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Figure1: Synthesizingnew videoby manipulating�o w lines. Imagesfrom left to right: oneframeof input video,�o w linesmarkedby the
user, �o w linesmarkedon theeditedvideoandoneframeof theeditedvideo.

Abstract

This paperpresentsa novel algorithmfor synthesizingandediting
video of naturalphenomenathat exhibit continuous�o w patterns.
The algorithmanalyzesthe motion of texturedparticlesin the in-
put videoalonguser-speci�ed �o w lines,andsynthesizesseamless
videoof arbitrarylengthby enforcingtemporalcontinuityalonga
secondsetof user-speci�ed �o w lines. Thealgorithmis simpleto
implementanduse.We usedthis techniqueto edit videoof water-
falls, rivers,�ames,andsmoke.
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1 Intro duction

Real footageof naturalphenomenahasa complexity and beauty
that is rarelymatchedin syntheticfootagein spiteof many recent
advancesin simulation,rendering,andpost-processing.Leveraging
real footagefor specialeffectsis dif�cult, however, becausea nat-
ural scenemay not matchthe director's intentionsandmodifying
thephysicalsettingmaybeexpensive or impossible.In this paper,
we presenta techniquethatallows theuserto modify real footage
while maintainingits naturalappearanceandcomplexity.

Thekey to our approachis theobservation thatvideoof a class
of naturalphenomenacanbe approximatedby continuousmotion
of particlesalongwell-de�ned �o w lines. First,we capturethedy-
namicsandtexturevariationof theparticlesalonguser-de�ned�o w
lines in the input video. To generatevideoof arbitrarylength,we
synthesizeparticlessuchthat they completetheir full pathsalong

each�o w line. Playingbacktheseparticlesalongnew �o w lines
allows usto make interestingeditsto theoriginal video(Figure1).
Theuserde�nes �o w lineson boththeinput andoutputvideoand
we leveragehis or her visual intuition to createa wide rangeof
edits. We demonstratethe power of this approachby modifying
scenesof waterfalls,a river, �ames,andsmoke.

2 Related Work

Creatingrealisticanimationsof �uid �o w is an active areaof re-
searchin computergraphics. Physically basedsimulation tech-
niqueshavebeensuccessfullyappliedto simulateandcontrol�uids
(e.g.,[Treuilleetal. 2003]).However, thesetechniquesarecompu-
tationally expensive and are usually tailored for a single type of
naturalphenomenasuchassmoke,water, or �re.

Recently, several researchershave attemptedto model the tex-
tured motion of �uidic phenomenain video and synthesizenew
(and typically longer) imagesequences.Non-parametricmodels
for texturesynthesishave beenappliedto create3D temporaltex-
turesof �uid-lik e motion(e.g.,[Wei andLevoy 2000]). Thevideo
textures algorithm createslong videos from short clips by con-
catenatingappropriatelychosensubsequences[Schödl etal. 2000].
Video spritesextend video textures to allow for high level con-
trol over moving objectsin video [Schödl andEssa2002]. Wang
andZhu [2002] modelthemotionof textureparticlesin videous-
ing a secondorderMarkov chain. Dorettoet al. [2003] useAuto-
Regressive �lters to modelandedit thecomplex motionof �uids in
video.Thegraphcutsalgorithmcombinesvolumesof pixelsalong
minimumerrorseamsto createnew sequencesthatarelongerthan
theoriginal video[Kwatraetal. 2003].

Oursynthesisapproachis verysimpleandproducescomparable
resultsto thebestof theseon sequenceswith continuous�o w. Ad-
ditionally, our techniqueallows anartist to specifyeditsintuitively
by sketchinginputanddesired�o w lineson topof animage.

3 Approach

Some natural phenomenasuch as waterfalls and streamshave
time-varying appearancebut roughly stationarytemporaldynam-
ics [Dorettoetal. 2003].For example,thevelocityatasingle�x ed
point on a waterfall is roughly constantover time. Consequently,
thesephenomenacan be describedin termsof particlesmoving
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Figure2: A particle-basedrepresentationfor video. (a) A particle
moving alongits �o w line. (b) Particle texture moving alongthe
same�o w line over time. (c) Texture variationof a real particle
from the Niagara sequence(Figure 6). For clarity, we show the
particletextureevery6thframeasit movesalongthe�o w line. The
particlevelocityincreasesastheparticlemovesdownwardaswould
beexpecteddueto gravity. (d) A �lmstrip (left-right, top-bottom)
showing the particle texture for eachframeasthe particle travels
downward along the �o w line. The texture of two adjacentcells
is similar, which facilitatestracking. However, the texture varies
signi�cantly betweenthebeginningandendof the�o w line.

