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Figurel: Synthesizinghew video by manipulatingo w lines. Imagesfrom left to right: oneframeof inputvideo, o w linesmarkedby the
user ow linesmarkedon theeditedvideoandoneframeof the editedvideo.

Abstract

This paperpresentsa novel algorithmfor synthesizingandediting
video of naturalphenomendhat exhibit continuouso w patterns.
The algorithmanalyzeghe motion of textured particlesin thein-
putvideoalonguserspeci ed o w lines,andsynthesizeseamless
video of arbitrarylengthby enforcingtemporalcontinuity alonga
secondsetof userspeci ed o w lines. Thealgorithmis simpleto
implementanduse. We usedthis techniqueto edit video of water
falls, rivers, ames, andsmole.
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1 Intro duction

Real footageof naturalphenomendasa complity and beauty
thatis rarely matchedn syntheticfootagein spite of mary recent
adwancesn simulation renderingandpost-processind-everaging
realfootagefor specialeffectsis dif cult, however, because nat-
ural scenemay not matchthe director’s intentionsand modifying
the physical settingmay be expensve or impossible.In this paper
we presenfa techniquethat allows the userto modify realfootage
while maintainingits naturalappearancandcompleity.

The key to our approachs the obsenationthatvideo of a class
of naturalphenomenaanbe approximatedy continuousmotion
of particlesalongwell-de ned o w lines. First, we capturethe dy-
namicsandtexturevariationof theparticlesalonguserde ned o w
linesin theinput video. To generatevideo of arbitrarylength,we
synthesizeparticlessuchthat they completetheir full pathsalong

each ow line. Playingbacktheseparticlesalongnewv o w lines
allows usto male interestingeditsto the original video (Figure1).
Theuserde nes o w lineson boththe input andoutputvideoand
we leveragehis or her visual intuition to createa wide rangeof
edits. We demonstratehe power of this approachby modifying
scene®f waterflls, ariver, ames, andsmole.

2 Related Work

Creatingrealisticanimationsof uid o w is an active areaof re-
searchin computergraphics. Physically basedsimulationtech-
nigueshave beensuccessfullyappliedto simulateandcontrol uids
(e.g.,[Treuille etal. 2003]). However, thesetechniquesrecompu-
tationally expensve and are usually tailored for a single type of
naturalphenomenauchassmole, water or re.

Recently several researcherbave attemptedo modelthe tex-
tured motion of uidic phenomenan video and synthesizenew
(and typically longer) image sequences.Non-parametrianodels
for texture synthesishave beenappliedto create3D temporaltex-
turesof uid-lik e motion (e.g.,[Wei andLevoy 2000]). Thevideo
textures algorithm createslong videos from short clips by con-
catenatingppropriatelychosersubsequencdSchbdl etal. 2000].
Video spritesextend video texturesto allow for high level con-
trol over moving objectsin video [Schbdl and Essa2002]. Wang
andZhu [2002] modelthe motion of texture particlesin video us-
ing a secondorderMarkov chain. Dorettoet al. [2003] useAuto-
Regressie Iters to modelandeditthecomplex motionof uids in
video. The graphcutsalgorithmcombinessolumesof pixelsalong
minimum errorseamgo createnew sequencethatarelongerthan
theoriginal video[Kwatraetal. 2003].

Our synthesisapproachs very simpleandproducesomparable
resultsto the bestof theseon sequencewith continuouso w. Ad-
ditionally, our techniqueallows anartistto specifyeditsintuitively
by sketchinginputanddesired o w linesontop of animage.

3 Approach

Some natural phenomenasuch as waterfills and streamshave
time-varying appearancéut roughly stationarytemporaldynam-
ics [Dorettoetal. 2003]. For example thevelocity atasingle x ed
point on a waterll is roughly constantover time. Consequently
thesephenomenacan be describedin termsof particlesmoving
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Figure2: A particle-basedepresentatioffor video. (a) A particle
moving alongits ow line. (b) Particle texture moving alongthe
same o w line over time. (c) Texture variation of a real particle
from the Niagara sequencdFigure 6). For clarity, we shaov the
particletextureevery 6th frameasit movesalongthe o w line. The
particlevelocityincreasesstheparticlemovesdownwardaswould
be expecteddueto gravity. (d) A Imstrip (left-right, top-bottom)
shaving the particle texture for eachframe asthe particle travels
downward alongthe ow line. The texture of two adjacentcells
is similar, which facilitatestracking. However, the texture varies
signi cantly betweerthe beginningandendof the o w line.
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along x ed o w lines (possiblycurved) that particlesfollow from
thepointatwhichthey entertheimageto thepointwherethey leave
or becomenvisible. For instancethe o w linesin thewatergll in
Figure 1 aremostly vertical. Eachparticle alsohasan associated
texture (a patchof pixels), which changesas the particle moves
alongthe o w line. Ourvideotexturesynthesigechniqueproduces
seamlessn nite sequencelBy modellingthemotionandtexture of
particlesalonguserspeci ed o w lines. We rst describethe way
in which the particlesmove in video, andthendescribehow they
arerenderedisingtexture patches.

