Interacti ve Visualization of Complex Real-World Light Sources

Xavier Granier Michael Goeselé

The University of British Columbia
Vancouer, Canada
{xgranierheidrich}@cs.ubc.ca

Abstract

Interactive visualization of comple, real-world light
sources has so far not beenfeasible In this paper we
presentan hardware acceleated direct lighting algorithm
basedonarecenthigh quality light souiceacquisitiontech-
nigue By introducingan approximatereconstructiorof the
exactmodel,a multi-passrenderingapproach, anda com-
pactdatarepresentationye are ableto achieveinteractive
framerates. Themethodis part of the processingipeline
from light souice acquisitionto high quality lighting of a
virtual world.

Keywords: Local Illumination, Light SourceModeling,
Hardware Rendering mage-basedRendering Physically-
basedviodelingandAcquisition

1 Intr oduction

A major contrilbuting factorto the realismof computer
generatedmagesds thecompleity of lighting effects. With
somerecentimage-basedechniquesijt is possibleto ac-
quirereallight sourcesandto usethemfor globalillumina-
tion algorithms[2, 18, 6]. In recentwork [6], we introduce
a new optical Itering approachwhich projectsreal light
sourcesnto aprede nedbasis.With thistechniqueahigh-
quality representatioof areallight sourcecanbe acquired
with a simplecamerasystem.

Unfortunately the visualizationof directlighting from
suchdatais still time-consumingor an exact reconstruc-
tion (seeSection2). Interactvity, on the otherhand,would
allow a corvenientprocessingipelineby presenting pre-
view even during an acquisition. A fast visualizationof
the light sourceincluding shadav computationsot only
facilitatesthe designof a scenefor high-qualityrendering
but is also essentiaffor the acquisitionprocess,giving a
rapidfeedbaclof thequality of the currentlyacquiredight
source.
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1.1 PreviousWork

We candivide the light representationssedin theliter-
atureinto two categories.The rst oneis anapproximation
of alight viewedfrom afardistancecomparedo its size.In
thiscaseknowledgeof thedirectionaldistribution (2D), for
examplein the form of a goniometricdiagram[20], is suf-

cient. Unfortunately this far eld approximationis only

valid for a distancegreaterthan about5 timesthe largest
dimensionof the luminaire [2] and doesnot 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 Itering with anoptical systemthat
allows anaccurateacquisition. Although this approactal-
lows high-qualityglobalillumination renderingthe storage
compl«ity of the datamakes an interactive visualization
dif cult.

Ontherenderingside,alot of interactvetechniquefiave
beendevelopedto introducemore complex light sources.
The currently existing solutionsare mainly basedon pro-
jective textures(for slide projectorlike light sourceq17]),
light maps(storingprecomputedrradiance[8, 14]) anden-
vironmentmaps(for glossydirectre ection of theerviron-
ment[3]). Combinedwith a depthtest[16, 19], thesetech-
niguesshaw that the creationof realisticdirectlighting is
possibleusinggraphicshardwareacceleration.

Heidrichetal. [11] have describednef cient methodto
interactvely rendera representatiosimilar to ours,which
they calleda cannedlight soulce However, this approach
cannotbe directly appliedto visualizethe direct lighting
from our new representationwhich requiresspecializede-
constructionlters. Someapproximationgo the exactre-
constructior{6] anda new renderingpathhave to bedevel-
opedto achieve this goal.
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Figure 1. Conguration of the acquisition
setup. Light is emitted from the light
source, preltered on the sampling plane,
and recor ded on the measurement plane.

1.2 Overview and Contrib utions

Themaincontributionsof this paperarethedetailedpre-
sentatiorandjusti cation of the shift-invariantapproxima-
tion to our original representationa hardware accelerated
implementatiorof directlighting including shadaevs, anda
compactepresentationf a3 signed- oatvector

Theremaindewof thepaperis structuredasfollows: rst,
we brie y re-introducethe light sourcerepresentatioipre-
sentedn [6]. In Section3, we thendescribein moredetalil
the shift-invariantapproximatiorthatallows for interactve
renderingandour solutionsfor anhardwareimplementation
in Section4. Finally, we presentour resultsand conclude
with someideasfor futurework.

