Photorealistic Rendering of Rain Streaks
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Figurel: Appearancef actualrain streaksaandrenderedain streaks Thetop row shavs actualimagesof streakgakenundermary different
lighting directions(giight; f1ight) andviewing directionsguiew. The complex intensitypatternwithin eachrain streakis dueto theinteraction
of light with the shapedistortions(i.e. oscillations)of the drop asit falls. We have empirically determinedhe oscillationparameteralues
thataredominantin raindropsandusedthemto developarain streakappearancenodel. The bottomrow shaows rain streaksenderedising
our appearancmodel. Eachrenderedstreakhasbeencroppedn orderto align the phaseof its intensitypatternwith thatof theactualimage.
Basedon our rain streakmodel,we have developedanimage-basedenderingalgorithmthatcanaddphotorealistiaain to imagesaswell as

videoswith changindighting andviewpoint.
Abstract

Photorealisticenderingof rain streakswith lighting andviewpoint
effectsis achallengingproblem.Raindropaindego rapidshapedis-
tortionsasthey fall, a phenomenomeferredto asoscillations. Due
to theseoscillations,the re ection of light by, andthe refractionof
light through, a falling raindrop producecomplex brightnesspat-
ternswithin a single motion-blurredrain streakcapturedby a cam-
eraor obsened by a human. The brightnesatternof a rain streak
typically includesspecklesmultiple smearedighlightsand curved
brightnesscontours.In this work, we proposea new modelfor rain
streakappearancthatcaptureshe comple interactionsetweerthe
lighting direction,the viewing directionandthe oscillatingshapeof
the drop. Our modelbuilds upona raindroposcillationmodelthat
hasbeendevelopedin atmospherisciencesWe have measuredain
streakappearancesndera wide rangeof lighting andviewing con-
ditions and empirically determinedthe oscillation parameterghat
aredominantin raindrops. Using theseparametersye have ren-
deredthousand®f rain streakgo createa databas¢hatcaptureshe
variationsin streakappearancwith respecto lighting andviewing
directions. We have developedan ef cient image-basedendering
algorithmthatusesour streakdatabas¢o addrainto a singleimage
or a capturedvideowith moving objectsandsourcesTherendering
algorithmis very simpleto useasit only requiresa coarsedepthmap
of the sceneand the locationsand propertiesof the light sources.
We have renderedain in a wide rangeof scenariosandthe results
shav that our physically-basedain streakmodel greatly enhances
thevisualrealismof renderedain.
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1 Intro duction

Rain is often usedin movies and animationsto expressthe mood
of a scene. For example,in the movies “Seven” and“The Matrix
Revolutions” rain was usedto highlight a senseof unrest. Filming
rain sceness, however, alaboriousandexpensve taskthatrequires
setting up sprinklersand light sourcesover a large physical area.
The shootingof a single rain scenecantake several days. Due to
the high costsinvolved, it is oftenimpracticalto includerain scenes
in small-ludgetmovies. For thesereasonsa simple algorithmfor
photorealistiaenderingof rain is highly desirable It would provide
a cornvenientand inexpensive meansto add rain effectsin movies
andanimations.In addition,it would allow a Im-maker to control
the visual effectsof rain during post-production Photorealistiaain
renderingcan also be usedto add visual realismin other graphics
applicationssuchasgames.




Severalmethoddor renderingain have beendevelopedin computer
graphics someof which areavailablein commerciakoftwaressuch
asMaya, 3D Studio Max andInferno. Thesemethodsusea parti-
cle system[Reeves 1983; Sims 1990] to simulatewith a high de-
greeof realismthe motionsand spatio-temporatlistribution of the
raindrops. Sinceeachrenderedmageis assumedo have a nite
integrationtime, the falling raindropsproducemotion-blurredrain
streaksin the image. However, the above rain renderingsoftwares
arelimited asthey usevery simplephotometrianodelsto renderthe
appearancesf individual rain streaksMostoften,thestreaksareas-
sumedto have simpleshapessuchasrectanglesr ellipses,andthe
brightnesf eachstreakis assumedo be constant.Rainrendering
methodghatdonotuseparticlesystemsave beendevelopedStarik
andWerman2003],[Langeletal. 2004],[WangandWade2004]with
theaim of reducingthe computationatostassociateavith simulat-
ing the motionsandspatio-temporatiistribution of raindrops.How-
ever, like the methodsbasedon particle systemsthesetoo usevery
simplephotometrianodelsfor rain streaks Suchsimplephotometric
modelscanonly beusedwhentherenderedainis atagreatdistance
from the camera,in which case,all the streaksare thin enoughto
male the detailsof their brightnesatterndrrelevant.

