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ABSTRACT

Many renderingalgorithmscanbe understoodisnumericalsolversfor the light-transportequation.Local illuminationis
probablythe mostwidely implementedenderingalgorithm:it is simple,fast,andencodedn 3D graphicshardware. It is
not, however, derivedasa solutionto thelight-transportequation.

We show thatthe light-transportequationcanbe re-interpretedo producelocal illumination by usingvectorvalued
light and matrix-valuedre ectance. This result lls animportantgapin the theoryof rendering.Using this framework,
local andglobalillumination resultfrom merelychangingthe valuesof parameterin the governingequation permitting
theequationandits algorithmicimplementatiorto remain x ed.
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1.INTRODUCTION

(a) globalre ectance (b) shadwvlessre ectance (c) one-bouncee ectance (d) localre ectance

Figure 1. Figurel: Globally illuminatedscenesxhibiting four differentre ectancéunctions.

In the historicaldevelopmentof computergraphics,‘local illumination” wasthe rst andsimplestillumination tech-
nique to producethree-dimensionashadingin an image. The heartof the algorithm evaluatesthe exitant radiance
Lout(X; Wout) in thedirectionwgyt from apoint x on a surfaceaccordingo theequation

Lout( Woud) = & (X wt; woud) Lin(x;wi) cosq (1)

I
wherethere ectancefunction f determineshe appearancef the surface theanglew; is measuredrom the pointlight at
positionp; to the pointx, andtheangleq is measuredetweerthe surfacenormalatx andthedirectionto p;. Theincident
radiancan thedirectionw; from p; to x is approximatedy
1(pi)

L(Xi w) = 2 2)

Furtherauthorinformation: (Sendcorrespondenct® D.C.B.)
D.C.B: E-mail: banks@cs.fsu.ediiglephonel 8506445437
K.M.B.: E-mail: beason@cs.fsu.edlelephonel 8506445437



Figure 2. Incidentradiancel, strikesa pointx onthesurfaceandre ectswith radiancel. ot in directionswgt

wherel (p;) is theintensityat eachpointlight p;, andthedistancea = jp; X is measuredrom the point p; to x. Overthe
yearsmoresophisticate@lgorithmshave beendevelopedto produceincreasinglyrealisticimagesincorporatingshadeovs
andinter-re ections) by approximatinghe equation

Lout(X; Wout) = Eg(i Wout) +
f (X Win; Wout) Lin (X; Win) cosq dwi, ®3)
22

"in

for light transportt whereintegrationis over the sphereS?, Lj, is the incident radiance,and the emitted radianceE
is nonzerofor luminaires. SeeFigure2. In mary domainsof computationalscience,physicalphenomenahat obey
governingequationsare solved by numericalalgorithms. The notion that renderingalgorithmsbelongto the landscape
of computationakciencehasbeenarticulatedby several authors: the surwey article by Christensef describeshow the
taskof renderingcanbe understoodasthe implementatiorof a numericalsolver for Equation3, eitherby gatheringlight
into the camerale.g. ray tracing, pathtracing,and matrix-soher radiosity)or by shootinglight from the luminaires(e.g.
progressie radiosity and photontracing). Kajiya's formulation of light transport includesa “geometryterm” g(xy; Xo)
betweerpointsx; andx, thatcould be setto unity whenx; lies on a luminaire,thuseliminatingshadaevs. Canatermin
equation3 belik ewise coercednto producinglocal illumination?

Although the two are rathersimilar, Equationl differs signi cantly from Equation3 becauséhe incidentradiance
L, arriving at the point x generallydiffers from the approximationliin dueto scatteringthat may occuralongthe path
P from p; to x. Equationl is not intendedto be a physically plausibledescriptionof light transport,but it leadsto a
fastimplementatiorbecauseéntegrationalongthe path P canbe neglected. Local illumination canthereforebe viewed
asa correctalgorithmto evaluatethe wrong equation,or asan incorrectalgorithmto evaluatethe right equation.But is
it possibleto interpretEquation3 so that local illumination is actually the correctsolution? If so, this would allow us
to formulatea theoryof renderingthatincorporateghe widely used(andwidely taught)algorithmfor local illumination
asa correctnumericalsolver for a specialcaseof the integral equationfor light transport,asopposedo beinga stand-
alonealgorithmthatis merely suggestie of correctresults. Undersucha theory the question“what lies betweenocal
illumination andglobalillumination?” would be meaningfulbecausénterpolatingbetweerparameterén an equationis
well understoodwhereasnterpolatingbetweeralgorithmsis not.