2 Light Source Representation

We assumehat a light sourcecan be well represented

by the projectionof its exitant light eld into a 4D basis
Yij (LS 22
Luvst) Luvst) = 4 Yiwuvst) L (1)
ijk

where(u;V) (resp.(s;t)) arethe 2D coordinateon the sam-
pling (resp.measurement)laneasdepictedn Figurel.

If we usea lter F9, onthe samplingplane,the mea-
suredirradianceonthe measuremerlaneM is:
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Figure 2. A quadratic reconstruction basis

and one dual used as a lter .

We canthende ne thebasisY jjy astheproductof two 2D
bases- Fjj onthe samplingplaneandF y onthemeasure-
mentplane— with a geometricterm, wheref F .00 7 iS
thedualbasisof f F 11922
RA(u;visit)
coZ(q(u;v;s;t))

With this basis,the measuredrradianceis now expressed
as

Yij(uvst) = Fij(uv) Fu(st) (3)

Emn(sit) = é Fr(sit) Lmnk; (4)
ki

andEquationl canberewritten as
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Thisresultshavsthatwe canexactlyreconstructhepro-
jectionL of thelight eld L into thefunctionspacespanned
by our basis.In our measurementssdescribedn [6], we
usea piecavisequadratidbasiswith compacsupportonthe
samplingplane(cf Figure?2):

8

Fmn(u;V) Fr(st) Lk (5)

Fmn(U;V) Emn(sit)
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"0 else

Thebasisfuntion onthesamplingplaneis a piecavisecon-
stantfunction.
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Figure 3. Error analysis for the geometric
term. The plots show the relative error E;(qo)
for angles qg and varying relative Iter width s.

3 Intr oducing Approximations

In orderto provide a fastevaluationfor the directlight-
ing, we introducetwo approximationspne for the recon-
structionof the continuouslight eld, andonefor the es-
timation of the illumination. Theseapproximationsallow
for atexture-basedenderingapproachthatis describedn
moredetailsin Section4.

3.1 Shift-Invariant Representation

The exact reconstructionpresentedbefore containsa
shift-variantgeometricterm (i.e. R?°=cos), which makes
this approacmot well suitedfor interactive rendering.We
thereforeintroducea shift-invariantreconstructiotbasen
the samemeasuredrradianceas de ned in the previous
sections,but with a different relationshipbetweenY jy,
the measuremenandthe reconstructiorbases.We de ne
Yiju(uvisit) == Fij(u;v) Fi(st). Fromthis, we get

Z co(q)
s R
Fu(st) Lijk dudv

Em(st) = & FOuV) Fij(uv)  (7)

ijk

To provide a real shift-invariantapproximationwe use
the following assumption:if the distanced betweenthe
(u; v)-planeandthe(s;t)-planeis largecomparedo thesup-
portof Fjj(u;v), andif g is small,thenthe geometricterm
cogg=R? is well approximatedby one constantfor each
pointonthe(s;t)-plane:

cog (q(u;v;s;t))

cos (qu(st)) .
R2(u;v;s;t) '

RZ(sit)

g(u;v;s;t) := (8)

Thisyieldsanapproximatiorof the measuredrradiance:
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SinceboththegeometridermandF y (s;t) areknown, it
is in principle possibleto computethe approximateéncom-

ing radiance

Fu(st) Lmnk:  (9)

Edn(st) A Fu(st) Lmnu (10)
ki

by de-comwolution. In practice thisis only feasiblefor basis
functionsF  (s;t) with asmallsupport.Thisis notamajor
problem,however, sincethe practicalmeasuremengetups
presentedn the previous sectionhave a very high resolu-
tion onthe(s;t)-plane,sothatabilinearor evenabox Iter
canbeused.Likein the previoussectionwe applythedef-
inition of Y to determinethe appropriatereconstruction
Iter:

Luvist) = & Ymu(Uvist) Lo
mnK

= é. Fmn(U;V) Fr(sit) Lmnk (11)
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The quality of this approximationdependson the error
introducedby assumingthe geometricterm constantover
thesupportof thebasisfunctionF i;(u;v) in Equation8. To
evaluatethe validity of this approximation,we de ne the
following relative error

MaXgr Coé(q) mianF COél(q)
cos¥(do)

Er(qo) =

whereF is the supportof the basisFj, qo is the angleat
the centerof this support,andcos*(qg) correspondso the
geometricermg of Equation8 for a distanceof 1 between
theplanes.lts evaluationshows (cf. Figure3 and[10Q]) that
theerroris below 8% if theratio s betweenlter width and
thedistanceof thetwo planesS andM equald.04.

3.2 Estimation of Dir ect lllumination

To compute the direct illumination from this shift-
invariantapproximationwe have to evaluatethe following
equationfor a visible point x andviewing directione (see
Figure4 for the notation):

z 0
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Figure 4. Con guration of a direct re ection.

wherer (x;€ u;V) describeghe objects re ection proper
ties. V(x;u;v) andd(x;u;Vv) encodethe visibility andthe
distancebetweerthelight sample(u; v) andthe positionx.

To simplify this expression,we make the commonas-
sumptionthat the re ection properties,visibility, and the
geometriccermareconstanton the supportof F ,, andare
estimatedatits center:

Fmn(X€)  r(xeuv); Vmn(x)  V(Xiuv);

()~ (cogA) cog(a ) = (x; ;v):
GiventheseassumptionsEquationl2 canbeapproximated
by:

LEX) & Vmn()r mn(X;€) fmn(X)

mn,, . (13)
Enn(s(x; u);t(X; V) F mn(u; v)dudv

s

For a position x, we then compute?mn(x), the average
valueof Egm(s(x; u);t(x;Vv)) onthesupportof F ,n in order
to make our nal approximatiorof Equation12:

Aé Vinn(X)r mn(X;€) fmn(x)?mn(x); (14)

mn

L(ex)

whereA = RS F mn(u; v)dudv.

Eachterm of this sumcorrespondsiow to there ection
of atexturedspot-light[17], locatedat the centerof a Iter
support,andpointing toward x (similar to the cannedight
sourceapproach11]).

4 Hardware Implementation

A straightforvardimplementatiorof the approximation
describedin the previous section, requirestwo hardware
renderingpasse$or everytermin thesum,onefor thedepth
mapcreationto determiné/m, andonefor thelighting com-
putation,leadingto a total of 2N passeqwhereN is the
numberof measurements)ln this sectionwe shov how
therenderingcanbe acceleratedy combiningsomeof the
passesndby speedingip eachof theindividual passes.
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Figure 5. Hardware implementation diagram:
data o w and rendering path

4.1 Combining Multiple Rendering Passes

Using the featuresof current graphicshardware, the
numberof renderingpassesanbereducedo speedup the
computation While thetotalnumberof passe$or thedepth
mapcomputationis x ed,we cancombine3 lighting eval-
uationsinto a single pass.The renderingis thenorganized
in N=3 iterationsof thefollowing steps(cf Figure5):

1. creationof depthmapsfor 3 positionson thesampling
plane resultsarestoredin a RGB texture

2. illumination computatiorfor these3 positions andad-
dition of the currentresultto the previoussolution

With this approachthe total numberof passess now re-
ducedto 4N=3.

Generallyspeakingjf we manageo evaluatethe light-
ing from X measurementat a time, we need(X + 1)N=X
passesCurrently it is possibleto storeup to 4 depthmaps
in a RGPBA texture. But dueto the limited numberof at-
tributesavailablefor a fragmentin graphicshardware,and
given the fact that we still needto provide either diffuse
color and/ortexture coordinateswe arelimited to X = 3.
Thus, consideringthat the gainfor combininga new light-
ing (i.e. X = 4) is 6.25%,thelimit of 3 is notsosevere.