In close-upshotsof rain, however, eachraindropprojectsto alarge
imagestreak revealingtheintensitypatternwithin it (seetop row of

Figure 1). This patternis highly complex becausef shapedistor

tionsthatthe raindropundegoesasit falls. Theseshapedistortions
are dueto oscillationsinducedby aerodynamidorcesand surface
tension. The interactionof the shapedistortionswith light result
in specklesmultiple smearedighlightsandcurved brightnesson-
tourswithin therainstreak.Hence for close-upshots thepreviously
usedconstant-brightnesstreakmodel producesunrealisticrain ap-
pearance. To addressthis problem, researcherfiave used hand-
drawn texturesof streaksfor renderingrain closeto the camera.A

recentexampleof the useof hand-dravn texturesis the movie “The

Matrix Revolutions” [Lomas2005]. This approachs clearly cum-
bersomeasthe rangeof appearancesf rain streakss ratherwide.

In addition,streakappearancalsovariessigni cantly with lighting

andviewpoint directions,makingit harderto usehand-dran tex-

turesfor sceneghat include lighting and viewpoint changes. We
have learnedrom expertsin the specialeffectsandanimationindus-
try [Lomas2005;Reed2005]thatautomatiaenderingof photoreal-
istic rainremainsanopenandimportantproblem.

In this work, we provide a comprehenske framework for rendering
photorealisticrain streaksin imagesaswell asvideoswith lighting
andviewpoint changesThefollowing areour key contritutions:

Rain Streak AppearanceModel: We have conductedvhatwe be-
lieve to bethe rst detailedstudy of the visual appearancef rain
streaks.We have developeda modelfor rain streakappearancéhat
captureghe comple interactionsdbetweerthelighting direction,the
viewing direction andthe raindroposcillations. Theseinteractions
producea wide rangeof striking visual effects that simply cannot
betatulatedby hand. A few examplesof rain streakscapturecby a
cameracorrespondingo differentlighting andviewing directions,
areshowvn in thetop row of Figurel. Ourwork builds uponan os-
cillation modelthat was developedin atmospherisciencegTokay
and Beard1996; Andsageret al. 1999; Kubeshand Beard 1993].
This model doesnot specify the valuesof the oscillation parame-
terscorrespondingo realrain, which is essentiafor renderingrain
streaks.To this end,we have collecteda total of 810 realimagesof
rain streaksunderdifferentlighting andviewing conditions. By vi-
sually comparingthis setof measuredtreakswith streaksendered
with awide rangeof oscillationparametersye have determinedhe
parametevaluesthataredominantin realrain. Theseparameteval-
uesenableusto renderhighly realisticappearancesf rain streaksa
few examplesof which areshown in thebottomrow of Figurel.

Databaseof PrecomputedRain Streak Textures: Sincethe ap-
pearanceof a streakis comple, it needsto be renderedusing a
methodsuchasray-tracing.Thereforetherenderingof severalthou-
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Figure 2: Oscillation model for rain. Raindropsundego rapid
shapedistortions(i.e oscillations)asthey fall. Theseoscillationsare
mainly dueto combinationof the two sphericalharmonicmodes—
theoblate-prolatenodeandthetrans\ersemode.

sandsof streaksfor eachframe of a rain scenewould be computa-
tionally prohibitive. Our approachis to renderoff-line and storea
databasef rain streaks. This databasés thenusedby an ef cient
image-basedlgorithmto renderrain scenesTheappearancef rain
streaksdependson mary factors- the lighting and viewing direc-
tions; the distancedrom the sourceandthe cameraithe oscillation
parametersthe sizeof the drop andthe cameras exposuretime. A
databas¢hatcapturesheeffectsof all of theseparametersvould be
toolargeto storeanduse.Fortunately the distancegrom the source
andthe camerathe sizeof the dropandthe cameras exposuretime
producesimple transformationdo the streakappearancethat can
be efciently renderecn-line. Hence,we only needto capturethe
effectsof thelighting direction,the viewing directionandthe oscil-
lation parameterin the databaseOur databaséncludesabout6300
renderedstreaksandis publicly available!. This databasés simi-
lar in spirit to the hand-dravn texturesusedin the previous work.
However, it captures signi cantly widerrangeof streakappearance
variability andis derivedfrom a physics-basedscillationmodel.

Image-BasedRain Rendering Algorithm: We have developedan
image-basetenderingalgorithmthatappliessimpletransformations
to the streaksin our databaseto renderstreaksfor novel lighting
andcamergparametersOur algorithmcanbe usedto addrainto a
singleimageof a sceneor to a capturedvideo with moving objects
andsources.The userspeci esaroughdepthmapof the sceneand
the propertiesof the light sources.Oncethis is done,the algorithm
canrenderrain with userspeci edrain parameterssuchasraindrop
distribution, raindropsizesandrain direction. We shav resultsof
addingrenderedain to several still imagesaswell asvideoswith
changingllumination andviewing directions.Our resultsshow that
our algorithmgreatlyenhancesherealismof renderedain.

