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Abstract

Interactive visualization of complex, real-world light
sources has so far not beenfeasible. In this paper, we
presentan hardware accelerateddirect lighting algorithm
basedona recenthighquality light sourceacquisitiontech-
nique. By introducinganapproximatereconstructionof the
exactmodel,a multi-passrenderingapproach, anda com-
pactdatarepresentation,weareableto achieveinteractive
framerates. Themethodis part of theprocessingpipeline
from light source acquisitionto high quality lighting of a
virtual world.

Keywords: Local Illumination, Light SourceModeling,
HardwareRendering,Image-basedRendering,Physically-
basedModelingandAcquisition

1 Intr oduction

A major contributing factor to the realismof computer
generatedimagesis thecomplexity of lighting effects.With
somerecentimage-basedtechniques,it is possibleto ac-
quirereallight sourcesandto usethemfor globalillumina-
tion algorithms[2, 18, 6]. In recentwork [6], we introduce
a new optical �ltering approach,which projectsreal light
sourcesinto aprede�nedbasis.With this technique,ahigh-
quality representationof a reallight sourcecanbeacquired
with a simplecamerasystem.

Unfortunately, the visualizationof direct lighting from
suchdatais still time-consumingfor an exact reconstruc-
tion (seeSection2). Interactivity, on theotherhand,would
allow a convenientprocessingpipelineby presentinga pre-
view even during an acquisition. A fast visualizationof
the light sourceincluding shadow computationsnot only
facilitatesthe designof a scenefor high-qualityrendering
but is also essentialfor the acquisitionprocess,giving a
rapidfeedbackof thequality of thecurrentlyacquiredlight
source.

1.1 PreviousWork

We candivide the light representationsusedin theliter-
atureinto two categories.The�rst oneis anapproximation
of a light viewedfrom afardistancecomparedto its size.In
thiscase,knowledgeof thedirectionaldistribution(2D), for
examplein theform of a goniometricdiagram[20], is suf-
�cient. Unfortunately, this far �eld approximationis only
valid for a distancegreaterthanabout5 times the largest
dimensionof the luminaire[2] anddoesnot allow for the
simulationof near�eld effects.

On the otherhand,light �eld [7, 12] basedapproaches
[1, 2] can captureboth the far �eld and the near �eld
of a light source(4D). We recentlyintroduceda new ap-
proach[6] basedon pre�ltering with anopticalsystemthat
allows anaccurateacquisition.Although this approachal-
lowshigh-qualityglobalilluminationrendering,thestorage
complexity of the datamakes an interactive visualization
dif�cult.

Ontherenderingside,alot of interactivetechniqueshave
beendevelopedto introducemore complex light sources.
The currentlyexisting solutionsaremainly basedon pro-
jective textures(for slideprojectorlike light sources[17]),
light maps(storingprecomputedirradiance[8, 14]) anden-
vironmentmaps(for glossydirectre�ection of theenviron-
ment[3]). Combinedwith a depthtest[16, 19], thesetech-
niquesshow that the creationof realisticdirect lighting is
possibleusinggraphicshardwareacceleration.

Heidrichetal. [11] havedescribedanef�cient methodto
interactively rendera representationsimilar to ours,which
they calleda cannedlight source. However, this approach
cannotbe directly appliedto visualizethe direct lighting
from ournew representation,which requiresspecializedre-
construction�lters. Someapproximationsto the exact re-
construction[6] andanew renderingpathhaveto bedevel-
opedto achievethis goal.
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Figure 1. Con�guration of the acquisition
setup. Light is emitted from the light
sour ce, pre�ltered on the sampling plane ,
and recor ded on the measurement plane .

1.2 Overview and Contrib utions

Themaincontributionsof thispaperarethedetailedpre-
sentationandjusti�cation of theshift-invariantapproxima-
tion to our original representation,a hardwareaccelerated
implementationof direct lighting includingshadows,anda
compactrepresentationof a3 signed-�oatvector.

Theremainderof thepaperis structuredasfollows: �rst,
we brie�y re-introducethe light sourcerepresentationpre-
sentedin [6]. In Section3, we thendescribein moredetail
theshift-invariantapproximationthatallows for interactive
renderingandoursolutionsfor anhardwareimplementation
in Section4. Finally, we presentour resultsandconclude
with someideasfor futurework.