2.VECTOR-VALUED LIGHT

The paper‘Remaoving shadevs from images* shavs how shadevs in animagecanbe removed as a post-processby
contrast,we offer aninterpretationof Equation3 in which shadevs are not even cast. We accomplishthis via a bit of
subterfugdnspiredby locally-illuminatedscenesenderedvith OpenGLin which the pointlight sourcesareinvisible to
thecameraandthereforedo notappeain theimage.

Theproblemwith usingaphysicallyfaithful rendereto generatealocally-illuminatedshadevlessimageis thata phys-
ical objectmustbetransparenin orderto permitlight to passthroughit. Suchapurelytransparensurfaceis characterized
by there ectancefunction

1
ftransdX; Win; Wout) = cosg d(Wout Win) (4)

(whered is the Dirac deltadistribution) which canbe substitutednto Equation3 to producetheidentity

Lout(x;w) = Lin(x;w) ®)



Figure 3. Incidentinvisible radiancel j,, strikesa point x on a sphere(cut-avay view). The surfacetransmitsinvisible light while
re ectingvisible light.

for transpareng.® A perfectlytransparenbbjectcastsnoshaday, butit alsore ects nolight to thecameraSoapplyingthe
re ectancefiranspdoesnotquiteproducdocalillumination,becausé makesobjectstransparenbothto theluminairesand
to thecameralf, however, atransparentbjectcouldsomehav generatére ected” light while allowing theincidentlight
to passthroughtransparentlythenthe objectwould bevisible to the cameraevenwhile castingno shadev. In generalthe
“re ected” light obeys the samere ectancefunction (which we denotefopaque asthe correspondingocally-illuminated
surface;in particular fgit,se mimicsanordinarydiffusere ector by satisfying

kg if cosqg> 0 (6)

faiffuselX; Win:Woud = herwise

whereky is the diffusecoefcient. The dravbackwith combining fyranspwith fopaqueis thatthe total amountof light
increasesvith every scatteringevent, sothe resultingimageis unrealisticallybright, especiallywheretwo surfacesinter-
re ect.

Our solutionis to treatlight asa vectorvaluedquantityL having bothaninvisible anda visible component.
L= Linvisible )
Lvisible

Every pixel p[x;y] in theimagestoreshevectorvaluedquantityL whosecoordinatesaretheinvisible andvisible compo-
nentsof thelight. The nal displayedimageshows only the secondvisible) coordinateof the light at eachpixel, namely
the (inner) product

O1L (8)

of the vector[0 1] with L. Thus,light from the luminairesultimately contritutesto the light seenby the camerabut that
contritution is madeindirectly. The re ectancefunctionsof the surfacescanbe deliberatelydesignedo producelocal
illumination while leaving the governingequationintact.

2.1.Local lllumination
We establishinitial conditionsfor light transporty assigningvectorvaluedemittance

E= invisible 9
Evisible ®)

to theluminaires.For OpenGL-stylaenderingwherethelight sourceis notvisible in theimage,we require

Evisible = 0 (10)

sothattheluminaireemitspurelyinvisible light. To make the luminairevisible in theimage,we simply requirethat

Einvisible = Evisible (11)



sothattheluminaireemitslight into the sceneandinto thecameraTheinvisible light is transmittecperfectlythrougharny
objectin its path(castingno shadav), but is re ectedasvisible light whichis thenseenby the cameraThevisiblelight is
absorbedy eachsurfacein the scene.This behaior is summarizedn the scatteringdiagramselow, with invisible light
striking a pointx andbeingtransmittedandre ected, andwith visible light beingabsorbed.

% Linvisible  (transmitted)

Linvisible (12)
& Lyisible  (re ected)
Lvisiple ! X (absorbed) (13)
The2 2matrix Rgcg givenby
f 0
Focal = transp (14)

fopaqueO
organizeghetransparenéndre ective componentsiescribingheinteractionbetweerthis invisible light anda surfaceso
thatthe product
ftranspLinvisi
L = ptinvisible (15)
Tocal fopaquelinvisible
producegerfecttransmissiorin theinvisible componenaindopaquere ection in thevisible componenbf thevector

This matrix-valuedinterpretatiorof Fy.5 maybeinsertedn thevectorvaluedequatiorfor light transport
z
Lout=E + Rocal Lin €0sq dwip (16)

|n282

with emissve component& = 0 on surfacesof non-emissie objectsandE 6 0 onluminaires.Theresultingimageusing
Focal asthere ectancefunctionis shavn in Figurel (d). Note thatthe luminairein this sceneemitslight thatincludesa
nonzerovisible componentptherwiset would notshov upin theimage.