2 Raindrop Oscillation Mo del

We beggin by brie y describingthe oscillation propertiesof falling
raindrops. The shapeof a drop at time t is denotedby r[t;q;f],
wherer is thedistanceof a point onthedrop's surfacefrom its cen-
ter, andqg andf arethe elevation andazimuthalanglesof the point
with respecto the y-axis andx-axis, respectrely. They-axisis op-
positeto the directionof thedrop's fall andthe x-axisis anarbitrary
directionthatis perpendiculato the y-axis. As a raindropfalls, it
undegoesrapid shapedistortionsover time, asshovn in Figure 2.
Thesedistortionsare causedyy the aerodynamidorcesandthe sur
facetensionactingon thedrop[TokayandBeard1996;Kubeshand
Beard1993]. The shapeof oscillatingraindropscanbe expresseds
acombinatior{FrohnandRoth2000]of sphericaharmonicmodes:

rlt; g;f1= ro(1+ & AumSin(Wnt)Pum(g)cogmf)) ; (1)

where rg isthe undistortg;onrqadius(referredto asthedropsize),Anm
is the amplitudeof the sphericaharmonicmode(n; m) andPn.m(q)

1To requesta copy, pleasesendane-mailto rainstreaks@cs.columbia.edu
2This is basedon the assumptiorthat the equilibrium shape(without os-
cillation) of raindropsis spherical.



is the Legendrefunctionthatdescribeghe dependencef the shape
ontheangleq for themode(n; m). The frequencie®f thesemodes
dependontheordern anddropsizerg, andaregivenby

wa=2p(In(n  (n+ 2)s]=(4p?r )7 2
Here,s is the surfacetensionandr is the densityof water both of
which areknown3.

Studiesin atmosphericsciences|Kubeshand Beard 1993; And-
sageret al. 1999] have empirically determinedthat the oscilla-
tions in a raindrop are predominantlycon ned to two modes: A
rotationally-symmetric oblate-prolatemode (n = 2;m= 0) and a
non rotationally-symmetrictransersemode(n = 3;m= 1). Fig-
ure 2 shaws the shapedistortionsinducedby eachof thesemodes.
Thus,the shapeof a falling raindropcanbe modeledasa combina-
tion of thesetwo modes,asshaowvn in Figure2. This simpli es the
raindropshapemodelof equation(1) to

rft; g;f1= ro(1+ Agosin(wat)Poo(q) + Ag.asin(wst)cogf )P31(q)):

Note that the shapeis not rotationally symmetricdueto the coqf)
factorin the secondterm of the above equation. It dependwon the
drop sizerg, the amplitudesAy.p and Az.1 andthe frequenciesw,
and ws of the two modes. The frequenciesw, and wz dependon
the drop size (seeequation(2)) and are higher for smallerdrops.
Equation(2) alsoshaws thatthefrequeng of thetrans\ersemodeis
approximatelytwice thatof theoblate-prolatenode,i.e., w3  2ws.
Sincethe oscillation frequenciesare determinedby the drop size,
the shapeof an oscillatingdrop dependnly on threeparameters,
namely ro; Az.0; andAz:1. Previous studie4 have notquanti ed the
amplitudesAy.q andAg;1 of theindividual modes.In our context, we
needto know the valuesof theseamplitudesin orderto renderthe
appearancesf rain streaksIn thenext sectionwe describenhow we
have empiricallydeterminedhesevalues.

3 Rain Streak Appearance Model

In this section,we analyzehow the oscillationsaffect the visual ap-
pearance®f rain streaks As mentionedbefore,to modelthe appear
anceof the rain streakswe needto know the amplitudesAy.q and
Ag;1 of the raindroposcillation modes. We empirically determine
theseamplitudesby capturingactualimagesof falling dropsunder
mary differentlighting andviewing directionsandcomparingthese
imageswith alargenumberof renderedstreakappearances.

Rendering Motion-Blurr ed Rain Streaks: Sincewe compareac-
tual streakimageswith renderenes,we rst describeour method
for renderingthe motion-blurredstreak. The appearancef a rain
streakcanberenderedy ray-tracingimagesof atransparentalling
drop® at differenttime instantswithin the cameras exposuretime
andaddingtheseimages.In generalto avoid artifacts,the number
of renderedmagesmustequalthe lengthM (in pixels) of the nal

renderedstreak.Sincethe shapeof a drop changesmoothly we are
ableto rendera smallernumberN of imagesat a sparsesetof time
sampleghatareuniformly spacedvertheexposureime of thecam-
era.Theappearancef adropatary timet canthenbe computedy
takingatime-weightedaverageof the neighboringrenderedmages.
Adding theimagesfor all the M discretelocationsof the drop gives
the appearancef the streak. In our implementationwe have used

3Thefollowing valuesareused:s = 0:0728N=n? andr = 100Gkg=n?.

4Previous studieshave focusedon measuringhe averageaxis-ratio(ratio
of maximumto minimumradius)of raindropsthatarecauseddy drop oscil-
lations. Theseaverageaxis-ratiosare usedto correctfor biasesin rain-rate
measurementsbtainedirom a dual-bandpolarizationradar

5We have usedthe PBRT packaggPharrandHumphreys 2004] for ren-
deringtheimagesof afalling raindrop. We usea mattedisk (illuminatedby
apointlight) asa nite arealight source.Thedirectlighting surfaceshader
(with maximumrecursiondepthof 5) is thenusedto simulaterefractionand
re ections of the source(disk) throughthe drop. The drop shapeis repre-
sentedusinga trianglemeshwith 16200vertices.To computethe brightness
atapixel 64 samplequsinglow discrepancysamplingmethod)aretaken.
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Figure3: Coordinatesystemusedfor boththe measuremerdandthe
renderingof rain streaks. The coordinateframe is locatedat the
drop's centerwith its y-axis oppositeto the direction of the drop's
fall. Thex-axisis de ned asthe projectionof the cameras optical
axis onto a planeperpendiculato the y-axis. g andf arethe ele-
vationandazimuthalanglesrespectiely. The subscriptd andv are
usedto denotdighting andviewing, respectiely.

