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Intro duction

This technicalsketchpresentsa simpleandef�cient algorithmfor
editingrealisticsequencesof imagesof dynamicscenesthatexhibit
someform of temporalregularity. Suchscenesinclude�o wing wa-
ter, steam,smoke, �ames, foliage of treesin wind, crowds,dense
traf�c �o w etc.Wecall this kind of scenesdynamictextures.

Traditionallytheproblemis approachedeitherby physics-based
(PHB) techniques[Popović et al. 2000]or by image-based(IMB)
techniques[Schödl et al. 2000]. Here we proposean IMB tech-
nique,basedon the work of [Soattoet al. 2001], that relieson a
statisticalmodel of the visual signal. We say that a sequenceof
imagesf I (t)gt= 1:::t 2 Rm representsa linear dynamictexture if
it is a realizationof a second-orderstationarystochasticprocess.
If we call y(t) = I (t) + w(t) a sequenceof imagescorruptedby
white, zero-meanGaussiannoisef w(t)g 2 Rm;w(t) � N (0;Q),
the assumptionof second-orderstationarityof f y(t)g corresponds
to theexistenceof a positive integern, a processf x(t)g 2 Rn with
initial conditionx0 2 Rn andsymmetricpositive-de�nite matrices
Q 2 Rn� n andR2 Rm� m suchthat

�
x(t + 1) = Ax(t) + v(t) x(0) = x0 ; v(t) � N (0;Q)
y(t) = Cx(t) + w(t) w(t) � N (0;R) (1)

with I (t) = Cx(t), for somematricesA 2 Rn� n andC 2 Rm� n.
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System Overview

Referringto the �gure above, the overall systemtakes two types
of input andproducesoneoutput. Theinputsare(a) a �nite video
clip and(b) a setof editing parameters.The outputof the system
is apotentiallyin�nitely longvideoof adynamictexturesimilar to
the original one, that canbe interactively modi�ed by editing the
parameters(b).

The systemis composedof several “modules.” The �rst mod-
ule, learning, takes as input a �nite, noisy sequenceof images
f y(1); : : : ;y(t )g and returnsan estimateof the model parameters
Â, Ĉ, Q̂, R̂. This is borrowed from theprior work of [Soattoet al.
2001].

Oncea modelhasbeenlearned,new sequencescanbe trivially
generatedby thesynthesismodulewhich simulatesthemodel(1).
This entailschoosingan initial condition x̂0 (for instanceone of
theoriginal images),drawing a sampleof anIID Gaussianprocess
with covarianceQ̂, performingonestepof the iterationx̂(t + 1) =
Âx̂(t) + v̂(t) andcomputingthe new synthesizedimageas Î (t) =
Ĉx̂(t). However, onewould like to insertaneditingmodulebefore
thesynthesis.This is describedin thenext section.

Editing

Thismoduleallows theeditorto (1) simulateanovel sequencethat
hasthesamespatio-temporalstatisticsasthe input videoclip, and
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to (2) interactively modify the spatio-temporalcharacteristicsof
thesimulationin orderto achieve thedesiredperceptualeffect. In
principle,any modi�cation of the systemparameters,for instance
Ã;C̃; Q̃, resultsin anovel syntheticsequencewhosespatio-temporal
statisticsis alteredwith respectto theoriginal sequence.Unfortu-
nately, naivemanipulationof themodelparametersrarelyresultsin
sequencesthat have any resemblancewith reality. Therefore,this
moduleallows manipulatinggroupsof parameterswhile enforcing
causality, stability, andotherconstraintsthatarenecessaryto yield
a realisticoutcome.

Thesketchshowshow to changethespatialscalesby deforming
theactualsub-spacespannedby thecolumnsof C. This is doneby
substitutingthematrixĈ with thematrixC̃ := ĈW, whereW 2 Rn� n

is a diagonalmatrix with thenon-negative realnumbersw1; : : : ;wn
as its diagonalentries. To alter the speedof a synthesizedvideo
clip, weprovedthatthefrequenciesassociatedwith thepolesof the
systemmatrix A have to be multiplied by the sameconstantfac-
tor W. Therefore,eachnormalizedfrequency y i , i = 1; : : : ;n, is
replacedby ỹ i

:= Wy i . In orderto reversethe time axis, so asto
invert the visual �o w of a given dynamictexture,while maintain-
ing the sametemporaldynamics(speed),all we needto do is to
substituteÂ = VLV � 1 with Ã = V � LV �� 1, whereL andV respec-
tively arethediagonalmatrix of eigenvaluesandthematrix whose
columnsarethecorrespondingeigenvectorsof Â, and� denotesthe
complex conjugate.Finally, noticethat for a non-zeroQ, theinput
v(t) excitesthemodesof thestatex(t) andcausesit to evolve asa
discrete-timeBrownianmotion. The intensityof thedriving noise
determineshow far away from the initial conditionthe Brownian
motion travels. We show experimentswherewe rescalethe noise
componentsby a positive constanta , i.e. we substituteQ̂ with
Q̃ := a Q̂.

The sketchshows examplesof dynamictextureslike “Ocean,”
“Fountain,” “Fire,” and“Smoke,” andtheir spedup, sloweddown,
and time reversedversions,incorporatedwith effects inducedby
spatialscaleandintensitychanges.
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