4.2 Floating-Point Representation

All operationglescribedn theprevioussectioncan(and
should)be performedusingthe 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-
termediatdrameinto atexturein orderto make it available
for thenext renderingpass.

The large amountof on-boardmemaorytransferneeded
to exchangeboth the depthbuffer andthe framebuffer be-
tweenrenderingpassesis currently one of the main bot-
tlenecksof our approachevenwith currentavailableband-
width. To reducethis transfercost,we sase both buffersas
classicalB bit percomponentextures. The frame-huffer is
corvertedto anextendedversionof the RGBE[21] format,
thatwe call signedRGBE (or sSRGBE),andtransferecasa
RGBA texture. The depthbuffer valuesare herebyscaled
from [Znear; Ztar] tO [0; 1] andtransferecasa RGB texture.
This linear scalinginsure a uniform discretizationof the
depthrange,reducingthe impactof a lower resolutionon
thedepthtest(asdescribedn [9]).

The sRGBErepresentatiomallows to encodepositive as
well as negative valuesand is adaptedto the color rep-
resentationin the frame buffer, where eachcolor compo-
nentis clampedto [0;1] asan 8 bit x ed point value. A
oating-point RGB value (Rs; Gf; Bs) canbe corvertedto
an(R; G; B; E) sRGBEvalueby thefollowing operations:

1. Computingtheexponente:
e= blogy,(maxjRej;jGtj;jBtj))c+ 2

whereb:cisthe oor operation.(Notethattheclassical
RGBEexponentse 1.)

2. Scalingthe RGB valueto [0; 1]:

[R.G;B] = [Rf;G¢;Bs] 2 ®+ 0:5
3. Scalingthe exponentto [0; 1]:
E = (e+ 126)=255

Thedecompressiois doneby:

[Ri;Gf;Bf] = ([RIG;B] 0:5) 2%°°F 120

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

Size Crypt Cloister
(500polygons)| (8000polygons)
| oneiteration| — | 40(35)ms | 85(70)ms |
Mag-Litel |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 source(cf Figure 2):
models. Numbers in brackets correspond to
renderings without shadow computation.

5 Results

We implementedhis approachon a Linux workstation
with an Intel Xeon 1.7 GHz processar 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 measuredight
datasetsandthe two testsceneddepictedin Figure 7, we
evaluatedthein uence of thelight sourcemodelandscene
compl«ity ontheframe-rate.

The light source datasetswere acquired with the
methodintroducedin [6] which correspondslirectly to the
schematidrawingin Figurel. Thelight sources projected
onto a screenthroughthe Iter kernel (implementedas a
printed slide) andthe projectedpatternis recordedwith a
digital camera.A completedataseis capturedby moving
thelight sourceto all positionson the samplinggrid (deter
minedby the lter size).All measuremenigseas lter ker-
nel the dual of a piecavise biquadraticbasis(cf Section2)
with a lter spacingof 5 mm or 7.5 mm correspondingo
adual Iter of 20 mm (resp. 30 mm) width. Theacquired
imagesaredown-sampledo asizeof 300 300pixels.

5.1 Analysis

The real light sourcesandsomeof therenderedmages
aredepictedin Figures8, 6, 9, and10. The global shape
of the generatedighting patternsaswell asthe near eld
effectsarefaithfully reproduced.The changesn the pro-
jectedpatternin Figures6 and9 — apartfrom simplescaling
operations- andthe presencef soft shadavs (cf Figure6-
right) aredueto near eld effects. Theblocky appearance
in thisimageis dueto thefactthatthecurrent oating point
texturesdo not supportlinear interpolationcombinedwith
the traditionalproblemof limited depthmapresolutionfor
shadaev generation.