M = 1042andfoundthatartifact-freestreakscanbe obtainedusing
N = 46.

Measurement of Real Streak Appearances: Considera falling
drop viewed by a cameraandilluminatedby a source,asshavn in
Figure3. Theappearancef thestreakproducedy thedropdepends
onmary factors- the sourcedirection(q; f|), the viewing direction
(qv) of the camerathe drop's shapeparametergro; Az.0; Az:1), the
drop's distancedrom the sourceandthe cameraandthe cameras
integrationtime. In addition,the streakappearancdepend®n f q,
the anglethatthe drop's x-axis makeswith the x-axis of the coordi-
natesystem,asshavn in Figure3. Sinceraindropsareasymmetric
andhave no preferredhorizontalorientation thedrop's x-axisvaries
from onedropto thenext. Unlike all the otherparametersheoscil-
lation parametes (Osc= Az.0; Az.1; frot) areinherentlyrandomre-
sultingin mary possibleappearancesf rain streaksvenfor a x ed
sourcecameraanddropsize.

To determinethe amplitudesAz.o and Ag.1, we captureimagesof
real falling dropsand comparetheir appearancewith streaksren-
deredundera wide rangeof valuesfor Ay andAg;1. Thisis done
for several source-cameraon gurations. Fromthe visual compari-
sonbetweerthe actualandrenderedstreakswe determinethe most
likely valuesfor Ay andAz1. To capturethe real streakappear
ancesye have usedanexperimentaketupsimilarto theoneusedby
[Andsageret al. 1999]for studyingthe oscillationsof drops. Water
dropsarereleasedrom alarge height(15m)to ensurehatthe oscil-
lationscreatedn falling dropsaresimilar to thosein realrain®. A
large heightalsoensureghat the dropsattaina constantterminal)
velocity beforethey areimaged.

The dropswereilluminated by a point light sourceplacedat a dis-
tanceof 1m from the origin of the coordinateframe (seeFigure 3).
We capturecdhigh dynamicrangeimagesof falling dropsfrom a dis-
tanceof 3m with a CanonEOS-20Dcamera. The averagesize of
theobseneddropswasdeterminedo berg = 2:0mmfrom thefocal
lengthmeasurementsf the camerdens. Imageswere capturedfor
mary differentsourcedirections(q;; f), someof which are shavn
in Figurel. Thesourceelevationangleq, wassetat (50 ;90 ;130)
andthe azimuthalanglef|; wasvariedfrom 10 to 170 in stepsof
20 . To measurghe dependencen the viewing direction,we cap-
turedimagesdfor theviewing anglegy at(70 ;90 ;110 ). 10images
weretaken for eachlighting-viewing con guration in orderto cap-
turethevariationin streakappearancdueto theoscillationparame-
ters.In total, we capturedB10streakimages.

51t hasbeenshavn [K ubeshandBeard1993]thattheinitial oscillationsof
adrop(from adropgeneratorfecaywithin afew metersof fall. As thedrop
continuesto fall, new oscillationsthat are similar to thosein real raindrops
arisedueto aerodynamidorcesandsurfacetension.



Determining the Oscillation Parameters: We use the captured
streakimagesto determinethe oscillationamplitudesAy.g andAg.1.

For thiswerenderstreakswith mary differentoscillationamplitudes
at frot = (0 ;90 ;180 ;270) for eachlighting andviewing direc-

tion. Therenderedtreaksarethenvisually comparedvith theactual
streakimageso nd theamplitudeghatgive thebestmatch.Ourre-

sults shav that Apg variesfrom 0.4 to 0.1 while Az.; variesfrom

0.2t0 0.05. In particular the following setof oscillationamplitudes
(A2:0;A31)=(0:2;0:1), and(Az0;Az:1)=(0:1;0:1) producerendered
streakghatmatchtheappearancef actualstreaks/ery well overthe

differentillumination andview directions. Figure 1 shavs a com-

parisonbetweenthe actual streaksand the streaksrenderedusing
theabove amplitudevaluesfor differentlighting andviewing angles.
Notethattherenderedstreakdook very similarto theactualimages.
Since,in practice,the amplitudevaluesmay vary slightly from the

aboretwo setsof valuesanexactmatchbetweerrenderecindactual
streakscannotbe expected.