Ourproposedormulationof vectorvaluedight transporiith matrix-valuedre ectancehasobvioussimilarity to uo-
resceneffectsusingspectrarendering’8® in which avectorrepresentatioof light at differentwavelengthgin particulag
ultraviolet andvisible) interactswith a surfacevia a re ectancematrix thatcorvertsincidentlight at onewavelengthinto
re ected light re-radiatedat anotherwavelength. In our model, the “wavelength” (or better the pseudo-vavelength)/
is merelyan abstractontrivancefor interpretingthe invisible light. The wavelengthdependenceanbe statedexplicitly
usingare ectancematrix F, andspectrakadiance.; asshovn belov

32 . 3
f[ransp 0 0 0 0 0 Lr
fopaque 0| O 0| 0 0781,
_ 0 0 ftrans 0 0 0 L
FLI=B 0 0|fopaqe0| 0 0Z%81L, A7)
0 0 0 0 ftransp 0 |:b
0 0| 0 Offopaque0 Ly

whereF; is ablock-diagonamatrixwhose2 2 blocksaregivenby Equationl4 andi; denotegheinvisible versionof
radiance.;, having basiswavelengthl (whetherred,greenor blue). Thefollowing sectiongresenpnly the2 2 blocks,
asin Equation14,from which the corespondindull-spectralre ectancematrix F; , asin Equationl7,canimmediatelybe
derived.

2.2.Global lllumination

To producecorventionalglobalilluminationfor ascendit by vectorvaluedight, thesurfacesshouldre ect the“invisible”
lightin boththeinvisible andvisiblechannelgin orderto propagaténto thescenewhile beingvisible to thecamera)permit
no forwardscatteringpf light (otherwiseobjectsbecomedransparentyandabsorhkthevisible light. The scatteringdiagram
belaw illustratesthis behavior.

% Linvisible (re ected)

Linvisible ! (18)

& Lyisible (re ected)



(a) lighting with OpenGL (b) trianglemesh(detail) (c) OpenGL(detail) (d) pathtracer(detail)
Figure4. Comparisorbetweerlocalillumination (usingOpenGL)andglobalilluminationwith thelocal diffusere ectancéunctionF |-

The2 2matrix Fyjopa  givenby

fopaque O (19)

F =
global fopaque 0

describesheinteractionbetweerthisinvisible light anda surfacesothatthe productof Fgjoph4) andthe vectorvaluediight

L properlyre ects invisible light to the cameraandinto the scene.Figure 1 (a) shaws the resultingglobally illuminated
image.

2.3. Hybrid llumination

With a vectorvaluedinterpretatiorof radiancel. anda matrix-valuedinterpretationF of there ectancefunction, hybrid
illumination effectscanbe producedFor example,the multiple bounceof light in globalillumination arefreeto proceed
evenwhenno shadevs arecast;thatis, shadavs andinterre ection maybede-coupledaisshovnin the scatteringdiagram
belown thatmodelsshadavlessinter-re ecting surfaces.

% Linvisible (re ected+ transmitted)

Lisic I X (20)
invisible & Lyisible  (re ected)

With this form of scatteringa surfacecastsno shadev becauseheinvisible light is transmittedhroughit. This behaior
is representetdy the scatteringunction Fspagaviess

fopaquet ftransp O 21)

Fshadavless™ fopaque 0

which produceghe shadavlessimagein Figurel (b).
Producingshadevs withoutinter-re ection is accomplishedby absorbinghe invisible light while re ecting it into the

visible channelthevisible light is absorbedy eachsurfacein the sceneandis merelyavailablefor the camerato collect.
Thisbehaior is illustratedin the scatteringdiagrambelov

Linvisible ! X! Lyisible (re ected) (22)
andis representedly the scatteringunction Fonegounce

0 0

fopaque O (23)

FoneBounce

which produceghe“one-bounce’imagein Figurel (c).