2 Light SourceRepresentation

We assumethat a light sourcecanbe well represented
by the projectionof its exitant light �eld into a 4D basis�

Y i jkl (u;v;s;t)
	

i jkl2 ZZ

L(u;v;s;t) � L̃(u;v;s;t) = å
i jkl

Y i jkl (u;v;s;t) � Li jkl ; (1)

where(u;v) (resp.(s;t)) arethe2D coordinateon thesam-
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Figure 2. A quadratic reconstruction basis
and one dual used as a �lter .

We canthende�ne thebasisY i jkl astheproductof two 2D
bases– F i j on thesamplingplaneandF kl on themeasure-
mentplane– with a geometricterm, wheref F 0

mngmn2 ZZ is
thedualbasisof f F i jgi j2 ZZ:

Y i jkl (u;v;s;t) :=
R2(u;v;s;t)

cos2 (q(u;v;s;t))
� F i j (u;v) �F kl (s;t) (3)

With this basis,the measuredirradianceis now expressed
as

Emn(s;t) = å
kl

F kl (s;t) � Lmnkl ; (4)

andEquation1 canberewrittenas

L̃(u;v;s;t) = å
mnkl

Y mnkl (u;v;s;t) � Lmnkl

= å
mnkl
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cos2(q)
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cos2(q)
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Thisresultshowsthatwecanexactlyreconstructthepro-
jectionL̃ of thelight �eld L into thefunctionspacespanned
by our basis.In our measurements,asdescribedin [6], we
useapiecewisequadraticbasiswith compactsupportonthe
samplingplane(cf Figure2):

F i;bellq =

8
><

>:

1� 2x2 jxj � 1
2

2(jxj � 1)2 1
2 < jxj � 1

0 else

: (6)

Thebasisfuntionon thesamplingplaneis apiecewisecon-
stantfunction.
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Figure 3. Error analysis for the geometric
term. The plots sho w the relative error Er (q0)
for angles q0 and varying relative �lter width s.

3 Intr oducingApproximations

In orderto provide a fastevaluationfor thedirect light-
ing, we introducetwo approximations,one for the recon-
structionof the continuouslight �eld, andonefor the es-
timation of the illumination. Theseapproximationsallow
for a texture-basedrenderingapproach,that is describedin
moredetailsin Section4.

3.1 Shift­Invariant Representation

The exact reconstructionpresentedbefore containsa
shift-variantgeometricterm (i.e. R2=cos2), which makes
this approachnot well suitedfor interactive rendering.We
thereforeintroduceashift-invariantreconstructionbasedon
the samemeasuredirradianceas de�ned in the previous
sections,but with a different relationshipbetweenY i jkl ,
the measurementandthe reconstructionbases.We de�ne
Y i jkl (u;v;s;t) := F i j (u;v) � F kl (s;t). Fromthis,weget

Emn(s;t) = å
i jkl

Z

S

cos2(q)
R2 � F 0

mn(u;v) � F i j (u;v) (7)

� F kl (s;t) � Li jkl du dv

To provide a real shift-invariantapproximation,we use
the following assumption:if the distanced betweenthe
(u;v)-planeandthe(s;t)-planeis largecomparedto thesup-
port of F i j (u;v), andif q is small,thenthegeometricterm
cos2q=R2 is well approximatedby one constantfor each
pointon the(s;t)-plane:

g(u;v;s;t) :=
cos2 (q(u;v;s;t))

R2(u;v;s;t)
�

cos2 (qkl (s;t))
R2

kl (s;t)
: (8)

Thisyieldsanapproximationof themeasuredirradiance:

Emn(s;t) � å
kl

cos2 (qkl (s;t))
R2

kl (s;t)
� F kl (s;t) � Lmnkl : (9)

SinceboththegeometrictermandF kl (s;t) areknown, it
is in principlepossibleto computetheapproximateincom-
ing radiance

E0
mn(s;t) � å

kl
F kl (s;t) � Lmnkl (10)

by de-convolution. In practice,this is only feasiblefor basis
functionsF kl (s;t) with a smallsupport.This is nota major
problem,however, sincethe practicalmeasurementsetups
presentedin the previous sectionhave a very high resolu-
tion on the(s;t)-plane,sothatabilinearor evenabox �lter
canbeused.Like in theprevioussection,weapplythedef-
inition of Y i jkl to determinetheappropriatereconstruction
�lter:

L̃(u;v;s;t) = å
mnkl

Y mnkl (u;v;s;t) � Lmnkl

= å
mnkl

F mn(u;v) � F kl (s;t) � Lmnkl (11)

� å
mn

F mn(u;v) � E0
mn(s;t):

The quality of this approximationdependson the error
introducedby assumingthe geometricterm constantover
thesupportof thebasisfunctionF i j (u;v) in Equation8. To
evaluatethe validity of this approximation,we de�ne the
following relativeerror

Er (q0) :=
maxq2F cos4(q) � minq2F cos4(q)

cos4(q0)

whereF is the supportof the basisF i j , q0 is the angleat
the centerof this support,andcos4(q) correspondsto the
geometrictermg of Equation8 for a distanceof 1 between
theplanes.Its evaluationshows (cf. Figure3 and[10]) that
theerroris below 8% if theratio s between�lter width and
thedistanceof thetwo planesS andM equals0.04.