Particle Dynamics: To begin, considerthe caseof asingle ow
line in theimage,asshavn in Figure2(a). Any particlethatbegins
atthestartof the o w line d; will passthrougha seriesof positions

ow line may be time-varying; thusthe positionsd; neednot be
evenly spaced.The particle’s texture may vary asit movesalong
the o w line (Figure2(b,c,d)).

We representhe temporalevolution of particlesalongthis ow
line asfollows. De ne amatrixM(d;t) = (p; f), wherep refersto
a speci c particle,and f speci esthe framein the input sequence
wherethat particleappearsat d. Figure 3(a) plots M(d;t) for the
inputsequencewxherethenumberin eachcell correspondso f and
thecolorto p. The rst columnof this matrix shavs the particles
andtheir positionson the o w line in frame1 of theinput (hence
theseentrieshave f = 1). Therednumbersfor example,shav the
pathof a singleparticleduringthe courseof theinput sequence.

Whenthe sequenceés looped,thereis a discontinuity (vertical
blackline) betweerframes5 and6 becausegarticlesabruptlymove
to differentlocationsor disappearaltogether This discontinuity
appearssimultaneouslyfor every pixel in the imagemakingit a
very noticeableartifact.

We canreducethis discontinuityby a simple changeto the en-
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Figure3: (a) Plotof M(d;t) shaving the particleson a single o w

line overtime in theinput sequenceNumbersspecifyframes,and
colorsspecifyparticles. Note thatthereis a discontinuityfor each
particlealongthe o w line betweertimet = 5 andt = 6 whenthe

input sequencés looped. (b) In contrast,our synthesisalgorithm
maintainstemporalcontinuity along o w lines. Althoughthereis

adiscontinuityalongthe diagonalsteppedine, it is lessnoticeable
becausell particlescompletetheir pathsalongthe o w line.

triesof M(d;t). The modi ed matrix is obtainedby repeatingthe
rst K diagonalsof the original matrix. For example,the shaded
entriesof Figure3(a) arerepeatedo producedrigure3(b). While
themodi ed matrix is composedf a subsebf the sameentriesas
in (a), it enforcestemporalcontinuity becauseeachparticle com-
pletesits full pathalongthe ow line. The vertical discontinuity
in Figure 3(a) is replacedwith a laddershapeddiscontinuity pat-
ternin Figure 3(b), with onespatialdiscontinuityin eachcolumn,
correspondingo anakutting pair of patchesn the outputsequence
that were not adjacentin the input sequence.Thesespatial dis-
continuitiesare dif cult to detect,however, becausehe alutting
pair of patcheamove togetherin the outputsequenceThis simple
procedurdets us createa matrix of arbitrarywidth that preseres
temporalcontinuityfor all particlesalongthe o w lines.

Weimplementthe procedurén Figure3(b) by sequentiallygen-
eratingparticlesat d; from a subsetof K input particles(shaded
in Figure 3(a)), and moving them alongthe ow line over time.
First, an artist sketchesa densesetof ow lines over the input
video. Then,we computeandstorethe particlevelocitiesandtex-
turesalongthese o w lines. The particlevelocitiesare computed
asfollows. For a given particlelocationin the currentframe, we
searchalongthe ow line for a correspondindocationin the next
frame that bestmatchesthe texture of the currentparticlel The
rectangulapatchof pixelsaroundthe bestmatd locationbecomes
theparticletexturefor thenext frame.All thesynthesiparameters,
includingthe numberandspacingof ow linesandthesizeof the
particletexture (Figure2(c,d))arecontrolledby theartist.