Ouranalysiof theeffectsof oscillationsontheappearancef streaks
hasled to a few importantobsenations: (a) Raindropsdo indeed
undego strongoscillations. Therefore,a sphericaldrop model is
simply not adequatevhen renderingclose-byrain streaks;(b) As
mentionedin Section2, the oscillation frequenciesare relatedas
w3  2ws. Thus,in ary givendrop, the sameshapedistortionsre-
peatafter a time period of 2p=w», i.e., underdistantlighting and
viewing conditions the streakappearances periodic. Hence streak
appearancis essentiallycapturedwithin a singletime period.

4 Database of Rendered Streak Textures

Using the determinedoscillation parametervalues, we render a
databasef rain streaktexturesthat capturesthe wide variation of

streakappearancevith respectto lighting and viewing directions.
It would have beenidealto captureactualimagesof rain streaksto
build the database However, this is very dif cult to do for the fol-

lowing reasonsFirst, althoughwe have determinedherangeof os-
cillation amplitudesthe parameterf ;o in Oscis arandomvariable
and cannotbe controlled. Moreover, capturinghigh quality streak
imagesundera wide rangeof sourceand cameraorientationsis a
challengingproblemdueto the limited depthof eld anddynamic
rangeof the camera.Hence we useour streakappearancenodelto

renderthe imagesin our database- it providesus full control over
thesamplingof our parametespace.

To capturethe effectsof lighting”, we variedg from 0 to 180 and
f, from8 10 to 170 with stepsof 20 . To capturethe effectsof the
viewing direction,we variedgy alsofrom 10 to 170 with step$ of
20 . Toincludethe effectsof oscillations,we usedboth setsof esti-
matedamplitudes(Ag.o; Az;1)=(0:2;0:1) and(Az.0; Az:1)=(0:1;0:1).
Theorientationof thedropwith respecto thecameravassampledas
frot = (0 ;90 ;180 ;270 ) to accountfor the non-rotationallysym-
metric shapeof the drop. For all of the above lighting andviewing
directions,we also renderedstreaksfor the following two cases
sphericaldrops(no oscillations)and only oblate-prolatenscillation
with amplitudeAz.q = 0:2 (notrans\erseoscillations).

The streaksarerenderedusingdrop sizerg = 1:6mmandexposure
time Typ = 1=60s, which correspondso the time period 2p=w» of
the drop oscillation. In short, the databasesamplesthe parameter
space(q; f1; qv; Osq. It alsoincludesstreaksrenderedunderam-
bientlighting for the (qy; Osg valuesusedabove. The streaksare
renderedas 16-bit monochromemageswith a resolutionof 32

"Thelight sourcesubtendsa solid angleof approximatelyl4 steradiarat
thecenterof thedropandis atadistanceof 10mfrom thedrop.

8Dueto symmetrythestreaktexturefor f|, 180 < f| < 360 , is obtained
by horizontally ipping thetexturefor (f; 180 ).

9The datasuggestshata coarsesamplingof 20 is sufcient for render
ing rain streaks.This may be becausalropsareonly a few pixels wide and
severely motion-blurred. In applicationswherea ner samplingis needed,
our streakappearancenodelcanbe usedto populatethe databasavith ary
desiredsampling.

1042pixelstO. In total, the databaséncludes6300streakimagesat
thisresolution.To avoid artifactsdueto severedown-samplingvhen
renderingstreaksfar from the camerathe above streakimageswere
alsostoredat 3 additional(lower) resolutionswith streakwidths of
16;8 and4. The completedatabasés about400MB in size. The
databaseanbe usedby ary image-basedenderingsystemandis
publicly available.

5 Algorithm for Rain Rendering

We now presentan ef cient image-basedlgorithm that usesour

streaktexture databasdor renderingphotorealisticrain in images
andvideos. The texturesin the databasevererenderedby varying

the oscillation parametersand the lighting and viewing directions.
Thevariationof streakappearancdueto otherfactorssuchasdrop
size, distancefrom light sourcesandthe camera,and propertiesof

thesourcescanbe computedrom thetexturesin thedatabaseising
simpleimageprocessingperations.In this section,we shov how

our rain renderingalgorithm computeshesetextures. In addition,
we describehow the algorithmrenderghe effectsof camergparam-
eters,suchasdefocusandexposuretime. Figure4(A) shaws all the
stepsinvolved in the renderingprocess.We now describeeachof

thesesteps(from left to right in Figure4(A)).

User Inputs: Our renderingalgorithm requiresan image/videoof
thescenea coarsedepthmapof the scenethelocationsandproper
ties(size,isotropy/anisotropy, color, orientation)of thelight sources
andthe camergparametersThe useralsospeci estherain proper
ties,includingthedensityof rain,thedropsizedistributionll, anddi-
rectionof rainfall. For videoswith maoving light sourcesandobijects,
the userprovidescoarsedepthlayersandlocationsandorientations
of thesourcefor key framesin thevideo. Then,interpolationis used
to computethe locationsof the depthlayersandthe locationsand
orientationsf the sourcesn theremainingframesof thevideo!2.