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



3.2fpsdown to 0.55fps ata window sizeof 400 400pix-
els. This correspondgo a rangeof 40 to 85 ms for each
iteration (one depthand lighting computation),depending
on the geometriccomplexity of the scene. A detailedlist
of renderingtimesis givenin Table1. Therewe alsoshav
that disablingthe shadev computationleadsto a speedup
of only about15% causeddy the factthat the correspond-
ing renderingpassearerelatively cheap(only geometryis
renderedwith no attributeson the vertices,andthe corre-
spondingvertex/fragmentprogramsareminimal).

Therearetwo main usercontrollablefactorswhich in-

uence the framerate. The rst oneis, of course the size

of the light sourcedatasets. As the numberof passeds
proportionalto the numberof measurementsenderinga
larger datasetakesalsomoretime. The upcomingexten-
sionsGLX_ARB_render_texture  canimprovethefull
renderingwith a lower lateng for transferringthe buffers
to textures.

Thegeometriccompleity directlyin uencestherender
ing time of a single pass,asshavn by the decreasef the
frameratebetweerthetwo scenesThetwentyfold increase
in compleity leadsto 2 timeslower frameratecorrespond-
ing to factthatthe renderingtime is changingfrom 40 ms
to 85ms. For verylargescenesthisfactorwill bethemajor
bottleneckof our approach.

This shavs alsothatin the currentimplementationmost
of thetimeis spentin thefragmentprogramfor thelighting
computation.This time is highly dependenbn theinstruc-
tion orderandon the parameteaccessTherenderingtime
cande niti vely beimprovedby furtheroptimizations.

6 Conclusionand Future Work

In this paperwe presented new approactfor aninter
active visualizationof direct lighting from comple light
sources.Theacquisitiontechniquancludesan optical pre-

Itering that allows an accurateprojectioninto a prede-
ned functionbasis.Theshift-invariantapproximatiorpre-

sentedhereis suitablefor hardware acceleratedendering
techniques.By additionally combiningmultiple rendering
passeito asinglepassandwith ancompactatarepresen-
tation,wereachaninteractiveframerateof upto 3.2frames
perseconddependingdn the complexity of thelight model

andof theilluminatedscene.

In thefuture,weplanto investigaten differentdirections
in orderto increaseboth the quality of the reconstruction
andthe framerate. Introducingtechniquessimilar to mip-
mapping(like summed-aretables[5]) for thelight source
modelswould allow us to improve the renderingquality,
asunfortunately mip-mappingof oating point texturesis
currently not supportedby graphicshardware. The qual-
ity of the shadevs can be improved by adding more ad-
vancedshadev mappingalgorithms[19, 4]. We expectfur-

thermorethatbettersupportof oating point buffersin the
next generatiorof graphicscardscombinedwith additional
researcton morecompactepresentationr oating point
data,will improve both the frame ratesand the quality of
theresults.
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A Cgcodefor sSRGBE representation

The compressiorprocedure from high-dynamicrange
RGB color valuesto sSRGBEcoefcients betweer|0; 1], is
expressedsfollow:

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((rghb*exp2(-e))+0.5,
(e+126)/255);

Thedecompressioprocedurés expressedsfollow:

float3
{

sRGBE2RGB(float4 srghe)

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



Figure 6. Rendering of the 5 5 Mag-Lite data set in the low polygon count environment (Crypt). Left:
original position - Center: closer position - Right: zoom on a detail with soft shadow. Rendering
speed: 2.7 to 3.2 frames per second.

Figure 7. Test scenes. Left: "Crypt" (500 poly-

i ) Figure 9. Rendering of the 5 5 Mag-Lite data
gons). Right: "Cloister" (8000 polygons).

set the comple x environment.  Rendering
speed: 1.3 frames per second.

Figure 8. The Mag-Lite and a rendering of

the 7 7 dataset in the "Crypt" environment at Figure 10. The bike light and the bike light

1.5 frames per second. dataset (9 7 measurements) rendered at
0.55 frames per second in the "Cloister".