along�x ed �o w lines (possiblycurved) that particlesfollow from
thepointatwhichthey entertheimageto thepointwherethey leave
or becomeinvisible. For instance,the�o w linesin thewaterfall in
Figure1 aremostly vertical. Eachparticlealsohasan associated
texture (a patchof pixels), which changesas the particle moves
alongthe�o w line. Ourvideotexturesynthesistechniqueproduces
seamless,in�nite sequencesby modellingthemotionandtextureof
particlesalonguser-speci�ed �o w lines. We �rst describetheway
in which the particlesmove in video, andthendescribehow they
arerenderedusingtexturepatches.

Particle Dynamics: To begin, considerthecaseof asingle�o w
line in theimage,asshown in Figure2(a).Any particlethatbegins
at thestartof the�o w line d1 will passthroughaseriesof positions
d1;d2; : : : ;dn duringits trajectory. Theparticle's velocityalongthe
�o w line may be time-varying; thus the positionsdi neednot be
evenly spaced.The particle's texture may vary asit movesalong
the�o w line (Figure2(b,c,d)).

We representthetemporalevolution of particlesalongthis �o w
line asfollows. De�ne a matrix M(d;t) = (p; f ), wherep refersto
a speci�c particle,and f speci�esthe framein the input sequence
wherethat particleappearsat d. Figure3(a) plots M(d;t) for the
inputsequence,wherethenumberin eachcell correspondsto f and
thecolor to p. The �rst columnof this matrix shows theparticles
andtheir positionson the �o w line in frame1 of the input (hence
theseentrieshave f = 1). Therednumbers,for example,show the
pathof asingleparticleduringthecourseof theinput sequence.

Whenthe sequenceis looped,thereis a discontinuity(vertical
blackline) betweenframes5 and6 becauseparticlesabruptlymove
to different locationsor disappearaltogether. This discontinuity
appearssimultaneouslyfor every pixel in the imagemaking it a
verynoticeableartifact.

We canreducethis discontinuityby a simplechangeto the en-
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Figure3: (a) Plot of M(d;t) showing theparticleson a single�o w
line over time in theinput sequence.Numbersspecifyframes,and
colorsspecifyparticles.Note that thereis a discontinuityfor each
particlealongthe�o w line betweentime t = 5 andt = 6 whenthe
input sequenceis looped. (b) In contrast,our synthesisalgorithm
maintainstemporalcontinuity along�o w lines. Although thereis
a discontinuityalongthediagonalsteppedline, it is lessnoticeable
becauseall particlescompletetheir pathsalongthe�o w line.

tries of M(d;t). The modi�ed matrix is obtainedby repeatingthe
�rst K diagonalsof the original matrix. For example,the shaded
entriesof Figure3(a)arerepeatedto producedFigure3(b). While
themodi�ed matrix is composedof a subsetof thesameentriesas
in (a), it enforcestemporalcontinuity becauseeachparticlecom-
pletesits full pathalongthe �o w line. The vertical discontinuity
in Figure3(a) is replacedwith a ladder-shapeddiscontinuitypat-
tern in Figure3(b), with onespatialdiscontinuityin eachcolumn,
correspondingto anabuttingpairof patchesin theoutputsequence
that were not adjacentin the input sequence.Thesespatialdis-
continuitiesare dif�cult to detect,however, becausethe abutting
pair of patchesmove togetherin theoutputsequence.This simple
procedurelets us createa matrix of arbitrarywidth that preserves
temporalcontinuityfor all particlesalongthe�o w lines.

We implementtheprocedurein Figure3(b)by sequentiallygen-
eratingparticlesat d1 from a subsetof K input particles(shaded
in Figure 3(a)), and moving them along the �o w line over time.
First, an artist sketchesa denseset of �o w lines over the input
video. Then,we computeandstoretheparticlevelocitiesandtex-
turesalongthese�o w lines. The particlevelocitiesarecomputed
asfollows. For a given particle locationin the currentframe,we
searchalong the �ow line for a correspondinglocationin thenext
frame that bestmatchesthe texture of the currentparticle.1 The
rectangularpatchof pixelsaroundthebestmatch locationbecomes
theparticletexturefor thenext frame.All thesynthesisparameters,
includingthenumberandspacingof �o w linesandthesizeof the
particletexture(Figure2(c,d))arecontrolledby theartist.