Rain Dynamics: We usethe particlesystemsAPI [McAllister 2000]
to createthe spatio-temporadistribution of raindropsin 3D space
andtheir trajectories For ef ciency, we only generateaindropshat
passthroughthe eld of view of the camera Dropsarecreatedvith

uniform spatialdistribution in a 3D volumethatlies above the cam-
eras eld of view. At eachtime frame,we addnew dropsto this

volumeandupdatethe 3D positionsof existing drops.This givesthe
spatio-temporadlistribution of drops. Eachdrop is alsorandomly
assignedscillationparameter©scfrom the setof parametersised
to createour streakdatabase.

Rendering Novel Streak Textures: A scenecanhave multiple light

sources.To renderrain in sucha scenewe computethe streaktex-

turesdueto eachlight sourceseparately Computingthesetextures
involvesaccountingor the effectsof dropsize,the propertiesof the
light sourcesand distancesrom light sourcesandthe camera. To

rendera rain streakwe rst nd the appropriatetexture resolution
level — it is the resolutionlevel with texturesof widths just larger
thanthewidth of the projectedrain streak.

Lighting and Viewing DependenceAs the drop falls during the ex-
posureiime, thesourceangle(q; f|) andthecameraanglegy, change
with respecto the drop. For adropthatis far from thelight source
andthe camera theseanglesdo not vary much over the length of
the streakand hencethe streaktexture for the angle(q;; f; gv) can
be used. If thereis no streaktexture in the databasdor thesespe-
ci ¢ anglesthenthetextureis obtainedby bilinearinterpolationof
the 8 neighboring(two alongeachof the threeangulardimensions)

10The lengthsof the streaksfor gy 6 90 are smallersincethe viewing
directionof thecameras notorthogonato thefall directionof theraindrops.

Hwell known raindrop size distributions such as Marshal-Rilmer or
Gammadistribution canbeused.Thesizedistribution canalsobecustomized
to includelargerdropsizesto createmoredramaticrain effects. Thisis anal-
ogousto thetechniqueusedin moviesto simulatea heary downpour—using
sprinklersthatproducedargedrops.

2 lternatively, structurefrom motionalgorithms[Faugerad 993]maybe
usedto automatehis process.
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Figure4: (A) Rainrenderingpipeline. We have developeda fully automatedalgorithmfor insertingrain in imagesandvideos. The user
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parametersThe algorithmusesa particlesystemfor creatingthe rain distribution andthe drop trajectories.Then, it usestexturesfrom our
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thesource The streaktexturesdueto individual sourcesandthe ambientlight texture areaddedo obtainthe nal streaktexture. Thesenal
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time. (B) Stepsto computethetexturefor (I) adropwhosesizeis differentfrom dropsin the databas¢ll) a dropnearacameraor source.

databaseextures. For a dropthatis closeto the light sourceor the
camera(q; f; gv) will changeover the streak.Hence the database
texturescannotbe directly used(even with interpolation)to obtain
thedesiredstreak.In suchcaseswe computetwo streaktextures,l1
andl,, usingthe anglescorrespondindo the top andthe bottom of
thestreak.Thesetwo texturesarelaterblended(afteraccountingor
dropsize)to obtainthetexturefor suchadrop.

Different Drop Sizes: The appearancef a streakalso dependn
the drop size. Equation(2) shaws that the size of a drop only af-
fectsthe oscillationfrequeng, implying thatdropsof differentsizes
are subjectedto the sameoscillationsasin the rendereddatabase
streaks. Therefore,a drop with a differentsize (from the database
dropsize)will haveits intensitypatternrepresenteih the database,
but takesa differenttime period They = 2p=W, to completeits oscil-
lation. Dueto this differencein thetime period,within the exposure
time Texp Of the camera,only a Texp=Tnhew portion of the database
streaktexture is visible. Hence,the texturesfor new drop sizes
can be obtainedfrom databaseexturesusing simple operationsas
describedbelon. Considera databasdexture as shavn in Figure
4(B)l(a)(alsoshown in Figure4(B)I(d)). If They > Texp, thedrop's
streakis obtainedby croppinga Texp=Tnew fraction of the database
streakasshowvn in Figure4(B)I(b). If They < Texp, thedrop's streak
is obtainedby concatenatingopiesof thedatabasstreak3 andthen
croppingattheappropriatéengthasshavnin Figure4(B)l(e). These
cropped/concatenatestreaksare scaleddependingon the drop size
andvelocity. The streaksendsarethenblurredto smoothout the
sharpedgesproducedby cropping. This givesus the streaktexture
for thegivendropsize(seeFigure4(B)I(c),(f)).

As discussedbefore,whenadropis closeto the sourcetwo textures
I, andl, are computed. In suchcaseswe accountfor drop size
to obtaincorrespondingextures|{ andlg. Thesearethenblended
usingamaskM thatvarieslinearlyfrom 1 atthetop of thestreakto 0
atthebottomasshawn in Figure4(B)Il. Theresultingtexturel thus
incorporateghe effect of changingcameraor sourceanglewithin a
streakandis givenby: | = I{M+ (1 M) 14.