3.2 Estimation of Dir ect Illumination

To compute the direct illumination from this shift-
invariantapproximation,we have to evaluatethefollowing
equationfor a visible point x andviewing direction~e (see
Figure4 for thenotation):

L(~e;x) = å
mn

Z

S
r (x;~e;u;v)V(x;u;v)

cos(q) cos(q
0
)

d2(x;u;v)
�

L̃(u;v;s(x;u);t(x;v))dudv

= å
mn

Z

S
r (x;~e;u;v)V(x;u;v)

cos(q) cos(q
0
)

d2(x;u;v)
�

E
0

mn(s(x;u);t(x;v))F mn(u;v)dudv;

(12)
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Figure 4. Con�guration of a direct re�ection.

wherer (x;~e;u;v) describesthe object's re�ection proper-
ties. V(x;u;v) andd(x;u;v) encodethe visibility and the
distancebetweenthelight sample(u;v) andthepositionx.

To simplify this expression,we make the commonas-
sumptionthat the re�ection properties,visibility, and the
geometrictermareconstanton thesupportof F mn andare
estimatedat its center:

r mn(x;~e) � r (x;~e;u;v); Vmn(x) � V(x;u;v);

fmn(x) � (cos(q) cos(q
0
))=d2(x;u;v):

Giventheseassumptions,Equation12canbeapproximated
by:

L(~e;x) � å
mn

Vmn(x)r mn(x;~e) fmn(x)�

Z

S
E

0

mn(s(x;u);t(x;v))F mn(u;v)dudv
(13)

For a position x, we then computeE0
mn(x), the average

valueof E
0

mn(s(x;u);t(x;v)) on thesupportof F mn in order
to makeour �nal approximationof Equation12:

L(~e;x) � Aå
mn

Vmn(x)r mn(x;~e) fmn(x)E0
mn(x); (14)

whereA =
R

S F mn(u;v)dudv.
Eachtermof this sumcorrespondsnow to there�ection

of a texturedspot-light[17], locatedat thecenterof a �lter
support,andpointing towardx (similar to thecannedlight
sourceapproach[11]).

4 Hardware Implementation

A straightforwardimplementationof theapproximation
describedin the previous section,requirestwo hardware
renderingpassesfor everytermin thesum,onefor thedepth
mapcreationto determineVmn andonefor thelighting com-
putation, leadingto a total of 2N passes(whereN is the
numberof measurements).In this sectionwe show how
therenderingcanbeacceleratedby combiningsomeof the
passesandby speedingupeachof theindividualpasses.

depths

texture
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depth

depth buffer 

lighting frame

times

times
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texturesattributes

data flow

rendering path

vertex program

fragment program

depths

X
N
X

Figure 5. Hardware implementation diagram:
data �o w and rendering path

4.1 Combining Multiple RenderingPasses

Using the featuresof current graphicshardware, the
numberof renderingpassescanbereducedto speedup the
computation.While thetotalnumberof passesfor thedepth
mapcomputationis �x ed,we cancombine3 lighting eval-
uationsinto a singlepass.Therenderingis thenorganized
in N=3 iterationsof thefollowing steps(cf Figure5):

1. creationof depthmapsfor 3 positionson thesampling
plane,resultsarestoredin aRGB texture

2. illuminationcomputationfor these3 positions,andad-
dition of thecurrentresultto theprevioussolution

With this approach,the total numberof passesis now re-
ducedto 4N=3.

Generallyspeaking,if we manageto evaluatethe light-
ing from X measurementsat a time, we need(X + 1)N=X
passes.Currently, it is possibleto storeup to 4 depthmaps
in a RGBA texture. But due to the limited numberof at-
tributesavailablefor a fragmentin graphicshardware,and
given the fact that we still needto provide either diffuse
color and/ortexture coordinates,we are limited to X = 3.
Thus,consideringthat thegain for combininga new light-
ing (i.e. X = 4) is 6.25%,thelimit of 3 is not sosevere.