Particle Rendering: Oncetheparticlepositionsalongthe�o w
linesin eachnew imagearedetermined,thesystemblendstheirtex-
turestoproducetherenderedresult.Recallthatwestoretheparticle
textureasit evolvesalongthe�o w line in theinputsequence.Ren-
dering simply involves drawing the patchof texture aroundeach
particle,andusingfeatheringto blendtheoverlappingregionsfrom
differentpatches.The featheringmethodassignsa weight to each
pixel in theoverlappingregion that is inverselyproportionalto its
distanceto theedgesof theoverlappingregion.

Generality: Our approachworks bestfor input sequencesthat
havestationarytemporaldynamics.Waterfallsandriversareexam-
plesof continuousphenomenawherethevelocity (magnitudeand
direction)at any �x edpoint in the imageis roughlyconstantover
time. Phenomenalike �ames risingupwardor smoke from achim-
ney (without wind) canalsobe modelledwith a simpleextension
to our methodfor de�ning particledynamics. For suchinput se-

1This procedureperformsa constrainedform of optical �o w alongthe
�o w line, e.g.,[TruccoandVerri 1998].
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Figure4: Schematicshowing the transformationsusedto transfer
texturefrom aninput �o w line to anedited�o w line. For example,
thegreenandredpixelsin theedited�o w line areobtainedfrom the
input particletextureusingthe tangentinformationat correspond-
ing points.

S S
SS

Figure5: Resultof editingasmokesequenceby manipulating�o w
lines.Corresponding�o w lineshave thesamecolor in this picture.
The�o w linesfrom thesecondandthird chimney in theeditedse-
quenceshown with letterS arescaledbecausetheedited�o w lines
areof differentlengththantheinput.

quences,we allow thevelocity magnitudeat each�x edpoint on a
�o w line to vary over time. Unlike Figure2(a),particlesthatbegin
at thestartof the�o w line d1 atdifferenttimest will passthrougha
differentseriesof positionsd1(t);d2(t + 1); : : : ;dn(t + n� 1) along
thesametrajectory. This modi�ed procedureusesthestepsfor dy-
namicsandrenderingdescribedin the previous paragraphs,how-
ever, particleswith differentframeindices f maynow have differ-
ent velocity magnitudesalongthe �o w line. Although this exten-
sionis anapproximationto inputvideowith non-stationarydynam-
ics, it seemsto work well in practicefor videoof �ames andsmoke
wheretheoverall directionof �o w remainsalmostconstant.

4 Editing

The synthesisalgorithmdescribedin the previous sectioncanbe
extendedto supporteditingby synthesizingtextureover a new set
of �o w lines. We warpthetexturealongtheinput �o w line to syn-
thesizetextureover theedited�o w line, usingthetangentinforma-
tion betweencorrespondingpointsof thetwo curves(Figure4). A
simpleschemefor assigningcorrespondingpointsbetweenthetwo
�o w linesis to choosepointsof equalarclengths(from thestartof
the�o w line) alongthetwo curves.An alternative is to adda term
to thewarpingfunctionthatscalesthearclengthsof theinput to be
equalto the edited�o w lines. This modi�cation producesedited
texturesthatarescaledandwarpedversionsof thetexturefrom the
input �o w line. Theanimatorchoosesbetweenthesetwo schemes
to createdifferenteffectsin theeditedsequence(Figure5).

In our editing framework, the animator�rst draws a denseset
of input �o w lines. Then,shedraws a sparsesetof �o w linescor-
respondingto the desirededitedsequence,and speci�es the cor-
respondencebetweenthe input andedited�o w lines. To createa

Figure6: Theleft �gure showsaninputwaterfall sequenceandthe
right shows an editedwaterfall createdusingour algorithm. The
animatordraws the �o w lines in the input image,shown in blue.
Shethendraws a sparsesetof �o w linesin theeditedimagein red
andspeci�esthecorrespondencesbetweentheeditedandinput�o w
lines. Thesystemgeneratesa setof interpolated�o w lines(shown
in green)andcomputestheir correspondenceswith the input �o w
linesautomaticallyusingdynamicprogramming.
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Figure7: For a setof neighboringedited�o w lines (x � 1;x) and
their correspondinginput �o w lines(y0;y), thepatchoverlaperror
computesa leastsquaredifferencebetweenthe colorsof overlap-
ping regions,shown in green.