Light Souce Properties: Rain producesimportantvisual effects,
suchashalosaroundisotropiclight sourcesandlight conesaround
anisotropicsources.To rendertheselighting effects,we modify the
streaktexturecomputecabove by multiplying it with amask.To cre-
atea haloeffect,we useamaskwhoseintensityatapixeli is equalto

13For long exposuretimes, the streaktexture repeatsitself with the time
periodof oscillation.

1:di2, whered; is thedistancen 3D of thefalling drop (with its cen-

ter assumedo projectto pixel i) from the light sourcé®. Similarly
for renderingthe effects of anisotropicsourcessuchas spotlights,
we multiply the original texture with ananisotropianaskthatrepre-
sentsthe anisotropidorightnesdistribution of the source.

We repeatthe above stepsfor eachlight sourcein the scene.Then,
we obtainthe ambientstreaktexture by indexing the databaseising
(qv; OsQ. If adatabaseexturefor gy doesnot exist, we computethe
texture by interpolatingthe neighboringdatabaséexturesin qy. The
ambientstreaktextureis thenmodi ed to accountfor thedropsize,
asexplainedbefore.

Oncethemonochromati¢exturesdueto individual light sourcesand
the ambientlight are obtained,we scaleeachof thesetexturesin-
dividually with the correspondingourceintensityandcolor. These
scalediexturesareaddedto obtainthe nal coloredstreaktexture.

Rendering Streak Appearance: Oncethe nal streakis obtained,
we apply simpletransformationgo it to accountfor the perspectie
andcameraeffects.

PerspectiveEffects: Basedon the drop's distancefrom the camera
andthe anglethat drop's velocity vector makes with the cameras
optical axis, we scalethe nal streaktextureto its projectedsizein
theimage.The projectedstreakis thenrotatedin theimageplaneto
accounfor its directionof fall.

Camen Effects: Next, we renderthe effectsof the cameras limited
depthof eld (defocus). If the scaledand rotatedrain streaklies
outsidethe depthof eld of the camerajt is Gaussian-blurredvith
a depth-dependersigma. Finally, we accountfor the effectsof the
cameras exposuretime Texp. The effect of the exposuretime onthe
length of the streakwas alreadyaccountedor whenwe computed
the texture for the drop size. Here, we only considerthe effect of
exposuretime on the transpareng of the rain streak. It hasbeen
shavn [Garg andNayar2005]thattheintensityl, ata rain-afected
pixelisgivenbyl; = (1 a)lp+ algreaw Wherelp andlgreakarethe
intensitiesof the backgroundandthe streakat a rain-efectedpixel.
The transpareng factora dependson drop sizerg and velocity v
andis givenby a = 2rg=vTep. Also, therain streaksbecomemore

14In orderto minimize the databaseize we usethis approximatenethod
to renderthe variation in streakappearancevith sourcedistance. While
this givesreasonableesults,in applicationsvheremoreaccurateesultsare
needednecouldincludetheappearanceariationwith sourcedistancen the
database.



opaquewith shorterexposuretime. In thelaststep,we usethe user
speci eddepthmapof thescengo nd the pixelsfor whichtherain
streakis not occludedby the scene The streakis renderecbnly over
thosepixels.

The above stepsarerepeatedor eachraindropthatlies in the cam-
eras eld of view. Therun-timeof the algorithmis linear with re-
specto thetotalnumberof pixelsaffectedby rain. Thatis, it depends
not only on the numberof streaksbut alsoon the size of the pro-
jectedstreaks For atypicalrain sceneasingleframetakesabout10
secondso renderon a2GHz Pentium-4machinewith 1 GB RAM.

6 Results

We now shaw the resultsof our rain renderingin a wide rangeof
scenarioshatincludechangingdighting andviewing conditions.

Scenel — Varying lllumination Direction: We begin by shaving
rain renderedagpinsta black backgroundo highlight the variation
in rain appearancith illumination direction. Figure5 I(a) shavs
theappearancef rain whenit is illuminatedby a distantsourcethat
males an azimuthalangleof 60 with the camera. Figure 5 I(b)
shaws therain appearancehenilluminatedat 10 . O corresponds
to the cameras viewing direction. Note the strongdependencef
streakappearancen theillumination direction. For comparisonye
shaw rain renderedisingthe constanbrightnessnmodelin Figuress
I(c) and(d), with identicalscenesettingsandrain parametersAs can
be seentheconstanbrightnessnodellooksunrealisticsinceit fails
to producethe complex streakpatternsandthe effects of changing
illumination.

Scene2 — Night Scenewith an Isotropic Source: Next, we shav
rainaddedo a simplenight scenewith anisotropiclight sourcethat
is immersedn rain. Our algorithmcanrealistically reproducallu-
minationeffectssuchasthe halosaroundsourcesasseenin Figure
5 ll(a). Figure5 ll(b) shavs a zoomed-inimageof the scenethat
revealsthe comple patternswithin the streaks.Our algorithmcan
alsosimulatecameraeffectssuchasdefocusing Figures5 li(c) and
(d) shav the scenerenderedwith a large aperturesize. In Figure5
lI(c) the camerais focusedon the lamp andin 1I(d) it is focusedin
front of thelamp.