4.2 Floating­Point Representation

All operationsdescribedin theprevioussectioncan(and
should)beperformedusingthe�oating-point buffersavail-
able on recentgraphicshardware. But as there are no
blending operationsavailable for �oating-point precision
buffers[15] on currenthardware,we needto save eachin-
termediateframeinto a texturein orderto make it available
for thenext renderingpass.

The large amountof on-boardmemorytransferneeded
to exchangeboth thedepthbuffer andthe framebuffer be-
tweenrenderingpasses,is currentlyoneof the main bot-
tlenecksof our approach,evenwith currentavailableband-
width. To reducethis transfercost,we save bothbuffersas
classical8 bit percomponenttextures.Theframe-buffer is
convertedto anextendedversionof theRGBE[21] format,
thatwe call signedRGBE(or sRGBE),andtransferedasa
RGBA texture. The depthbuffer valuesareherebyscaled
from [znear;zf ar] to [0;1] andtransferedasa RGB texture.
This linear scaling insurea uniform discretizationof the
depthrange,reducingthe impactof a lower resolutionon
thedepthtest(asdescribedin [9]).

ThesRGBErepresentationallows to encodepositive as
well as negative valuesand is adaptedto the color rep-
resentationin the frame buffer, whereeachcolor compo-
nent is clampedto [0;1] as an 8 bit �x ed point value. A
�oating-point RGB value(Rf ;Gf ;Bf ) canbeconvertedto
an(R;G;B;E) sRGBEvalueby thefollowing operations:

1. Computingtheexponente:

e= blog2(max(jRf j; jGf j; jBf j))c+ 2

whereb:c is the�oor operation.(Notethattheclassical
RGBEexponentis e� 1.)

2. ScalingtheRGBvalueto [0;1]:

[R;G;B] = [Rf ;Gf ;Bf ] � 2� e+ 0:5

3. Scalingtheexponentto [0;1]:

E = (e+ 126)=255

Thedecompressionis doneby:

[Rf ;Gf ;Bf ] = ([R;G;B] � 0:5) � 2255�E� 126

This representationsaves 67% of on-boardmemory and
requires only about 15 fragment program instructions.
The Cg [13] codefor compressingand decompressingin
sRGBEformatis availablein AppendixA.

Size Crypt Cloister
(500polygons) (8000polygons)

oneiteration — 40(35)ms 85 (70)ms

Mag-Lite1 5� 5 2.7(3.2) fps 1.3(1.6) fps
Mag-Lite2 7� 7 1.5(1.7) fps 0.7(0.85)fps
bike light 9� 7 1.2(1.4) fps 0.55(0.7) fps

Table 1. Rendering speeds for a single pass
and the complete light sour ce(cf Figure 2):
models. Number s in brackets correspond to
renderings without shado w computation.

5 Results

We implementedthis approachon a Linux workstation
with an Intel Xeon 1.7 GHz processor, 512 MB mem-
ory and an NVIDIA GeForce FX 5800 Ultra, using the
NV_vertex_program2 , NV_fragment_program ,
NV_texture_rectangle and NV_float_buffer
OpenGL extensions[15]. Using several measuredlight
datasetsand the two test scenesdepictedin Figure 7, we
evaluatedthein�uence of thelight sourcemodelandscene
complexity on theframe-rate.

The light source datasetswere acquired with the
methodintroducedin [6] which correspondsdirectly to the
schematicdrawing in Figure1. Thelight sourceis projected
onto a screenthroughthe �lter kernel (implementedas a
printedslide) andthe projectedpatternis recordedwith a
digital camera.A completedatasetis capturedby moving
thelight sourceto all positionson thesamplinggrid (deter-
minedby the�lter size).All measurementsuseas�lter ker-
nel thedualof a piecewisebiquadraticbasis(cf Section2)
with a �lter spacingof 5 mm or 7.5 mm correspondingto
a dual �lter of 20 mm (resp.30 mm) width. Theacquired
imagesaredown-sampledto asizeof 300� 300pixels.

5.1 Analysis

Thereal light sourcesandsomeof the renderedimages
aredepictedin Figures8, 6, 9, and10. The global shape
of the generatedlighting patternsaswell asthe near�eld
effectsare faithfully reproduced.The changesin the pro-
jectedpatternin Figures6 and9 – apartfrom simplescaling
operations– andthepresenceof soft shadows (cf Figure6-
right) aredueto near�eld effects. Theblocky appearance
in this imageis dueto thefactthatthecurrent�oating point
texturesdo not supportlinear interpolationcombinedwith
thetraditionalproblemof limited depthmapresolutionfor
shadow generation.