densesetof edited�o w lines,thesysteminterpolatesthe�o w lines
spatially, asshown in Figure6. We usedynamicprogrammingto
�nd agloballyoptimalsetof correspondencesbetweentheinterpo-
lated�o w linesandthe input �o w lines. Let Y bethedensesetof
input �o w linesandX bethesetof edited�o w lines.For everypair
(x� 1;x) of neighboringeditedsplines,wecomputethepatch over-
laperror E(x� 1;y0;x;y) for all possiblepairs(y0;y) of inputsplines
(Figure7). We evaluatetheoverlaperror termby synthesizingthe
�o w line x� 1 usingtexture from y0 andtheneighboring�o w line
x usingtexturefrom y. Theerror is de�ned asthesum-squareder-
ror in color in theoverlappingregionsof thetwo textures,averaged
overa �x ednumberof frames(30 in ourexperiments).To compute
thecorrespondences,weminimizethefollowing costfunction:

C(x;y) = min
y0

[C(x� 1;y0) + E(x� 1;y0;x;y)] (1)

wherex2 X, y2 Y andy02 Y. Althoughthedynamicprogramming
approachis computationallyintensive, it producesa setof interpo-
lated�o w lineswhosecolorsmatchwell.

5 Experimental Results

We appliedour algorithmto footageof waterfalls, a river, smoke,
and�ames. For mostof theseexamples,we createa long temporal
sequencefrom a short (2 second)clip of video andshow a num-
berof interestingedits(seeaccompanying video).We usedtexture
patchesof 24� 24 pixelsfor all sequencesexcept�ame, wherethe
patchsizewas100� 100pixels. All thesequencestook a few sec-
ondsper frameto renderin Matlab, for framesizesof 320� 240
pixels.
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Figure8: Editing resultsfor a river anda �ame, wherea trunk is
insertedinto a riveranda �ame is bentto theleft.

Niagara Falls: This sequencehasseveral distinct texture re-
gions, with clear water on the top, foamy water on the left and
sprayon thebottom(Figure6). As shown in Figure2(d), the tex-
turechangesdramaticallyalong�o w lines. Becauseour algorithm
doesnot model transparency, we observe somevisual artifactsat
theinterfacebetweenwaterandsprayin thesynthesizedin�nite se-
quences.We editedtheNiagarasequenceto changethe landscape
andremovethefoamyportionof thewaterfall. Theresultingedited
sequenceandthecorresponding�o w linesareshown in Figure6.

Waterfall: In this example,we addedtwo extra channelsto a
waterfall sequence(Figure1). We marka setof vertical �o w lines
to capturethe watermoving down andanothersetof radial �o w
linesto modelthecollisionsat thebottomof thefall. Theinterface
betweenthewaterfall andthelake at thebottomcausesinteresting
foam patterns,which arecapturedin the temporallyextendedand
editedsequences.

Stream: Here,we edit a streamsequenceto simulatetheeffect
of watercolliding againstatrunk(Figure8). Weedit thewater�o w
lines to curve aroundthe trunk andusethe foamy texture (where
watercollideswith rocksin the input video) to createtheeffect of
watercolliding againstthetrunk.

Smoke: This exampleshows anedit of smoke from a chimney
thatexhibits non-stationarymotionalongconstant�o w lines(Fig-
ure 5). We addan extra chimney andchangethe directionof the
smoke.

Flame: We modeltheinput �ame videousingparticlesmoving
onasinglevertical�o w line. Figure8 showsoneframeof anedited
sequence,wherewe simulatetheeffect 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 varietyof natu-
ral phenomena.We appliedthis techniqueon imagesequencesof
waterfalls, rivers, �ames, and smoke. For thesephenomena,our
synthesisresultsarecomparableto the bestexisting video texture
synthesistechniques.Our systemalsoprovidesan intuitive inter-
facefor editing video. Most of the editing examplestook a few

iterationsof interaction(re�ning the edited�o w lines) to achieve
thedesiredresult.

Althoughourapproachhasbeensuccessfullyusedto editanum-
ber of sequences,it is limited to input sequenceswith nearlysta-
tionary �o w patterns. Better resultswould likely be obtainedby
usinggraphcutsinsteadof featheringto blendoverlappingparticle
texture patches,possiblyenablingapplicationto more structured
scenessuchascarsmoving onahighway. Extendingthealgorithm
to handletransparency is an importantand interestingavenuefor
futurework. In this work, we leveragedtheartist's intuition about
the �o w of particlesin the sceneto specify �o w lines in the in-
put anddesiredsequences.Devising robust techniquesto compute
good�o w lines automaticallywould be a useful improvement,as
would devising waysto animatethe�o w linestemporallyto create
a broaderset of interestingedits. We do not desire,however, to
createa fully automatictechniquebut insteadwish to createa tech-
niquethatleveragestheartist'svisualjudgmentby allowing herthe
greatestcontrolover theresultingfootage.
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