Scene 3 — Colored and Anisotropic Sources: Figure 5 Il
shaws rain addedto a scenewith multiple light sourcesjncluding
anisotropictrafc lamps. Note the realistic shadingof the rain due
to thetrafc lights andhow the appearancef the streakschanges
with illumination direction. Figure5 Ill(b) shovs a zoomed-inshot
of the samescene.Figure5 lll(c) shavs rain renderedor the same
sceneusing the constantbrightnessstreakmodel. Figures5 lli(b)
andlli(c) clearlydemonstrat¢he advantage®f usingour streakap-
pearancenodel.

Scene4 — Changing Sky lllumination: Figure5 IV shaws rain
addedo ascenavheretheilluminationchange$rom anovercassky
to bright sunlight. The streakshave smoothintensity patternsvhen
illuminated by ambientlighting, suchas the overcastsky, asseen
in Figure5 IV(a). However, astheillumination changego highly
directionalsunlightin Figure5 IV(c), we seethathigh frequeny in-
tensity patternsappeamwithin the streaks.Figure5 IV(d) shavs the
selectedmageregionsat the original resolutionusedfor rendering.
The differencesn the streaksfor the threelighting conditionsare
clearlyvisible.

Sceneb — Moving Light Sources: Figure5 V shavs rain rendered
for a scenewith a moving car with headlights. Note how the ap-
pearanceand brightnessof the rain streaksvary as the headlights
illuminate the rain from (a) the front of the cameraand (b) the side
of thecameraFigure5 V(c) shavstheselectedmageregionsatthe
original resolutionusedfor rendering.

Theseresultsdemonstratehe ability of our physically-basedain
renderingalgorithm to add realistic looking rain to imagesand
videos.

7 Conclusion and Future Work

We have proposech modelfor rain streakappearancéhat captures
the comple interactionshetweerthelighting direction,the viewing
directionandthe oscillating shapeof a falling drop. We have used
this modelto createa useful databasef rain streaksthatincludes
thewide variability in streakappearancel his databasstandonits
own asacontrikutionasit canbeusedby ary image-basedlgorithm
for rainrendering Finally, we have developedarain renderingalgo-
rithm thatcanbeusedto addrealisticrainin imagesandvideos.The
algorithmrequiresminimal humaninput, providesa high degreeof
control,andis efcient. It providesaninexpensve way to addrain
in moviesandanimations.This methodis alsoapplicableto render
ing streakgproduceddy dropsfalling from reasonabléeights(such
asrooftops,terracestrees,etc.) asthey exhibit oscillationssimilar
to thosein raindrops.In future work, we would like to incorporate
a more sophisticatedlynamicmodelthat can renderthe effects of
turbulenceandwind andalsoextendthe algorithmto rendercurved
streaks. Finally, we would like to achieve frame-rateperformance
by using commoditygraphicshardware. We are alsointerestedn
the modelingand renderingof the splashingof raindropsagainsta
wide variety of materialsavisualeffectthatis importantfor making
scenewith renderedain appeaiphotorealistic.
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| Distant ®urce at (a0’ (b) 1¢° (c)60° (with constant brighness model)d) 10°

Il (&) An isotropic source (b) Zoomed-in shot (c) Focused on the lamp  (d) Focused in front of lamp
11l (a) Colored and anisotropic sources (b) Zoomed-in shot (c) Constant brightness model
IV (a) Overcast (b) Partial overcast (c) Sunny (d) Magnified Regions
V (a) llluminated from front (b) NMuminated from side (c) Magnified Regions

Figure5: Rainrenderingesults.| Rainrenderedgainstablackbackgroundvith adistantlight sourceatahorizontalangleof 60 in I(a) and
10 in I(b). Notethechangen streakappearancwith thelighting. I(c)-(d) Frameswith the samecameraandrain settingsbut renderedvith

constanbrightnessstreaksli(a) A simplenight scenewith a singleisotropiclight source Noticethe halogeneratedby rain aroundthelight

source.ll(b) Zoomed-inview of thescenahatrevealsthe complex brightnesgatternswithin thestreaksll(c)-(d). Thesamescenaendered
with cameradefocuseffects. Ill(a) Renderedain addedto a scenewith several coloredand anisotropiclight sources.Note the realistic
shadingeffectsaroundthe sources.lli(b) The comple patternswithin the streaksare morevisible in the zoomed-inimage. Compareour

renderingwith thatusingthe constanbrightnessstreakmodelin lli(c). IV Scenewith changingoutdoorillumination. IV(a) Rainrendered
for overcast,IV(b) partially overcastandIV(c) sunry conditions. Note the variationin rain appearancasthe illumination changedrom

ambientto directional. IV(d) Magni ed images(original imageresolutionusedfor rendering)of the selectedmageregions(white boxes).
V A scenewith moving light sourcesNotethedifferencesn theappearancef rain streaksvhenilluminatedfrom thedirectionof thecamera
viewpointin V(a) from thefront andfrom thesidein V(b). V(c) Magni ed imagesof the selectedmageregions(redboxes).