Particle Rendering: Oncethe particlepositionsalongthe o w
linesin eachnew imagearedeterminedthesystenblendstheirtex-
turesto produceherenderedesult.Recallthatwe storetheparticle
textureasit evolvesalongthe o w line in theinputsequenceRen-
dering simply involves drawing the patchof texture aroundeach
particle,andusingfeatheringo blendthe overlappingregionsfrom
differentpatches.The featheringmethodassignsa weightto each
pixel in the overlappingregion thatis inverselyproportionalto its
distanceto the edgef the overlappingregion.

Generality: Our approachworks bestfor input sequencethat
have stationartemporaldynamics Waterflls andriversareexam-
plesof continuousphenomenavherethe velocity (magnitudeand
direction)atary x edpointin theimageis roughly constantover
time. Phenomentike ames rising upwardor smole from achim-
ney (without wind) canalsobe modelledwith a simple extension
to our methodfor de ning particle dynamics. For suchinput se-

1This procedureperformsa constrainedorm of optical o w alongthe
ow line, e.g.,[TruccoandVerri 1998].
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Figure4: Schematicshaving the transformationaisedto transfer
texturefrom aninput o w line to anedited o w line. For example,

thegreenandredpixelsin theedited o w line areobtainedrom the

input particletexture usingthe tangentinformationat correspond-
ing points.

Figure5: Resultof editinga smole sequencéy manipulatingo w
lines. Correspondingo w lineshave the samecolorin this picture.
The o w linesfrom the secondandthird chimney in the editedse-
quenceshavn with letter S arescaledbecaus¢he edited o w lines
areof differentlengththantheinput.

quenceswe allow the velocity magnitudeat each x ed pointon a

o w line to vary over time. Unlike Figure2(a), particlesthatbegin
atthestartof the o w line d; atdifferenttimest will passhrougha
differentseriesof positionsd, (t); d,(t+ 1);:::;dn(t+ n 1) along
thesametrajectory This modi ed proceduraisesthe stepsfor dy-
namicsand renderingdescribedn the previous paragraphshow-
ever, particleswith differentframeindicesf maynow have differ-
entvelocity magnitudesalongthe ow line. Althoughthis exten-
sionis anapproximatiorto inputvideowith non-stationarglynam-
ics, it seemgo work well in practicefor videoof ames andsmole
wheretheoverall directionof o w remainsalmostconstant.

4 Editing

The synthesisalgorithm describedn the previous sectioncan be
extendedto supportediting by synthesizingexture over a new set
of ow lines. We warpthetexturealongtheinput o w line to syn-
thesizetexture over the edited o w line, usingthetangentinforma-
tion betweercorrespondingpointsof thetwo cunes(Figure4). A
simpleschemdor assigningcorrespondingointsbetweerthetwo
o w linesis to choosepointsof equalarclengthqfrom the startof
the ow line) alongthetwo curves. An alternatve is to adda term
to thewarpingfunctionthatscaleghe arclengthf theinputto be
equalto the edited o w lines. This modi cation producesedited
texturesthatarescaledandwarpedversionsof thetexturefrom the
input ow line. Theanimatorchoosedetweerthesetwo schemes
to createdifferenteffectsin the editedsequencéFigure5).

In our editing framework, the animator rst dravs a denseset
of input o w lines. Then,shedraws a spaisesetof ow linescor-
respondingto the desirededitedsequenceand speci es the cor
respondencéetweenthe input and edited o w lines. To createa

Figure6: Theleft gure shavs aninputwaterfll sequencandthe
right shavs an editedwaterfll createdusingour algorithm. The
animatordraws the ow linesin the inputimage,shavn in blue.
Shethendraws a sparsesetof o w linesin the editedimagein red
andspeci esthecorrespondencésetweertheeditedandinput o w
lines. The systemgenerates setof interpolatedo w lines (shavn
in green)and computegsheir correspondencesith theinput o w
linesautomaticallyusingdynamicprogramming.
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Figure7: For a setof neighboringedited ow lines(x 1;x) and
their correspondingnput o w lines (y®y), the patchoverlaperror
computesa leastsquaredifferencebetweenthe colorsof overlap-
ping regions,shavn in green.

densesetof edited o w lines, the systeminterpolateghe o w lines
spatially asshavn in Figure6. We usedynamicprogrammingo
nd aglobally optimalsetof correspondencdsetweertheinterpo-
lated o w linesandtheinput o w lines. Let Y bethe densesetof
input o w linesandX bethesetof edited o w lines. For every pair
(x 1;x) of neighboringeditedsplines we computethe patch over-
laperror E(x 1;y%x;y) for all possiblepairs(y® y) of inputsplines
(Figure7). We evaluatethe overlaperrortermby synthesizinghe
ow linex 1 usingtexturefrom y?andthe neighboringo w line
x usingtexturefromy. Theerroris de ned asthe sum-squareer
rorin colorin theoverlappingregionsof thetwo textures,averaged
overa x ednumberof frames(30in our experiments).To compute
thecorrespondencesie minimizethefollowing costfunction:

Clxiy) = minfC(x L)+ E(x LySxy)l (6]

wherex2 X,y2 Y andy®2 Y. Althoughthedynamicprogramming
approachis computationallyintensie, it producesa setof interpo-
lated o w lineswhosecolorsmatchwell.

