.
http://www.mathworks.com/products/signal/ ,
2004. 7

[Nie92] NIEDERREITER H.: RandomNumberGeneration and
Quasi-MonteCarlo Methods. Societyfor IndustrialandApplied
Mathematics,1992. 6

[NRH04] NG R., RAMAMOORTHI R., HANRAHAN P.: Triple
ProductWavelet Integrals for All-Frequency Relighting. ACM
TransactionsonGraphics23, 3 (2004),477–487. 3

[ODJ04] OSTROMOUKHOV V., DONOHUE C., JODOIN P.-M.:
FastHierarchicalImportanceSamplingwith Blue NoiseProper-
ties. ACM Transactionson Graphics23, 3 (2004),488–495. 3,
4, 6

[OSB99] OPPENHEIM A., SCHAFER R., BUCK J.: Discrete-
TimeSignalProcessing, 2ndedition. Prentice-Hall,Engelwoord
Cliffs, NJ,1999. 6, 7

[PH04] PHARR M., HUMPHREYS G.: In�nite AreaLight Source
with ImportanceSampling.In an Internetpublicationaccompa-
nying thebookPhysically BasedRenderingfrom Theoryto Im-
plementation, http:// pbrt.org/ plugins.php (October,
13) (2004). 5

[PPD98] PAQUETTE E., POULIN P., DRETTAKIS G.: A Light
Hierarchy for FastRenderingof Sceneswith Many Lights. Com-
puterGraphicsJournal (Proc.Eurographics'98) 17, 3 (Septem-
ber1998),C63–C74. 8

[RSSF02] REINHARD E., STARK M., SHIRLEY P., FERWERDA

J.: PhotographicToneReproductionfor Digital Images. ACM
TransactionsonGraphics21, 3 (2002),267–276. 10

[SC97] SHIRLEY P., CHIU K.: A Low DistortionMap Between
Disk andSquare.Journal of GraphicsTools2, 3 (1997),45–52.
5

[SHS02] SECORD A., HEIDRICH W., STREIT L.: FastPrimitive
Distributionfor Illustration. In RenderingTechniques2002:13th
EurographicsWorkshoponRendering(2002),pp.215–226. 4

[SKS02] SLOAN P.-P., KAUTZ J., SNYDER J.: Precomputed
RadianceTransferfor Real-Time Renderingin Dynamic,Low-
Frequency LightingEnvironments.ACM TransactionsonGraph-
ics21, 3 (2002),527–536. 3

[SSI99] SATO I ., SATO Y., IKEUCHI K.: Acquiring a Radiance
Distribution to SuperimposeVirtual Objectsonto a RealScene.
IEEETransactionsonVisualizationandComputerGraphics5, 1
(January-March1999),1–12. 12

[SSSK04] SZÉCSI L., SBERT M., SZIRMAY-KALOS L.: Com-
bined Correlatedand ImportanceSampling in Direct Light
SourceComputationand Environment Mapping. Computer
GraphicsForum23, 3 (2004),585–593. 4

[STJ� 04] STUMPFEL J., TCHOU C., JONES A., HAWKINS T.,
WENGER A., DEBEVEC P. E.: Direct HDR Captureof theSun
andSky. In Afrigraph(2004),pp.145–149. 2

[VG95] VEACH E., GUIBAS L. J.: Optimally CombiningSam-
pling Techniquesfor MonteCarloRendering.In Proceedingsof
SIGGRAPH95(1995),ComputerGraphicsProceedings,Annual
ConferenceSeries,pp.419–428. 4

[Wat86] WATSON A.: TemporalSensitivity. In Handbookof Per-
ceptionandHumanPerformance, Chapter6 (1986),JohnWiley,
New York. 7

[Win05] WINKLER S.: Digital VideoQuality: VisionModelsand
Metrics. JohnWiley & Sons,Ltd, WestSussex, England,2005.
7

c
 TheEurographicsAssociation2005.



V. Havran,M. Smyk,G.Krawczyk,K. Myszkowski,andH.-P. Seidel/ InteractiveSystemfor DynamicSceneLightingusingCapt.VideoEnv. Maps

Figure 7: (top) themodelcoveredby specularBRDFwith
16,200trianglesrendered with 72 shadowmapsat 5.3 Hz.
On theleft top is an environmentmapcapturedin real-time
as captured through �sheye lens HDR camera. The light
sourcesare marked by greenpoints.On the left bottomthe
sameenvironmentmap is shownin polar projection.(bot-
tom)thesamemodelilluminatedbyoutdoorlighting.

camera

Figure8: Comparisonof the�delity in theshadowandlight-
ing reconstructionfor the real-world and syntheticangel
statuetteilluminatedby dynamiclighting. Real-worldlight-
ing is capturedbytheHDRvideocamera locatedin thefront
of the roundtable with an angel statuetteplacedatop (the
right image side).The captured lighting is usedto illumi-
natethesyntheticmodelof theangel statuetteshownin the
display(theleft imageside).
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