The currentimplementationallows to renderall of our
light sourcemodelsinteractively with a frame rate from



3.2fps down to 0.55fps at a window sizeof 400� 400pix-
els. This correspondsto a rangeof 40 to 85 ms for each
iteration(onedepthandlighting computation),depending
on the geometriccomplexity of the scene.A detailedlist
of renderingtimesis givenin Table1. Therewe alsoshow
that disablingthe shadow computationleadsto a speedup
of only about15% causedby the fact that thecorrespond-
ing renderingpassesarerelatively cheap(only geometryis
rendered,with no attributeson thevertices,andthecorre-
spondingvertex/fragmentprogramsareminimal).

Thereare two main user-controllablefactorswhich in-
�uence the framerate. The �rst oneis, of course,thesize
of the light sourcedatasets.As the numberof passesis
proportionalto the numberof measurements,renderinga
larger datasettakesalsomoretime. The upcomingexten-
sionsGLX_ARB_render_texture canimprovethefull
renderingwith a lower latency for transferringthe buffers
to textures.

Thegeometriccomplexity directly in�uencestherender-
ing time of a singlepass,asshown by the decreaseof the
frameratebetweenthetwo scenes.Thetwentyfold increase
in complexity leadsto 2 timeslowerframeratecorrespond-
ing to fact that the renderingtime is changingfrom 40 ms
to 85ms.For very largescenes,this factorwill bethemajor
bottleneckof our approach.

Thisshowsalsothatin thecurrentimplementation,most
of thetime is spentin thefragmentprogramfor thelighting
computation.This time is highly dependenton theinstruc-
tion orderandon theparameteraccess.Therenderingtime
cande�niti vely beimprovedby furtheroptimizations.

6 Conclusionand Future Work

In this paperwe presenteda new approachfor an inter-
active visualizationof direct lighting from complex light
sources.Theacquisitiontechniqueincludesanopticalpre-
�ltering that allows an accurateprojection into a prede-
�ned functionbasis.Theshift-invariantapproximationpre-
sentedhereis suitablefor hardwareacceleratedrendering
techniques.By additionallycombiningmultiple rendering
passesinto asinglepassandwith ancompactdatarepresen-
tation,wereachaninteractiveframerateof upto 3.2frames
perseconddependingon thecomplexity of thelight model
andof theilluminatedscene.

In thefuture,weplanto investigatein differentdirections
in order to increaseboth the quality of the reconstruction
andthe framerate. Introducingtechniquessimilar to mip-
mapping(like summed-areatables[5]) for the light source
modelswould allow us to improve the renderingquality,
asunfortunately, mip-mappingof �oating point texturesis
currentlynot supportedby graphicshardware. The qual-
ity of the shadows can be improved by addingmore ad-
vancedshadow mappingalgorithms[19, 4]. We expectfur-

thermorethatbettersupportof �oating point buffers in the
next generationof graphicscardscombinedwith additional
researchonmorecompactrepresentationsfor �oating point
data,will improve both the frameratesand the quality of
theresults.
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A Cg codefor sRGBErepresentation

The compressionprocedure,from high-dynamicrange
RGB color valuesto sRGBEcoef�cients between[0;1], is
expressedasfollow:

float4 RGB2sRGBE(float3 rgb)
{

float e = max(abs(rgb.r),
abs(rgb.g));

e = max(e,abs(rgb.b));
e = floor(log2(e))+2;
return float4((rgb*exp2(-e))+0.5,

(e+126)/255);
}

Thedecompressionprocedureis expressedasfollow:

float3 sRGBE2RGB(float4 srgbe)
{

return (srgbe.rgb-0.5)*
exp2(srgbe.a*255-126);

}



Figure 6. Rendering of the 5� 5 Mag­Lite data set in the low pol ygon count envir onment (Crypt). Left:
original position ­ Center: closer position ­ Right: zoom on a detail with soft shado w. Rendering
speed: 2.7 to 3.2 frames per second.

Figure 7. Test scenes. Left: "Cr ypt" (500 pol y­
gons). Right: "Cloister" (8000 pol ygons).

Figure 8. The Mag­Lite and a rendering of
the 7� 7 dataset in the "Cr ypt" envir onment at
1.5 frames per second.

Figure 9. Rendering of the 5� 5 Mag­Lite data
set the comple x envir onment. Rendering
speed: 1.3 frames per second.

Figure 10. The bike light and the bike light
dataset (9� 7 measurements) rendered at
0.55 frames per second in the "Cloister".