5 Experimental Results

We appliedour algorithmto footageof waterflls, a river, smole,
and ames. For mostof theseexampleswe createalong temporal
sequencdrom a short(2 second)clip of video andshav a num-
ber of interestingedits(seeaccompaning video). We usedtexture
patchesf 24 24 pixelsfor all sequencesxcept ame, wherethe
patchsizewas100 100pixels. All thesequencetok afew sec-
ondsper frameto renderin Matlab, for frame sizesof 320 240
pixels.
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Figure 8: Editing resultsfor ariveranda ame, wherea trunk is
insertednto ariveranda ame is bentto theleft.

Niagara Falls: This sequencéhas several distinct texture re-
gions, with clear water on the top, foamy water on the left and
sprayon the bottom (Figure6). As shawvn in Figure2(d), the tex-
ture changesiramaticallyalong o w lines. Becauseur algorithm
doesnot modeltranspareng we obsere somevisual artifactsat
theinterfacebetweerwaterandsprayin the synthesizedh nite se-
guencesWe editedthe Niagarasequencéo changethe landscape
andremove thefoamyportionof thewaterfll. Theresultingedited
sequencandthecorrespondingo w linesareshavn in Figure6.

Waterfall: In this example,we addedtwo extra channelgo a
waterfall sequencéFigurel). We marka setof vertical o w lines
to capturethe water moving down and anothersetof radial ow
linesto modelthe collisionsatthe bottomof thefall. Theinterface
betweerthe waterfll andthe lake at the bottomcausesnteresting
foam patternswhich are capturedn the temporallyextendedand
editedsequences.

Stream: Here,we edit a streamsequenceo simulatethe effect
of watercolliding againstatrunk (Figure8). We editthewater o w
lines to curve aroundthe trunk and usethe foamy texture (where
watercollideswith rocksin the input video)to createthe effect of
watercolliding againstthetrunk.

Smoke: This exampleshows an edit of smole from a chimney
that exhibits non-stationarymotion alongconstanto w lines (Fig-
ure5). We addan extra chimnegy and changethe direction of the
smole.

Flame: We modeltheinput ame video usingparticlesmoving
onasinglevertical o w line. Figure8 shavs oneframeof anedited
sequenceyherewe simulatethe effect of wind blowing to theleft
by specifyinganedited o w line thatcurvesleft.

6 Discussion

This paperdescribesa simple algorithm for creatingand editing
arbitrarily long videosfrom shortinput clips for a variety of natu-
ral phenomenaWe appliedthis techniqueon imagesequencesf
waterflls, rivers, ames, andsmole. For thesephenomenagur
synthesigesultsare comparableo the bestexisting video texture
synthesigechniques.Our systemalso provides an intuitive inter-
facefor editing video. Most of the editing examplestook a few

iterationsof interaction(re ning the edited o w lines) to achieve
thedesiredresult.
Althoughourapproacthasbeensuccessfullysedto editanum-
ber of sequencest is limited to input sequencesvith nearly sta-
tionary ow patterns. Better resultswould likely be obtainedby
usinggraphcutsinsteadof featheringto blendoverlappingparticle
texture patches possibly enablingapplicationto more structured
scenesuchascarsmoving on a highway. Extendingthealgorithm
to handletranspareng is an importantand interestingavenuefor
future work. In this work, we leveragedhe artist's intuition about
the ow of particlesin the sceneto specify ow linesin the in-
put anddesiredsequencesDevising robusttechniquego compute
good o w lines automaticallywould be a usefulimprovement,as
would devising waysto animatethe o w linestemporallyto create
a broaderset of interestingedits. We do not desire,however, to
createa fully automatiadechniquebut insteadwishto createatech-
niquethatleveragegheartist's visualjudgmentoy allowing herthe
greatestontrolover theresultingfootage.
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