3. COMPARISON TO OPENGL

We comparedheresultof globalillumination usinga diffuse Fjo 4 (renderedwith a Monte Carlo pathtracerfor vector
valuedlight usingRussiarroulettefor pathtermination)versuslocal illumination using pure diffusere ectors (rendered
with OpenGLasthereferencealgorithm)by creatinga testscenecontainingtwo spheredit from above. Precisehead-to-
headcomparisoris complicatedby thefactthata pointlight sourceis almostnever sampledby the pathtracer but is the
only local sourceof light availablewithin OpenGL.To roughly matchthe geometryof theluminairein OpenGLandin the
pathtracer we modeledherectangulatight sourceasasetof ve pointlights (placedin thecentertile andthefour corner
tilesof a3 3 checlerboardiling of theluminaire)in the OpenGLscenewnhile treatingit asanareafor the pathtracerto
sample.

OpenGLusesheWarnmodelfor apointlight having intensityl atpositionp andshiningin directionv. At positionx,

(u v
20+ agr + agr? 1(p) (24)

1(x) =

wherer is thedistancerom p to x, softeningparametersyg, a;, anda, governthe quadratiantensityfalloff, u is the unit

vectorfrom p to x, andeis anexponentcontrollingtheangulardistribution of theintensity In orderto matchtheemittance
of theluminairesusingOpenGLandusinga pathtracer we settheparameterag = a; = 0 (coefcient a, = 0:0025senes
asascaleparametecharacterizinghespatialdimension®f thescenepnde= 1. Theresultis thatOpenGLapproximately
matcheghebehaior of anarealight sourcethatemitswith a cosinedistribution.

Figure 4 shows a side-by-sidecomparisonbetweena scenecontainingroughly 500,000 trianglesilluminated by
OpenGLandby our pathtracerusingFqc4- In thepath-tracedmagetheluminaireemitspurelyinvisiblelight; it it notseen
by thecameraput its re ection off of surfacesin the sceneformstheimage.We appliedmulti-passrendering(generating
64 samplegerpixel) to de-aliasthe OpenGLimage. The pathtracergenerate®0; 000 samplegerpixel. The difference
in theimagesis largely dueto the variancein the pathtracers evaluationof exitant radiancqi'n 4(d)amagni ed view of

the foregroundsphererevealsthis speckling. The perpixel error €pixel CaN be measuredis % ((Dr)2+ (Dg)2+ (Db)?)

whereDr, for example,is the differencebetweerthe red componentsthusepixe| = 1 is the error betweerblack (0; 0; 0)

andwhite (1;1;1). Thetwo imagesusethe entirebrightnessangefrom black to white. No tone-mappingvasapplied.
The meanperpixel errorbetweenmages4(a) and4(b) is 0:4%, or 1 partin 255. Our theoreticaimodelintroducedittle

if any biascomparedo OpenGL.:the differencebetweerthe averagecolor of eachimageis lessthanl partin 255. The
small error supportgthe claim that the vectorvaluedinterpretatiorof light transporin Equationl6 is an effective model
for localillumination becausét accuratelyeproducesnimagerenderedy OpenGL.

4. CONCLUSION

During the history of computergraphics,local illumination developedas an ad-hoctechniquethat was later improved
by deliberatederivation from the equationfor light transport. Local illumination is still widely taughtandwidely used
in graphicshardware; a theory of renderingshouldbe able to explain it in termsof light transport. We have shovn
thata vectorvaluedinterpretationof light transportsupportssucha theoryof rendering.In particulay the matrix-valued
re ectancefunctionF canproduce(1) localillumination, (2) globalillumination, (3) shadevs withoutinter-re ection, and
(4) inter-re ection without shadavs, all within a singlealgorithm. The correspondingaluesof F aresummarizedelow.

A _ ftransp O
ocal fopaque 0
fopaque O
F =
global fopaque 0
_ fopaquet ftransp O
Fshadoless = P ?opaque P 0
~ 0 o
FoneBounce =

fopaque O



We
effe

implementeda pathtracer(gatheringlight into the camera}hat usesvectorvaluedlight in orderto demonstratéhe
ctsthatthesere ectancegproduce.In particular Fio .4 Yieldsanimagethatdiffersfrom anOpenGLrenderingby only

1 partin 255(1 bit perbyte) on average supportinghe claimthatlight transportwith F 54 is aneffective modelfor local
illumination. We plannext to demonstrateectorvaluedlight transportwithin a light-shootingalgorithm.

TheauthorsgratefullyacknavledgeNSF grants#0083898and#0430954 Thanksalsoto Andrew Glassnefor helpful
discussiongbout‘magiclight.”
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